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Chapter 1

Human Rhinovirus Cell Entry
and Uncoating

Renate Fuchs*,† and Dieter Blaas ‡

Human rhinoviruses (HRVs) are small, icosahedral, non-enveloped, single-
stranded positive-sense RNA viruses. Out of the 74 type A serotypes 12, the
minor group bind members of the LDL receptor-family; the remainder plus
all the 25 type B HRVs bind intercellular adhesion molecule-1. HRVs enter
cells by receptor-mediated endocytosis. The ensuing structural modifica-
tions lead to release of the viral RNA into the cytosol where virus replica-
tion takes place. Binding to plasma membrane receptors, entry into the cell,
uncoating, and penetration of the viral genome are discussed with respect
to receptor and virus structure. Despite high structural similarity, major and
minor group HRVs, as well as the individual major group serotypes, differ
with respect to the process of entry and uncoating.

Introduction

Since the isolation of a common cold virus from nasal mucus and its
propagation in tissue culture,1 much has been learned about the repli-
cation cycle of these small, icosahedral, single-stranded positive-sense

*Corresponding author.
†Department of Pathophysiology, Medical University of Vienna, Währinger Gürtel 18-20,
A-1090 Vienna, Austria; E-mail: renate.fuchs@meduniwien.ac.at.
‡Max F. Perutz Laboratories, University Departments at the Vienna Biocenter, Department of
Medical Biochemistry, Medical University of Vienna, Dr. Bohr Gasse 9/3, A-1030 Vienna,
Austria; E-mail: dieter.blaas@meduniwien.ac.at.
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RNA viruses termed “human rhinoviruses” (HRVs). Much knowl-
edge stems from earlier studies of the related enteroviruses, in partic-
ular the polio virus and coxsackievirus, which are rather closely related
to HRVs; with due care, insight gained from work on enteroviruses
can often, but not always, be extrapolated to the rhinovirus field.
Physicochemically, rhinoviruses are distinguished from enteroviruses
based on their acid lability, a feature originally used for their classifi-
cation; enteroviruses, in contrast, remain infective at pH below 3;
thus, they can pass unharmed through the digestive tract. They infect
the intestinal epithelia and sometimes spread throughout the body,
causing viremia. Conversely, rhinoviruses are comparably harmless,
usually remaining confined to the upper respiratory tract and only
occasionally spreading to the lungs.

During the HRV infection cycle, the following sequence of events
can be differentiated: (1) virus binding to its receptors at the plasma
membrane; (2) entry into the cell by receptor-mediated endocytosis;
(3) conformational change of the viral capsid; (4) release of the viral
RNA (“uncoating”); (5) RNA penetration into the cytoplasm; (6) syn-
thesis of viral proteins; (7) RNA replication; and (8) assembly and
release of new, infectious virions.

HRVs are composed of a protein shell assembled from 60 copies
each of the four capsid proteins VP1, 2, 3, and 4. VP4 is internal
and in close proximity to the RNA; however, due to the dynamic
nature of the capsid, large parts of VP4 and the capsid-internal
N-terminus of VP1 become temporally exposed to the solvent, a
feature termed “breathing.”2–6 The viral shell is about 30 nm in
diameter with the five-fold axes of icosahedral symmetry being sur-
rounded by a cleft, termed the canyon. It encloses a single-stranded
RNA genome of roughly 7100 bases. Upon arrival in the cytosol,
the RNA becomes translated into a polyprotein that is autocatalyti-
cally and co-translationally cleaved by the viral proteinases 2Apro,
3Cpro and 3CDpro into VP1, VP0, VP3 and the non-structural pro-
teins. Maturation cleavage of VP0 into VP2 and VP4 occurs by an
unknown protease upon virus assembly. Not counting the precursor
proteins — such as 3CD, the precursor of the protease 3Cpro and the
RNA-dependent RNA polymerase 3Dpol — 11 mature polypeptides
are eventually generated from the polyprotein.

b514_Chapter-01.qxd  12/4/2007  3:32 PM  Page 2



The large number of serologically different rhinovirus types has
precluded the development of vaccines, and antiviral agents have still
not reached clinical application. The latter are targeted to the viral
capsid and prevent uncoating by binding into a hydrophobic pocket
or to virally encoded enzymes, such as the proteases.

Rhinovirus Receptor Groups and Subgenera

Early on, Lonberg-Holm and colleagues noted that some human rhi-
novirus serotypes competed for binding to the cell surface, suggest-
ing that they use the same cellular receptors.7,8 Based on a more
extensive analysis using blockage by a monoclonal antibody, 91
serotypes were assigned to the major receptor group and 10 serotypes
to the minor receptor group. 9–11 The major and the minor group
receptors were subsequently shown to be identical to the intercellular
adhesion molecule 1 (ICAM-1)12–14 and members of the low-density
lipoprotein receptor (LDLR) superfamily, respectively. The latter
includes LDLR, the very-LDLR (VLDLR) and the LDLR related
protein (LRP).15–18 HRV87 could not be allocated to either group,
and, based on phylogeny, it was later found to be a prime strain of the
acid-labile enterovirus EV68.19–21 This classification has been gener-
ally adopted by the scientific community. However, recently HRV23
and HRV25 were found to be minor group viruses.22 Since serotype
Hanks and HRV21, as well as HRV8 and HRV95, exhibit extensive
immunologic cross-reactivity and high amino acid sequence similarity
of VP1,20,23 they can be considered as two single serotypes. Therefore,
there are now 87 major group HRVs and 12 minor group HRVs
(HRV1A and HRV1B being regarded as two separate strains).

Another means of HRV classification emerged from the observa-
tion that different rhinovirus serotypes were differently sensitive
towards a panel of antivirally active compounds; many of these are
derived from isoxazol, and were termed “WIN-compounds” since they
were synthesized by the Sterling Winthrop company.24 Whereas some
HRVs are neutralized by compounds with a long aliphatic chain, oth-
ers preferentially bind shorter compounds25; this gave rise to catalogu-
ing HRVs as antiviral groups A and B.26 No correlation between these
antiviral groups and the two receptor groups was found. Nevertheless,

Human Rhinovirus Cell Entry and Uncoating 3
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binding of these drugs is clearly related to the geometry of the
hydrophobic pocket in VP1, which lies beneath the canyon floor. In
several HRV serotypes, this pocket is filled with a natural pocket factor,
presumably a fatty acid that becomes displaced by the antiviral because
of its higher affinity.27 Several studies have shown that the drugs act by
stabilizing the capsid against structural modifications that are required
for RNA release.3,4,28–30 In some cases, particularly in HRV14, the
canyon floor is also shifted upwards upon binding of the drugs and the
receptor attachment site becomes modified, resulting in loss of affinity
for ICAM-1 (see below).31 Recently, the nucleotide sequence of VP1 of
all rhinovirus serotypes has become available, and on the basis of phy-
logeny the 99 serotypes were divided into 74 type A and 25 type B
viruses.20,21,23,32 However, the similarity within serotypes of the same
receptor group was not superior to that within serotypes belonging to
different groups. The basis of receptor discrimination thus remains
unclear. Interestingly, the genetic classification rather closely follows the
classification based on sensitivity toward the antivirals. This underscores
the correlation between amino acid sequence and geometry of the
pocket. Unfortunately, the terminology used is somewhat confusing;
the majority of the members of antiviral group A belong to genus B and
the majority of antiviral group B corresponds to genus A.

Virus Structure

Rhinoviruses are T = 1, pseudo T = 3 icosahedrons since the three
external capsid proteins adopt a very similar β-barrel conformation
to that seen in the T = 3 plant viruses built from 180 identical copies
of a single capsid protein. The longer loops connecting the anti-
parallel β -sheets are exposed to the solvent; the shorter ones are
internal and close to the RNA. The serotypic variability stems from
the different amino acid sequences of the external loops that con-
stitute the antigenic epitopes.33,34 In 1989, Michael Rossmann pre-
dicted that the canyon, a cleft encircling each of the 12 vertices
of the icosahedron, would be involved in receptor recognition
and would accommodate five receptor molecules around each of
the 12 symmetry axes. According to this “canyon hypothesis,”
residues at the bottom of the canyon would be conserved within the

4 Structure-based Study of Viral Replication
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different serotypes since the geometry of the cleft would prevent
entry of antibodies and thus immunological pressure; at the same
time, the cleft would be accessible for a slim receptor molecule.35

This proved to be true in part since the receptor used by the major
group of HRVs, the slender ICAM-1 molecule (Fig. 1), indeed
binds within the canyon36 and the residues in this region appear to
be somewhat more conserved than the loop residues.37 Alignment
of VP1 sequences of all major group HRVs with respect to non-con-
tiguous amino acid residues known to contact ICAM-1 in HRV3,
14 and 16, revealed two patterns strictly conserved within37a the two
subgenera. However, antibodies can also penetrate rather deeply
into this cleft.38

The canyon hypothesis was further challenged by the discovery
that, in the minor group HRVs, the receptors do not bind within the

Human Rhinovirus Cell Entry and Uncoating 5
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Fig. 1. Comparison of the two receptors used by human rhinoviruses for
cell entry. The structure of the first two immunoglobulin domains of the
major group receptor ICAM-143 and of six ligand binding repeats (L2
through L7; L1 is disordered in the structure and not seen) of LDLR at
pH 5.344 are shown. The drawings schematize the orientation of the recep-
tors with respect to the plasma membrane (grey rectangle) and include
other domains present in the native receptors. A, B, and C denote domains
with similarity to epidermal growth factor precursor. Empty rectangles sym-
bolize the YWTD domains forming a β-propeller. Note the absence of a
coated pit localization signal (NPXY) in ICAM-1.
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canyon but rather attach to the most exposed star-shaped dome that
is encircled by the canyon. Three-dimensional structures of the rhi-
novirus serotypes HRV1A, HRV2, HRV3, HRV14, and HRV16 are
available at atomic resolution,27,39–42 but the principles of receptor dis-
crimination could not be elucidated from these data.

The Receptors

ICAM-1 and LDL-receptors, both glycosylated type I transmem-
brane proteins, are completely different from each other in terms of
both function and structure (Fig. 1). ICAM-1 is predominantly
involved in cell-cell adhesion and in immune reactions by binding to
the integrins lymphocyte function associated antigen 1 (LFA1) and
macrophage differentiation antigen (Mac-1). Its extracellular part has
a rod-like structure of about 190 Å in length45 and is composed of five
typical immunoglobulin-like domains of some 60 amino acid residues
each.46 It possesses a short cytoplasmic tail of 29 residues without
typical clathrin-coated pit localization signals. An X-ray structure of
the two N-terminal domains at 2.2 Å is available.47 Each domain is
roughly 35 Å long and has a diameter of about 20 Å.43 Conversely,
members of the LDLR family function in ligand internalization and
signal transduction. Their ligand-binding domains are composed of
different numbers of ligand-binding repeats, or modules, containing
about 40 amino acid residues each. LDLR has seven such repeats,
while VLDLR has eight and LRP has 31. In LRP these are arranged
in clusters of 2, 8, 10, and 11 modules, counting from the N-terminus.
The repeats exhibit an ellipsoidal shape with axes of approximately
23 Å and 20 Å in length.48 In LDLR and VLDLR, the ligand-binding
domain is followed by three regions with similarity to the epidermal
growth factor precursor (EGF-domain) that contain YWTD motives
forming a six-bladed β-propeller, a domain with O-glycosylation
proximal to the membrane, a transmembrane domain, and a cytoplas-
mic tail with an NPXY internalization motive.49,50 The other mem-
bers of the LDLR family exhibit similar domain arrangements; LRP
might be considered a mosaic of several LDLR fragments with inter-
spaced EGF-domains and a longer cytoplasmic extension with several
internalization motives.51
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Virus-receptor Complexes

A number of picornaviruses in complex with their respective recom-
binant soluble receptor fragments have been analyzed by cryo-
electron microscopy (cyro-EM).36,52–56 These medium-resolution
structures, together with available X-ray structures of the viruses and
receptors, were used for building models of the complexes that have,
at present, attained a resolution of less than 10 Å.57 Although, this
does not allow for the detailed interpretation of amino acid residue
contacts, it permits rather exact delineation of the interface. For
example, for the complexes between HRV14 or HRV16 and ICAM-1
the footprint area was determined to be about 1,400 Å2; the param-
eters of HRV14 and HRV16 binding to wt ICAM-1 and to an
ICAM-1 mutant were interpreted in the context of the contact
residues.57

The first X-ray structure of a complex between the minor group
rhinovirus HRV2 and two modules of the very-low density lipopro-
tein receptor (V23) has been solved and revealed an intricate pattern
of ionic, electrostatic and hydrophobic interactions.58 In this case, the
surface area of the receptor footprint is only 430 Å2, and is therefore
much inferior to that of the complexes between the major group
viruses and ICAM-1. This has important consequences for the bind-
ing mode of these receptors.

In the following section we will concentrate on the early events of
infection of representatives of the two receptor groups of human rhi-
noviruses, exemplified by the most extensively studied major group
virus HRV14 (and in some cases HRV3 and HRV16) and the minor
group virus HRV2. In Fig. 2 the different receptor binding sites on the
respective viruses are illustrated in a side view of VP1 of HRV2 and
HRV16. Whereas the tip of the amino terminal domain of ICAM-1 is
seen to enter the canyon of HRV16, the single V3 module of VLDLR
attaches sidewise to the protruding BC, DE, and HI loops of VP1 of
HRV2. The superposition also demonstrates the very similar folding
pattern of VP1 of the two viral serotypes. Figure 3 depicts the orienta-
tion of ICAM-1 versus V3 on a pentamer of the respective virus. Bound
receptors were tilted by 180° to the right to allow viewing of the con-
tact areas. Again, only the tip of the first domain of ICAM-1 is seen to
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be in contact with the canyon, whereas the second domain sticks out
into the solvent. In the cryo-EM structure of a complex between
Coxsackievirus 21 (Cox21), an enterovirus also binding ICAM-1,
and the entire exodomain of ICAM-1, all the five Ig-domains are vis-
ible, although the density of domains four and five is very low.59 This
indicates that ICAM-1 is extremely rigid. The model also gives an
impression of the distance between the virus and the plasma mem-
brane when attached to the host cell.59 In contrast, in the X-ray
structure of the complex between V23 and HRV2, the receptors are
arranged around the five-fold axis resulting in a ring-like appearance

8 Structure-based Study of Viral Replication
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Fig. 2. Arrangement of V3 and ICAM-1 with respect to their cognate HRVs
as seen in the complexes solved by cryo-EM (HRV16; PDB entry 1d3e)
and X-ray (HRV2; PDB entry 1v9u). Side view onto a slightly inclined VP1 of
HRV2 and HRV16 with the respective soluble recombinant receptor
fragments attached. Coordinates of VP1 with attached receptor fragments
from the cryo-EM structures of the complex between HRV16 and a two-
domain ICAM-1 (PDB entry 1d3e) and of the X-ray structure of the com-
plex between HRV2 and V23 (PDB entry 1v9u) were superimposed. The
approximate position of the five-fold axis of icosahedral symmetry is indicated.
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(Fig. 3). This could either result from the binding of five copies of V3
to the five symmetry-related sites, with each V2 moving freely, or from
simultaneous binding of V2 and V3, contributed from the same mole-
cule, to two neighboring symmetry-related sites, leaving one site free.
This should give rise to a stoichiometry of 48 modules per virion (i.e.
an occupancy of 80%), as was indeed found in the reconstructions.58

Although the amino acid sequences of V2 and V3 differ in quite a
number of positions, except those in contact with the virus that are at
least functionally conserved, the fitting into the electron density was
ambiguous; cryo-EM and X-ray crystallography are averaging tech-
niques that do not easily allow differentiation between these possibili-
ties. Therefore, under the conditions of crystal formation either 80%
of the binding sites on the virus were occupied by V3 modules only,
or each vertex was occupied by two copies of the concatemer V23.

Human Rhinovirus Cell Entry and Uncoating 9
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Fig. 3. Comparison of the binding sites of V3 and of ICAM-1 on the
respective surfaces of HRV2 and HRV16. View onto a viral pentamer. The
receptors were tilted by 180° to the right to visualize the respective contacts.
Residues in HRVs and in the receptors within a distance of ≤ 3 Å from each
other are colored red. Note that the five individual molecules of V3 come so
close to each other that they appear to form a ring.
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The representation in Fig. 3 also demonstrates that the contact
areas in the V23/HRV2 complex are much smaller than those of the
ICAM-1/HRV16 complex. However, taking into consideration
simultaneous binding of more than one or even five VLDLR modules
contributed from the same protein, the contact area between the
minor group receptor and HRV2 even exceeds that of the major
group receptor and HRV16. Multi-module binding was definitely
demonstrated by the analytical separation of complexes between
HRV2 and an artificial pentamer of V3 fused to maltose binding pro-
tein (MBP-V33333). Capillary electrophoresis resolved peaks corre-
sponding to virus carrying between zero and 12 receptor molecules,
indicating that the pentamers attach to the 12 vertices of the virus,
most probably involving all five modules. This view is also supported
by the tremendous increase in avidity with the number of modules
present in the recombinant molecule.60,60a

HRV Entry: Endocytic Pathways
and Selective Inhibitors

For infection to occur, virus, subviral particles, or the viral genome has
to enter the host cell. HRVs enter by receptor-mediated endocytosis
and, more importantly, are dependent on endocytosis for infection (see
below). Consequently, structural modifications of the viral capsid, as
required for RNA release and penetration into the cytoplasm, occur
from endocytic compartments. Since endosomal subcompartments
maintain different internal environments, it is important to define the
respective endosome population where these events take place. The
mechanism of rhinovirus entry, uncoating, and infection has been stud-
ied predominantly in HeLa cells, which express ICAM-1 as well as
LDLR, LRP, and VLDR; furthermore, in these cells almost all HRV
serotypes replicate to high titers. Due to the difficulty of growing pri-
mary airway epithelial cells, the main site of HRV replication in humans,
few studies have been carried out in this system. A main drawback of
using HeLa cells is their lack of forming polarized monolayers on per-
meable filters despite their being derived from a cervix carcinoma; this
precludes investigations of vectorial uptake or release of the virus.

10 Structure-based Study of Viral Replication
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After binding to plasma membrane receptors, virus uptake can
occur by clathrin-mediated endocytosis, caveolae-mediated endocy-
tosis, and/or clathrin and caveolae-independent internalization.61,62

Clathrin-mediated uptake is dependent on particular sequence
motives in the cytoplasmic domain of transmembrane receptors and
can occur constitutively; in contrast, internalization of caveolae is trig-
gered by e.g. clustering of receptors. Apart from specific coat proteins
and accessory molecules, the GTPase dynamin plays an essential role in
the constriction/fission process during clathrin- and caveolae-mediated
uptake. Thus, over-expression of dominant-negative, non-functional
mutant dynamin arrests ligand/receptor complexes at the plasma mem-
brane.61,62 The least characterized pathway is the clathrin and caveo-
lae-independent internalization, which may involve dynamin and/or
lipid rafts.63 Irrespective of the uptake mechanism, internalized recep-
tors and ligands are first delivered to early (sorting) endosomes.64,65

However, there are cell-type specific variations with respect to the
intersection of distinct endocytic pathways, the mechanism of sorting,
and how these are affected by inhibitors. From early endosomes, inter-
nalized material can follow different intracellular routes66: (1) transport
to lysosomes, resulting in degradation of ligands and certain recep-
tors; (2) recycling to the cell surface; and (3) in polarized cells, trans-
port from one plasma membrane domain to the opposite plasma
membrane domain (transcytosis).

A major property of endocytic (and of some exocytic) compart-
ments is the low internal pH, which is established and maintained by
the activity of the vacuolar H+-ATPase (V-ATPase).67 The control of
acidification and consequently the establishment of distinct pH values
in endocytic sub-compartments play an important role in trafficking
of macromolecules through endocytic pathways.68,69 The mildly acidic
pH in early endosomes causes the dissociation of many ligands from
their receptors, allowing for receptor recycling, while the bulk of vol-
ume containing the released ligands is routed through late endosomes
to lysosomes, where rapid degradation takes place (Fig. 4). In most
cell types (e.g. HeLa cells), transfer from early to late endosomes
involves endosomal carrier vesicles (ECV).70,71 ECV and late endosomes
contain many internal vesicles and are also referred to as multi-vesicular
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Fig. 4. Influence of bafilomycin, nocodazole and low temperature on
endocytic pathways in HeLa cells. The transferrin recycling pathway and
the transport of fluid-phase marker to lysosomes is shown. Iron-loaded
transferrin binds to its receptor at the plasma membrane. The complex is
internalized via clathrin-coated vesicles (CCV) and delivered into early endo-
somes within two to five minutes, where the iron is released and transferred
into the cytoplasm. Apotransferrin remains bound to the receptor and recy-
cles via a fast and slow pathway. At the plasma membrane, apotransferrin is
released at the neutral pH. The main route of a fluid-phase marker (e.g.
dextran) from early endosomes (within five min) via endosomal carrier vesi-
cles (ECV) and late endosomes (within 15 min) to lysosomes (within 25
min) is shown in dark grey. Transferrin transport to and recycling via the
PNRC is blocked by nocodazole, whereas bafilomycin and reduced tem-
perature (20°C) are without effect. In contrast, bafilomycin arrests fluid-
phase marker in early endosomes by preventing budding of ECV, whereas
nocodazole leads to accumulation of cargo in ECV. Finally, incubation at
20°C prevents delivery of markers from late endosomes to lysosomes. The
endosomal pH values shown are derived from FACS analysis of FITC/
Cy5-dextran and FITC/Cy5-transferrin labeled compartments as well as
from determination of the conformational change of HRV2 occurring at a
threshold of pH ≤ 5.6.70,73
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bodies. These internal vesicles contain receptor-ligand complexes that
are destined for lysosomal degradation.72 Material en route to lyso-
somes (pH 4.5–4.0) is exposed to an increasingly acidic pH during
transport from early endosomes (pH 6.5–6.0) to EVC and late endo-
somes (pH ≤ 5.6).66,68,73,74 Budding of ECV from early endosomes
requires their acidification and the presence of distinct coat proteins.71

Thus, inhibition of the V-ATPase by bafilomycin selectively blocks
transport of cargo destined for lysosomal degradation in early endo-
somes. ECV are subsequently transported along microtubules to late
endosomes. Disruption of microtubules by nocodazole results in
accumulation of endocytosed material in ECV.75 Finally, incubation of
the cells at 20°C results in retention of cargo in late endosomes and
thus prevents degradation in lysosomes.76 Drugs and temperature can
thus be used to arrest internalized material in different compartments
on their way to lysosomes depending on the cell type (Fig. 4). These
treatments also have distinct effects on the recycling pathway. This
route is taken by (iron-loaded) transferrin and the transferrin recep-
tor.77 Therefore, the transferrin pathway is most often used for con-
trol purposes in investigations of virus entry pathways.

The transferrin-transferrin receptor complex is taken up via clathrin-
coated pits and vesicles into early endosomes, where the iron is
released.77 The resulting apo-transferrin remains bound to the receptor
and is recycled and subsequently released into the neutral extracellular
milieu. Transferrin recycling can occur via two pathways: from early
endosomes with t1/2 ≈ 2.5 min (fast) and from the perinuclear recycling
compartment (PNRC) t1/2 ≈ 7 min (slow).78,79 The pH of the PNRC is
higher than that of early endosomes in CHO and Hep2 cells, whereas
the PNRC is more acidic than early endosomes in HeLa cells.73,77

Biochemically, the PNRC is distinct from early endosomes as well as from
ECV and late endosomes. It contains recycling receptors such as LDLR,
but no material that is targeted to lysosomes.77 We have recently shown
that the kinetics of transferrin acidification in HeLa cells is biphasic,
indicative of fast and slow recycling pathways via early endosomes
(pH 6.0) and the PNRC (pH 5.6). Nocodazole blocks the second phase
of transferrin acidification, demonstrating that transferrin transport from

Human Rhinovirus Cell Entry and Uncoating 13

FA
b514_Chapter-01.qxd  12/4/2007  3:32 PM  Page 13



early endosomes to the PNRC is absolutely microtubule dependent.73

In contrast, bafilomycin does not affect transferrin delivery to the PNRC
and incubation at 20°C only delays transferrin recycling. Taken together,
at least in HeLa cells, the transferrin recycling pathway and the transport
of endocytosed material to lysosomes are differentially affected by
bafilomycin, nocodazole and low temperature (Fig. 4). Consequently,
these treatments can be applied to investigate whether viruses follow a
recycling or degradative pathway and to identify the compartment where
virus penetration/uncoating takes place.

Entry of Major Group HRVs

ICAM-1, the major group HRV receptor, lacks any known internal-
ization signal in its cytoplasmic domain, and infection by HRV14 also
occurs when the cytoplasmic tail of the receptor is removed or the
transmembrane domain replaced by a GPI-anchor.80 However, the
virus appears to be internalized via clathrin-mediated endocytosis since
overexpression of the non-functional dynamin 2 mutant K44A in
HeLa cells resulted in inhibition of infection; involvement of caveolae
is unlikely since these cells express little caveolin.81 Given the absence
of a bona fide internalization signal in ICAM-1, it has been speculated
that a co-receptor may be involved. For example, adenovirus requires
αvβ3 or β5-integrins for internalization, although it first binds to the
coxsackie-adenovirus receptor (CAR).82 No evidence for an HRV co-
receptor has been presented so far and in vivo data showing co-local-
ization of major group virus with ICAM-1 in a particular compartment
are still lacking. Although the affinity of recombinant ICAM-1 frag-
ments for immobilized HRV3 decreases about 50-fold upon lowering
of the pH from 8.0 to 6.0,83 it has not been investigated in vivo
whether the virus dissociates from ICAM-1 at low endosomal pH.

By using immunofluorescence microscopy, HRV14 was found in
typical endosomal compartments (Fig. 5) when internalized at 20°C.84

Under this condition the conformational modification of the cap-
sid, catalyzed by ICAM-1, is inhibited (see below). However, when
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Fig. 5. Entry pathways of major and minor group HRVs in HeLa cells,
exemplified by HRV14 and HRV2. HRV14 is internalized via clathrin-
coated pits and vesicles (CCV) and delivered into early endosomes, where
the receptor-catalyzed conformational change can take place at 34°C.
Presumably, the structural modification is coupled to RNA release and rup-
ture of the endosomal membrane resulting in delivery of free RNA and
empty capsids into the cytoplasm. Consequently, the majority of virus escapes
further transport to lysosomes. At least HRV3 and HRV14 can uncoat at
neutral endosomal pH in the presence of bafilomycin and thus in early
endosomes. HRV2 enters via clathrin-dependent and independent pathways
and dissociates from its receptors at mildly acidic pH in early endosomes.
Receptors are recycled and HRV2 is transferred to endosomal carrier vesi-
cles (ECV), where the more acidic pH (≤ 5.6) induces the structural mod-
ification, resulting in RNA uncoating and transfer into the cytosol. Note
that ECV and late endosomes are multivesicular bodies and thus contain
many internal vesicles. Presumably, the RNA can also be translocated into
the internal vesicles of ECV. Finally, residual native virus, subviral particles
and viral RNA are transported via late endosomes to lysosomes, where they
are degraded.
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internalized at 34°C, the virus is apparently not transported to lyso-
somes as shown by the lack of viral RNA degradation products after 60
min.85 This may indicate that HRV14 follows the recycling pathway, or
that it is targeted to other organelles or escapes from the endosomes.

Entry of Minor Group HRVs

In contrast to ICAM-1, the receptors of minor group HRVs, LDLR,
LRP and VLDLR, possess one or more clathrin-localization signals
in their cytoplasmic tails.86 Nevertheless, HRV2 can also be internal-
ized by a clathrin-independent pathway when the clathrin-dependent
route is inhibited by potassium depletion or by overexpression of
non-functional dynamin K44A.87–89 In the absence of such treatments,
HRV2 may enter entirely via clathrin-coated pits and vesicles.90 Similar
to the natural ligands of LDLR,49 HRV2 dissociates from its receptors
at a pH of 6.0.91 This conclusion is derived from experiments in which
the pH-dependence of HRV2 dissociation from the plasma mem-
brane of HeLa cells was analyzed at 4°C, a condition allowing virus
binding to plasma membrane receptors, but not internalization.
Furthermore, plasma membrane expression of LDLR and LRP is not
altered during continuous HRV2 internalization (unpublished obser-
vations), indicative of receptor recycling. Since early endosomes main-
tain a mildly acidic pH of 6.0, which induces dissociation of HRV2
from its receptor(s), LDLR and LRP presumably recycle through the
PNRC, whereas HRV2 becomes part of the fluid-phase of the endo-
somes and is sorted into ECV (Fig. 5). The virus is then transported
via late endosomes to lysosomes, where it is degraded.85,92

Conversion of Native Virus into Subviral Particles:
Role of Receptors and Low pH

Structural changes of the capsid occur within the endosomal compart-
ments, ultimately resulting in the release of the genomic RNA. It is
believed that native virions first lose, to various degrees, the innermost
capsid protein VP4, resulting in the generation of subviral A-particles93;
these are further converted to B-particles after the release of the RNA.
Upon ultracentrifugation, native virions sediment at 150S and subviral
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A-particles sediment at 135S. The latter are most likely an intermediate
of the uncoating process that culminates in RNA expulsion and gener-
ation of empty subviral B-particles with a sedimentation constant of
80S. Subviral particles can also be produced in vitro. Exposure to pH
5.028,94 results primarily in 135S particles, and heating to 50–56°C for
some minutes preferentially generates 80S particles (Lonberg-Holm,
1973).94,97 This structural modification is accompanied by changes in
antigenicity manifesting in the appearance of new (C-antigenic) epi-
topes that can be detected with specific antisera and monoclonal anti-
bodies (Lonberg-Holm, 1973).92,98 As explicitly shown for HRV2,
A-particles are hydrophobic whereas B-particles are not.7,8 This dis-
agrees with the structural data on empty capsids that suggest the pres-
ence of the hydrophobic N-terminus of VP1 at the viral surface.99–101

Conversion of Major Group HRVs In Vitro

In vitro, interaction of soluble two-domain ICAM-1 (sICAM) with
some major group viruses (e.g. HRV3 and HRV14, but not HRV16)
above 20°C destabilizes the capsid to different extents in a time-
dependent manner, giving rise to predominantly either 135S or 80S
particles.102–104 The tip of ICAM-1 is believed to first attach to the floor
and south wall of the canyon with rather low affinity. Upon expulsion
of the pocket factor, if present, more extensive interactions with both
canyon walls become established; the latter requires physiologic tem-
perature.105,106 Concomitantly, the canyon undergoes conformational
adjustments to better accommodate the receptor. Determination of
the attachment of sICAM-1 to immobilized HRV3 and HRV14 by
Biacore instrumentation demonstrated biphasic kinetics.83,107 In princi-
ple, this supports the abovementioned mechanism; however, both
kinetic components of the reaction were observed between 10°C and
25°C, temperatures where the structural changes should not occur.
ICAM-1 presumably acts like an enzyme in diminishing the activation
energy of the transition from the native virion to the subviral parti-
cle.108 In addition to the receptor, low pH, which prevails in endo-
somes, may affect these structural alterations catalyzed by ICAM-1.
When HRV16-sICAM-1 complexes preformed at 37°C were exposed
to pH 6.0, the uncoating reaction was cooperative. For HRV3 that
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possesses a pocket factor, a similar but only additive effect was
observed. These data agree with the in vivo findings that low endoso-
mal pH and the receptor act in concert in viral uncoating, similarly
depending on the serotype.104 Consequently, raising the endosomal
pH to neutrality by lysosomotropic agents or V-ATPase inhibitors
completely blocks infection of HRV16, but not of HRV3. For HRV14,
the serotype with intermediate stability, the results are conflicting; this
might be due to partial occupancy of the pocket.104,109,110 Irrespective
of the serotype, infection only occurs above 26°C.111

Conversion of Major Group HRVs In Vivo

Given the lack of lysosomal degradation of HRV1485 when internal-
ized at 34°C, the virus might use compartments of the recycling
pathway for conformational change and uncoating. Nevertheless, at
this temperature, essentially no virus was found in the endosomes by
immunofluorescence microscopy and subcellular fractionation.
However, at 20°C, where the virus remains in its native conforma-
tion, HRV14 was localized in early and late endosomes.84 Thus, the
structural alteration and uncoating may occur in these compartments.
HRV3 and HRV14 can infect HeLa cells in the presence of
bafilomycin.104,109 Since this drug arrests cargo en route to lysosomes
in early endosomes, at least these particular serotypes can undergo the
receptor-catalyzed modification and uncoating in early endosomes
(Fig. 5). As to which endosomal subcompartment the structural mod-
ification of the distinct major group serotypes will take place in, will
depend on the time post infection and the pH required for this
process. Since transit through the early endosomes is rapid (2–5 min)
but residence in ECV/late endosomes amounts to 10–20 min,70,73 the
structural alteration most likely occurs in late compartments.

Conversion of Minor Group HRVs In Vitro

For HRV2, and presumably for the other minor group viruses, the
in vitro conversion to subviral particles (mainly A-particles) exhibits a
steep pH dependence that is unaffected by the presence of the cellular
receptors. The kinetics of this modification can by analyzed using an
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HRV2 conformation-specific monoclonal antibody (2G2) that
detects C-antigenic but not native virions. While essentially no C-
antigenic particles are observed at pH 5.8, 50% conversion is seen at
pH 5.6, and all virions are converted to C-antigen below pH ≤
5.4.28,91 The conversion is virtually independent of the temperature
within a range of 4°C to 34°C.

Conversion of Minor Group HRVs In Vivo

In vivo, formation of subviral particles and infection of HRV2 are solely
low pH dependent as they are blocked when the endosomal pH is
raised to neutrality and take place even when antibody-complexed virus
is internalized via Fc-receptors.91,112 Furthermore, the structural alteration
is temperature-independent, provided that the virus is still routed into
compartments that maintain a pH below the threshold (pH ≤ 5.6) for
the conformational modification (ECV, late endosomes; above 16°C).92

The products of the conversion, C-antigenic subviral particles, are par-
tially recycled into the medium (“eluted particles”).

To define the compartment where the conformational change of
HRV2 occurs, we have taken advantage of various reagents known to
affect distinct endocytic transport steps (see above).70,84,92 In the pres-
ence of nocodazole, HRV2 accumulated in ECV. Nevertheless, the
pH-dependent conformational change, recycling of C-antigenic par-
ticles, and infectivity were unaffected, but lysosomal degradation was
prevented. Therefore, (1) ECV and late endosomes have a pH < 5.6
in HeLa cells as they induce the conformational modification of the
virus; (2) recycling of C-antigenic (“eluted”) viral particles can occur
from ECV; and (3) uncoating takes place in ECV. This is in agree-
ment with virus-receptor dissociation in mildly acidic early endosomes
and the conformational modification occurring subsequently in more
acidic EVC (Fig. 5).

Mechanism of Genome Uncoating: How is the Viral
RNA Delivered into the Cytoplasm?

A crucial step in the virus entry pathway is membrane penetration/
uncoating of the viral genome to allow for subsequent virus replication.
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As non-enveloped viruses lack a membrane bilayer, they cannot fuse
with a cellular membrane to deliver their genome or modified viral par-
ticles into the cytoplasm of the host cell. Thus, two potential mecha-
nisms for membrane penetration of non-enveloped viruses have been
proposed: (1) virus-induced membrane rupture and (2) selective
genome translocation across a cellular membrane through pores formed
by viral proteins (Fig. 6). The first mechanism (Fig. 6A) is well charac-
terized for adenovirus, a DNA virus.82 Adenovirus enters cells by recep-
tor-mediated, clathrin-dependent endocytosis. The viral protease is
activated within the reductive environment of endosomes. This results
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Fig. 6. Analysis of the mechanism of uncoating and penetration of non-
enveloped viruses by endosome rupture or by pore formation. (A) Endosome
rupture of adenovirus, for example, results in release of co-internalized fluid-
phase marker into the cytosol. Fluid-phase markers of low and high molecu-
lar mass are lost from the endosomes to a similar extent. (B) Formation of
virus-induced pores results in loss of low but not of high molecular mass
markers from otherwise intact endosomes. It is assumed that the minor group
HRV genome is transferred into the cytosol via such a size-restricting pore.
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in the release of some viral proteins from the capsid and, with the aid of
the co-receptor (αvβ3 or β5-integrins), in rupture of the endosomal
membrane. However, endosome lysis by adenovirus does not require
low endosomal pH.113 Upon endosome rupture, modified viral parti-
cles, together with the endosomal content, are delivered into the cyto-
plasm. The modified virions are then transported along microtubules to
the nuclear pore complex, where uncoating takes place and the viral
DNA is imported into the nucleus. The second mechanism (Fig. 6B) is
assumed to account for uncoating and RNA translocation of poliovirus
(Pv), another member of the picornavirus family, based primarily on
in vitro structural and electrophysiological studies.114–116 Similar to major
group HRV, the Pv receptor (Pvr) catalyzes the structural alteration to
135S particles for infection. Upon interaction of Pv with soluble Pvr,
the N-terminus of VP1 (a predicted amphipathic helix) is externalized.
Thus, five amphipathic N-terminal helices together with five copies of
VP4 might form the hypothetical channel in the target membrane
through which the RNA might be released into the cytoplasm.117 This
view is supported by the recent cryo-EM image reconstruction of Pv
attached to the membrane via five copies of Pvr showing a perturbation
of the membrane just below the virus.118 The importance of VP1 and
of distinct amino acid residues in VP4 together with the N-terminal
myristoyl-modification in uncoating was shown in vivo by using Pv
mutants.114,119,120 Pv with a mutation in VP4 that prevented RNA deliv-
ery into the cytoplasm and thus infection failed to form ion channels in
artificial lipid bilayers.114 However, the electrophysiological data do not
differentiate whether in vivo Pv RNA is transported through such a
channel across a cell membrane or whether the channel destabilizes the
membrane and results in cytoplasmic delivery of the viral RNA together
with the modified particles. In addition, it should be noted that the cel-
lular site of Pv structural alteration and uncoating is still elusive.

Analysis of the Mechanism of Viral Genome
Penetration into the Cytoplasm

We have recently established various assays to analyze and quantify the
mechanism of viral genome penetration into the cytoplasm in vivo as
well as in vitro.113,121,122 The in vivo assay is based on the properties of

Human Rhinovirus Cell Entry and Uncoating 21

FA
b514_Chapter-01.qxd  12/4/2007  3:32 PM  Page 21



internalized fluid-phase markers that non-specifically label all endo-
cytic vesicles, but preferentially endosomes on their way to lysosomes,
depending on the internalization conditions such as time and tem-
perature. Since fluid-phase markers (e.g. dextrans) do not bind to
cellular membranes, they are released into the cytoplasm when endo-
somes are lysed or pores are formed that are large enough to allow
passage of the markers. Internalized markers will be exposed to the
low pH environment of intact endosomes, whereas in the presence of
membrane-disrupting or pore-forming viruses, they will access the
pH neutral cytoplasm (Fig. 6A). Using fluid-phase markers of dif-
ferent molecular mass, release of the marker by endosome lysis can
be differentiated from release via a size-selective pore (Fig. 6A and B).
When a pH-sensitive (FITC) and a pH-insensitive (Cy5) derivative
of the same fluid-phase marker are internalized, flow cytometry of
intact cells can be used for quantification of marker uptake (reflected
by Cy5 fluorescence) and determination of the pH of the respective
compartment (reflected by the ratio of FITC and Cy5 fluorescence).
Detection of pH increase by this method indicates leakage of the
markers from acidic endosomes into the pH-neutral cytosol. The
number and pH of fluorescent endosomes can then be determined
by subjecting cell homogenates to single organelle flow analysis
(SOFA). Using fluid-phase markers of low and high molecular mass,
a differentiation can be made between virus-induced endosome rup-
ture and the formation of pores of a defined size appearing during
genome penetration. When adenovirus was internalized for 20 min,
this method revealed lysis of 40% of the endosomes that had been
labeled either with low or high molecular mass markers.113

Penetration of Major Group HRVs

Penetration of modified particles of the major group virus HRV14
into the cytoplasm occurs by rupturing the endosomal membrane
(Figs. 5 and 7). This is based on the following observations: HRV14
capsid proteins are detected in (isolated) endosomes under conditions
that block their conformational modification (20°C) and thus uncoat-
ing. No virus was present in isolated endosomes at 34°C, but 135S
and 80S particles were found in the cytosol.84 Using our FACS and
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Fig. 7. Potential mechanism of uncoating and genome penetration of the
major (A, B) and minor group (C, D) HRVs. (A, B): Binding of major group
HRVs (e.g. HRV3, 14, 16) to ICAM-1 (shown in green) leads to receptor clus-
tering and therefore internalization of the complex via clathrin-coated vesicles.
The clathrin coat is rapidly lost (within 30 sec). The resulting vesicles (A) then
fuse with early endosomes (B). The receptor-induced structural alteration results
in externalization of hydrophobic residues. Concomitantly, the endosomal mem-
brane is ruptured and the RNA is released into the cytoplasm (B). Given a resi-
dence time of 5 min in early and of 15–20 min in ECV/late endosomes, RNA
penetration can occur from either compartment as a function of time and pH
required for uncoating of the respective serotype. (C, D): Minor group viruses
(e.g. HRV2) remain bound to LDLR (grey) in endocytic vesicles that maintain
a pH > 6.0 (plasma membrane derived clathrin-coated and non-coated vesicles;
(C)). After receptor dissociation at pH ≤ 6.0 (in early endosomes), the virus is
transferred to endosomal carrier vesicles (ECV). The structural modification is
solely induced by the low pH ≤ 5.6 in multivesicular ECV (D). The hydropho-
bic N-termini of VP1 together with VP4 might form a pore in the endosomal
membrane through which the RNA is translocated into the cytoplasm. During
this process, ECV remain intact and also maintain their low pH.
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SOFA assays, the number of fluorescent endosomes was decreased by
20% in the presence of HRV14 with small and large markers being
released equally from the endosomes (unpublished observations).
Thus, HRV14 exhibits similar properties with respect to leakage of
endosomal markers as the endosome-disrupting adenovirus.

Penetration of Minor Group HRVs

As pointed out above, the RNA is released from the minor group virus
HRV2 by pore formation in ECV/late endosomes (Figs. 5 and 7).
Our experimental data clearly support this mechanism in contrast to
endosome rupture: (1) under conditions where complete uncoat-
ing has occurred, HRV2 capsid proteins can be localized in ECV/late
endosomes84; (2) mainly C-antigenic 80S particles are found in iso-
lated endosomes92; (3) FACS and SOFA assays demonstrated that
HRV2 did not affect the integrity, number and pH of endosomes dur-
ing uncoating and RNA penetration in vivo113; (4) selective passage of
low-molecular mass dextran into the cytosol was indicative of the for-
mation of a pore of limited size; and (5) using our in vitro “endosome
leakage assay,”121 specific pore formation induced by HRV2 upon
endosome acidification was shown. Furthermore, peptides derived
from the N-terminus of VP1 also induced such pores. These were sim-
ilar in size as those that were caused by the GALA-INF3 peptide, an
artificial acidic amphipathic peptide, where 16 amino acids were
replaced by the N-terminal residues of the fusion peptide of influenza
HA2. These data demonstrate the importance of the N-terminus of
VP1 in RNA translocation into the cytosol and further suggest that
the derived 24-amino acid long oligopeptide might form channels of
5 to 10 Å diameter in the endosomal membrane as calculated for sim-
ilar viral peptides.121,123 Taken together, this once more documents the
differences in the mode of entry, conformational change, uncoating and
RNA penetration of major and minor group HRV.

HRV Uncoating at the Plasma Membrane

At least for HRV2, we have clearly shown that infection can occur from
the plasma membrane when it is exposed to low pH.91 HRV2, attached
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to its receptors on the HeLa cell surface and exposed to a pH 5.3 buffer
at 4°C, is entirely converted to C-antigen. These C-antigenic particles
are then gradually released from the plasma membrane. When cells
were subsequently warmed to 34°C after dissipation of the low endo-
somal pH by bafilomycin to inhibit any endosomal uncoating but to
permit virus replication, viral de novo synthesis was observed.91 This
demonstrates that HRV2 uncoating and RNA transfer into the cytosol
can be artificially induced at the plasma membrane by exposure to low
pH. Apparently, the major group virus HRV14 fails to uncoat at the
plasma membrane at neutral pH given the lack of infection of HeLa
cells over-expressing non-functional mutant dynamin.81 This is in agree-
ment with RNA penetration into the cytosol by rupture of a cellular
(endosomal) membrane, a process deleterious for the host cell when it
occurs at the plasma membrane.

Potential Mechanisms of RNA Egress

In cryo-EM pictures taken from HRV3-sICAM-1 complexes formed
at 4°C followed by heating to 37°C, the receptor is seen to remain
bound even after RNA egress.101 The structural data derived from the
image analysis were interpreted as indicating that the breathing cap-
sid was held in an “open conformation” by the receptor acting like
a wedge. This is particularly visible at the star-shaped dome at the
five-fold axes that become enlarged and raise upward, resulting in an
overall increase in diameter of the particle by 4% and a loosening of
the inter-protomer contacts; the density at the pseudo-threefold axes
was interpreted as indicating the externalization of VP4 and of the
N-terminus of VP1 close to the ICAM-1 molecule, which would even
provide a hydrophobic residue for interaction.

The cryo-EM structure of empty HRV14 particles generated in the
absence of a receptor by heating to 55°C showed similar rearrange-
ments. However, the density was not increased at the pseudo three-fold
axes but rather at the five-fold axes, thereby suggesting exit of the VP1
N-terminus together with VP4 at this location.99 The presence of VP4
is in agreement with biochemical data indicating that a large percent-
age of VP4 remained associated with subviral particles.93 In both
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Fig. 8. Externalization of the N-terminus of VP1 and exit of the RNA.
A schematic drawing of the virus (left) illustrates the positions of 2, 3, 5, and
pseudo three-fold axes (yellow triangle) and of the viral canyon; VP1, blue;
VP2, green; VP3; red. Density maps of native HRV2 were calculated from the
X-ray data (red) and superimposed onto the cryo-EM reconstructions of
empty HRV2 particles (blue). Regions in blue in the superposition indicate
where the empty particle is enlarged with respect to the native virus. This is
particularly pronounced at the five-fold axes (right). Possible points of exter-
nalization of the N-terminus of VP1 are indicated. Cryo-EM of empty HRV14
capsids suggests exit at the five-fold axis, whereas in a complex between empty
HRV3 and sICAM–1 VP1 appears to externalize at the pseudo three-fold axis.
Neither of the empty major group HRV shows enlargement of the VP3
β-cylinder as seen in HRV2. RNA exit might thus take place through any of
the enlarged β-cylinders in HRV2, but in HRV3 and HRV14 only one of the
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reconstructions, no expansion of the VP3 β-cylinder was seen. Such
an expansion would be required to generate a channel sufficiently
large for RNA egress. It is thus believed that the β-cylinder of at least
one, but not of all 12, five-fold axes enlarges to allow for transit of the
RNA (Fig. 8). Since cryo-EM image reconstruction is an averaging
technique, changes at single vertices would escape detection. The data
might indicate that, in vivo, the A-particle is handed over from ICAM-
1 to the membrane, where it directly interacts with the lipids via the
hydrophobic N-terminus of VP1, possibly aided by the myristoylated
N-terminus of VP4. However, it should be kept in mind that the rigid
ICAM-1 molecule has a length of ∼19 nm and, consequently, the virus
would be held at this distance from the endosomal membrane, thus
making such a scenario unlikely. Rather, the movement of ICAM-1 by
30° concomitant with the conformational modification101 might result
in membrane destabilization. This process could be directly coupled
with RNA uncoating and penetration into the cytosol (Fig. 7).

In the case of HRV2, cryo-EM reconstruction of empty capsids
generated by heating to 55°C revealed, in addition to the 4% expansion
of the capsid, the presence of density below the pseudo three-fold axis
that was interpreted as stemming from the exiting N-terminus of VP1.
However, there was no density attributable to VP4, suggesting that it
was completely absent.100 However, in HRV2, the VP3 β-cylinders had
expanded, making it highly probable that the RNA can exit at any of the
12 five-fold axes (Fig. 8). The high flexibility of LDLR and LRP and the
presumed attachment to the ligand-binding domain via several ligand-
binding modules wound around each five-fold axis might, in principle,
permit the virus to come close to the membrane. This would permit
contacts between the N-termini of VP1 and the endosomal membrane
to be established with the receptor still remaining attached to the virus.
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12 β-cylinders might enlarge and give way for the RNA. VP4 is probably
almost entirely lost in HRV2, but VP4 might remain bound to HRV14 at the
five-fold axes or at the pseudo three-fold axes (HRV3). Schemes are based on
data from Hewat (empty HRV2100 and empty HRV1499) and from Xing
(empty HRV3 with bound soluble two-domain ICAM-1101). RNA release
might start with the 5′-terminus as indicated by Vpg, but recent studies with
atomic force microscopy suggest instead that the 3′-end exits first.124
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However, plasma membrane-bound HRV2 was found to dissociate at
pH 6.0, whereas transformation into A-particles requires pH ≤ 5.6.91

Therefore, the structural change occurs after the virus is dissociated from
the receptor and intimate membrane contacts can take place in ECV,
presumably by insertion of the VP1 N-termini into the lipid bilayer
(Fig. 7). Since ECV have many internal vesicles, viral proteins may insert
into such internal membranes, resulting in RNA translocation into their
lumen. These internal membranes are then degraded together with the
viral RNA in lysosomes.85 At least in the case of HRV2, this would lead
to unproductive uncoating and may explain the low ratio of infectious
particles to total particles (1:24 up to 1:240).9

What triggers the extrusion of the RNA? Recent investigations by
atomic force microscopy (AFM) of RNA cores have shown, for the
related poliovirus, that the RNA remains in a compact conformation
in the form of a sphere upon removal of the proteins.125 This spherical
structure unfolds upon heating, but it reforms as soon as the temper-
ature is reduced. This can be taken to indicate that the compaction is
encoded in the sequence, resulting in a multitude of hairpins with dif-
ferent lengths. It is conceivable that upon encapsidation, one of the
termini of the RNA is left at a preferred location, presumably close to
one of the five-fold axes, from where it exits as soon as the conforma-
tional transition of the capsid takes place. AFM of HRV2 incubated at
low pH revealed that RNA molecules seen in the process of exiting the
virion lacked the short forks at their termini seen in RNAs completely
separated from the virus particles. These structures presumably repre-
sent the cloverleaf structure at 5′ end; if this is correct, RNA exit starts
with the 3′ end and not, as indicated in Fig. 8, with the small genome-
linked protein, VPg, that is covalently attached to the 5′-end of the
RNA.124 Assuming the equivalence of all 12 vertices of the icosahe-
dron, RNA expulsion could occur at any of these. It might be hypoth-
esized that, for HRV2, the site of exit must be in close apposition to
the endosomal membrane for successful transfer into the cytosol.
Therefore, the probability of a suitable arrangement at the membrane
might be not much more than 1:12. This, in addition, may account for
the low infectious particle to total particle ratio of rhinoviruses.
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What is Known of Receptor Expression and HRV
Infection of the Airway Epithelium?

The upper airway epithelium (nasal cavities and nasopharynx) is the
major site of HRV replication,126 but occasionally the lower airways
(tracheobronchial tree) also become infected.127–130 In any case, no
marked cytopathic effect is observed.

The respiratory epithelium is built from different cell types,131 pre-
dominantly from ciliated columnar (epithelial) cells (the most abun-
dant) and mucous goblet cells. Both are polarized with an apical and
a basolateral plasma membrane separated by tight junctions. The basal
(short) cells are small and rounded and are in contact with the basal
lamina; they can differentiate into the other cell types.

In bronchial tissue infected ex vivo with the major group HRV16,
only a small subset of the epithelial cells shows virus replication.128

Whether this is related to receptor expression is not clear. The few
data that are available on the expression of ICAM-1 in normal nasal
epithelium in situ are contradictory. Whereas in earlier studies ICAM-1
was not found, more recent work demonstrated the presence of the
receptor in both ciliated and basal cells in inferior turbinates.132 In
nasal polyps and nasopharyngeal lymph nodes, receptor expression is
predominantly restricted to the basal cells and only traces are found
at the ciliated surface of columnar cells. Thus, with increasing differ-
entiation of the basal cells to columnar ciliated cells, expression of
ICAM-1 decreases.133,134 Using primary cultures of polarized tracheal
epithelial cells, ICAM-1 was found on both the apical and basolateral
plasma membrane, although total expression was low as compared to
HeLa cells.128,135 Furthermore, when such cells are cultured under
conditions that permit full differentiation into ciliated cells, ICAM-1
expression decreases.136 However, major group HRVs preferentially
replicate in less differentiated tracheal epithelial cells. These studies
suggest that susceptibility to infection by major group HRVs corre-
lates with the level of ICAM-1 expression. Nevertheless, expression of
ICAM-1 in the nasal epithelium has not been quantified in situ and
the polarity of expression is unknown.
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No data have been published on the expression and localization
of receptors for minor group HRVs in the airway epithelium in situ.
LDLR expression has been solely studied in human tracheal epithelial
cell cultures. Similar to major group HRVs that stimulate ICAM-1
expression, HRV2 infection resulted in up-regulation of LDLR
mRNA and protein.137,138 HRV2 infection was completely blocked by
an antibody against LDLR in tracheal cells. However, the situation
might differ in nasal epithelia, where VLDLR and/or LRP might be
present and implicated in viral attachment. In any case, the polarity of
receptor expression and virus entry and release are unexplored. It is
of note that infections by minor group HRV occur more frequently
than expected from the relative numbers of serotypes belonging to
the two groups. This might be taken to indicate higher concentra-
tions and/or higher efficiency of these receptors with respect to bind-
ing and internalization as compared to ICAM-1.

Concluding Remarks

Despite great effort to elucidate the early events of infection, such as
attachment to the host cells, penetration, and release of the viral genome
into the cytosol, many questions have remained open: (1) the basis for
the strict receptor specificity is unclear; (2) the structure, localization and
mode of receptor binding of major and minor group HRV in vivo is
completely unknown; (3) it is not understood why and how HRVs pen-
etrate into the cytoplasm by using different pathways; (4) it is poorly
understood why major group serotypes differ in their requirement for
low pH for structural modification and uncoating; (5) it is not known in
detail how the RNA genome is released and transferred into the cytosol;
and, most importantly, (6) the mechanism of infection of the airway
epithelium is largely unexplored with respect to receptor expression
per se, polarity of virus entry and vectorial release of infectious virions.
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Chapter 2

Role of Lipid Microdomains in
Influenza Virus Multiplication

Makoto Takeda*,†

Lipid bilayers of biological membranes have often been considered as two-
dimensional solvents of integral membrane proteins, and membrane lipids have
been thought to have minor functions for membrane phenomena (fluid-mosaic
model). A current concept of lipid rafts refined this classical model, proposing
that membrane lipids play key roles for regulation of membrane functions —
such as membrane trafficking and signal transduction — by forming functional
lipid microdomains termed rafts where specific membrane proteins and lipids
become incorporated. Viruses are obligate parasites of living organisms and
their replication is absolutely dependent on the host cell machinery. Many
viruses have been shown to use membrane rafts during one or more steps
of their replication cycles. Influenza virus represents a well-studied example for
the interactions of viruses and rafts. Intrinsic raft-associating properties of the
influenza virus envelope glycoproteins were shown to promote virus replication
by facilitating virus assembly. Additional functions of rafts in membrane
fusion, glycoprotein maturation, and transport have also been suggested.

Introduction

The fluid mosaic model by Singer and Nicolson proposed that biolog-
ical membranes are analogous to a two-dimensional oriented solution
of integral membrane proteins in the viscous phospholipid bilayer

*Corresponding author.
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solvent.1 Within this model, membrane lipids have been thought to
distribute mostly homogeneously and play minor functions in mem-
brane phenomena. A current concept of lipid rafts refined this classical
model, proposing instead that the membrane lipids actively participate
in the regulation of membrane functions by forming laterally organized
microdomains that selectively incorporate or exclude membrane pro-
teins.2 This concept has had a great impact on studies of membrane traf-
ficking and signal transduction. It also provided a new view to allow
understanding of how viruses regulate their viral proteins by specifying
interactions with membrane lipids to promote their replication cycles.

Membrane Lipids Form Functional Microdomains

Biological cell membranes are composed primarily of phospholipids
(sphingomyelin and glycerophospholipids), glycolipids (mostly gly-
cosphingolipids), and cholesterol (Fig. 1A). Phospholipids and glycol-
ipids have two acyl-chain tails. Membrane fluidity is affected by the
degree of saturation and by the length of these acyl-chains. Since both
acyl-chains of sphingolipids (sphingomyelin and glycosphingolipids) are
usually saturated and longer than those of glycerophospholipids (phos-
phatidylethanolamine, phosphatidylserine, and phosphatidylcholine),
these lipids tend to pack more tightly against one another than glyc-
erophospholipids. On the other hand, one of the acyl-chains of glyc-
erophospholipids is usually kinked by cis-double bonds (unsaturated),
causing glycerophospholipids to have weak interactions with one
another. As a result, membrane lipids of bilayers composed predomi-
nantly of glycerophospholipids are disordered and highly fluid; that is,
they reside in a liquid-disordered, or liquid-crystalline (lc), phase
(Fig. 1B). Cholesterol molecules take their positions between phos-
pholipids and glycolipids, strengthening the order of these lipids. With
cholesterol, sphingolipids become highly ordered without losing their
rotational and lateral mobility, and reside in a liquid-ordered (lo) phase3

(Fig. 1B). Since lipid molecules in lo phase are insoluble in solutions of
nonionic detergents at low temperature (such as 0.25–1.0% Triton X100
at 4°C), it is possible to isolate them from low-density fractions after
floatation in sucrose gradients.4 Using this method, it has been shown
that biologcal membranes contain cholesterol and sphingolipid-rich
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Fig. 1. Lipid molecules of biological membranes and phases of the membrane
lipids. (A) The major classes of biological membrane lipids are phospholipids
(glycerophospholipids and sphingomyelin), glycosphingolipids, and cholesterol.
Acyl chains of sphingolipids (sphingomyelin and glycosphingolipids) are satu-
rated, whereas an acyl chain of glycerophospholipids is usually kinked by a cis
double bond (unsaturated). (B) Lipid bilayers composed predominantly of
glycerophospholipids are highly fluid as proposed by the fluid mosaic model,1

where lipid molecules reside in a liquid-crystalline (lc) (or liquid-disordered)
phase. With cholesterol, sphingolipids become highly ordered but retain their
lateral and rotational mobility, residing in a liquid-ordered (lo) phase. Lipid
molecules of raft microdomains are thought to be in a lo or a lo-like phase.
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microdomains, where lipid molecules reside in lo phase or lo-like phase.3

Simons and Ikonen showed that these microdomains incorporate spe-
cific membrane proteins, such as glycosyl-phosphatidyl-inositol (GPI)-
anchored proteins and doubly acylated tyrosine kinases of the Src family,
and that they play crucial roles in membrane functions, such as mem-
brane trafficking and signal transduction.2 It was postulated that these
microdomains move around the plane of cell membranes accommodat-
ing selected membrane proteins and that they function as communica-
tion centers of membrane proteins; hence, these microdomains were
termed as moving platforms or functional rafts.2 Because of the dynamic
properties and the small size of the microdomains, it has been difficult
to obtain direct evidence of their existence in living cells. However, data
from a fluorescence resonance energy transfer technique and a cross-
linking method strongly suggested that lipid microdomains do exist in
living cells.5–7 When studying these raft microdomains, it should be kept
in mind that they are dynamic structures that continuously change in
terms of size, shape, and proteins incorporated.

Lipid Rafts and Viruses 

Viruses are obligate parasites of living organisms and their replication
is absolutely dependent on the host cell machinery. It is now widely
accepted that membrane lipids can control protein transport and reg-
ulate interaction of intracellular, extracellular, and membrane pro-
teins by forming dynamic lipid microdomains. These properties of
membrane lipids are thought to be fundamental for eukaryotic cells,
and many cellular and viral membrane proteins appear to serve the
function of specifying interactions with membrane lipids. Viruses
that have been shown to use lipid microdomains are listed in Table 1.
The number of such viruses is increasing, and ultimately most
enveloped viruses might be included in this list.8–12 It will be impor-
tant to learn how these viruses use lipid microdomains in their repli-
cation cycles. Influenza A virus (influenza virus) is the best-studied
example of the use of lipid rafts by a virus. In this review we discuss
how influenza virus uses lipid microdomain rafts to promote its
replication cycles.
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Influenza Virus Glycoproteins Intrinsically
Associate with Rafts 

Influenza A virus is an enveloped virus that belongs to the family
Orthomyxoviridae. The virus genome is comprised of eight segments
of negative-sense RNAs. Eleven proteins are encoded in the genome.13

Of these, four proteins are thought to be membrane proteins: three
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Table 1. Raft-dependent Processes and Virus

Entry
Human immunodeficiency virus 1 Manes et al., 2000; Popik et al., 2002
Human T-cell leukemia virus 1 Niyogi and Hildreth, 2001
Murine leukemia virus Lu and Silver 2000
Human coronavirus 229E Nomura et al., 2004
Echovirus 11 Stuart et al., 2002
Echovirus 1 Pietiainen et al., 2004
Coxsackievirus A9 Triantafilou and Triantafilou, 2003
Coxsackievirus B4 Triantafilou and Triantafilou, 2004
Rotavirus Isa et al., 2004
Herpes simplex virus Bender et al., 2003
Epstein-Barr virus Katzman and Longnecker, 2003

Assembly/budding
Human immunodeficiency virus 1 Nguyen and Hildreth, 2000;

Ono and Freed, 2001;
Lindwasser and Resh, 2001;

Human T-cell leukemia virus 1 Feng et al., 2003
Influenza A virus Scheiffele et al., 1999; Zhang et al., 2000

Takeda et al., 2003
Measles virus Manie et al., 2000; Vincent et al., 2000
Sendai virus Ali and Nayak, 2000
Respiratory syncytial virus Brown et al., 2002; Henderson et al., 2002
Ebola virus Bavari et al., 2002; Panchal et al., 2003
Marburg virus Bavari et al., 2002
Rotavirus Sapin et al., 2002
Herpes simplex virus Lee et al., 1999
Hepatitis C virus Matto et al., 2004

RNA synthesis
Respiratory syncytial virus McDonald et al., 2004
Hepatitis C virus Shi et al., 2003; Aizaki et al., 2004
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transmembrane proteins, namely hemagglutinin (HA), neuraminidase
(NA), and M2 proteins; and a peripheral membrane protein, namely
matrix (M1) protein (Fig. 2). HA and NA can be seen by electron
microscopy as protruding spikes of the virus envelope. Influenza virus
attaches to cells as a result of binding by HA to sialic-acid-containing
receptors and enters into cells by receptor-mediated endocytosis. In
the acidic environment of endosomes, HA undergoes conformational
changes that trigger fusion between virus envelopes and endosomal
membranes. Conversely, NA facilitates virus release from cells by
removing sialic acids from cells and progeny viruses.13 HA and NA
have been shown to associate intrinsically with rafts, and residues
within the transmembrane (TM) domains of these proteins are impor-
tant for their raft-association.14–17 Mutations at the exoplasmic half of
the HA and NA TM domains severely impaired raft association.14–18

Cytoplasmic tails (CTs) of these proteins also contribute to their raft-
association.19 In addition, HA requires three palmitoylated cystein
residues to associate with rafts.19,20 Of these three cysteins, one is in
the TM domain and the others are in the CT. All three are highly con-
served among 15 HA subtypes.21 Influenza virus glycoproteins are
therefore thought to have evolved to associate with rafts. Why do
influenza virus glycoproteins need to associate with rafts? It has been
shown that in polarized cells influenza virus buds exclusively from api-
cal cell membranes,22 and analyses of lipid composition of purified
virions have suggested that influenza virus assembles at and buds from
rafts.19,23 Both HA and NA are transported to the apical cell surface
when expressed alone,24,25 and cholesterol was needed for HA apical
transport.26 TM domains of both HA and NA were shown to contain
apical sorting signals.18,27 In light of this, an attractive speculation was
that influenza virus uses rafts as a carrier to target its glycoproteins to
the apical cell surface, where virus particles assemble and bud. In sup-
port of this idea, some mutations that abolished the raft-association of
HA or NA retargeted these glycoproteins to the basolateral membrane
surface.14–16,18 However, other mutagenesis results indicate that raft-
association does not necessarily correlate with the apical transport of HA
and NA.14,15,19,27 A mutant HA that almost completely lost the ability
to associate with rafts was still transported to the apical cell surface.17
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These data therefore suggest that raft-association is not obligatory for
the apical transport of influenza virus glycoproteins and that influenza
virus can use other cellular machinery or microdomains to transport
HA and NA to the apical cell surface. Another raft-like lipid micro-
domain may regulate the transport of influenza virus glycoproteins.

M1 is a peripheral membrane protein and plays a central role in
virus assembly and budding.28 M1 is most abundant in virions and
thought to interact with both inside ribonucleoprotein (RNP) cores
and outside envelope glycoproteins, HA and NA29–31 (Fig. 2A). When
M1 was expressed alone, only a small amount of M1 associated with
rafts.17,19,30 However, the amount of M1 isolated from raft membrane
fractions increased significantly by co-expressing HA and NA.17,19,29,30

M2 is the third integral membrane protein and functions as a proton
ion channel required for virus uncoating.13 M2 is transported selec-
tively to apical cell membranes, like HA and NA.32 However, no sig-
nificant association with rafts was shown, unlike HA and NA.17,19

These data may explain inefficient incorporation of M2 into virions.19,33

Recently, Carrasco et al. showed that nucleoprotein (NP), the major
component of RNP, was also transported to apical cell membranes
and that this apical transport was raft-dependent.34

Raft-Association of Viral Glycoproteins Promotes
Influenza Virus Replication 

As stated above, influenza virus HA has three palmitoylated cystein
residues. These cysteins were shown to be needed for HA raft-
association. However, a recombinant influenza virus having a mutated
HA, where the three cysteins were substituted with other residues,
could be generated by a revere genetics method and was shown to be
viable.35 This observation may suggest that the raft-associating prop-
erty of HA is not so important for influenza virus replication. To
address this issue, nine recombinant influenza viruses have been gen-
erated whose HA proteins contained a series of alanine substitutions
at their TM domains.17 All mutated HAs were transported to and
expressed on the cell surface as efficiently as the wild-type (wt) HA,
but they differed in their ability to associate with rafts. Some of them
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Fig. 2. Structure of influenza virus and a model of virus assembly.
(A) Influenza virus is an enveloped virus with two major envelope glycopro-
tein spikes (hemagglutinin [HA] and neuraminidase [NA]). Each virion con-
tains several M2 ion channel tetramers on the envelope. M1 is a peripheral
membrane protein and thought to bridge envelope glycoproteins and
ribonucleoprotein (RNP) cores, playing a central role in virus assembly.
A virion of the right side is partially cut to illustrate the inside of the virion.
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almost completely lost the ability to associate with rafts (nonraft HA).
The mutant influenza viruses that had nonraft HA were shown to be
morphologically indistinguishable from wt virus by electron microscopy,
but importantly they contained smaller amounts of HA and replicated
poorly in cells.17 These data showed that HA needs to associate with
rafts for influenza virus to replicate efficiently. Barman et al. (2004)
performed a similar experiment with NA.36 Recombinant influenza
viruses were generated in which NA contained a series of alanine sub-
stitutions in the TM domain and CT, or the TM domain of NA was
replaced with that of a transferin receptor.36 These mutations within
the TM domain and CT had multiple effects on NA function and
virus replication. They affected raft-association, expression, transport,
and enzyme activity of NA. Reduced incorporation of NA and an altered
morphology of budding virions were also caused by the NA muta-
tions.36 Each NA mutant virus had a different set of defects. However,
generally speaking, mutations of the ectodomain-proximal amino
acids of the TM domain progressively lowered affinity of NA with
rafts, reduced NA enzyme activity, and attenuated virus growth.36

Because of the multiple effects of NA mutation, it was unclear which
defect was directly due to the lowered affinity with rafts. However, it
is likely that NA of influenza virus needs to associate with rafts for
proper maturation, transport, and efficient incorporation into virions,
to allow efficient virus replication. 

HA Fusion and Lipid Rafts

How does HA promote virus replication by interacting with rafts? HA
functions as homotrimers and is responsible for virus binding and sub-
sequent membrane fusion. HA is synthesized as a single polypeptide,
HA0, and is subsequently cleaved by trypsin-like cellular proteases
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(B) At the plasma membranes, HA and NA concentrate in raft
microdomains. M1 is also accumulated in rafts by interacting with cytoplas-
mic tails of HA and NA. On the other hand, M2 is largely excluded from
rafts. RNP cores associate with rafts intrinsically or by binding with M1, pro-
moting the assembly processes of budding virions. Views from the outside
(top) and from the inside (bottom) of the cells are shown.
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into two disulfide-linked subunits, HA1 and HA2. This cleavage is a
prerequisite for HA to undergo conformational change to a fusion-
competent form in response to the low pH environment of endo-
somes. HA trimers have been shown to function cooperatively during
the process of membrane fusion.37–39 The minimum number of HA
trimers required to initiate a fusion event was estimated to be three to
four.38 Many enveloped viruses, including influenza virus, human
immunodeficiency virus (HIV), Ebola virus, and paramyxoviruses,
share a very similar molecular mechanism for membrane fusion.40 For
HIV, it was also estimated that cooperation of three to six Env trimers
was required for formation of a fusion pore.41 If these trimers of
fusion proteins (such as HA and Env) distribute randomly on a vast
field of plasma membranes, how efficiently can they find their coop-
eration partners for the process of membrane fusion? It has been
established that HA expressed on the plasma membrane by virus infec-
tion distributes in clusters at the sites of virus budding.42 Recently we
showed that rafts have a crucial role for this clustering of HA.17 We
found that nonraft HA mostly distributed homogeneously on the
plasma membrane.17 We compared fusion activity of the nonraft HA
expressed on the cell surface with that of wt HA (cell-to-cell fusion)
by lipid mixing and aqueous content mixing assays (HA-expressing
BHK cells and dual-labeled human erythrocytes were used as effecter
cells and target cells, respectively).17 At any expression level, either wt
or nonraft HA caused complete fusion, but the number of fusion
events by nonraft HA was reduced (∼60%).17 This reduced fusion activ-
ity may be due to the lowered local density of HA. Similarly, nonraft
HA virus showed a reduced virus-to-cell fusion activity in a fluores-
cent dequenching fusion assay with R18 (lipid fluorescence probe)-
labeled virions and red blood cell ghosts (target membranes).17 Since
nonraft HA virions contained a smaller amount of HA than wt virions
(∼60%), the reduced fusion activity by nonraft HA virus could also be
explained by the lowered density of HA. However, other mechanisms
can be proposed, such as a need for HA trimers to be stabilized by
lipid molecules in rafts for efficient membrane fusion, or a need for
HA trimers to form a higher-order structure with lipids in rafts. When
cholesterol was depleted from purified virions by methyl-β-cyclodextrin
(Mβ CD), virus infectivity was reduced by 10-fold to 100-fold.17,43
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These data suggest a structural requirement of rafts on virus envelopes
for efficient virus entry. However, in spite of these strong reductions
of infectivity, we found no defect in virus-to-cell fusion activity of
Mβ CD-treated virus by a fluorescent dequenching fusion assay.17

One possibility is that membrane fusion between virus envelopes and
cell membranes may be interrupted at the hemifusion stage; that is,
lipid mixing occurred, but subsequent content mixing did not. Due
to the difficulty of direct measurement of the content mixing between
virus and cells, we performed a hemolysis assay.17 Again, Mβ CD-
treated viruses showed no defect on hemolysis. Reduced infectivity of
Mβ CD-treated viruses may be at least partially explained by an effect
on M2 protein, since the uncoating process supported by the M2 ion
channel function is critical for influenza virus infectivity and choles-
terol was shown to be required for the M2 ion channel activity.44,45

Further insights into the requirement for cholesterol or lipid micro-
domains on virus envelopes will require further investigation. 

Rafts Function at the Process of Influenza
Virus Assembly

The process of virus assembly includes recruitment of all structural
viral components at a specific site and segregation of cellular proteins
from the structural viral components. The molecular mechanism of
this process has been poorly understood. The concept of lipid rafts
functioning during assembly as selection and concentration devices of
specific membrane proteins is therefore an attractive one. Many
viruses, including influenza virus, have been shown to use rafts as the
sites of assembly (Table 1).8,9,11,12 The lipid composition of purified
influenza viruses is rich in cholesterol and sphingolipids, similar to
that of the membrane rafts.19,23 These data are consistent with the
observations that both envelope glycoproteins HA and NA associate
with rafts. In addition to the TM domains, CTs of HA and NA have
been shown to play an important role in the raft-association and in
virus assembly, most likely by interacting with M1 proteins.19,46

Particle production of a mutant influenza virus with CT deletions of
both HA and NA was reduced ∼10-fold.46 These particles are greatly
elongated or distended46 and contain a reduced amount of cholesterol
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and sphingolipids.19 When affinity of HA or NA with rafts was low-
ered by mutagenesis, the virus contained a reduced amount of HA
and NA, respectively.17,36 A decrease in the number of HA spikes in a
nonraft HA virus was compensated for by an increase in the number
of NA spikes that associated with rafts.17 Considering these data
together, we can illustrate the assembly process of influenza virus as
follows (Fig. 2B). Envelope glycoproteins associate with rafts at the
Golgi apparatus.17,47 This association seems to be required for NA to
gain maximum enzyme activity and be efficiently transported to the
cell surface.36 During cell surface transport, both HA and NA are
concentrated in the microdomain rafts, whereas M2 ion channel pro-
teins are largely excluded from the rafts.17,19 At the plasma membrane,
CTs of HA and NA concentrated in the microdomain rafts function
as docks for M1,29,30 which is the major driving force of virus bud-
ding.28 Consequently, these raft regions act as the assembly sites of
budding viruses.23 M1 proteins are thought to interact with both CTs of
glycoproteins and NP, a major constituent of RNP cores. M1 can thus
drag RNP cores into the assembly sites. The intrinsic raft-associating
property of NP may also contribute to transport of RNPs to assembly
sites.34 Dragged RNP cores further promote the budding process.
Finally, the budding viruses are enveloped with the raft-containing
membranes with tightly packed viral glycoproteins that allow the
viruses to initiate the next round of infections efficiently.17

Concluding Remarks

Lipid molecules of biological membranes have been thought to func-
tion as a simple solvent of membrane proteins. Now, it is recognized
that these molecules form multi-functional microdomains. The possi-
bility that these microdomains function in an important way to allow
concentration of selected biological components within membranes
has made them an attractive focus of study for many cell biologists,
immunologists, and virologists. Lipid microdomain rafts are generally
isolated as detergent-insoluble membrane fractions. However, direct
evidence of the existence of these microdomains in living cells has
been difficult to obtain, raising some skepticism as to their existence.48
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The main argument of the raft concept is that membrane lipids form
dynamic microdomains that play key roles in membrane functions.
Increasing evidence supports this concept of lipid rafts. Several studies
have proposed the existence of other lipid microdomains with differ-
ent properties from the classical rafts.49–51 Lines of evidence have been
accumulating that many viruses (probably most enveloped viruses)
replicate in a way that depends on the functions of these lipid micro-
domains. A better understanding of the behavior of these micro-
domains may provide new insights that are generally applicable for
virus replication in cells, and offer the possibility of new strategies for
counteracting the artful viruses.
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Chapter 3

Functions of Integrin αα22ββ11, A Collagen
Receptor, in the Internalization of

Echovirus 1

Varpu Marjomäki*, Mikko Huhtala†, Mikko
Karjalainen*, Timo Hyypiä‡ and Jyrki Heino§

α2β1 is a collagen-binding integrin that has been found to act as a receptor
for echovirus 1 (EV1), a picornavirus and a human pathogen. Integrin α2β1
binds EV1 and the natural ligands with a special inserted domain (αI domain)
in the integrin α subunit. Molecular modeling based on a cryo EM structure
suggests that the exact binding sites are distinct but close enough to make
simultaneous binding impossible. Binding of EV1 to the integrins causes a
rapid clustering of the receptors on the plasma membrane, their internaliza-
tion in complex with the virus and gradual accumulation into cytoplasmic
caveosomes. The clustering is accompanied by rapid activation of protein
kinase Cα, which is necessary for the internalization process. Confocal and
electron microscopy have shown the presence of large complex tubulovesicu-
lar caveosomes containing both EV1 and α2β1 integrin. The caveosomal
nature of these structures has been verified by the accumulation of SV40 and
EV1 in the same caveolin-1 enriched structures, and the lack of classical endo-
somal markers. Viral RNA may be released directly from the caveosomes to
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the cytosol, where it initiates the replication cycle. The molecular mechanisms
of viral uncoating and release of RNA from caveosomes still remain unknown.

Integrin αα 22ββ 11  is the Cellular Receptor for
Echovirus 1

The integrins are a large family of cell adhesion receptors. They are
heterodimers formed by an α and a β subunit (for review see Ref. 1).
The integrins that contain the αV subunit are internalization receptors
for a large number of viruses, including adenoviruses, coxsackie viruses,
foot-and-mouth-disease viruses and parechovirus 1.2–6 αV integrins bind
to a short RGD (arginine-glysine-aspartic acid) motif in both natural
ligands and viruses, and they can guide the ligands into clathrin-
coated vesicles and early endosomes.2,7 In addition to αV integrins,
other integrins may also act as virus receptors. Integrin α2β1 belongs
to the subgroup of collagen binding integrins (for review see Ref. 8).
Echovirus 1 (EV1) binds to this integrin9 and the virus-integrin com-
plex is internalized via a different entry pathway when compared to
αV integrin-dependent viruses.10

EV1 is a non-enveloped human pathogen belonging to the
Enterovirus genus of the Picornaviridae family. In humans, echovirus
infections are associated with meningitis, encephalitis, respiratory
infections and diarrhea. EV1, like all picornavirus particles, is com-
posed of a single RNA molecule of positive polarity and an icosahe-
dral capsid consisting of VP1-4 proteins forming 60 protomers that
surround the RNA. We have studied the molecular mechanisms of
α2β1 integrin–EV1 interactions to shed light on the role of receptor
action in the process of virus entry.

EV1 Binds to αα2I Domain in the αα2ββ1 Integrin
and Induces Clustering of the Receptor Molecules

The integrins that act as collagen receptors contain a special inserted
domain (αI domain) in their α subunit, which binds their natural lig-
ands. The αI domain has a typical Rossman fold and a metal ion
coordination site (MIDAS), containing an Mg++ ion. In α2I domain
the metal ion and certain neighboring amino acid residues form
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direct contacts with the natural ligands.11 The natural ligands of α2β1
integrin include, in addition to various collagen subtypes, other matrix
molecules such as laminin-1.12 The α2I domain can recognize specific
triple helical motifs in collagens and bind to them with a relatively high
affinity. The best known motif is GFOGER (O = hydroxyproline).13

EV1 binds specifically to α2β1 integrin.9 Blocking assays using
monoclonal antibodies against putative EV1 receptors have shown that
antibodies against α2 integrin subunits are the most potent blockers of
EV1 infection.9 Despite the fact that antibodies against β 2 microglob-
ulin have shown blocking effects, it is still unclear whether this mole-
cule plays any direct role in EV1 infection.9 Integrin α2β1 binds to EV1
using the α2I domain, and the binding site is close to the collagen-bind-
ing MIDAS. However, the two binding sites are clearly distinct and the
adhesion of α2I to EV1 is not dependent on Mg++.14,15 Molecular mod-
eling, based on the cryo-EM structure of α2I–EV1 complex, showed
that α2I domain binds within the canyon (a depression surrounding
the 5-fold symmetry axis) on the EV1 surface with contacts to both the
inner and outer canyon walls.16 Furthermore, the superposition of the
α2I–collagen structure with the model of α2I–EV1 complex shows
that when α2I is bound to EV1, the virus canyon floor makes it impos-
sible for the collagens to bind.

EV1 may rely on the fact that on the plasma membrane some of the
α2β1 integrins are usually free of natural ligands and therefore able to
bind to the virus. However, in solid-phase binding assays the avidity of
α2I domain to EV1 has been estimated to be at least 10-fold stronger
than to collagen I.16 The higher affinity of integrins to EV1 than to
their natural ligand gives EV1 an opportunity to exploit this receptor
for cellular entry even in collagenous tissues. In fact, our recent obser-
vations suggest that in cells inside 3D collagen gels there are receptors
available to mediate viral infection (Marjomäki, unpublished).

The EV1 capsid is a symmetric structure that consists of 60 pro-
tomers, each containing one integrin binding site. The adjacent binding
sites are located nearest to each other in the protomers around the 5-fold
axis. Molecular modeling shows that multiple α2β1 integrin heterodimers,
which are much larger structures that α2I domains alone, can simultane-
ously occupy adjacent binding sites on the EV1 capsid.16 Furthermore,
our observations with confocal microscopy have shown that treatment of
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Fig. 1. Molecular model of EV1 with three α2β1 integrins. EV1 is drawn
as a cyan-colored isodensity surface of a map computed at 15 Å resolution
from the high-resolution coordinates of the EV1 crystal structure (PDB
entry 1EV1).17 Three copies of a model of α2β1 integrin heterodimer in
the active conformation are drawn as space filling models in different shades
of red and orange. The model of the integrin heterodimer is based on the
crystal structures of α2I domain (1AOX),18 αVβ3 (1JV2)19 and αIIbβ3
(1TYE)20 ectodomains, and published cryoelectron microscopy reconstruc-
tions. The binding site of the α2I domain on the surface has been solved
by cryo-electron microscopy.16 The orientation and position of the αI
domain and the domains of the “stalk” region within the integrin het-
erodimer were modeled by hand and eye. Three copies of the integrin het-
erodimer fit without steric hindrace into the adjacent binding sites around
the five-fold symmetry axis of the EV1 capsid. The image was made with
PyMol 0.99 (DeLano Scientific, San Carlos, CA, USA) and POV-Ray 3.6
(www.povray.org).
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cells with EV1 can cause a rapid clustering of the integrins on the plasma
membrane.16 The receptor clustering might be an important mechanism
triggering integrin signaling and initiating virus entry (Fig. 1).

In contrast to many other viruses and their integrin receptors, bind-
ing of the α2I domain to EV1 does not directly induce uncoating of
the virus.16 Instead, the interaction seems to stabilize the virus. Therefore,
it seems likely that the conditions needed for viral uncoating exist only
inside cellular structures. Our sucrose gradient sedimentation analysis of
the viral particles suggested that, while inside membrane vesicles, viral
uncoating starts approximately 30 min post infection (p.i.), when
approximately 25% of the virus particles are in the 80S form and repre-
sent capsids that have released their RNA genome.9

Clustering of αα2ββ1 Integrin Leads to Rapid
Internalization of the Virus-Receptor Complexes

We have recently tested the hypothesis that the integrin-mediated
entry of EV1 is initiated by virus-dependent receptor clustering. For
this purpose, we have used antibodies against α2β1 integrin and sec-
ondary antibodies to initiate clustering, and then followed living cells
under a confocal microscope (Fig. 2.; Upla et al., 2004; see http://
www.molbiolcell.org/cgi/content/full/E03-08-0588/DC1 for the
live cell videos). Immediately after the clusters formed they started a lat-
eral movement along the cell surface. During the process smaller clusters
seemed to have the tendency to fuse together. Based on the imaging of
cells expressing actin-green fluorecent protein (GFP) chimeras, we
propose that the integrin clusters may follow microfilaments. Already
during the first 15 minutes after the formation of integrin clusters
their internalization started. Thus the antibody-dependent integrin
clusters were internalized in the same way as EV1, suggesting that
receptor clustering is sufficient to initiate the entry process.

EV1 Internalization and Integrin Signaling

The binding of integrins to their ligands can induce both a conforma-
tional change in the receptors and receptor clustering. The integrins
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that have no αI domains, for example the fibronectin receptors, bind to
their ligands with a special site partially formed by their βI domains.21

The βI domain connects the integrin α and β subunits together by inter-
acting with a β-propeller domain in the α subunit. Structurally and func-
tionally integrin αI and βI domains are very similar. A ligand-dependent
conformational change in the βΙ domain triggers the leg parts of the α
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Integrin (QD605)

Caveolin-1 
(Alexa488) Merge

Antibody-induced clustering of   2  1 integrin for 2 h α β

Fig. 2. α2β1 integrin distribution in SAOS α2β1 cells under normal condi-
tions. (A) and after antibody-induced cross-linking (B). Integrin is labeled by
monoclonal antibodies followed by goat anti-mouse quantum dots 605
(Chemicon). α2β1 integrin is found on the plasma membrane in normal con-
ditions (A). For antibody-induced cross-linking (B), cells are treated here with
quantum dot secondary antibodies for 2 h at 37°C. After fixation, caveolin-1
is also labeled in the cells and revealed by goat anti-rabbit Alexa-488 (green).
The confocal image shows that during antibody-induced cross-linking inte-
grin accumulates very efficiently in caveolin-1 positive caveosomes in the
cytoplasm. In these images the orange color of quantum dot 605 is changed
into false color red in order to reveal the colocalization with caveolin-1 better.
Bar = 10 µm.
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and β subunits to move apart from each other, leading to the separation
of the corresponding intracellular domains.20 After the change in inte-
grin conformation, intracellular signaling proteins can bind to cytoplas-
mic tails and be activated.

In the integrins that have ligand-binding αI domains, a specific
glutamate residue in the α7 helix of the αI domain may act as an
intrinsic ligand for the βI domain.21 In these integrins, the ligand at
first induces a change in the αI domain, followed by a similar change
in the βI domain.

Integrins are connected to many different signaling pathways,
which regulate cell growth, differentiation and survival. Therefore it
is logical to presume that also viruses binding to integrins can activate
cellular signaling. In our own studies with EV1 we noticed a rapid
phosphorylation of one of the mitogen-activated protein kinases
(MAP kinases), namely extracellular signal regulated kinase (ERK),
already after 5 to 30 min p.i. (Upla et al., 2004). MAP kinases are
activated, together with induction of immediate early genes, also dur-
ing the later stages of the replication cycle.22,23 When we searched for
the upstream signaling proteins it became evident that members of
the PKC family activated ERK after EV1 binding, rather than the Ras
pathway. Inhibition of ERK activity had no effect on the EV1 entry,
but specific inhibitors of PKC-α were able to block the internalization
of the virus and its receptor. PKC-α was also moderately activated
during the internalization and the inhibition of its function totally
blocked EV1 internalization and infection.24

Internalized EV1 is Found in Caveosomes

Virus entry into the host cell may occur via at least five different path-
ways (for a review see Refs. 25 and 26). Clathrin-dependent endocytic
pathway is the best characterized internalization route and it is often
referred to as the classical endocytic pathway. It mediates the consti-
tutive entry of clathrin-coated vesicles to cytoplasm, which after rapid
disintegration of the clathrin coat fuse with the peripheral early endo-
somes. The receptors that are attracted to enter through a clathrin-
dependent pathway usually contain an internalization signal in their
C-terminus, which then binds to the adaptors in the clathrin coat.
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Flask-shaped caveolae have been shown to pinch off from the
plasma membrane in a dynamin-dependent manner.27,28 Caveolar
endocytosis does not occur constitutively, but is rather triggered by
the cargo, e.g. simian virus 40 (SV40; Ref. 29). Caveolae structures
have been shown to accumulate in the cytoplasm and fuse with pre-
existing caveosomes. The best markers for the caveolae are their major
structural proteins, caveolin-1 and caveolin-2, which make a rope-like
coating on the cytoplasmic side of these structures. Caveolin-1 is the
best molecular marker for the caveosomes, too. The other character-
istics of the caveosomes are the cytoplasmic location and the absence
of classical endosomal markers. The morphological characteristics of
caveosomes are based on cellular structures where SV40 is internal-
ized, and it is possible that there are also other types of caveosomes.

The presence of clathrin- and caveolin-independent endocytosis
pathways has been suggested on the basis of studies using cells lack-
ing morphologically typical caveolae structures or studies in which the
clathrin and caveolae pathways have been inhibited.25,30 Similarly, some
of these entry pathways are dependent on dynamin, but dynamin-
independent pathways may also exist.31

Recently, increasing attention has been paid to the macropinocy-
tosis pathway.30 It is usually elicited from the raft domains on the
plasma membrane. It involves ruffling of plasma membrane, which
may take place rapidly after the binding of the ligand to its receptor.
This ruffling seems to be dependent on Rho GTPases. Actin drives
the formation of membrane ruffles, which collapse on the plasma
membrane and are engulfed into the cell with a relatively large vol-
ume of liquid. It was recently suggested that carboxy-terminal bind-
ing protein 3/brefeldin A-ribosylated substrate (CtBP3/BARS)
regulates macropinocytic uptake in a similar manner as dynamin reg-
ulates clathrin- and caveolae-dependent pathways.31 CtBP3/BARS
was earlier shown to mediate the fission of tubules on the Golgi.32

Already our first confocal microscopy studies indicated that EV1
and α2β1 integrin do not enter the host cells via the classical endoso-
mal structures. We found only marginal colocalization of EV1 with
transferrin and no apparent colocalization with EEA1, CI-MPR or
CD63, markers of early and late endosomes/lysosomes.10 In the same
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experiments it was obvious that EV1 and α2β1 integrin are colocalized
with caveolin-1 in the cytoplasm. As observed via immunoelectron
microscopy, both the virus and the receptor accumulated into relatively
large vesicular structures, suggesting that they could represent caveo-
somes. Some of the structures closely resembled the SV40-positive
bundles of caveolae-type caveosomes.29 However, the vast majority of
the structures containing EV1 and α2β1 integrin were usually rather
large (300–400 nm in diameter) and showed complex morphology
with tubular and vesicular contents confined by a limiting membrane
(Ref. 9; Karjalainen et al., unpublished). Tracing the EV1-positive
structures in the electron microscopy was difficult due to the small size
of the virus and the low number of viruses found in thin sections.10

Our first hypothesis was that EV1 follows the same pathway as SV40
to the caveolae on the plasma membrane and later to the caveosomes.

There are facts proposing that in addition to caveolae, EV1 may
have other more important entry mechanisms. The colocalization of
EV1 and caveolin-1 is quite weak during the first minutes of entry
(Ref. 33; Karjalainen et al., unpublished). This has also been verified
in the live cell microscopy with caveolin-1-GFP transfected cells.33

The colocalization becomes gradually more pronounced, starting after
15 min p.i. and increasing until 2 h p.i. The internalization of EV1 is
much faster than the entry of SV40, since it reaches the caveosomes
90 min earlier than SV40. When the depolymerization of microtubules
is blocked and consequently the departure of SV40 from caveosomes
is inhibited, the colocalization of EV1 and SV40 in caveosomes is
much more pronounced. Although EV1 and SV40 can enter the same
caveosome structures, the entry route may still be quite different.
SV40 is transported from caveosomes to endoplasmic reticulum (ER),
but there is no evidence of further traffic for EV1, suggesting that
caveosomes may represent the destination prior to uncoating and
release of the genome into the cytoplasm.33

Open Questions

Despite the fact that α2β1 integrin has been confirmed to be a major
cellular receptor for EV1 both in cell culture34 and in transgenic
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mice,35 many open questions about the receptor function still remain.
Due to the different interaction mechanism of α2β1 integrin and
EV1 when compared to natural ligands, it is not clear whether virus
binding can trigger a similar conformational change in the α2I domain.
If not, there may be neither conformational changes in the β subunit
nor separation of the intracellular domains. Thus, after virus binding,
the integrin signaling might be solely due to receptor clustering. A
detailed structure-based analysis of α2β1 function after EV1 binding
would clarify these events.

We have shown that EV1 can be found on cell surfaces in struc-
tures resembling caveolae and later inside the cells in caveosomes.10

However, it is not clear how many different entry routes EV1 can uti-
lize. Furthermore, the exact timing and the mechanisms of viral
uncoating and the release of the RNA genome are currently unknown.
We have preliminary evidence that EV1 may also be engulfed in large
macropinosome-like vesicular structures that very quickly fuse with the
pre-existing caveosomes (Karjalainen et al., unpublished). This would at
least partly explain the different timing and routing of EV1 to the
caveosomes when compared to SV40. The fluorescence in situ
hybridization assay showed that viral RNA is present together with the
capsid proteins in the caveosomes almost until the initiation of viral
replication. Further studies on the molecular details of the EV1 entry
process will most probably shed new light on the complexity of cellular
entry pathways used by microbial pathogens and physiological ligands.
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Chapter 4

Entry Mechanism of Murine and SARS
Coronaviruses; Similarity and Dissimilarity

Fumihiro Taguchi*

Introduction

The Coronaviruses consist of human and animal viruses that infect a vari-
ety of animal species, as well as different organs in the hosts.1,2 Since the
causative agent of a life-threatening pneumonia, severe acute respiratory
syndrome (SARS), was revealed to be a member of the coronavirus
group,3,4 much attention has been focused on these viruses, from both
the academic and non-academic societies. SARS is a new type of infec-
tious pneumonia that emerged in the Gangdong province of China in
November 2002.5 It spread around the world through an outbreak in
Hong Kong in March 2003. Patients were reported in 29 countries, and
around 800 people died, although a majority of these cases were in Asian
countries. Within a month after the virus that causes SARS was isolated,
its entire genome sequence became available, which is attributable to the
collaboration between many institutes around the world.6,7 The result is
the acknowledgement of a novel coronavirus, now called SARS coron-
avirus (SARS-CoV), that is different from other already known existing
human and animal coronaviruses.3,4,6,7 Since a number of scientists from
distinct fields have participated in the research on this emerging virus,

*Laboratory of Respiratory Viral Diseases and SARS, National Institute of Infectious Diseases,
Murayama Branch, 4-7-1 Gakuen, Musashi-Murayama, Tokyo 208-0011, Japan.
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a plenitude of information has become available, and now SARS-CoV
has become one of the best-studied members among the coronaviruses.8

SARS-CoV was initially reported to be different from any known
coronaviruses and thus failed to be classified in any of the coronavirus
groups.4 However, a detailed phylogenetical study including Torovirus
that is also classified in Coronaviridae, suggests it to be a member of
group 2, though it is most distant from the other members of this
group.9 It is also reported that the SARS-CoV genome is a mosaic of
mammalian and avian coronaviruses.10 Most coronaviruses, other than
SARS-CoV, do not cause a fatal disease. Two species of human coron-
avirus are causative agents of the common cold, and studies on these
viruses were restricted because of their weak pathogenic nature.1,2

Other coronaviruses infect domestic animals, pets and experimental
animals, but mostly do not cause severe and fatal diseases. However, as
they are important pathogens from an economic point of view, these
animal coronaviruses have been researched extensively.2

A prototype coronavirus, mouse hepatitis virus (MHV), has been
studied as a model of human disease, such as hepatitis and demyeli-
nating encephalomyelitis.2 This virus is one of the most studied coro-
naviruses, especially in terms of its molecular mechanism of viral
replication as well as its cell entry.2,11 In this review, I would like to
describe how MHV and SARS-CoV interact with their respective
receptors and enter cells, as well as the similarity and dissimilarity
between these two coronaviruses.

S Proteins of Coronaviruses

Coronaviruses have morphologically characteristic spikes resembling a
solar corona on the virion surface, for which they were so named. The
spike consists of a globular structure in the outer extremity and a stem-
like structure beneath it. The spike is thought to be composed of three
molecules of spike (S) protein. The S protein is a class I fusion protein
with a molecular weight of 180 to 200 kDa (Fig. 1).2 After being syn-
thesized, MHV and some other coronavirus S proteins are cleaved
around the middle of the molecule into two subunits, N-terminal S1 and
C-terminal S2, by host cell-derived proteases.12 There is a high similarity
in the amino acid sequences in S2, but these are quite variable in S1
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when comparison is made among the various MHV strains. The cleav-
age site consists of a basic amino acid cluster, which is recognized by cel-
lular proteases such as furin. The S1 fragment is believed to construct the
globular part of the spike and the S2 fragment its stem-like portion.13

SARS-CoV S protein, however, is not cleaved (Fig. 1).6,7 This feature of
uncleavability is similar to that of the S protein of the coronaviruses clas-
sified into group 1, such as porcine transmissible gastroenteritis virus
(TGEV) and feline infectious peritonitis virus (FIPV).2 In the middle of
the SARS-CoV S protein, there are regions containing two basic amino
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   1-330 ca.160 aa
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S1 S2

1-250 400-550

HR1 HR2 TMSS

TGEV

MHV

   S1N330
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318-510
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FP

TM: transmembrane domain

FP: fusion peptideSS: signal sequence

Fig. 1. Structural comparison of different coronavirus S proteins. Coronavirus
S protein is a class I fusion protein, which is similar to the influenza HA and HIV
gp 160 envelope protein. The MHV S protein is cleaved in the middle of the
molecule, resulting in N terminal S1 and C terminal S2 subunits, while the
SARS-CoV S protein is not cleaved. The N terminal region of S1, consisting of
330 residues (S1N330), is a receptor-binding site for MHV, whereas the inter-
nal region from residues 318 to 510 is responsible for receptor binding of SARS-
CoV S protein. Downstream from the S1N330 exists a hypervariable region
consisting of ~160 residues, whereas various deletions exist in N terminal region
consisting of ca. 250 residues of porcine transmissible gastroenteritis virus
(TGEV) S protein. In S2, there are two heptad repeats, HR1 and HR2, that play
critical roles in viral envelope-cell membrane fusion. Fusion peptide is located
close upstream of HR1 in SARS-CoV S protein; however, the MHV S protein
fusion peptide is located elsewhere in an internal, as yet unidentified, region of
S2. The S protein of SARS-CoV is more similar to the TGEV S protein than to
MHV S in terms of the cleavability and localization of the receptor-binding site.
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acid residues, resembling the cleavage site found in the MHV S pro-
tein.6,7 However, this region is not utilized for cleavage events in the de
novo-synthesized S protein, probably due to an unsatisfactory cleavage
motif consisting of a small number of basic amino acids. Cleavage of the
S protein is not always necessary for fusion activity of the MHV strains14;
however, it is important for a highly virulent strain of MHV, MHV-2.15

The N terminal region, consisting of 330 amino acid residues in the
MHVS S1 subunit, is a receptor-binding site.16,17 Downstream is a hyper-
variable region where mutations and deletions of various numbers of
amino acids arise during repeated passages of the virus.18 In contrast,
SARS-CoV S protein has its receptor-binding domain not at the N ter-
minal, but rather in an internal region consisting of 193 residues at posi-
tion 318 to 510 (Fig. 1).19 This localization of the receptor-binding site
is similar to that of group 1 coronavirus S protein, e.g., that of TGEV or
human coronavirus 229E; the S proteins of these viruses have the recep-
tor-binding domain at the position of 400–550 amino acid from the ini-
tiator of the S protein.20 Thus, the SARS-CoV S protein is more similar
to group 1 coronavirus S protein than to MHV S protein, in terms of the
cleavability and localization of the receptor-binding site. In contrast,
there is a high similarity in the S2 subunit of MHV and the correspon-
ding region in SARS-CoV S protein. They are also very similar struc-
turally and functionally to the membrane-anchored subunit of HIV and
influenza, gp41 and HA2.21 All of these proteins contain two heptad
repeats (HR) in the upstream of the transmembrane domain.22–24 The
HR located upstream is named HR1 and that located downstream is
called HR2. These heptad repeats play an important role in virus-cell
membrane fusion, namely, viral entry into cells. A fusion peptide, a
hydrophobic amino acid cluster of coronavirus that penetrates into cell
membrane at an initial phase of virus-cell membrane fusion, is not located
in the N terminal region but rather in the internal not-yet identified
region of the membrane-anchored subunit of MHV S2, whereas the
SARS-CoV fusion peptide is reported in close upstream of HR1.22–24

Coronavirus Receptors

There are at least three different types of molecule reported to work
as receptors for the various coronaviruses. The receptor protein first
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identified is a CEACAM1 (carcinoembryonic antigen cell adhesion mol-
ecule 1) that serves as an MHV receptor. CEACAM1 is classified in the
immunoglobulin (Ig) superfamily.25,26 The prototype CEACAM1 is
composed of four Ig-like ectodomains (in the order of N, A1, B and A2
from the N terminus), a transmembrane domain, and a cytoplasmic tail
(Cy). There are four isoforms, two of which have 4 Ig-like domains, and
the other two, two Ig-like domains (N and A2), one of which has either
a long or short Cy.27 Allelic forms are known for CEACAM1, CEA-
CAM1a and CEACAM1b, the former being expressed in most labora-
tory mouse strains susceptible to MHV and the latter in SJL relatively
resistant to MHV.27,28 CEACAM1 is expressed on various epithelial cells,
endothelial cells and hemopoietic cells.29 It functions as a cell adhesion
molecule,30 a signaling molecule and an angiogenic factor.31

The virus-binding site of CEACAM1 is located in the N
domain.32,33 Crystal structural analysis of CEACAM1 revealed that a
uniquely folded CC´-loop that protrudes from the N domain mass
plays an important role in virus binding.34 This region also partici-
pates in homophilic adhesion activity that is retained by CEACAM1.34

The receptor for SARS-CoV was identified as an angiotensin-con-
verting enzyme 2 (ACE2).35 ACE2 is a type I integral membrane pro-
tein with carboxypeptidase activity and plays an important role in the
rennin angiotensin system for blood pressure homeostasis. ACE2 is
expressed in a variety of organs, such as the lungs and intestines, the
main target organs of SARS-CoV, as well as in the heart or kidneys
where SARS-CoV infection is rarely observed or limited.36 As for the
virus binding site on ACE2, it was postulated from the homology to
other proteins (whose crystal structure was studied), that a negatively
charged ridge close to the deep channel containing a catalytic site is
the virus-binding site.37 Recently, the more precise binding site was
determined to locate to α-helix 1 of ACE2 and to a loop leading to
β-sheets.38

The other coronavirus receptor is aminopeptidase N (APN) that
serves as a receptor for group I coronaviruses.39 Being similar to
ACE2, APN is a zinc metalloprotease. Group 1 coronaviruses infect-
ing different species of animals utilize APN of the host species,
though feline APN serves as a receptor for porcine, human and canine
coronaviruses as well.39
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Cell Entry Pathways of Coronaviruses

Syncytium formation is generally observed in cultured cells infected with
various MHV strains under a wide range of pH environments. This is
attributed to the S protein, as cells expressing the MHV S protein alone
are fused, similar to their infections.40 The replication of MHV is, in gen-
eral, hardly affected by lysosomotropic agents.41 These observations sug-
gest that MHV enters the cells from the cell surface after binding to its
receptor. Thus, MHV is thought to take a non-endosomal pathway
(Fig. 2). Exceptions are also reported. A mutant virus isolated from
persistent infection fails to induce fusion formation under neurtral pH,
but it causes cell fusion when the cells are treated by low pH.41 This situ-
ation is very similar to that found in cases of influenza or VSV fusion for-
mation,21 and thus suggested that this particular virus takes an endosomal
pathway; in the endosomal acidic environment, the S protein is fusogeni-
cally activated. MHV-2, a non-syncytium formerly under a wide range of
pH culture conditions, has a unique feature for fusion formation. Infected
cells undergo fusion formation when the cells are treated with trypsin,42

which is very similar to the case with SARS-CoV fusion formation.43,44

The SARS-CoV entry pathway is thought to be via endosomes —
i.e., the endosomal pathway43 — though the entry mechanism of this
virus seems to be different from that of influenza or VSV (Fig. 2).
SARS-CoV infection in cultured cells does not induce syncytium for-
mation under a wide range of pH environments, even under low pH
conditions, but cell fusion can be induced when the infected cells are
treated with trypsin.43,44 The environmental pH does not affect the
fusion activity of trypsin. Moreover, SARS-CoV infection is affected by
a lysosomtropic agent, such as bafilomycin or ammonium chloride.43

These findings suggest that SARS-CoV is trafficked to the endosome
after binding to ACE2, where the S protein is fusogenically activated
by the trypsin-like protease which is presumably supplied by the lyso-
some fused with endosome. Recently, cathepsin L was reported to be
a possible protease to activate the SARS-CoV S protein for fusion.45

Trypsin treatment produces a fragment of about 100 kDa of S from ca.
180-kDa uncleaved S protein. This 100-kDa fragment corresponds to
S2. The transition from 180 kDa to 100 kDa of S protein is caused by
not only trypsin, but also by other proteases such as thermolysin or
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elastase. These proteases also induce fusion of SARS-CoV-infected
cells. The S proteins treated with these proteases show an indistinct
size of S protein, ca. 100 kDa.44 All of these data suggest that a pro-
tease reactive under low pH environment, most likely cathepsin L,
plays an important role in the entry mechanism of SARS-CoV.

Recently, we found that proteases that induce S protein cleavage as
well as fusion activity facilitate the entry of SARS-CoV from cell surface
by affecting the virion S proteins that bound to the receptor.44 This
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Fig. 2. Entry pathway of MHV and SARS-CoV. MHV S protein binds its
receptor CEACAM1 on the cell surface, and fusion of viral envelope and plasma
membrane takes place. Then, the genome is internalized directly into the cyto-
plasm through a plasma membrane. Possible entry mechanism of SARS-CoV is
as follows. SARS-CoV S protein binds ACE2, and the virion is incorporated
into the endosome by pinocytosis/endocytosis. Then, the endosome is fused
with lysosome, which provides the endosome with various proteases. Protease,
cathepsin L, reactive at a low pH environment activates the fusogenicity of
SARS-CoV S protein, facilitating viral envelope and endosomal membrane
fusion. Then, the SARS-CoV genome enters the cells via an endosomal membrane.
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finding is in good agreement with the hypothesis proposed by Simmons
and his colleagues that SARS-CoV takes an endosomal pathway and enters
cells after cleavage of the S protein with protease in the endosome.43,45

Interestingly, entry from cell surface mediated by proteases results in more
efficient infection than the infection via the endosomal pathway.44

Mechanism of Cell Entry

The cell entry mechanisms of MHV and SARS-CoV are thought to be
similar to that of a well-known mechanism found in HIV or influenza
virus studies (Fig. 3).46 A portion of S1N330 of the MHV S protein
binds to the CC´-loop in the N domain of CEACAM1, which removes
the S1 fragment from the envelope-anchored S2.47,48 A fusion peptide
in S2 then penetrates the plasma membrane of the target cells, which
would trigger the conformational changes of S2.49 The conformational
changes involve the formation of the so-called six helix bundles, com-
posed of a trimeric coiled-coil inside HR1 and three copies of HR2
that overhang onto the coiled-coil inside HR1s. These conformational
changes of S2 place the viral envelope and cell membrane in close
proximity and facilitate the fusion of these two membranes.

SARS-CoV S protein binds to ACE2 with an internal region of an
S1 counterpart. After transport to the endosome, the S protein is pre-
sumably cleaved by a protease, most likely cathepsin L which is functional
in a low pH environment in the endosome. The conformational changes
similar to that of the MHV S protein could follow. The fusion of the enve-
lope and endosomal membrane then takes place and the genome of SARS-
CoV is internalized into the cell cytoplasm. Six helix bundles are formed
with the SARS-CoV S protein and a peptide corresponding to HR2 blocks
its infection, as was shown in HIV and MHV infections.23,46 Thus, the
fusion mechanism of the SARS-CoV envelope and cellular membrane is
thought not to differ from those reported thus far in other enveloped
viruses; however, the fusogenic activation process of the SARS-CoV S
protein is quite unique in that it requires a protease for this activation.

Receptor-independent Entry Mechanism

A particular murine coronavirus, MHV-JHMV, is believed to enter cells
in a receptor-independent fashion. This observation was first reported by
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Gallagher and his colleagues as a spread of JHMV infection — from cells
initially infected in a receptor-mediated fashion — to those cells lacking
the MHV receptor CEACAM1.50 They showed this phenomenon by
overlaying JHMV-infected cells onto a CEACAM1 negative cell mono-
layer. Its S protein is responsible for this infection.50 The mechanism of
receptor-independent infection is thought to be due to a unique feature
of the JHMV S protein. As described above, the S1 subunit of MHV is
removed from S2 after binding its receptor; S1 and S2 are not cova-
lently linked and thus S1 is physically removed from S2 under certain
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Fig. 3. Entry mechanism of coronaviruses. The entry mechanism of
MHV is very similar to that of HIV. MHV S protein binds its receptor
CEACAM1, and then S1 is removed from the envelope-anchored S2
subunit. Fusion peptide is inserted into the plasma membrane. These events
trigger conformational changes of the S2 to form 6 helix bundles consist-
ing of trimeric coiled coil HR1, over which 3 copies of HR2 bind. The fuso-
genic activation of SARS-CoV S protein is supposedly conducted by cellular
proteases, most likely cathepsin L, although a detailed mechanism of this
activation is not yet understood. Viral and cell membrane fusion is carried
out in a similar fashion to that of HIV and MHV, since 6 helix bundles were
shown to be formed.
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conditions, such as those following ultracentrifugation. The S1 subunit
of JHMV is particularly removable, which takes place as a naturally
occurring event.51,52 This characteristic is thought to be responsible for a
receptor-independent fusion mechanism. The S2 subunit, from which
S1 is removed in a receptor-unmediated fashion, could undergo confor-
mational changes and is fusogenically activated in a way similar to that
found when S1 binds to its receptor and becomes detached from S2.49

A critical condition for the receptor-independent fusion/infection is that
this activation process of the S protein should be carried out in close
proximity of the target cell membrane. Most recently, this hypothesis was
strengthened by the infection of spinoculation; spinning the inoculated
viruses together with the target receptor-negative cells resulted in the
viruses being attached on the cell surface.52 The receptor-independent
JHMV infection was suggested to result in its high neurovirulence in
mice.53 Although it is not so remarkable, some strains of MHV other
than JHMV retain the ability of receptor-independent infection.54

Concluding Remarks

Although different types of protein are used as receptors for MHV or
SARS-CoV, the cell entry mechanism of these viruses looks very similar
to that first postulated as an entry mechanism for the influenza virus and
HIV. However, the fusogenic activation of the SARS-CoV S protein by
the cell-derived protease under low pH environment is a quite unique
phenomenon. MHV-2 could share this feature and provide an excellent
model for understanding the SARS-CoV entry mechanism. Detailed
molecular studies on the S protein and receptor interactions, as well as
the subsequent cell entry mechanism, will facilitate the development of
anti-SARS-CoV reagents.
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Chapter 5

Hepatitis Viruses, Signaling Events and
Modulation of the Innate Host Response

Syed Mohammad Moin, Anindita Kar-Roy
and Shahid Jameel*

Viruses and their vertebrate hosts have co-evolved for millions of years. While
the host has developed an immune system to deal with invading pathogens,
including viruses, the latter have developed counter strategies. The host
response comprises an early nonspecific innate system and an antigen-specific
adaptive immune system. Accordingly, viruses have also evolved strategies to
overcome these, based largely on modulation of host signaling pathways. Here
we outline components of the innate host response and cell death and survival
strategies, and summarize work on how hepatitis viruses modulate these
responses. At least five separate viral agents are known to cause hepatitis, lead-
ing to significant human morbidity and mortality. Their spectrum ranges from
acute and self-limited infections to those that become chronic and stay with the
host for its entire lifespan. This varied presentation of viral hepatitis is rational-
ized here in terms of the virus’ ability to deal with the innate host response.

Viral hepatitis is an ancient disease that had been recorded in early
Babylonian, Greek and Chinese scriptures.1 “Hepatitis,” which means
inflammation of the liver, is not a single disease, but is caused by a
spectrum of agents, viral or otherwise. It was not until 1969 that
the first human hepatitis virus — the hepatitis B virus (HBV) — was

* Virology Group, International Centre for Genetic Engineering and Biotechnology, Aruna
Asaf Ali Marg, New Delhi 110067, India.
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isolated, followed by the hepatitis A virus (HAV) in 1973. In the
following years viral agents causing disease similar to HAV and HBV,
but negative for tests specific for these viruses, were reported and
named as non-A, non-B (NANB) hepatitis viruses, with distinct post-
transfusion or enteric epidemiology.2 The agent for post-transfusion
NANB hepatitis was later identified and named as hepatitis C virus.2

The agent responsible for ET-NANBH was first identified in 1983 as
being responsible for an epidemic in New Delhi, India in 1955 in
which 29,000 people fell ill; its genome was subsequently cloned and
the agent was named hepatitis E virus (HEV).3 Hepatitis D virus
(HDV), or the delta agent, is a defective RNA virus that infects liver
cells only if already infected by HBV. There are other viruses like
cytomegalovirus, mumps, rubella and yellow fever viruses that infect
the human liver, but are not considered hepatitis viruses since the pri-
mary sites of infection are extrahepatic. More than 500 million peo-
ple worldwide suffer from viral hepatitis. The disease can either be
self-limiting, as in the case of hepatitis A and E, or can persist, as in
the case of hepatitis B and C, leading to cirrhosis and hepatocellular
carcinoma (HCC). 

Viruses are obligate intracellular parasites that have co-evolved
with their hosts to permit virus replication without the destruction of
the host cell. The host’s first line of defense is through the innate
response that is mediated with the help of leukocytes, monocytes,
macrophages and natural killer cells. This response is nonspecific
where the killer cells destroy the pathogen by phagocytosis and acti-
vation of lysosomes. In addition, induction of the inflammatory
response mediated by cytokines helps in viral clearance by initiating
apoptotic cell death. Adaptive immunity, on the other hand, is anti-
gen-specific and generates immune memory. Components of adaptive
immunity include antigen-specific lymphocytes such as B cells that
produce neutralizing antibodies, and T cells that have helper and
cytolytic effector functions. The critical balance between survival and
death is dependent upon complex signaling events within a host cell.
Thus the outcome of a viral infection is determined by host responses
such as immunity and cell death and the ability of the virus to coun-
teract and modulate these responses. In HAV and HEV infections,
although the virus is able to establish an infection, the host’s innate
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and acquired antiviral immune responses are effective in clearing the
virus (Mattioli 2004).4 On the other hand, HBV and HCV can per-
sist in the host for a long time, often the entire life of the host.5 In
such cases, there is an initial acute phase of infection when the virus
employs strategies to avoid host innate defenses, escapes the acquired
immunity and blocks the apoptotic clearance of infected cells to finally
establish chronic infection in the host.

In this chapter we will discuss the innate defense, apoptosis and
cell survival pathways and the mechanisms through which hepatitis
viruses modulate these pathways to establish a successful infection in
the host. An introduction to the genomic organization of these
viruses and the different proteins they encode is also provided to aid
and orient the reader for a better understanding of how these differ-
ent proteins manipulate the host defense. 

Genome Structure and Organization
of Hepatitis Viruses

Hepatitis A Virus

HAV belongs to the family Picornaviridae and the genus Hepatovirus.6–8

It has a 7.5 kb positive sense polyadenylated RNA genome with
untranslated regions (UTRs) at either termini.9 The 5′-UTR contains
an internal ribosome entry site (IRES) for cap independent transla-
tion and is covalently attached to the viral protein ‘g’ (VPg) (Fig. 1A).
A single open reading frame encodes a polyprotein of 252 kDa that is
processed to yield structural and nonstructural proteins. The P1
region located at the amino-terminal end encodes the structural pro-
teins VP1, VP2, VP3 and VP4, while the P2 and P3 regions encode
the nonstructural proteins associated with viral genome replication
and modulation of the host cell.

Hepatitis B Virus

HBV is a double-stranded DNA virus and a member of the family
Hepadnaviridae. The viral genome is approximately 3.2 kb in size
and has an unusual structure comprising two linear strands of DNA
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held in a circular configuration by base pairing at the 5′-ends. It codes
for four overlapping reading frames (ORFs) required for expression of
seven different proteins. The S and C ORFs encode the surface (enve-
lope) and nucleocapsid (core) proteins, respectively (Fig. 1B). The ‘P’
ORF codes for the viral polymerase and the ‘X’ ORF codes for the
regulatory HBx protein. The surface protein is of three types viz.:
small (HBsAg), middle (MHBsAg) and large (LHBsAg). While
HBsAg is the major constituent of all HBV particles and is manufac-
tured in large quantities, the other forms are also present in the virus
particles in varying amounts. The LHBsAg appears to bind the recep-
tor present on liver cells.

Hepatitis C Virus

HCV belongs to the family Flaviviridae and has a positive sense RNA
genome of approximately 9500 nucleotides. The whole genome
encodes a large polyprotein of about 3000 amino acids. When cleaved
by viral and host proteases the HCV polyprotein produces 10 differ-
ent polypeptides with various biochemical and structural functions.
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Fig. 1. The genomic organization of hepatitis viruses.
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The 5′ UTR of 324–341 nucleotides contains an IRES element that
is required for the cap-independent translation of the viral genomic
RNA; a 3′-UTR of about 200 nucleotides is required for viral genome
replication. The coding region encodes the core, envelope 1 and 2
structural proteins, and the p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B nonstructural proteins (Fig. 1c). The core protein can bind to
RNA to encapsidate the HCV genome. The envelope proteins E1 and
E2 form a heterodimer that makes up the viral envelope. The NS3
protein has serine protease and helicase activities, while the NS4A
protein functions as a cofactor for the NS3 protease activity.10 The
function of NS4B is unknown. The NS5 region encodes NS5A and
NS5B, of which the former is believed to play a role in RNA replica-
tion, while the latter has an RNA-dependent RNA polymerase activ-
ity.11 The NS5A protein also has an interferon sensitivity
determination region (ISDR), and mutations within this region
determine the efficacy of interferon α therapy for HCV infection. 

Hepatitis D Virus

Hepatitis D virus (HDV) has a 1700-nucleotide single-stranded RNA
genome that encodes the only HDV protein, called the hepatitis delta
antigen (HDAg). This protein is expressed in large and small forms,
and these are involved in structural as well as regulatory functions.
HDV is a replication defective virus that requires the HBV helper
function in the form of HBsAg to envelope the HDAg/HDV RNA
core particle. The HDV envelope contains all three forms (S, M, and
L) of HBsAg, with a predominance of the major (small) form of
HBsAg. The nucleocapsid structure of HDV is composed of the viral
single-stranded RNA genome and about 60 copies of delta antigen in
its large and small forms.

Hepatitis E Virus

Hepatitis E virus (HEV) is a spherical, non-enveloped, RNA virus
with a positive sense RNA genome of ~7.2 kb that encodes three
overlapping open reading frames (ORFs). ORF1 (~5 kb) encodes the

Hepatitis Viruses, Signaling Events and Modulation 95

FA
b514_Chapter-05.qxd  12/4/2007  3:34 PM  Page 95



viral nonstructural polyprotein, ORF2 (~2 kb) encodes the viral major
capsid protein, and ORF3 encodes a small protein of undefined func-
tion (Fig. 1d). The nonstructural polyprotein ORF1 includes a puta-
tive viral methyltransferase (MeT), a papain-like cysteine protease, an
RNA helicase and a viral RNA-dependent RNA polymerase (RdRp).
The genome contains short 5′-and 3′-NTRs that have the potential to
fold into conserved stem–loop and hairpin structures. Such secondary
structures are postulated to be important for HEV RNA replication.

The host generates two types of immune responses to control virus
infection. The first is a rapid-onset “innate” response against the virus,
which primarily involves the synthesis of interferons (IFN) and the
stimulation of natural killer lymphocytes. In many cases, the innate
response is sufficient to clear the infection. However, if the infection
proceeds beyond the first few rounds of viral replication, the adaptive
immune response develops antigen-specific antibodies to neutralize
extracellular virions and antigen-specific cytotoxic T cells to clear virus-
infected cells. Another critical host response following viral infection is
the programmed death (apoptosis) of infected cells. To overcome the
host immune responses, viruses use various strategies, many of which
depend on the modulation of signaling pathways that themselves form
the basis of these host responses. Viruses also actively promote the sur-
vival of infected cells by regulating critical signaling pathways. In the
following sections we will discuss known mechanisms and pathways
involved in interferon response, apoptosis and cell survival, and how
hepatitis viruses modulate these to establish and propagate infection.

The Interferon System

The interferon (IFN) system is a vital component of the innate immune
response. Interferons are small secretory proteins of the cytokine fam-
ily that help to establish an antiviral state.12 This system includes two
kinds of cells: those that synthesize interferon in response to viral
infection, and those that include the neighboring bystander cells that
respond to interferon and aid in establishing an antiviral state (Fig. 2).
Type I interferons, IFNα and IFNβ, are produced as a direct response
to viral infection by leukocytes and fibroblasts, respectively. Together,
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IFNα and β induce the transcriptional activation of at least 30 cellu-
lar genes of the cytokine family.13 Type II interferon, IFNγ, is pro-
duced by natural killer (NK) cells and activated T lymphocytes in
response to viral infection. Several interferon-induced cellular pro-
teins have been implicated in its antiviral action within an infected
cell. These are a dsRNA-induced protein kinase (PKR),14 the 2′–5′-
oligoadenylate synthetase (OAS),15 the RNA specific adenosine deam-
inase (ADAR),16,17 and the Mx protein GTPases.18 We will consider
the known effects of hepatitis viruses on each of these pathways sep-
arately. For the sake of clarity, we will divide the interferon system into
events that take place inside infected cells and those that result from
the action of interferons on uninfected neighboring cells (Fig. 2).

Events in Virus-infected Cells

Most viruses produce double-stranded RNA (dsRNA) at some stage
of their replication cycle12 and these are potent inducers of the IFN
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pathway. The dsRNA-dependent serine/threonine protein kinase
PKR is a key IFN-inducible protein. Two motifs in amino terminus of
PKR bind dsRNA leading to its activation, dimerization and
autophosphorylation. Activated PKR catalyzes the phosphorylation of
several substrate proteins, the best characterized being the α1 subunit
of the eukaryotic protein synthesis initiation factor 2 (eIF2α).
Phosphorylation of eIF2α increases its affinity for GDP, thus inhibit-
ing the GDP-GTP exchange that is necessary for continuing transla-
tion. This shuts down host as well as viral protein synthesis,19 leading
to death of the infected cell.

Hepatitis viruses have developed several strategies to counter the
effects of PKR. The HCV NS5A protein prevents PKR dimerization
and activation,20 thereby preventing PKR-mediated translation inhibi-
tion20–22 (Fig. 2). Exogenously expressed NS5A was found to confer
interferon resistance to vesicular stomatitis virus (VSV), which is oth-
erwise sensitive to interferon.23,24 Mutations within the NS5A region
termed as the IFN sensitivity-determining region (ISDR) disrupt the
ability of NS5A to bind PKR and inhibit the catalytic activity of PKR.
The HCV envelope E2 protein contains a sequence identical to the
phosphorylation sites of PKR and eIF2α. As a result, the E2 protein
can bind and disrupt PKR dimerization, and inhibit its catalytic
activity.25 These combined effects of NS5A and E2 on PKR activation
are proposed to be responsible for HCV persistence.26–29 A reduction
in PKR levels has also been observed in HCC tumor tissues of HBV
patients, suggesting a possible role of PKR in promoting tumor
growth.30

The activation of PKR also affects the status of Nuclear Factor
kappa B (NFκB), a member of the Rel family of proteins and a tran-
scription factor central to the expression of various immune regula-
tory genes.31 In a quiescent cell, NFκB is present in the cytoplasm in
an inactive state as a p65/p50 heterodimer bound to the inhibitor of
NFκB (IκB) protein. On phosphorylation of IκB, the complex disso-
ciates, allowing the transport of NFκB into the nucleus, where it reg-
ulates the expression of multiple genes. Activated PKR leads to the
phosphorylation of IκB,32 possibly through phosphorylation of its
upstream IκB kinase (IKK).33 In the nucleus, NFκB binds to the IFNγ
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promoter and is part of the enhanceasome that contains multiple tran-
scription factors and the IFN regulatory factor (IRF) proteins (Fig. 2).

The IRF proteins are a family of transcription factors (IRF 1–9)
that regulate the expression of several genes transcriptionally respon-
sive to IFN.34–36 Within this family, IRF3 and IRF7 have been identi-
fied as key regulators of IFNα/β induction.37 IRF3 is constitutively
expressed in many cell types and is localized to the cytoplasm of nor-
mal uninfected cells. Upon virus infection or in the presence of
dsRNA, IRF3 is activated by phosphorylation in its C-terminus by a
virus-activated kinase (VAK). Some of the components of VAK include
IKK-related kinase, IKKε and a TANK binding kinase (TBK1)38 (Fig. 2).
Phosphorylation of IRF3 causes its dimerization and translocation to
the nucleus, where it binds regulatory elements leading to the tran-
scription of the genes for IFNα and β, the chemokine RANTES and
other proteins that inhibit viral infection. Viral infection also stimu-
lates IRF7 synthesis. Phosphorylation of IRF7 by VAK causes its
translocation to the nucleus, where it forms a heterodimer with IRF3
and activates the expression of IFNα genes. Thus, together NFκB and
IRFs act as potent stimulators of interferons and several other cytokines
that can mount an inflammatory response and contribute to the clear-
ance of viral infection. Understandably then, several viruses have tar-
geted these pathways to establish infection in the host.

The HCV encoded NS3/4A serine protease inhibits the phos-
phorylation of IRF3,39 thereby preventing its nuclear translocation
and downstream functions (Fig. 2). Expression of the HCV polypep-
tide or the presence of replicating HCV genome prevents induction
of the IRF3 pathway by Sendai virus that is otherwise a potent acti-
vator of IRF3.39 The serine protease activity of NS3/4A is required for
this inhibition, suggesting that the protease may target upstream activa-
tors like VAK for proteolytic degradation. Further, reporter assays have
shown the baseline activity of the interferon stimulated response element
(ISRE) to be significantly lower in cells harboring the HCV replicon
compared to control cells.40 The expression of IRF1 was also found to
be significantly lower in cells expressing the replicon.40 The NS5A pro-
tein blocks the phosphorylation/activation of IRF1 and the induction
of IRF1-dependent promoter activation.41–43 Noncytopathogenic strains
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of HAV inhibit dsRNA-induced IFNβ gene expression as well as apop-
tosis,44 while cytopathogenic HAV strains induce apoptosis.45 The
dominant property of noncytopathogenic strains preserves the sites of
viral replication for a longer time, thus allowing the establishment of
viral infection. The HBV enhancer I/X gene promoter was found to
contain a functional interferon-stimulated regulatory element (ISRE)
that was responsive to IRF1 and IRF7; however, IFNα and the IRFs
showed minimal effects on HBV transcription and replication in the
context of the whole genome in cell culture.46

Another major pathway of interferon action is the induction of
2′,5′-oligoA synthetase (OAS) resulting in synthesis of 2′ and 5′ linked
oligoadenylate molecules. This leads to the activation of RNase L and
degradation of cellular RNA in infected cells. Surprisingly, only mini-
mal effects of hepatitis viruses have been observed on this pathway of
interferon action. While the HCV core protein was shown to activate
OAS transcription47 in HCV patients undergoing IFNα therapy, the
NS5A protein appeared to affect OAS activity.48 Microarray analysis
of IFN-induced genes in liver cells expressing the HCV NS5A protein
showed reduced induction of the OAS p69 gene, an effect that
appeared to be mediated by the cytokine IL8.49

The Mx family includes interferon-inducible proteins with antivi-
ral activity. These proteins are GTPases that belong to the dynamin-
like GTPase superfamily.50,51 IFN-α and β, but not IFN-γ, induce the
Mx family of proteins. The spectrum of antiviral activities of the Mx
proteins and the molecular mechanisms by which they inhibit viral
replication depend on the specific Mx protein and its subcellular local-
ization. The antiviral effects of MxA are dependent upon its
oligomerization, GTP binding and hydrolysis.52 Chronic HBV infec-
tion is associated with defective virus particles generated as a result of
alternatively spliced HBV RNA.53 This leads to cytoplasmic accumu-
lation of the viral capsid protein. The MxA protein normally accumu-
lates in the cytoplasm of IFN-treated cells and blocks RNA synthesis.
Expression of defective capsid protein has a suppressive effect on the
MxA promoter, thereby reducing the antiviral effect of IFN. The
HCV core protein down-regulates the MxA gene promoter, leading
to decreased MxA levels.54
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Events in Uninfected Cells

Interferons also provide a warning system to uninfected cells in the
vicinity of infected ones and prepare the former to counter an
impending viral infection. These events in uninfected cells are based
on an interferon-signaling pathway (Fig. 3). The binding of IFN to
its cognate receptor results in activation of the JAK/STAT signaling
pathway, culminating in the activation of several IFN-α/β-inducible
genes. In an uninduced state, the cytoplasmic domains of type 1 IFN
receptors, IFNAR-1 and IFNAR-2, remain associated with Janus
tyrosine kinases Jak1 and Tyk2.55,56 The binding to IFN-α/β to these
receptors causes the phosphorylation and activation of Jak1 and Tyk2;
these activated kinases in turn phosphorylate tyrosine residues in the
cytoplasmic domains of the receptor. These phosphotyrosines act as
binding sites for the STAT (signal transducers and activators of tran-
scription) proteins through their src homology 2 (SH2) domains.
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Within this complex, the STAT proteins (STAT1 and STAT2)
undergo tyrosine phosphorylation, and this acts as a signal for their
dimerization through complementary pTyr/SH2 interactions. These
STAT1 and STAT2 homo- and heterodimers translocate to the
nucleus and, together with a protein called p48 (IRF-9), form a mul-
timeric transcription factor called ISGF3. In turn, ISGF3 binds to the
IFN stimulated response element (ISRE) within the promoters of
IFN-stimulated genes (ISGs) and activates their transcription. Stimu-
lation with IL-6 also leads to the phosphorylation of JAK1, JAK2 and
STAT3, followed by nuclear translocation of the STAT3 homodimer.
As expected, cytokine signaling through the Jak/STAT pathway is
tightly controlled by various mechanisms that involve inactivation or
removal of activated STAT molecules.57 Induction of SOCS (suppres-
sors of cytokine signaling) also negatively regulates this pathway.58–60

The SOCS proteins bind to Jak family tyrosine kinases, resulting in
the inhibition of tyrosine phosphorylation of Janus kinases and STAT
factors.57

A number of viruses are known to modulate the JAK-STAT sig-
naling pathway by using various mechanisms (Goodbourn 2000).
Expression of the full-length HCV ORF suppresses the IFN-mediated
STAT/DNA binding activity.61 The HCV core protein binds JAK and
has inhibitory effects on the JAK/STAT pathway. Constitutive expres-
sion of the HCV core protein reduces tyrosine phosphorylation of the
JAK and STAT proteins, thereby modifying STAT-mediated transcrip-
tion of ISGs. Point or deletion mutants of the HCV core protein,
which do not bind the JAK proteins, show no inhibitory effects on the
JAK-STAT pathway following IL-6 stimulation of murine CL2 and
human HepG2 cells.62 The HCV core protein further induces the
expression of SOCS3, resulting in the inhibition of STAT1-tyrosine
phosphorylation.63 Thus, HCV appears to have developed multiple
ways to interfere with the IFN-mediated host defense systems.62,64

While the p48 subunit of ISGF3 is reported to be responsible for
the IFNα-mediated suppression of HBV expression,65 the X protein
of HBV (HBx) interacts with Jak1 and activates the JAK-STAT sig-
naling pathway.66 There is sufficient evidence to indicate that the Jak/
STAT pathway is involved in cell proliferation and oncogenesis67; this
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may contribute to the transforming potential of HBx. A crosstalk
between the Jak/STAT pathway and the oncogenic Ras pathway has
also been reported.68 Further, activated Jak phosphorylates Shc or Raf,
which in turn activates the Ras-Raf-mitogen-activated protein kinase
pathway. Thus, HBx-mediated signaling through the Jak/STAT path-
way may be one of the factors contributing to the development of
hepatocellular carcinoma.

Regulation of Apoptosis

Programmed cell death (PCD), or apoptosis, is a highly controlled
physiological process by which damaged cells or cells that are toxic to
the host are removed to preserve the integrity of the host organism.
It is also critical for several biological processes like embryonic develop-
ment, host defense mechanisms and immunity. Initiation of apoptosis
is an innate response that rapidly and efficiently removes virus-infected
cells, thus limiting viral replication and spread. There are at least three
pathways leading to apoptotic cell death. One depends on external
death signals such as TNFα and Fas ligand, being mediated by the
TNF receptor and Fas, respectively.69 The second pathway is stimu-
lated by internal signals such as oxidative stress, loss of mitochondrial
electrostatic potential, virus replication, etc. These internal signals
trigger a cascade of events that involve both pro-apoptotic and anti-
apoptotic members of the Bcl2 family of proteins. The release of
cytochrome c from mitochondria is a crucial event in this process. Both
of these pathways activate caspases, a family of proteases that provide
the effector function in cell death by degrading cellular proteins. The
third pathway is independent of caspases and instead uses the apop-
tosis inducing factor (AIF). In a dying cell, AIF is released from the
mitochondria and is targeted to the nucleus, where it binds DNA and
stimulates its degradation.70

Signaling Through the TNF Receptor Family

Hepatocyte apoptosis mediated by TNFα is implicated in a wide
range of liver diseases including viral hepatitis, non-alcoholic fatty
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liver disease and fulminant hepatic failure. TNFα is a pro-inflammatory
cytokine produced mainly by activated macrophages and in smaller
amounts by other cell types. Hepatocyte apoptosis induced through
the extrinsic pathway is initiated by the activation and signaling
through the TNF receptor family of proteins following the binding of
ligands such as TNFα, Fas ligand (FasL), TNFα-related apoptosis-
inducing ligand (TRAIL; also called APO-2L) or APO-3L to their
respective receptors. TNFα and FasL are considered to play major
roles in liver injury. Following the binding of TNFα to its receptor
TNFR1, the receptor trimerizes and together with the adaptor pro-
tein TNFR-associated death domain (TRADD) recruits the receptor
interacting protein (RIP) and TNFR associated factor (TRAF2) that
trigger downstream signaling and activation of NFκB.71 TRADD
can also recruit the Fas-associated death domain (FADD) protein,
triggering a series of events leading to FADD-mediated apoptosis
(Fig. 4). Binding of FasL to Fas (or CD95) initiates signaling through
DISC (death inducing signaling complex) by recruiting FADD to the
cytoplasmic tail of Fas. The N-terminal death effector domain (DED)
of FADD recruits pro-caspase 8/10, causing its proteolytic activation
by the FADD-like IL-1β converting enzyme (FLICE).72 The death
receptor-initiated pathway diverges at this point. One pathway is inde-
pendent of mitochondria and Bcl2 and is based on the activation of
pro-caspase 373 (Fig. 4). The other pathway is mediated through cas-
pase 8/10-mediated cleavage of Bid, and the truncated Bid (tBid)
molecule opens mitochondrial channels causing the release of
cytochrome c.73 An alternate pathway in which TRAF2 or the Fas-
binding protein Daxx recruits the Ask1 kinase results in activation of
the c-Jun N-terminal kinase (JNK) and suppression of the anti-apop-
totic effects of Bcl2 on mitochondria. Depending upon their ability to
activate caspase 8, caspase10 or NFκB, the TNF family members are
regarded as pro-apoptotic or anti-apoptotic proteins.

The HCV core protein activates NFκB signaling by binding to
the death domain of TNFR1,74,75 thereby contributing to liver dam-
age. However, expression of the HCV core protein confers resistance
to TNF-induced apoptosis. Immunohistochemical studies showed a
higher frequency of NFκB staining in HCV-infected livers compared
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to controls.76 Further, mobility shift assays also showed higher NFκB
activity in HCV core-expressing cells.77 Signaling through TNFR is
variable and highly controversial, ranging from being protective,
irrelevant or pro-apoptotic. The outcome of the signal is decided by
the stimulus and the cell type. While HCV can cause apoptotic death
by signaling through TNFR, it may also overcome the TNF-medi-
ated death pathway by activation of NFκB (Fig. 4) and contribute to
viral persistence and hepatocarcinogenesis.76,77 The anti-apoptotic
effects of the HCV core protein probably account for a chronically
activated and persistent state in HCV infected cells, leading to hepa-
tocarcinogenesis. The role of TNFR and Fas signaling in hepatitis B
is generally linked to sensitization of HBV-infected hepatocytes to
TNF or Fas ligand. The HBx protein was shown to induce apopto-
sis by prolonged stimulation of the stress-mediated MEKK1 path-
way78 and by up-regulating expression of the TRAIL receptor DR5.79

It was also shown to bind to the cellular FLICE inhibitor protein
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(c-FLIP), a key regulator of the death-inducing signaling complex,
and to suppress its anti-apoptotic effects.80 In chronic and fulminant
hepatitis B patients the Fas/FasL system has also been shown to be
important for liver injury.81,82 By sensitizing liver cells to TNF and
FasL, HBV promotes liver injury, an event that precedes cirrhosis
and hepatocarcinogenesis. Further, since TNF sensitization can be
overcome by mitogenic factors, this may also be a mechanism to
select for neoplastic hepatocytes that survive by synthesizing large
amounts of growth factors.

Endoplasmic reticulum stress

The endoplasmic reticulum (ER) is sensitive to a variety of cellular
stresses, including viral infection, alterations in calcium levels, inhibi-
tion of protein glycosylation, etc.83 Excessive protein synthesis and
accumulation of unfolded or misfolded proteins lead to ER stress trig-
gering the unfolded protein response (UPR) and protein degrada-
tion. This signaling pathway is mediated by three ER resident sensor
proteins: the type-I ER transmembrane protein kinase IRE-1, the
activating transcription factor 6 (ATF-6) and the PKR-like ER kinase
(PERK). In the absence of ER stress, the ER resident protein GRP78
is associated with each of the sensors.84–86 Upon accumulation of
unfolded/misfolded proteins, GRP78 dissociates from its partners,
activating the different pathways (Fig. 5).

Subgenomic replicons of HCV as well as expression of the NS5A
protein alone induces ER stress, as observed by the appearance of a
transcriptionally active form of the ATF protein, ATF6α(N). This
translocates to the nucleus, where it transcriptionally activates ER
chaperones.84–86 HCV compels cells to adapt to ER stress by different
mechanisms. Cells harboring HCV replicons have lower levels of
eIF2α phosphorylation, indicating that the overall protein synthesis is
higher.87 HCV E2 modulates global translation by inhibition of IFN-
induced PKR as well as by binding and inhibiting PERK. HCV infection
can suppress the degradation of misfolded proteins and simultane-
ously stimulate the synthesis of the viral protein in the ER. The IRE1-
XBP1 (X-box binding protein) pathway directs both protein refolding
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and degradation in response to ER stress. In cells carrying the HCV
subgenomic replicons, XBP1 expression is elevated but its transacti-
vating activity is repressed.88 This prevents the induction of EDEM
(ER degradation enhancing mannosidase-like protein) that is required
for degrading misfolded proteins87 (Fig. 5). Thus, cells expressing
HCV replicons suppress the degradation of misfolded proteins,
including viral proteins, and may contribute to viral persistence. The
HBV overcomes ER stress by differentially regulating expression of
the three forms of its surface envelope protein. The large, middle and
the small (major) forms of the surface protein are cotranslationally
inserted into the ER, which together with the nucleocapsid particles
forms mature virions that are secreted. The small and the middle forms
can be secreted in the absence of other viral proteins. However, the
large surface protein (LS) cannot be secreted when expressed alone.
When LS is expressed in large amounts, its retention affects the intra-
cellular ER stress response, leading to a disruption in the viral life
cycle.89 The virus has developed a feedback mechanism whereby LS
can transactivate the S promoter, thus increasing the expression of
middle and small forms of HBsAg. This again balances the ratio of the
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three forms and restores virus particle formation.90 The hepatitis
E virus capsid (ORF2) protein has recently been shown to use the ER
associated degradation (ERAD) pathway to retrotranslocate from the
ER back into the cytoplasm to interfere with IκB ubiquitination as a
means to regulate NFκB activity.91 The functional consequences of
this on HEV pathogenesis remain to be understood.

Reactive oxygen species (ROS)

Cellular oxidative stress is characterized by an increase in the intracel-
lular levels of reactive oxygen species (ROS) that can affect cell sur-
vival as well as death pathways. ROS can function as a key player in
different signaling cascades by activating transcription factors such as
NFκB and STAT392,93 that are involved in a wide variety of cellular
functions ranging from cellular growth, proliferation, DNA replica-
tion and repair to functions involved in cell death and cancer devel-
opment.94 ER stress can release calcium from intracellular ER stores
into the cytosol, and this can trigger oxidative stress, activate NFκB
and modulate the mitochondrial death pathway (Fig. 5). Increased
intracellular calcium can activate calpains that cleave and inactivate the
anti-apoptotic Bcl-XL protein, and can also activate caspase 12. Increased
production of ROS has been observed in the livers of chronically
infected HBV and HCV patients. The HBx protein induces oxidative
stress and elevates ROS production by its direct association with the
voltage-dependent anion channel 3 (VDAC3) protein in the mito-
chondrial outer membrane. This interaction leads to a decrease in the
mitochondrial membrane potential and elevates ROS.95 A mutant
HBx not able to translocate to mitochondria but capable of binding
to VDAC3 failed to elevate ROS levels.94 In turn, HBx levels were
also found to be regulated by cellular ROS levels.96 Therefore, intra-
cellular microenvironments generating ROS, such as severe inflam-
mation, may aggravate the pathogenesis of liver disease by accumulating
the HBx protein. The HCV NS5A protein also induces ER stress,
causes alteration of calcium homeostasis, and triggers ROS elevation.97

These events result in activation and translocation of transcription
factors including STAT3 and NFκB to the nucleus. The HEV ORF3
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protein has been found to up-regulate expression of the mitochondrial
outer membrane protein VDAC1 and to increase the mitochondrial
transmembrane potential.98 This viral protein also provides protection
against apoptotic signals, though the mechanism still remains to be fully
elucidated.

Cell Survival Strategies

Besides inhibiting the innate apoptotic response of the host, many
viruses actively stimulate signaling pathways that promote survival
and proliferation of the infected cell. This aids in viral replication and
helps promote the establishment and persistence of viral infection.

Regulation of the MAP Kinase Pathway

The MAPK signaling pathway is initiated in response to external or
internal stimuli such as growth factors, stress, DNA damage, virus
infection, etc. In vertebrates, three MAPK pathways have been char-
acterized.99 These are the extracellular signal-regulated kinases
(MAPK/ERK), the p38 MAPK and the stress-activated protein
kinase/c-jun (SAPK/JNK). All these pathways are based on a three-
kinase signaling module consisting of a MAPK that is activated by an
upstream MAPK kinase (MAPKK), which itself is activated by a
MAPK kinase kinase (MAPKKK). The prototype of the MAPK sig-
naling pathway is the Raf/MEK/ERK cascade, a major pathway for
cell growth and differentiation. Signaling through this pathway acti-
vates ERK; activated ERK1/2 translocates to the nucleus to activate
a variety of transcription factors such as Elk, c-Fos, c-Jun, STAT3,
etc., that can then regulate cell proliferation and differentiation.

Many viruses activate ERK in a bid to regulate cell survival, prolif-
eration and differentiation, and hepatitis viruses are no exception.
HBV activates epidermal growth factor receptor (EGFR) mediated
activation of the Raf/MEK/ERK pathway. On binding to EGF, the
cytoplasmic domain of EGFR undergoes autophosphorylation, leading
to its interaction with adaptor proteins Shc and Grb2 that mediate
Raf/MEK/ERK activation100 (Fig. 6). Further, HBx transactivates the
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EGFR promoter, up-regulating its expression and creating a positive
feedback loop that promotes cell growth and survival.101 The trun-
cated middle surface antigen of HBV (mHBs) also activates this path-
way, but in a PKC-dependent manner. The HBx protein has also been
shown to stabilize the Ras-GTP complex, again promoting down-
stream signaling through Raf and MAPKs.102

The HCV core protein binds to a Raf inhibitory protein 14-3-3
to relieve its repression of the Raf/MEK/ERK pathway.103 Cell lines
expressing the HCV core protein also show higher activities of Raf,
MEK and Elk1, and a higher degree of phosphorylation and activation
of ERK.104 The HCV NS5A protein has conserved PXXP motifs that
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bind to the src homology 3 (SH3) domains found in a diverse group
of signal-transducing molecules,105 including Grb2106 and the p85
subunit of PI3K107 leading to subversion of signaling through the
Raf/MEK/ERK and PI3K/Akt pathways. The NS5A-Grb2 interac-
tion also results in down-regulation of IFN expression,108 while its
interaction with PKR leads to inhibition of PKR, an effector of the
interferon pathway. Thus HCV adopts a dual strategy for survival by
activating MAPK on one hand and inhibiting the interferon response
on the other. The HEV ORF3 protein also has PXXP motifs and binds
to SH3 domains of multiple proteins, including Src, Grb2, Hck, Fyn,
PLC-γ and the p85 regulatory subunit of PI3K109; these proteins are
upstream modulators of Raf/MEK/ERK, PI3K/Akt and PLC-γ/PKC
signaling pathways. Increased activity of ERK has been observed in
ORF3 expressing cells and this was shown to be due to its binding to
and inhibition of a MAPK phosphatase.110

Regulation of the PI3 Kinase/Akt (PKB) Pathway

On binding their cognate cell surface receptors, extracellular signals
like growth factors recruit a large number of cytoplasmic signaling
molecules, phosphatidylinositol-3-kinase (PI3K) being one of
them.111,112 Recruitment of PI3K to the cell membrane by growth fac-
tors or other docking molecules activates downstream effectors such
as the kinase PDK1 and its substrate Akt (also called protein kinase
B, PKB). By recruiting and activating signaling complexes, PI3K
triggers complex cellular events such as cell cycle entry, cell survival
and migration. Akt is a serine/threonine kinase that on activation
phosphorylates a number of downstream effectors including other
kinases and transcription factors. Activation of Akt results in the
phosphorylation and inhibition of pro-apoptotic signals from pro-
teins such as BAD,113 caspase 9,114 and Forkhead,115,116 while pro-
moting cell survival signals mediated by NFκB117 (Fig. 6). In its
non-phosphorylated state, BAD translocates from the cytosol to the
mitochondria and promotes apoptotic death by binding and inhibit-
ing anti-apoptotic proteins Bcl2 and Bcl-XL. Activated Akt phospho-
rylates BAD, retaining it in the cytosol and thereby preventing
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apoptosis. Many viruses encode proteins that target the PI3K/Akt
pathway because of the central role it plays in regulating host cell
survival. The HCV NS5A protein associates with the p85 regulatory
subunit of PI3K to promote the PI3K/Akt-mediated BAD inactiva-
tion.107 The HBx protein also promotes cell survival through this
pathway by inactivating caspase 3, which is a central effector mole-
cule in apoptosis. The HEV ORF3 protein also activates Akt and
phosphorylation of its downstream substrates (Jameel; unpublished).
While this is generally understood to promote cell survival, the
mechanistic details are not yet clear.

Regulation of the NFκκB Pathway

Transcription factor NFκB induces the expression of multiple genes
whose products function in a variety of pathways ranging from cell
survival and proliferation to the regulation of immune and inflamma-
tory responses.31 NFκB is activated in response to various stimuli, and
the signal transduction pathways involve different signaling proteins
such as the NFκB-inducing kinase (NIK), mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase 1 (MEKK1), IL-1
receptor-associated kinase (IRAKs), protein kinase C (PKC), trans-
forming growth factor β-activated kinase (TAK1), TNF receptor-
associated factor (TRAF) and many others that converge centrally on
the IκB kinase (IKK) signaling complex.118 NFκB plays a crucial role
in control of cell proliferation and survival by inducing the expres-
sion of cyclin D1, c-myc and other positive regulators of the cell cycle.
It also activates the expression of anti-apoptotic genes whose products
include members of the Bcl2 family, such as Bcl-XL, A1, Bfl1, and cel-
lular inhibitors of apoptosis (c-IAP1, c-IAP2 and XIAP), TRAF1,
TRAF2 and FLICE-inhibitory protein cFLICE. Different viruses use
this dynamic pathway to prolong the survival of host cells to enable
the virus to complete its replication cycle and establish infection in the
host. The HBx protein is a potent inducer of NFκB and is believed
to play a critical role in hepatocarcinogenesis during chronic HBV
infection.119 HBx activates NFκB by MEKK-1 activation mediated by
the Ras and the PKC pathways. The expression of HCV proteins is
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generally correlated with NFκB activation, and this has been sug-
gested as a mechanism for evading apoptosis of infected cells.77 It is
generally agreed that the HCV NS5A protein activates the NFκB
pathway.120 by phosphorylation of IκBα and its degradation by
calpain121 (Fig. 5). The role of the HCV core protein is controversial,
with some reports suggesting NFκB activation122–124 and others
reporting NFκB down-regulation.125,126 It is likely that the outcome
is dependent upon the expression system and cell lines used for the
different studies. In transfected cells expressing the HEV ORF3 pro-
tein, increased nuclear translocation of NFκB p65 has been observed
(Jameel; unpublished), but the mechanistic details and downstream
consequences are unclear.

Conclusion

Viruses have evolved complex and effective mechanisms to circum-
vent the host immune response. On entering a naïve cell, the virus
needs sufficient time to replicate, establish an infection, proliferate
and spread the infection. The fate of a viral infection is determined by
a critical balance between the host immune response and various
strategies adopted by viruses to evade those responses. Viruses have
co-evolved with their hosts and have acquired the capacity to target
critical steps in host cell signaling. Most often this involves hijacking
or mimicking one or more host cell proteins that control critical cel-
lular pathways to promote virus replication and the infection process.
For example, because of the central role of PKR and NFκB in the cell
survival pathway, these have become the primary targets of numerous
viruses. While in vitro studies and analyses of signaling pathways have
provided us much insight into the molecular nature of host-virus
interactions and their consequences, caution must be exercised in
over-interpreting the physiological relevance of these results. For
many viral systems, these results are based purely on in vitro analyses
in the absence of other viral proteins or critical host components. This
problem is particularly relevant for hepatitis viruses that generally
have neither good small animal models nor robust in vitro expression
systems. The work with hepatitis viruses and host signaling is currently
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poised at a point where interesting mechanistic leads have been obtained.
These await confirmation in robust in vivo systems of virus infection
that are slow to develop.
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Chapter 6

Virus-Cell Interaction of HCV

Hideki Tani, Yasumasa Komoda, Chang-kwang Limn,
Kensuke Suzuki, Kohji Moriishi, Tatsuo Miyamura

and Yoshiharu Matsuura*

Hepatitis C virus (HCV) infection is a major health problem worldwide for
almost two decades. However, precise mechanisms including an infection of
HCV to target cells or a cause of hepatocellular carcinoma are largely
unknown. Study of HCV has been hampered by the lack of a robust and reli-
able cell culture system and a small animal model that supports replication of
HCV. Understanding the mechanisms of HCV infection is essential for the
development of new effective therapies for chronic hepatitis C. HCV presum-
ably binds to specific receptor(s) and then enters into cells by endocytosis, as
do other members of the Flaviviridae family and several host membrane pro-
teins have been identified as receptor candidates for HCV. Recent advances of
pseudotype virus systems based on vesicular stomatitis virus or retrovirus have
provided further information surrounding the initial steps of HCV infection.
In this Chapter, we will present current status of our knowledge on the mech-
anisms of HCV infection including candidate receptors for HCV. (161 words)

Introduction

Hepatitis C virus (HCV) has already infected more than 3% of the
worldwide population and 80% of these individuals will develop
persistent infection.17,105 Persistent HCV infection often leads to
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chronic hepatitis, cirrhosis and hepatocellular carcinoma, while acute
cases are extremely rare. Although the principal site of HCV replication
is thought to be the liver, recent studies revealed that B cell lymphocyte
seems to be another site of HCV replication because of the abnormali-
ties of B cells including cryoglobulinemia and an increased risk of non-
Hodgkins B-cell lymphoma in hepatitis C patients.3,90 A comprehensive
blood-screening system was established soon after the identification of
HCV as a causative agent of non-A, non-B hepatitis. The incidence of
post-transfusion hepatitis C has significantly decreased after the intro-
duction of this blood-screening system, however, more than two mil-
lion people have already been infected with HCV in Japan.

HCV belongs to the family of Flaviviridae which includes fla-
viviruses such as yellow fever virus, dengue virus and West Nile virus
and pestiviruses such as bovine viral diarrhea virus and classical swine
fever virus. The genome of HCV is comprised of a 9.4 kb single-
stranded positive sense RNA that encodes a precursor polyprotein
composed of 3010–3030 amino acids. This viral polyprotein is cleaved
by a host signal peptidase and viral encoded proteases, resulting in at
least 10 viral proteins including capsid (core) protein, two envelope
glycoproteins (E1 and E2), p7, nonstructural (NS) protein NS2, NS3,
NS4A, NS4B, NS5A and NS5B. The open reading frame of the
polyprotein is flanked at both ends by highly conserved untranslated
regions (UTR), which are required for viral RNA replication.32,116 The
5′-UTR harbors an internal ribosome entry site that is essential for Cap
independent translation of viral RNA. HCV is grouped into six major
genotypes and more than 50 subtypes.68 Although variability has been
documented across the entire genome, the most variable proteins are
the envelope glycoproteins. Distinct envelope protein variants are most
likely determined at the level of virus-receptor interaction(s).

The lack of an in vitro cell culture system has hampered the study
of HCV. Based on studies of the assembly and budding of Kunjin
virus,63 it is inferred that HCV particles budded from the endo-
plasmic reticulum (ER) are released via the secretory pathway. In fact,
all of the HCV proteins are associated with the ER or ER-derived
membranes, suggesting that genome replication and assembly occur
in association with an ER-derived compartment.27 HCV is thought to
interact with a specific cell surface receptor (or receptor complex) for
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internalization into the cell by endocytosis. Recent attempts to iden-
tify the HCV receptor revealed that several cell surface molecules
exhibit binding to HCV envelope proteins as described below. 

The putative life cycle of HCV is shown in Fig. 1. At first, HCV
particles are trapped by glycosaminoglycans such as heparin or heparan
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Fig. 1. Putative life cycle of HCV. HCV particles are trapped by gly-
cosaminoglycans (GAGs) on the cell surface, transferred to cell surface receptor
and/or co-receptor, and then internalized into cells through endocytosis.
hCD81, SR-B1, LDLr, DC-SIGN, and L-SIGN are identified as candidates for
HCV receptors. Acidification leads to conformational changes of the HCV
envelope proteins into a fusion competent state and induces the fusion of viral
membranes with host membranes. Fusion allows the viral genome to be liber-
ated into cytosol. After uncoating, viral RNA is translated into a precursor
polyprotein that is processed into each viral protein by cellular and viral pro-
teases, and replication takes place by the viral polymerase complex on the ER
membrane. HCV particles seem to bud into the ER lumen after assembly of the
nucleocapsid with E1 and E2 proteins and to release from the plasma mem-
brane through the secretory pathway.
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sulfate and then transferred to a cell surface receptor and/or co-receptor,
and internalized into cells through endocytosis. After uncoating, viral
RNA is translated into a precursor polyprotein that is processed into
each viral protein by cellular and viral proteases. Viral replication uti-
lizes the viral polymerase complex and takes place on the ER mem-
brane. Core protein was shown to directly bind to the viral sense
RNA,95 and it was suggested to form the nucleocapsid. HCV particles
seem to bud into the ER lumen after interaction of the nucleocapsid
with E1 and E2 proteins. The small hydrophobic peptide p7 was sug-
gested to form an ion channel,16,39,77 based on the observation that p7
of pestivirus was shown to be essential for virus budding.41 NS2 is a
component of the NS2-NS3 metalloprotease that autocatalyses cleav-
age of the NS2-NS3 junction. NS3 contributes to the NS2-NS3 pro-
tease and contains a separate serine protease that acts with co-factor
NS4A to release the remaining NS proteins. NS3 also contains an
RNA helicase and nucleotide triphosphatase activity required for viral
replication. NS5A was found to be a highly phosphorylated poly-
peptide that may be involved in resistance to the antiviral effects of
interferon (IFN) alpha.62,99 NS5A plays an important role in viral
replication, because mutation of the phosphorylation sites of NS5A
resulted in the enhancement of replication in the HCV replicon cell
lines.62 NS5B has an activity of the RNA dependent RNA polymerase
and forms replication complex with other NS proteins and host cellu-
lar proteins.89

Advances in the treatment of chronic hepatitis C, antiviral agents
and their targets were recently described in a review by Walker and
colleagues.111 Here, we will focussed on our knowledge on the mech-
anisms of HCV infection by using surrogate systems.

Initial Stage of HCV Infection

Host cell surface molecules required for virus entry are classified as either
receptor or co-receptor. Several viruses utilize one molecule as a recep-
tor for entry into host cells, while many viruses require co-receptor
that localize near the receptor for their entry. Receptors are primarily
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involved in the specific attachment of virus to host cells and, in some
cases, in viral entry. Affinity of viral envelope proteins with a particular
receptor may generally restrict host range, tropism and pathogenicity,
although different viruses that have different or partially crossed path-
ogenicity may utilize the same receptors. Receptors need not to be
membrane proteins, as carbohydrates or lipids have been identified as
receptors for different viruses.91 HCV E1 and E2 proteins are the viral
component thought to be present at the surface of the viral particles.
E1 and E2 proteins contain a large ectodomain region in the N-terminus
and a hydrophobic transmembrane region including retention signals
in the C-terminus, therefore these proteins are normally retained in the
ER membrane.22 The ectodomains of E1 and E2 proteins are post-
translationally modified by extensive N-linked glycosylation.26,31,109 E1
and E2 proteins have 5 and 11 potential glycosylation sites, respec-
tively, and then these glycans play an important role in the folding of
E1 and E2 proteins.38 Several molecules including human CD81
(hCD81),80 low-density lipoprotein receptor (LDLr),2 scavenger
receptor class B type I (SR-BI),88 dendritic cell-specific intracellular
adhesion molecule 3-grabbing nonintegrin (DC-SIGN)/liver and
lymphnode-specific intracellular adhesion molecule 3-grabbing nonin-
tegrin (L-SIGN),34 asialoglycoprotein receptor,87 have been identified
to be candidates for a receptor or co-receptor for viral entry. However,
the final determination of receptor or co-receptor requirements for
HCV is difficult because of the lack of a reliable cell culture systems
and a sufficient amount of native viral particles. Three surrogate sys-
tems have been developed to study the initial step of HCV infection
(Fig. 2). Soluble truncated E2 protein,30,59,80,81,88 liposomes reconsti-
tuted with E1 and E2 proteins,51 HCV-like particles (HCV-LPs)106,112

expressed in insect cells and authentic HCV particles in sera of patients
have been used to study to identify binding receptors molecules. Cell
fusion assay98 was established to examine the membrane fusion activity
of HCV envelope proteins after modifying the original method.28

Pseudotype virus systems based on vesicular stomatitis virus
(VSV),50,66 influenza virus,29 retroviruses,9 and lentivirus44 have also
been established to identify entry receptors for HCV.

Virus-Cell Interaction of HCV 129

FA
b514_Chapter-06.qxd  12/4/2007  3:35 PM  Page 129



HCV-LPs for HCV-cell Interaction

In the absence of purified HCV particles, virus-like particles (VLPs)
have shown to be one of the surrogate models for HCV studies. It has
been shown that recombinant expression of the major structural pro-
teins of various viruses leads to the formation of VLPs. Production of
VLPs has mostly succeeded by using a recombinant baculovirus
expression system. Several viruses are demonstrated the application of
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Fig. 2. Surrogate systems to examine infection mechanisms of HCV. There
are three systems for the study of infection mechanisms of HCV at the
moment. First is a binding assay. Purified envelope protein, HCV-LPs or HCV
particles were used as probes to determine the binding receptors. However,
this binding assay cannot analyze further steps of infection such as fusion and
penetration. Second is a fusion assay. Cell lines expressing HCV envelope pro-
teins and T7 RNA polymerase were co-cultured with the target cell lines con-
taining a reporter plasmid. Upon membrane fusion, T7 RNA polymerase
activates the reporter gene. Third is a pseudotype system. Pseudotype viruses
based on VSV or retroviruses possessing HCV E1 and E2 proteins can inves-
tigate the mechanism of the penetration step by envelope proteins of HCV.
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a subunit vaccine,74,117 the investigation of virus-cell interaction or
the identification of candidate receptors by using VLPs produced by
baculoviral vectors.58,100 In the HCV study, several groups have
described the generation of HCV-LPs in insect cells using recombi-
nant baculoviruses containing HCV structural genes.11,19,106,115 HCV-
LPs have shown to be effective for stimulating both cellular and
humoral immune responses54,73 and antigenic analyses revealed that
HCV-LPs interact with anti-HCV antibodies against nonlinear or
conformational epitopes of E1 or E2 proteins,19,48,96 suggesting that
the HCV-LPs seem to resemble immunologically to HCV particles.
In addition, studies for interaction between HCV-LPs and host cells
revealed that HCV-LPs exhibited dose-dependent and saturable bind-
ing to lymphoma and hepatoma cell lines.106,107,112,115 Although cell
surface glycosaminoglycans (GAGs) are involved in the binding of
HCV-LPs as recombinant E2 proteins,6 the binding activity to
hCD81 is different between HCV-LPs and the purified E2 pro-
teins,107 suggesting that conformation of HCV envelope proteins is
important for the recognition of the cell surface binding molecules.
Therefore, HCV-LPs are useful not only for vaccine candidate but
also for a tool to examine the interaction between host cells and HCV. 

Pseudotype Virus Systems for Characterization
of HCV Infection

A pseudotype virus defines as an enveloped viral particle harboring other
type of viral envelope proteins instead of its own envelopes which are not
coded into its viral genome.86,118 A pseudotype virus system based on
VSV have been established and applied as characterization of viral entry
mechanisms,97,103 neutralization test for antibodies,75 vaccine develop-
ment83,85 or identification of putative viral receptors104 for many viruses.
The most advantage of the use of this pseudotype virus system is to study
the entry mechanisms of many different viruses that are either difficult to
amplify in cultured cells or animals or that require high-level contain-
ment facilities, i.e. to handle with “biosafety level 4” viruses. In addition,
murine leukemia virus (MLV) or human immunodeficiency virus (HIV)
have also been engineered to establish pseudotype virus systems.
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VSV has a non-segmented 11 kb genome of negative stranded
RNA which is transcribed in the cytoplasm and encodes five structural
proteins. As reason for many advantages, VSV has been used as a
model system for studying the replication and assembly of enveloped
RNA viruses. VSV is known to efficiently propagate in many animal
cells and readily form pseudotype virions with the envelope proteins
from many other different viruses. Reverse genetics systems to recover
rabies virus and VSV from cDNA clones have become available.53,93,113

Recombinant VSV in which native envelope protein G is replaced
with foreign viral envelope protein or other membrane protein could
contribute to the study of viruses that inefficiently replicate in exper-
imental systems. Additionally, such pseudotype viruses could lead to
the induction of cellular and humoral host immunity.92

In HCV study, we and others have been adapted to utilize the VSV
pseudotype systems,50,66,101 and the pseudotype viruses possessing mod-
ified or unmodified HCV envelope proteins are infectious to human
hapatoma cell lines. HCV pseudotype VSVs can be produced by the
infection of VSV∆G*-G which consists of ∆G* viruses possessing
reporter gene in place of envelope G gene complemented in trans with
VSVG protein (Fig. 3). HCV E1 and E2 proteins are normally retained
in the ER by C-terminal retention signals.20,21 In the VSV pseudotype
systems, foreign envelope proteins should be expressed on cell surface
because VSV normally bud from the plasma membrane. Pseudotype
VSVs possessing chimeric proteins comprised of the ectodomains of
HCV envelope proteins with the signal sequence, transmembrane and
cytoplasmic regions of VSV G envelope protein were constructed.66,98

The chimeric E1 and E2 proteins were translocated onto the cell sur-
face and incorporated into the released VSV particles. This pseudotype
VSVs possessing chimeric E1 and E2 proteins could infect to human
hepatoma cell lines HepG2 and Huh7, human kidney cell line 293T,
monkey kidney cell lines COS7 and CV-1, but neither mouse, rat nor
hamster cell lines. Furthermore, chimeric HCV envelope proteins
expressing CHO cell lines induced membrane fusion with HepG2 cells
in a pH-dependent manner,98 confirmed that chimeric E1 and E2 pro-
teins were functionally expressed on the cell surface.

Recently, a recombinant VSV encoding foreign gene instead of
VSVG gene has been developed.33,76 Although lack of infectivity of
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recombinant VSVs possessing chimeric HCV envelope proteins to var-
ious mammalian cell lines has been reported by Rose and colleagues,14

molecular size of the chimeric E1 protein incorporated into the recom-
binant VSVs is smaller than that observed in the pseudotype VSVs.
Therefore glycosylation or other post-translational modifications of
HCV envelope proteins expressed by different systems or cell lines
might determine the infectivity of recombinant VSVs.

Pseudotype particles based on MLV or HIV possessing unmodified
HCV envelope proteins have been generated.9,44 Although HCV enve-
lope proteins are believed to retain in the ER,20 Bartosch et al. and
another group reported that the native form of HCV glycoproteins were
partially expressed on cell surface of 293T cells and encapsulated retro-
virus nucleocapsid, resulting in the production of infectious particles.9,44

These pseudotype particles produced by transfection of 293T cells with
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Fig. 3. Construction of pseudotype VSVs. VSV∆G*G, lacking VSVG gene
but possessing the VSVG protein on the viral particles, infects to cells
expressing E1 and E2 proteins. After removing unbound viruses, infected
cells are cultured for one day and pseudotype VSVs are recovered. If target
cells had a receptor for the pseudotype viruses, the viruses could infect and
express green fluorescent protein (GFP).
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three kinds of expression plasmids (Fig. 4) are infectious to Huh7 cells
but not to HepG2 cells. In addition, infection of the pseudotype parti-
cles was neutralized by anti-E2 monoclonal antibodies as well as sera of
most of patients infected with HCV. Therefore, pseudotype retroviruses
also represent a useful model for the study of the early steps of HCV life
cycle in combination with the pseudotype VSVs. It was also shown that
infection of the pseudotype retroviruses was required both E1 and E2
proteins and no significant difference on the infectivity and neutraliza-
tion properties was observed among HCV genotypes.8,9,44,52 Although
pseudotype retrovirus infection was inhibited by the addition of anti-
hCD81 antibody or a soluble form of hCD81, expression of hCD81
alone failed to confer mouse NIH3T3 cells susceptible to infection by
pseudotype MLVs.10 A similar study was demonstrated that pseudotype
HIVs possessing unmodified HCV envelope proteins infect Huh7 cells
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Fig. 4. Construction of pseudotype retroviruses. 293T cells are trans-
fected with three plasmids encoding HCV E1 and E2 proteins, retroviral
gag-pol proteins, and a packaging competent GFP, respectively. After 2 to 3
days incubation, pseudotype retroviruses secreted into the culture super-
natants. Infectivity of pseudotype viruses containing Gag, Pol, E1 and E2
proteins, as well as the RNA encoding the GFP or luciferase gene is evalu-
ated by the expression of GFP or Luciferase in target cells.
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in a pH-dependent manner, and, furthermore, the expression of either
or all of the candidate receptor molecules, such as hCD81, LDLr, SR-
BI and DC-SIGN failed to confer permissivity to pseudotype infection,
suggesting that unknown additional molecule(s) are necessary for
pseudotype HIVs entry.44

Since pseudotype VSVs and retroviruses exhibit a different cell
tropism for infection, each pseudotype virus might have different
characteristics for the envelope proteins and then utilize different cel-
lular receptors. One possibility is that chimeric E1 protein of the
pseudotype VSVs and authentic E1 protein of the pseudotype retro-
viruses are revealed to be modified into complex-type and high-
mannose-type carbohydrates, respectively, suggesting that carbohy-
drate modification of E1 protein confers cell tropisms of the pseudo-
type particles. Although a single chain antibody against E2 antibody
obtained from a chronic hepatitis C patient exhibited partial neutral-
ization of pseudotype VSVs,15 neutralization of pseudotype VSVs by
mouse monoclonal antibodies against HCV E1 and E2 proteins or
patient sera was not observed.66,101 This is clear contrast to a high
prevalence of neutralization antibody against pseudotype retrovirus
particles in patients of hepatitis C.8 One of the characteristics of HCV
infection is an establishment of a persistent infection, therefore HCV
virions like pseudotype retroviruses might be easily eliminated by the
neutralization antibody present in most of hepatitis C patients.
Further study to determine the cell tropism of VSV and retrovirus
pseudotype particles and the neutralization activity of antibodies
raised against E1 and E2 proteins in HCV patients are needed.

1) Glycosaminoglycans

Glycosaminoglycans (GAGs) are ubiquitously present on the cell sur-
face, acquiring a net negative charge through N and O sulfation.13

A variety of viruses69,91 and other microorganisms110 have been shown to
interact with GAGs, especially heparin or heparan sulfate, in an early
step of binding or entry to the host cells. In case of Flaviviridae fam-
ily, flaviviruses such as dengue virus18,37,43 and Japanese Encephalitis
virus55,56 and pestiviruses such as classical swine fever virus45 and
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bovine viral diarrhea virus46 are attached and entered to the cells with
involvement of GAGs. An early interaction between HCV and cell
surface GAGs has also been demonstrated by several experiments
using envelope proteins, HCV-LPs or pseudotype viruses. Several
groups showed that heparin or heparan sulfate but not other GAGs
such as keratan sulfate, chondroitin sulfate, or dermatan sulfate inhib-
ited the cellular binding of recombinant E2 protein and the entry of
HCV-LPs6 or the entry of pseudotype viruses70,101 in a dose-depend-
ent manner. Moreover, GAG lyases (i.e. heparinase or heparitinase)
also inhibited not only E2 binding and HCV-LPs entry6 but also cell
fusion activity98 and pseudotype virus entry.66,101 Another experiments
revealed that interactions of GAGs with E2 proteins are involved in
positively charged E2 hypervariable region 1,6,12,78 suggesting that E2
protein may easily bind to negatively charged components such as
heparin and heparan sulfate. HCV may be concentrated by heparin
and heparan sulfate on the cell surface at first, and then transferred to
the other binding receptor or entry receptor at the next step.

2) hCD81

hCD81, a 25-kD membrane-associated protein which is widely
expressed in hematopoietic and epithermal cells, was first reported as
a receptor candidate for HCV by Pireli and colleagues.80 This protein
belongs to the tetraspanin superfamily, characterized by forming four
transmembrane domains, a short intracellular region, and two extra-
cellular loops.57 The soluble extracellular domain of HCV E2 protein
could bind to the second extracellular loop (EC2) or the large extra-
cellular loop (LEL) of hCD81. EC2/LEL is highly conserved in
humans and chimpanzees, which are the only known species permis-
sive to HCV infection. In particular, amino acid 186 of hCD81 is crit-
ical for E2 binding and is one of three amino acids that differ from
African green monkey CD81, which does not support E2 binding.42

E2 protein could also bind to tamarin CD81 (the same amino acid at
position 186 with hCD81) with higher affinity than hCD81, sug-
gesting that species permissiveness to infection of HCV is not due to
CD81. Analyses of the E2 region involved in the CD81 interaction
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revealed that the binding site is of a conformational nature involving
amino acids 480–493 and 544–551 within the E2 protein.30,31 Recently,
the LEL domain of hCD81 has been crystallized in a hexagonal form
at 1.6 Å resolution.49 hCD81-LEL displays a mushroom-shaped struc-
ture (stalk and head subdomains) composed of five a-helices and forms
a dimmer in the crystallographic asymmetric unit. This head subdomain
exposed to surface region of solvent has the amino acid residues which
are essential for the binding of E2 protein. Although the crystal struc-
ture of the E2 protein has not been determined yet, crystallography
studies might become clearer the interaction of E2 protein and hCD81.

Genotype specificity of affinity of E2 to hCD81 has been reported
that E2 protein of H strain exhibited high affinity to hCD81with
10−9 M,79 whereas those cloned from other genotypes showed lower
affinity to hCD81.84,94

The most important question to be addressed is whether expression
of hCD81 alone is sufficient for HCV infection. Replacement of mouse
CD81 with hCD81 did not confer mouse susceptible to HCV infec-
tion.65 Although hCD81 can bind to HCV E2 with a Kd value of
1.8 nM, it may simply serve as an attachment molecule because hCD81
does not efficiently internalize ligands.79 HCV E2 protein, HCV-LPs
and pseudotype VSVs also bound or entered to the hepatoblastoma cell
line HepG2 that does not express detectable levels of hCD81.66,79,112

In contrast, pseudotype retroviruses exhibited high susceptibility
to the hepatocarcinoma cell line Huh7 which expresses hCD81. The
infection of the pseudotype virus was blocked by soluble recombinant
hCD81 or by knockdown of hCD81 expression by small interfering
RNAs (siRNAs).119 Although pseudotype retroviruses failed to infect
HepG2 cells, the same cells became susceptible by transduction of
hCD81.10,24,67 However, non-hepatic cells engineered to express
hCD81 were not permissive and the binding of pseudotype viruses
were not correlated to the expression of hCD81, suggesting that
hCD81 is one of the important factors involved in the pseudotype
retrovirus infection, but other factors present in human hepatocytes
are still required for the virus entry. Thus, hCD81 together with addi-
tional unknown hepatocyte specific molecule(s), may contribute to the
virus-cell binding and/or entry process.
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3) LDLr

HCV has an unusually low buoyant density in plasma due to an asso-
ciation with various forms of lipoprotein, in particular LDL.64,71,82

Several groups have recently been reported that LDLr is a cell surface
molecule mediating attachment and endocytosis of HCV associated
with very-low-density lipoprotein (VLDL) or LDL in serum.2,5,72 In
contrast, HCV purified from plasma fractions without VLDL or LDL
did not exhibit measurable LDLr-mediated binding or endocytosis.
Apolipoprotein B and apolipoprotein E integrated in LDL or VLDL
are essential for binding to the LDLr, because antibody against
apolipoprotein B or apolipoprotein E could inhibit the interaction
between HCV and LDLr.2 Interestingly, the interaction between HCV
particles from patient plasma and the LDLr was not correlated to the
interaction of HCV E2 protein with LDLr.114 The binding of HCV
particles in LDL fractions from patient serum to MOLT-4 cells was
higher than those in intermediate-density lipoprotein (IDL) fractions.
This binding was correlated with LDLr expression and inhibited by
LDL but not soluble hCD81, whereas the binding of E2 protein to
MOLT-4 cells was not inhibited by LDL but soluble hCD81 is com-
pletely inhibited.114 Another group was also demonstrated that HCV
RNA-containing particles were mostly presented in the LDL fractions
among the fractions of VLDL, IDL, and LDL. Binding of these parti-
cles was also inhibited by VLDL and LDL or anti-apolipoprotein B
and E antibodies, whereas their internalization were increased by the
upregulation of LDLr.5 In contrast, HCV-LPs exhibited binding to
human hepatoma and lymphoma cell lines in dose-dependent and sat-
urable manner, but did not correlate with LDLr expression. Although
LDLr expression was upregulated in MOLT-4 cells cultured under the
lipoprotein-deficient condition, HCV-LPs binding was markedly
decreased, suggesting that HCV-LPs bind to hepatoma or lymphoma
cell lines independently of LDLr expression.106,112

In addition, infection of pseudotype MLVs was not inhibited by
VLDL and LDL on Huh7 cells which express LDLr.9 On the other
hand, pseudotype VSVs possessing chimeric E1 protein alone were
partially inhibited by excess amount of LDL, suggesting the interaction
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of E1 protein with LDLr family.70 The involvement of the LDLr in
HCV infection is still controversial and further studies are needed.

4) SR-BI

Scarselli and colleagues reported that SR-BI is an another candidate
of receptor for HCV by using E2 protein binding assay.88 SR-BI is a
cell surface membrane protein of CD36 superfamily that binds to
chemically modified lipoproteins and often many other types of lig-
ands.1 HCV E2 proteins of both 1a and 1b genotypes could bind to
HepG2 cells which lack hCD81 expression, suggesting that recep-
tor(s) other than hCD81 may participate in binding of E2 protein to
HepG2 cells. The E2 proteins could also bind to CHO cells stably
expressing human SR-BI, but not mouse SR-BI, through their hyper
variable region 1 (HVR1). Expression levels of SR-BI in various cell
lines were not correlated with the infectivity of pseudotype MLVs
even in the presence of hCD81 and LDLr. Although CHO cell lines
expressing SR-BI and/or hCD81 were not permissive to pseudotype
MLVs infection, 293T cells over-expressing SR-BI resulted in
enhancement of infection of pseudotype MLVs.10,52 Furthermore,
knockdown of SR-BI expression by siRNAs and anti-SR-BI antibod-
ies reduced and inhibited the infection of the pseudotype MLVs,
respectively. Recently, it was reported that infection of the pseudotype
MLVs was increased by high density lipoproteins (HDLs) but not by
lipid-free apoA-I and apoA-II and was suppressed by knockdown of
SR-BI or lipid transport inhibitors.108 Furthermore, HDL-mediated
enhancement of pseudotype MLVs infection was not observed in the
pseudotype deleted in HVR1 of E2 protein. Further studies are
needed to clarify the involvement of human SR-BI in HCV infection. 

5) DC-SIGN and L-SIGN

Dendritic cells (DCs) are specialized for the recognition of pathogens
and have a pivotal role in the control of immunity. Recently, several
C-type lectin, DC-SIGN (CD209), and lectin-like receptors, L-SIGN
(CD209L), have been characterized that they are expressed abundantly
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on the surface of these professional antigen-presenting cells. DC-SIGN
and L-SIGN serve as antigen receptors and regulate the migration
of DCs and interaction with lymphocytes. DC-SIGN and L-SIGN
also serve as capture receptors for several microorganisms such as
human cytomegalovirus,40 Ebola virus,4,23 HIV-type 1,35 Dengue virus,102

Mycobacterium tuberclosis,36 and Leishmania amastigotes,23 through
high mannose oligosaccharides of the pathogens.

Several groups have recently suggested that DC-SIGN and L-SIGN
are utilized as HCV receptors.25,34,59,60,81 They demonstrated that recom-
binant E2 proteins, HCV particles derived from patient serum could
specifically bind to cells expressing DC-SIGN or L-SIGN. Although
HCV-LPs and pseudotype MLVs also efficiently bound to DCs, pre-
incubation of DCs with C-type lectins, antibodies against DC-SIGN
or DC-SIGN could not inhibit HCV-LPs binding or pseudotype
MLVs entry, suggesting that C-type lectins were not sufficient to
mediate HCV binding and entry.7,24,44,61,81 In our previous data, pseudo-
type VSVs could enter myeloid DCs but not plasmacytoid DCs through
the interaction with lectin, however, treatment with anti-DC-SIGN
antibody did not inhibit the infection of pseudotype VSVs.47

Therefore, DC-SIGN or L-SIGN may serve as one of the attachment
molecules of HCV but it is not clear in the entry process.
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Chapter 7

RNA Replication of Hepatitis C Virus

Hideki Aizaki † and Tetsuro Suzuki*,†

A precursor polyprotein of hepatitis C virus (HCV) is processed by host sig-
nalases and viral proteases into at least ten matured proteins. Nonstructural
proteins, the NS2-3 protease, the NS3 serine protease, the NS3 helicase,
and the NS5B RNA-dependent RNA polymerase function in the polypro-
tein processing and viral replication. Although studies on HCV replication
have been hampered by the absence of a productive cell culture system,
establishment of cell cultures that are highly permissive for replication of
subgenomic and full-length HCV RNAs has opened new avenues to study
the initiation of the viral replication. The use of the culture system has
recently generated considerable information on HCV RNA replication, and
as a result the formation of an intracellular membrane-associated replication
complex (RC) composed of viral and cellular proteins as well as replicating
RNA is proposed. Intensive research is being carried out to understand the
cellular pathways for HCV RC formation and its biochemical function.

Introduction

Hepatitis C virus (HCV) is the most important causative agent of
posttransfusion and sporadic non-A, non-B hepatitis. It is a positive-
stranded RNA virus belonging to Flaviviridae, genus Hepacivirus,
approximately 9.6 kb in length. Persistent infection with HCV is

*Corresponding author.
†Department of Virology II, National Institute of Infectious Diseases, 1-23-1 Toyama,
Shinjuku-ku, Tokyo 162-8640, Japan.
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associated with development of chronic hepatitis, hepatic steatosis, cir-
rhosis, and hepatocellular carcinoma. There are currently 170 million or
more HCV carriers worldwide. In past years, anti-hepatitis C therapy has
modestly improved; however, a currently available combination therapy,
consisting of interferon (IFN)-α and the nucleoside analogue ribavirin,
shows a sustained response in only less than half of the treated patients.
The development of innovative treatment alternatives for patients
infected with HCV is urgently required, and a better understanding of
the mechanism of HCV replication should allow the identification of
novel targets for antiviral intervention specific to HCV.

Cell Culture Systems for HCV Replication

Studies on HCV replication have long been hampered by the lack of
efficient cell culture systems. Although many attempts have been made
to achieve full replication of HCV in cell cultures, all systems including
cell lines derived from human hepatoma, B cells and T cells, primary
hepatocytes and peripheral blood mononuclear cells suffer from low
virus yield and are not robust enough to allow genetic analyses of the
HCV life cycle. The development of HCV subgenomic replicons (self-
replicating RNAs) has allowed examination of viral RNA replication in
cell culture.1 Expression systems of heterologous virus genes based on
RNA replicons have been established in a variety of positive-strand
RNA viruses such as polio virus,2–5 alphaviruses semliki forest virus,6

sindbis virus,7–10 kunjin virus,11 human rhinovirus 14,12 and bovine viral
diarrhea virus.13 In general, advantages of replicon systems are based on
(1) a high level of gene expression and RNA replication, (2) easy con-
struction of recombinants, and (3) the permitting of a wide host range.

The HCV replicons are typically composed of the 5′-nontranslated
region (NTR), which directs translation of the gene encoding the
neomycin phosohotransferase (Neor); the internal ribosome entry site
(IRES) of the encephalomyocarditis virus (EMCV), which directs trans-
lation of HCV NS3 through NS5B region; and the 3′-NTR.
Following transfection of RNA transcribed from the above bicistronic
constructs into a human hepatoma cell line Huh-7, antibiotic G418-
resistent cells could be obtained in which the subgenomic RNA repli-
cated autonomously. RNA replication was at first detected at low
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frequency, followed by the identification of replicons harboring cell
culture-adaptive mutations yielding higher replication efficiency.14–16

Some of the most adaptive mutations are located at highly conserved
serine residues within NS5A upstream of the region putatively involved
in IFN sensitivity. A combination of adaptive mutation in NS3 and
NS5A resulted in the highest level of replication of particular HCV
genotype 1b isolate.16 Later work, however, has indicated that adap-
tive mutations can arise in most of the viral nonstructural proteins.17,18

The mechanisms by which adaptive mutations increase RNA replica-
tion efficiency are not well understood.

Huh-7 cells have been permissive for adapted HCV replicons,
although variability in the permissiveness for replicons has been observed
for these cells. Recently, some studies showed that HCV subgenomic
RNAs could replicate in human hepatic HepG2 and IMY-N9 cells,
human cervical carcinoma HeLa cells, human embryonic kidney 293
cells,19,20 a human T cell line MT-2C21 and mouse hepatoma cells.22

These findings suggest that host factors required for HCV RNA repli-
cation are not hepatocyte specific and are not restricted to cells of
human origin.

Finally, taking advantage of cell culture-adaptive mutations, full-
length dicistrinic HCV genomes that efficiently and stably replicate in
Huh-7 cells have been developed. By immuno-electron microscopy, the
core protein expressed in the cells harboring the genomic HCV RNA
was localized mainly to the boundary of cytoplasmic lipid storage vesi-
cles and was also found at the endoplastic recticulum (ER).23 In the cells,
viral envelope proteins E1 and E2 formed heterodimers and existed at
the ER and cis-Golgi compartments. Cell culture systems based on the
selectable subgenomic and genome-length dicistronic HCV RNAs,
which produce abundant viral RNA and nonstructural proteins, open
avenues of biochemical and genetic studies for HCV replication.

Polyprotein Translation and Processing

The HCV genome carries a 5′-NTR, an open reading frame (ORF)
that encodes a polyprotein with a length of ∼3010 amino acids, and
a 3′-NTR. The precursor polyprotein is co-translationally or post-
processed by both viral and host proteases into at least ten viral products.
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These viral products include i) structural proteins consisting of the
following virus particles: core, E1, and E2, which are encoded at the
N terminus; and ii) nonstructural proteins involved in viral RNA
replication, which encompass the remainder of the viral polyprotein
and consist of NS2, NS3, NS4A, NS4B, NS5A, and NS5B.

The ∼340 nucleotide long 5′ NTR is functionally characterized as
IRES to direct cap-independent translation of the genome. The HCV
5′ NTR is highly conserved in the genome and the secondary struc-
tural models reveal four distinct RNA domains in the region.24 The
IRES has been shown to cover most of the 5′-NTR, with the 5′-end
being located in between (nt) 28 and 69. By analogy with other RNA
viruses with IRES-mediated expression, the HCV 5′-NTR has been
expected to contain not only determinants for translation, but also
cis-acting elements for RNA replication. Recent studies demonstrated
that i) the sequence upstream of the IRES is essential for the viral
RNA replication, ii) sequences within the IRES are required for high-
level HCV replication, and iii) the stem-loop domain II of the IRES
is crucial for the replication.25

The 3′-NTR also contains significant predicted RNA structure
with three distinct domains: a variable region (VR) of ∼40
nucleotides, a variable length poly(U/UC) tract, and a highly con-
served 98-nt 3′ terminal segment (3′X) that putatively forms three
stem-loop structures.26–28 The viral RNA replication was not detected
when any of the three putative stem-loop structures within the 3′X
region or whole of poly(U/UC) were deleted.29 The VR segment also
contributes to efficient RNA replication.30

Nonstructural proteins of HCV are processed by two viral pro-
teases: the junction of NS2 and NS3 is cleaved by the NS2-3 protease,
which spans NS2 and the N-terminal domain of NS3; the remaining
four junctions are cleaved by the serine protease located at the N-ter-
minal 180 residues of NS3 protein. NS2 protein is highly hydropho-
bic and the autoproteolytic reaction presumably occurs in a
membrane compartment. Deletion of NS2 from the HCV nonstruc-
tural polyprotein did not abolish the replication of HCV RNA in cell
culture, indicating that it is not required for viral RNA replication.1,14

NS3 is a multifunctional molecule. Besides its N-terminal protease
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activity, the helicase and nucleotide triphosphatase (NTPase) activities
reside in the C-terminal 500 residues of the NS3 protein.31–35

Helicase/NTPase activities are essential for the replication of the
HCV genome. The helicase activity is presumed to be involved in
unwinding a putative double-stranded replication intermediate or to
remove regions of secondary structure so that the RNA-dependent
RNA polymerase of NS5B (see below) can copy both strands of
the viral RNA. It is likely that the NTPase activity is coupled with the
helicase function, supplying the energy required for disrupting RNA
duplexes.

NS4A functions as a cofactor of the NS3 serine protease and is
required for efficient polyprotein processing. There are significant
differences in the stability and activity of the NS3 protease in the
presence and absence of NS4A. NS3 protein is relatively unstable
when expressed in cells in the absence of NS4A.36 Structural studies
by NMR and X-ray methods indicate that the NS3-4A complex has
a more highly ordered N-terminal domain, and NS4A binding leads
the NS3 protease to a rearrangement of the active site triad to a
canonical conformation.37 It has been predicted that the N-terminus
of NS4A forms a transmembrane helix, which presumably anchors
the NS3-4A complex to the cellular membrane.38 NS4B is a hydropho-
bic, membrane-associated protein, which colocalizes predominantly
with ER markers.39–42 Although relatively little is known to date
about functions of NS4B in the HCV life cycle, inhibitory activities
in the translation43,44 and modulation of NS5B enzymatic function45

have been reported. It has also been shown that NS4B protein can
induce a membranous web consisting of small vesicles embedded in
a membranous matrix,46 and that the newly synthesized HCV RNA
exists in these membrane webs and speckles.47,48 NS4B may play
an important role in the formation of the HCV RNA replication
complex.49

NS5A is a phosphoprotein, which is mainly phophorylated on ser-
ine residues50 mediated by one or more cellular serine-threonine
kinases.51–54 The role of NS5A phosphorylation in HCV replication is
so far not clear; however, it has been thought that the protein is
important for the viral lifecycle since phosphorylation of NS5A is a
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conserved feature among different HCV isolates and among other
members of the Flaviviridae. Evidence indicating an involvement of
NS5A in the viral RNA replication is now accumulating. A hot spot
of the cell culture-adaptive mutations that increase replication effi-
ciency of HCV RNA is located in the central region of NS5A.14–16 The
membrane association of NS5A through its N-terminal transmem-
brane domain55 and the interaction between NS5A and 5B56 are
essential for the RNA replication. Several cellular proteins interacting
with NS5A have been identified, and human vesicle-associated mem-
brane protein-associated protein A (h-VAP-A) is likely to play a key
role in the RNA replication through the interacting with NS5A, as
demonstrated by experiments using RNA interference and dominant-
negative protein fragments.49 In addition to its function related to the
viral replication, NS5A appears to be implicated in resistance of HCV-
infected cells to the antiviral effect of IFN. At least for some HCV iso-
lates, NS5A interacts structurally and functionally with an
IFN-induced protein kinase PKR, leading to the inhibition of the
kinase function and hence blocking the translation reduction in the
IFN-treated cells.57,58

NS5B is an RNA-dependent RNA polymerase (RdRp), a key
enzyme involved in viral replication.27,59–64 The RdRp activity of
NS5B as well as its three-dimensional structure have been demon-
strated using recombinant gene products prepared from a variety
of expression systems. The optimal temperature, pH requirements
and concentration of bivalent cations for the activity were found to
be similar to those for the poliovirus 3D polymerase.61 The X-ray
studies have reported that while the enzyme has the typical right-
handed “finger-palm-thumb” domains of the polymerase, extensive
interactions of the fingers and thumb lead to a more fully enclosed
active site tunnel, unlike other RdRp.65–67 NS5B contains a
hydrophobic domain at its C terminal 21 residues, which is a trans-
membrane segment. Recent studies have demonstrated that the
C-terminal domain of NS5B appears to serve dual functions in the
viral RNA replication, both through its role as a membrane anchor
and through its involvement in RNA synthesis in a sequence-specific
manner.68,69
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RNA Replication Model

RNA replication of most RNA viruses involves certain intracellular
membrane structures, including the ER,70–72 Golgi,73 endosomes and
lysosomes.74 Although NS5B protein has RdRp activity in vitro, its
recombinant product alone is presumably short of the strict template
specificity and fidelity, which are essential for the viral RNA synthesis.
It is highly likely that other viral and/or host factors are important for
conferring proper RNA replication and that the replication complexes
(RCs) that are composed of NS5B and additional components
required for modulating polymerase activity are involved in catalyzing
HCV RNA synthesis during the replication process.

Several coprecipitation and immunostaining studies revealed that
the newly synthesized HCV RNA was localized to distinct speckle-like
structures, where all of the viral nonstructural proteins coexisted.48

These distinct structures may be equivalent to the membranous webs,
as reported by Gosert et al .45 and described above. Expression of all
structural and nonstructural proteins in the context of the entire
HCV polyprotein induced similar membrane changes.46 It is of inter-
est that morphologically similar structures, termed sponge-like inclu-
sions,75 have been found by electron microscopy in liver cells of
HCV-infected chimpanzees. Thus, the membranous web may com-
prise the HCV RC in infected cells.

Recently, several groups have succeeded in showing the in vitro
replication activities of the HCV RCs in crude membrane fractions of
cells harboring the subgenomic replicons.76–80 These cell-free systems
provide a valuable complement to the in vitro RdRp assays for bio-
chemical dissection of HCV RNA replication and a useful source for
isolation of viral RCs. The replication activity in the crude membrane
fraction, which contains HCV ribonucleoprotein complexes associ-
ated with cellular membranes, is measured by incorporation of radio-
labeled nucleotides into newly synthesized RNA in vitro, and the
products can be resolved from replicative intermediates by native or
denaturing gel electrophoresis. The RNA synthesis can be initiated in
the absence of added negative-strand template RNA, suggesting that
preinitiated template RNA copurifies with the RC.77–79 Although the
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newly synthesized single-strand RNA can be used as a template for a
further round of double-strand RNA synthesis, no exogenous RNA
can be served as a template for HCV RC preparation.79 The added
RNA templates might not access the active site of the HCV RCs due
to sequestration by membranes. The HCV RCs contain both minus-
and plus-strand RNAs,77,78 with the plus-strand RNA being approx-
imately 10-fold more abundant than the minus strand.76 This is
consistent with the replication process for other positive-strand RNA
viruses, which produce a negative-sense replication intermediate in
smaller amounts than that of the genomic RNA. It has also been
reported that the cell-free replication activity increases at tempera-
tures ranging from 25°C to 40°C, and divalent cations (Mn2+ and
Mg2+) can be used in the reaction.78,79

Shi et al.48 have demonstrated that newly synthesized HCV RNA
and the nonstructural proteins colocalized on distinct speckle-like struc-
tures in the cytoplasm of the replicon-containing cells. Membrane
flotation analysis and replication assay have shown that the viral RNA
and proteins were present in detergent-resistant membrane (DRM)
structures, most likely a lipid-raft structure, and that RNA replication
activity was detected even after treatment with detergent.76,81 Lipid
rafts are cholesterol- and sphingolipid-rich microdomains and are
characterized by their detergent insolubility.82–84 The structures are
known to play a critical role in a number of biological processes such
as regulators and organizing centers of signal transduction and mem-
brane traffic pathways, including virus entry and assembly of, for
example, influenza virus,85–87 human immunodeficiency virus type-1
(HIV-1),88–90 Ebola, Marburg virus,91 enterovirus,92 avian sarcoma and
leukosis virus,93 Coxsackie B virus, adenovirus,94 measles virus,1 and
respiratory syncytial virus.95 However, HCV may be the first example
of the association of lipid rafts with viral RNA replication.

On the other hand, it has been widely thought that most of the
HCV life cycle, including the protein processing and genome replica-
tion, takes place at the ER, where cholesterol-sphingolipid rafts are not
assembled.46,96–98 Several studies using the replicon system have indi-
cated that the nonstructural proteins were associated with the ER.97,99

Nevertheless, it is still possible that HCV nonstructural proteins that
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are synthesized at the ER relocalize to lipid raft membranes when they
are actively engaged in RNA replication. It has been shown by the
membrane separation analysis that HCV nonstructural proteins
existed both in the ER and the Golgi, but the activity of viral RNA
replication was detected mainly in the Golgi fraction.76,100 Further
studies to elucidate where and how the HCV genome replicates in the
infected cells are needed.

Following is a model for the HCV RC formation proposed by
Aizaki et al.76 HCV nonstructural proteins are processed from pre-
cursor polyprotein by the viral proteases and localized at the ER.
A part of the nonstructural proteins and host factors interacted are
transported to the Golgi, where they associate directly or indirectly,
via protein-protein interactions, with lipid rafts (Fig. 1). NS4B may
bind to lipid rafts first and then recruit other viral proteins consecu-
tively to form RCs, since it appears that NS4B, but not other HCV
proteins, associate with lipid rafts when expressed alone. A vesicle-
associated protein hVAP-33, which possibly binds to NS5A and
NS5B,98 may also contribute to the formation of HCV RCs. Rafts
harboring putative RCs may then be stabilized and combined to create
DRM structures, presumably involved in the nature that NS4B can be
oligomerized.101 During the process of RC polymerization, HCV
RNA is enclosed within the membrane complex. This process, which
permits high local concentration of NS5B and the viral RNA, may be
advantageous in order to confer template specificity and ensure RNA
synthesis with necessary fidelity during the viral replication.

Host Factors Possibly Involved in HCV
RNA Replication

Studies with the RNA replicons have demonstrated that the viral
RNA level is highest in the growth phase of the cells and drops sig-
nificantly when cells reach a confluent state, suggesting that HCV
replication and/or translation are tightly linked to host cell metabo-
lism.99 Huh-7 cells in which adapted replicons are cured by treatment
with IFN are able to yield cell populations that are more permissive
for the replicon tested. Thus, it is likely that some interplay between
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Fig. 1. Illustration of the HCV genome and replication complex. A schematic
presentation of the HCV genome is given at the top. The individual cleav-
age products of the polyprotein are given in the second level down. The func-
tions of the viral proteins are given in the third level down. A model of the
formation of HCV replication complex on the lipid raft is shown at the bottom.
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the cellular environment and particular adaptive mutations of the viral
RNA is important for efficient RNA replication of HCV.

There is increasing experimental evidence that shows specific inter-
actions between various cellular factors and HCV nonstructural pro-
teins and/or RNA, possibly playing roles in HCV replication and/or
translation. Several cellular proteins interacting with NS5A, such as
hVAP-33,98 growth factor receptor-bound protein 2 adaptor protein,102

transcription factor SRCAP,103 and karyopherin b3,104 have been identi-
fied. Among them, it is of interest that hVAP-33, a SNARE-like protein,
can interact with NS5B as well; NS5A binds to the C-terminus of
hVAP-33, whereas NS5B binds to the N-terminus.98 Down-regulation
of hVAP-33, either through siRNA or expression of a truncated,
dominant negative fragment of this protein, has lead to inhibition of
HCV RNA replication, suggesting that protein-protein interactions
among NS5A, NS5B and hVAP-33 are critical for formation of HCV
RC and viral RNA replication (Fig. 1).49 Another NS5B-interacting
protein identified is a human RNA helicase, p68.105 Expression of
NS5B alone or of all the nonstructural proteins induced the redistri-
bution of endogenous p68 from the nucleus to the cytoplasm. It has
also been shown that knockdown of p68 reduces the negative-strand
synthesis of the HCV genome, suggesting that the NS5B-p68 inter-
action and the subsequent relocalization of cellular proteins may serve
to mediate HCV replication processes.

Cellular components binding to HCV RNA are also possibly
involved in viral replication. Some candidates are La autoantigen,
polyprimidine tract-binding protein (PTB), NS1-associated protein 1
(NSAP1), human heterogeneous nuclear ribonucleoprotein (hnRNP)
L,106 40S ribosomal subunit protein,107 and the gamma subunits of
human eukaryotic initiation factors 2B (EIF2B-gamma) and 2
(EIF2-gamma).108 La antigen, which is known to bind to several
viral RNAs,109–111 has been demonstrated to bind to the 5′-NTR of
HCV RNA and stimulate HCV IRES-mediated translation.112 PTB,
a pre-mRNA splicing factor, is also known to bind to many viral
RNAs at several different sites, such as the IRES of poliovirus113 and
hepatitis A virus.114 It has been shown that PTB has an ability to
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interact with the HCV 5′-UTR,115 3′-UTR116–118 and core-protein-
coding region of HCV RNA.26 These reports have suggested that
the interaction between the HCV RNA genome and PTB may pro-
vide both positive and negative regulation of the viral translation.
A recent work has demonstrated that NSAP1, which is highly
homologous to hnRNP R, enhances HCV IRES activity through
an interaction with the core-protein-coding sequence of the viral
genome.119 Interestingly, the knockdown of endogenous La, PTB,
or hVAP-33 with siRNA has been shown to efficiently inhibit HCV
RNA replication in cultured cells.120 It has been proposed that some
translation regulatory factors may participate in viral RNA synthesis
by either interacting directly with the viral RNA or associating with
RdRp in other RNA viruses.121 Thus, it may be possible that cellu-
lar proteins capable of binding to HCV RNA play roles in the viral
transcription as well as the translation, although further meticulous
experiments to separate viral transcription from viral translation are
needed.

Future Perspectives

In addition to biochemical and structural analyses of HCV compo-
nents carried out using heterologous expression systems, molecular
biological studies with cell culture systems based on bicistronic,
subgenomic and genomic HCV RNAs have provided us much infor-
mation about the HCV lifecycle. Nevertheless, a number of questions
concerning HCV replication still remain. For instance, cellular path-
ways involved in the formation of HCV RC are the focus of active
investigation, but works to define host cellular factors using a variety
of techniques are just beginning. While we are learning a lot from
studying HCV replicon systems, current cell cultures harboring the
selectable full-length HCV genome unfortunately still do not allow
the production of viral particles and re-initiation of an infectious
cycle. Development of a robust cell culture system that supports full
replication of HCV would bring a further understanding of the viral
life cycle.
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Chapter 8

Structure and Dynamics in Viral
RNA Packaging

Thorsten Dieckmann*,† and Marta Zumwalt †

Interactions between RNA and proteins play a central role in numerous
crucial cellular processes ranging from protein synthesis to RNA editing
and translational control. In the course of the viral lifecycle molecular-level
interactions between the viral protein and RNA components are vital for the
control of the infection and correct assembly of newly produced virus par-
ticles. Many of these interactions are today the focus of research in order to
develop new strategies for anti-viral treatments. One area of interest is the
recognition process between viral coat or capsid proteins and the genomic
RNA, which is crucial in order to ensure the packaging of the required
genomic material. Here we present an overview of the molecular-level inter-
actions that control this process in three different types of RNA viruses.

RNA-Protein Interactions in Viral RNA Packaging

The lifecycle of RNA viruses depends in many steps on molecular-
level interactions between the viral genomic RNA and various cellular
and viral proteins. These include the translation or reverse transcrip-
tion of the RNA by enzymes, the interactions of regulatory elements,
and the packaging of the correct set of viral genomic RNA into the

*Corresponding author. Email: tdieckma@sciborguwaterloo.ca.
†Deparment of Chemistry, University of Waterloo, 200 University Avenue West, Waterloo, ON
N2L 3G1, Canada.
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newly produced virus particles. Recent progress in X-ray crystallogra-
phy, NMR spectroscopy and electron microscopy has provided a
wealth of structural data about how RNA and viral coat or capsid pro-
teins recognize each other with high specificity and affinity to result
in a highly accurate and efficient packaging process despite the
“chemical chaos” found inside of the host cell. Here we present an
overview of the atomic-level interactions between protein and RNA
that drive this process in three different systems: the MS2 bacterio-
phage, the alfalfa mosaic virus, and retroviruses. 

Packaging of Viral RNA

The process of incorporating the newly produced viral genome into
the assembling particle is called packaging. This crucial step during
the viral lifecycle follows one of two general mechanisms termed con-
certed and sequential assembly. During concerted assembly the build-
ing blocks of the viral protein shell can only assemble in a productive
manner in the presence of the genomic nucleic acid. On the other
hand, the genomic nucleic acid is inserted into a preformed protein
shell in the course of the sequential assembly pathway. 

During the packaging process, viral genomic RNA must be dis-
tinguished from cellular nucleic acids present in the same cellular
compartment in which the assembly occurs. This includes cellular
messenger RNAs, transfer RNA, ribosomal RNAs, and the degrada-
tion products thereof. In order to achieve this, the building blocks of
the viral protein shell must be able to recognize their correct part-
ner(s) in amid many similar nucleic acid molecules. For example, in
the case of many retroviruses, the genomic RNA exists only in
amounts of less than 1% of the total cellular RNA found in the cyto-
plasm. Nevertheless, the vast majority of newly produced virus parti-
cles contain the correct RNA. This remarkable degree of specificity
is accomplished by molecular-level interactions between distinct
sequences and structures within the coat or capsid proteins and the
genomic RNA. The unique sequences or structures found in the viral
genome are termed packaging signals. The size, secondary struc-
tures, and sequences found in RNA viruses range from simple hairpin
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structures of 20–30 nucleotides to hundreds of nucleotides distrib-
uted over several sites within the genome (Fig. 1). In addition to this
direct recognition of RNA and protein viruses that contain a multiple-
part genome also employ RNA-RNA interactions in order to facilitate
the accurate assembly of the new particles. An example of this can be
found in retro-viruses such as human immunodeficiency virus (HIV),
which package their genome as a dimer. 

Specific packaging signals are a requirement for the packaging of
a particular genome; however, their simple existence does not always
guarantee packaging. One limiting factor is the total size of the RNA
containing the packaging signal when compared to the space available
inside the mature particle. The highest accuracy and efficiency of
packaging can only be achieved with a genomic RNA that “fits” into
the protein shell. This sets a natural size limit for the use of viral vec-
tors as a means of introducing foreign RNA into cells. Another factor
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Fig. 1. Packaging signal sequences of MS2 phage (A), AMV (B), MMLV
(C) and HIV-1 (D).
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that greatly affects packaging accuracy is the coupling of encapsida-
tion and synthesis of the genome as found in many (−) strand RNA
viruses, for example the influenza A virus. In a similar manner, seques-
tration of the viral RNA and capsid/coat protein in vesicles as found
in cells infected with polio virus greatly improve packaging efficiency
by increasing the local concentration of the correct components while
keeping competing cellular material at low concentrations. 

The following sections will provide an overview of the molecular-
level interactions that control packaging in four well-studied model
systems: The MS2 bacteriophage, the alfalfa mosaic virus (AMV), and
the retroviruses HIV and moloney murine leukemia virus (MMV).

The MS2 Phage

The MS2 phage is a group I bacteriophage with a positive single-
stranded RNA genome comprising 3569 nucleotides. The major gene
products that are expressed upon viral infection of E. coli cells are the
393-amino acid maturation protein, a 60.7 kDa replicase subunit, the
13.75 kDa phage coat protein and the 75-amino acid lysis protein.

During the packaging of the genomic RNA a signal sequence
within the genomic RNA forms a specific complex with a coat protein
dimer as the intra-cellular concentration of coat protein increases. The
RNA-protein complex acts as a repressor of the translation of the viral
replicase gene by binding to an element in the initiation codon. This
is a key interaction in the regulation of virus assembly. The MS2 system
has been widely used to study sequence-specific interactions between
RNA and protein using biochemical and biophysical methods.1–5

The RNA Packaging Signal

The coat protein of the MS2 phage interacts specifically with a
19-nucleotide RNA hairpin that is located at the 5´ end of the viral
replicase gene. The hairpin consists of a seven-base pair stem closed
by a four-nucleotide loop. The stem is interrupted by an unpaired
nucleotide between base pairs five and six (Fig. 1). The stem sequence
includes the Shine-Dalgarno sequence and initiation codon of the
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viral replicase gene; however, biochemical studies showed that neither
of these is involved in direct interactions with the coat protein.6 The
structure of the isolated RNA stem-loop has been determined by
NMR spectroscopy for a closely related virus, the bacteriophage R17.7

The structure shows that the unpaired nucleotide (A-10, Fig. 2) is
intercalated in the stem. The entire segment of the sequence from G-
11 to C-3 shows signs of a high degree of flexibility. The position of
the bases in the loop is not very well defined. This type of partially
unstructured or highly dynamic RNA binding site is a feature found
in several RNA protein complexes.8–11

The Coat Protein

The 129 amino acids comprising MS2 coat protein form dimers at
concentrations below 1.0 µM. At higher concentrations these dimers
associate to form empty protein shells that are very similar in struc-
ture to native virus particles.5,12 Each of these particles contains 90
coat protein dimers. Each monomer of the coat protein contains
seven β-strands and two α-helices. Five of the β-strands are arranged
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Fig. 2. Three-dimensional structure of the MS2 packaging signal RNA
(1DOU).
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in a β-meander topology (Fig. 3). The fundamental building block of
the viral protein shell is the compact protein dimer that exists in two
distinct but similar conformations. In the dimer 10 of the β-strands
form a twisted β-sheet that points toward the interior of the virus and
thus the RNA, whereas the α-helices are on the surface of the parti-
cle (Fig. 3).5,12 The surface of the β-sheet has an excess of positively
charged amino acids, resulting in an overall positive electrostatic envi-
ronment ideal for interactions with the poly-anionic RNA. 

The RNA-Coat Protein Complex

The structure of the complex between the MS2 coat protein and
the packaging signal RNA hairpin has been extensively studied by X-
crystallography4,5,12–16 and biochemical approaches.2,17–20 In the virus
the 10-stranded β-sheet of the protein dimer faces toward the RNA-
filled interior of the particle. The RNA hairpin binds to this sheet
and contacts both subunits of the dimer (Fig. 4). The helical axis of
the short stem is oriented almost parallel to the strands of the sheet.
The 5´ side of the stem and part of the loop are facing the protein. The
total interaction surface between RNA and protein is approximately
1700 Å2. Twenty-one amino-acid residues in the dimer are directly
involved in interactions with the RNA (Fig. 4). Of these, 13 contact
the bases of nucleotides − 4, − 5, and −10, which have been shown to
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Fig. 3. Structure of the MS2 coat protein dimer. View from inside (left)
and outside (right) the virus particle. One monomer is shown in red and
orange, the other one in blue and cyan (1MSC).
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be crucial for specific binding. Additional backbone contacts are largely
with phosphates. However, there is one hydrogen bond between the
2´OH of U-5 and the carboxylate group of Glu 63.17 The phosphate
interactions are mainly mediated by hydrogen bonds and ion pairs
with lysine and arginine side chains. 

Among the base-specific contacts between RNA and protein,
the interactions with the bulged A-10 and A-4 in the loop are
especially intriguing. Two very similar binding pockets, one on
each subunit of the protein dimer, are used to recognize these two
bases and are partly responsible for the high specificity of the inter-
action. In both pockets the base is sandwiched between the aliphatic
part of the side chain of lysine 61 and the methyl group of threo-
nine 59 on one side, and the side chain of valine 29 on the other
(Fig. 4). Even though the three-dimensional structure of the
binding pockets is quite similar, the two adenine bases are bound
differently. A-4 is oriented such that its N1 is bound to Serine 47,
while N6 and N7 are bound to threonine 45. On the other hand,
A-10 is bound to Ser 47 via its N3, while its N1 and N6 form
hydrogen bonds with threonine 45. These differences are caused
by the asymmetry. The binding pockets are highly conserved in
related phages.21,22
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Fig. 4. Structure of the MS2 coat protein — RNA complex.
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The uridine in the loop at position −5 is stacking with the side
chain of tyrosine 85, a type of interaction frequently seen in RNA pro-
tein interactions.23 The hydroxyl group of the tyrosine is involved in
a hydrogen bond to the U-5 phosphate group. The specificity for a
pyrimidine in the position seems to be established by a hydrogen
bond between asparagines 87 and the O2 of the base (Fig. 4). The ade-
nine in position −7 is stacked below the uridine base in position −5. 

A comparison between the RNA structure in its free and bound
form illustrates what has become a common theme in RNA-protein
interactions: Whereas the protein adjusts its structure only slightly in
the process of complex formation, the RNA undergoes a significant
structural transition often including the folding of previously unstruc-
tured elements. In the case of the MS2 packing signal hairpin, the
adenine in position −10 — which is stacked inside the stem in the free
RNA — is bulged out of the helix and becomes one of the key play-
ers in conferring specificity. Furthermore, there is no evidence for the
stacking of the loop nucleotide at position −5 on top of the adenine
at position −7 as seen in the complex. The whole loop segment of the
free RNA is not well-structured and shows signs of internal dynamics.

Alfalfa Mosaic Virus

The alfalfa mosaic virus (AMV) is a positive-sense RNA plant virus.
Its genome consists of three genomic RNAs (RNAs 1, 2, and 3) and
one subgenomic RNA (RNA 4). Each of the RNAs are separately
recognized and packaged.24 RNAs 1 and 2 encode proteins with
replicase functions,25 the viral movement protein (required for cell-
to-cell virus movement) is encoded by RNA 3, and the subgenomic
RNA 4 (transcribed from the negative-sense of RNA 3) encodes the
AMV coat protein.26

The encapsidation of the genomic RNAs is controlled by specific,
high-affinity signal sequences that comprise 39 nucleotides and are
located in the 3´-untranslated regions of all four RNAs (Fig. 1).27–29 This
minimal sequence is competent for binding either full-length AMV coat
protein or 26-amino acid peptides that contain the N-terminal RNA
binding domain of the coat protein.27 The Pro-Thr-x-Arg-Ser-x-x-Thy
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sequence of this RNA binding domain is conserved among AMV and
related viruses (ilarviruses).27 It has been demonstrated that the argi-
nine at the center of this sequence (position 17 in the AMV coat pro-
tein) is crucial for RNA binding.27–31 Circular dichroism studies and
the observation that crystallization of the coat protein requires prote-
olytic cleavage of the N-terminus suggest that the N-terminal RNA
binding domain of the AMV coat protein is unstructured in the
absence of RNA.32–34

The recent co-crystal structure of the RNA signal sequence and a
26-amino acid peptide based on the AMV coat protein N-terminus
provides a first glance at how RNA and protein interact in this virus
to ensure correct packaging.35 The structure also reveals the sig-
nificance of the AUGC repeats found in the 3´ UTRs of all AMV
genomic RNAs. 

The structure illustrates that the RNA and the coat protein N-ter-
minus co-fold to form a novel structure in which the peptide and the
RNA adopt conformations that substantially differ from their unbound
forms (Fig. 5). The core of the peptide that contains the recognition
sequence PTxRSxxY takes on an α-helical structure followed by an L-
turn, which puts all crucial amino acids in direct contact with the
RNA. The 29-nucleotide RNA segment undergoes a conformational
transition that leads to the formation of base pairs between neighbor-
ing AUGC repeats (Fig. 5). In this unusual arrangement, the uridine
in position 844 and the cytosine in position 846 pair with adenine 865
and guanine 867, respectively. The resulting G:C pair is a
Watson–Crick type base pair; however, the A:U pair adopts the non-
canonical reverse Watson–Crick topology (Fig. 5). The two new base
pairs form a continuation of the first stem (nt 847–864) and an iden-
tical arrangement is seen at the base of stem 2. The formation of these
base pairs significantly distorts the structure of the AMV RNA. The
AUGC repeat that is located in between the two stem-loops (nt
865–868) participates in base pairing interactions at the bottom of
both stems. A direct consequence of this is that alternating bases in the
AUGC sequence are pointing into opposite directions. The resulting
stacking arrangement of the bases introduces a kink into the RNA
backbone.
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The amino acids found in the conserved RNA binding motif of
AMV coat protein stabilize the AUGC base pairing interactions via
hydrogen bonds and stacking interactions. The crucial arginine residue
(Arg 17) is located at a central position within the structure and inserts
into the base stack at the major groove. Its position allows it to form
hydrogen bonds with the bases of G867 (G17 of peptide 1) and G880
(G17 of peptide 2). Tyrosine 21 stacks below the A:U pair at the base
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Fig. 5. Overview of the structure of the AMV coat protein-RNA complex
(A) and detailed interactions of the interhelical (B) and 3´-terminal AUGC
repeats (C) (1XOK).
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of each stem and thus effectively caps the structure (Fig. 5). Proline 14
introduces a sharp turn into the peptide chain that forms an L-shape
and allows the N-terminal part of peptide 2 to follow the shape of the
RNA surface, and in the case of peptide 1 to provide additional con-
tacts with the RNA backbone. This conformation is stabilized by
hydrogen bonds from the side chain hydroxyl groups and main chain
amides of threonine 15 and serine 18. 

The mode of recognition between RNA and AMV coat protein
again demonstrates the importance of a dynamic RNA that facili-
tates folding in the presence of the protein partner. However, in this
structure the dynamics go a step further and also include the protein
because both the RNA signal sequence and the RNA binding domain
of the coat protein undergo significant structural rearrangement during
co-folding. This system also illustrates that the proposed secondary
structure of the RNA signal sequence can be misleading. Even though
the sequence folds into two stem-loop structures, similar to the MS2
signal sequence, the interaction with the AMV coat protein ignores
the loops and takes place at the bottom of the stem with the AUGC
repeats playing a key role.

Retroviruses

All retroviruses encode a gag polyprotein, which is produced in the
host cell during the late stages of the infection cycle. This protein
directs the encapsidation of two copies of the unspliced viral genome
during viral assembly and budding. Gag is cleaved into the matrix
protein (MA), the capsid protein (CA), and the nucleocapsid protein
(NC) by the viral protease during viral maturation. The nucleocapsid
protein associates with the viral RNA molecules that are encapsidated
in the viral core particle.36

The Nucleocapsid Protein

The genome recognition in most retroviruses seems to be primarily
mediated by the NC domain of the gag precursor polyprotein.
Structures of several NC proteins have been determined in the past
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decade, providing a wealth of detail about the protein side of this cru-
cial interaction. The efforts are largely driven by the global endeavor
to combat acquired immunodeficiency syndrome (AIDS), whose
causative agent is the HIV retrovirus.37–42 However, related retro-
viruses like the moloney murine leukemia virus (MMLV),43 mouse
mammary tumor virus (MMTV)44 and Mason-Pfitzer monkey virus
(MPMV)45 were also extensively studied. All of these proteins have in
common that they contain one or two copies of a CCHC-type zinc
knuckle motif with the conserved sequence Cys-X2-Cys-X4-His-X4-
Cys, where X stands for a conservatively substituted amino acid. This
sequence/structure motif is directly involved in RNA binding, as
demonstrated by the fact that mutations that interfere with Zn bind-
ing greatly inhibit or abolish genome packaging.46–50 All of these
zinc knuckles contain a regular pattern of conservatively substituted
hydrophobic and aromatic residues that form a cleft on the surface of
the structure. Substitutions of these amino acids result in altered RNA
packaging specificity, indicating that they are involved in sequence-
specific RNA-protein interactions.51 

The NC protein of human immunodeficiency virus type-1 (HIV-1)
contains two such zinc knuckle domains, which are separated by a short
linker sequence (RAPRKKG). The amino-terminal domain is essential
for genome recognition.52 The carboxy-terminal domain plays addi-
tional roles in viral assembly and during the early stages of viral infec-
tion.53,54 The two domains adopt similar three-dimensional structures
with the amino-terminal X-C-X-X-C-X-G-X sequence folding into a
metal-coordinating reverse turn that has been termed “rubredoxin
knuckle” because of its similarity with the structure found in the iron-
coordinating domain of rubredoxin.42 The subsequent residues form
a loop followed by a 310-helix (Fig. 6).41,42 The linker sequence shows
little evidence of structure; however, NMR spectroscopic studies
revealed transient interactions between the two zinc-knuckle
domains.37,38 The overall structure of the NC protein can be best
described by a rapid equilibrium between structures in which the
knuckles interact with each other and where they are independent
from each other. In light of other RNA-protein interactions, it is likely
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that this internal flexibility is important for binding of the NC protein
to its nucleic acid targets, also known as adaptive binding.

The HIV-1 RNA Packaging Signal

Genome recognition and packaging in retroviruses is mediated by
interactions between the NC protein and a long stretch of nucleotides
in the unspliced viral genome (about 120 nucleotides in the case of
HIV-1). This sequence has become known as the Ψ-site and is gener-
ally located between the 5´-long terminal repeat and the gag initiation
codon.46,55,56 In all known cases the Ψ-sites overlap with the RNA
dimer initiation elements that ensure packaging of two copies of
the unspliced genomic RNA (see below).57 The secondary structures
of the Ψ-site RNAs of HIV-1 and MMLV (Fig. 1) have been studied
extensively by molecular biology and computational approaches.58–65

The motifs contain several stem-loop structures, four in the case of
HIV-1 (termed SL1 to SL4) and three for MMLV, connected by short,
single-stranded linkers of 4–15 nucleotides. Several high-resolution
structures have been obtained for RNA constructs based on these
secondary structures.66
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Fig. 6. Solution structure of the HIV-1 nucleocapsid domain zinc knuckles
(1AAF).
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The stem-loop I (SL1) of the HIV-1 Ψ-site contains the dimer
initiation element, and it has been found that this portion of the
RNA can self-associate to form either “kissing hairpin” structures or
duplexes depending on the solution conditions.67,68 The duplex struc-
ture consists of an extended A-form helix with two bulged adenines
(Fig. 7) and indicates the capability of SL1 to adopt an alternate
duplex structure rather that the expected stem-loop structure. This
structural feature is likely to be crucial for packaging of the dimeric
genome. The structure of the upper part of SL1 has been shown to
form kissing hairpin dimers via base pairing of the six base palin-
dromes GCGCGC and a distinctive pattern of inter-strand base stack-
ing interactions of nucleotides in the stem-loop junctions (Fig. 7).
A solution structure of the complete stem and bulge segment of SL1
was obtained by substituting the wild-type loop with an extra stable
tetraloop (GAGA) and thus preventing dimer formation.69 The result-
ing structure shows two helical regions separated by a bulge that
results in an angle of approximately 25° between the upper and lower
stem. The bulge consists of a G:A mismatch that stacks with the upper
stem and two guanines that stack between the mismatch and the
lower stem (Fig. 7). 
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Fig. 7. Structure of the HIV-1 Ψ-site RNAs. Shown are the kissing hairpin
structure formed by two SL1 RNAs (A), the monomeric form of SL1 (B) and
the structure of SL2 with its AUA triplet (C) (1N8X, 1ESY).
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The structure of HIV-1 SL2, which binds specifically to the NC
protein, was determined by NMR spectroscopy.70 The molecule adopts
a stem-loop structure in which the loop region is largely disordered.
The stem adopts a base pairing pattern that differs from the predicted
secondary structure. Instead of the predicted A:U base and a bulged
out A nucleotide, the structure contains an A-U-A base triple plat-
form (Fig. 7).

SL3 also adopts the expected stem-loop arrangement. The stem is a
Watson–Crick paired A-form helix and the loop is flexible, yet shows
some preferred stacking patterns for the bases at the loop-stem interface. 

The structure of a complete Ψ-site RNA was recently determined
for MMLV.71 In this 101-nucleotide construct the three individual
stem-loops (SL-B, SL-C, and SL-D) of the core encapsidation signal
are well defined. SL-C and SL-D are stacking end-to-end on each
other and SL-B is connected to this longer segment via a conserved
flexible linker (Fig. 8). 

Complexes between the HIV-1 ΨΨ-site RNAs and the NC
Protein

The four stem-loops that are part of the HIV-1 Ψ-site clearly have over-
lapping and possibly redundant functions. SL1 has its core function in
controlling the packaging of dimeric RNA. SL2 and SL3 can both
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Fig.8. Structure of the core encapsidation signal RNA of MMLV (1S9S).
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bind the NC protein with high affinity and specificity. SL4 only exhibits
weak affinity for the NC protein and its likely function is in stabilizing
the structure of the Ψ-site RNA.72 A 19-nucleotide RNA based on the
sequence of SL2 binds NC protein with an affinity (Kd = 110 nM) sim-
ilar to that observed for the binding of SL3 to NC (Kd = 170 nM).73

The solution structure of this SL2-NC complex was determined by
NMR spectroscopy. In this structure the N- and C-terminal zinc knuck-
les of NC bind to the exposed guanine bases in the GGUG tetraloop
(Fig. 9).73 The amino acids 3–11 of the NC protein form a 310-helix
that packs against the closest zinc knuckle and interacts with the RNA
backbone in the stem mainly via electrostatic interactions (Fig. 9). The
N-terminal zinc knuckle interacts with the A:U:A base triple platform
in the minor groove of the RNA stem (Fig. 9). 

Recognition of SL3 by the NC protein is achieved in a similar
manner as observed for SL2. However, there are important differ-
ences in the molecular details.73 Again, both zinc knuckles are engaged
in binding to the stem-loop RNA. The N-terminal zinc knuckle binds
in the major of SL2, whereas in the case of SL2 the interaction takes
place with the A:U:A base triple in the minor groove. The relative ori-
entation the N- and C-terminal knuckles differs in both complexes
(Fig. 9). Sequence-specific recognition in the SL3-NC protein com-
plex involves the guanine nucleotide bases of the loop (G7 and G9 in
Fig. 9). The adenine in the loop (A8 in Fig. 9) packs against the
amino-terminal zinc knuckle and forms hydrogen bonds with a con-
served arginine (Arg 32). The residues 3–10 of the NC protein form
a 310-helix that binds to the major groove of the SL3 stem and makes
specific hydrogen bond contacts with the RNA. In contrast, the N-ter-
minal helix in the SL2 complex is not involved in specific interactions.
These differences demonstrate that the NC protein binds in an adaptive
manner to SL2 and SL3 using different subsets of inter- and intra-
molecular interactions. 

Packaging of the Dimeric Genome

Retroviruses like HIV-1 or MMLV package two copies of their genomes
during the viral assembly process. This is a requirement for strand-
transfer mediated recombination during reverse transcription.74,75 The
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genomic RNA exists inside the virion as a dimmer, and the overlap of
the RNA sequences that control dimerization and packaging indi-
cates that these processes are coupled.76–78 This interlay of RNA-RNA
and RNA-protein interactions was recently demonstrated for the
Ψ-site RNA of MMLV, where a dimerization-induced register shift in
base-pairing exposes conserved UCUG elements that bind the NC
protein with very high affinity.79 These elements are base-paired in
the monomeric RNA and do not bind NC protein. This represents
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Fig. 9. Structures of HIV-1 NC protein-RNA complexes. Shown are the
SL2 RNA-NC complex (A and B) and the SL3 RNA-NC complex (C and D).
A and C show overviews of the two structures, B and D show the interactions
of a crucial guanine nucleotide in both structures (1F6U, 1AIT).
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essentially an RNA switch that promotes packaging of a dimeric genome
by making protein binding sites in the RNA that are sequestered in the
monomeric RNA available upon dimerization.

RNA-Protein Interaction in Viral RNA Packaging:
Present and Future

The examples discussed above illustrate that the molecular mecha-
nisms used by RNA viruses to ensure the incorporation of the correct
genomic material are both simple and diverse. Even though the same
molecular interactions — for example, stacking of bases with
hydrophobic protein surfaces, or electrostatic interactions between
charged amino acids and the RNA phosphate backbone — appear in
all three complexes, the details in which they contribute to specific
recognition differ significantly. Moreover, the same protein unit (and
perhaps also the RNA) can recognize different RNA binding partners
due to adaptive binding, indicating that the internal dynamics of both
binding partners is crucial for the control of the interaction. The
examples also demonstrate that one needs to be cautious when using
secondary structures as a basis for interpreting binding data: Even
though both the MS2 and the AMV packaging sites contain stem-
loop structures, the loop is only involved in the recognition process
during packaging of MS2. In AMV the stem-loop structures are sim-
ply providing a three-dimensional scaffold that ensures the presenta-
tion of the repeat sequences that are the key for specific recognition. 

The increase in structural information about RNA packaging sig-
nals has greatly improved our understanding of the molecular details
that control this crucial process in the viral lifecycle. Due to its impor-
tance for the biogenesis of infectious virus particles, we can hope that
this research will in the near future provide us with a novel approach
to combat viral diseases, even in cases where immunization is difficult. 
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Chapter 9

Rational Design of Viral Protein
Structures with Predetermined

Immunological Properties

James Lara† and Yury Khudyakov*,†

Viral pathogens often stimulate the infected host to develop an immuno-
logic response to viral proteins as protection against infection. Researchers
have explored this human immune response in efforts to develop vac-
cines against viral infections, immunotherapeutics for the treatment of
diseases caused by these infections, and diagnostic reagents for the detec-
tion of current or past infections. The breadth of applications for viral
proteins in all three domains of medicine — diagnostics, prophylaxis,
and therapy — has spurred a significant demand for these products.

The three major sources of viral proteins for medical applications
are: 1) naturally infected persons, 2) in vitro-infected tissues and cell
cultures, and 3) recombinant DNA technology. Historically, in the
absence of any other reliable source, tissues from infected persons have
been used to support the development of vaccines and diagnostics.1–11

One of the most well-known examples is the development of hepati-
tis B vaccine using hepatitis B virus (HBV) surface antigen particles
derived from plasma from rejected blood donations.9,12,13 Notable uses
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†Division of Viral Hepatitis, Centers for Disease Control and Prevention, 1600 Clifton Road
MS-A33, Atlanta, Georgia, 30333, USA.
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of antigens derived from in vitro sources include influenza A vaccine
derived from in vitro-infected embryonated chicken eggs14,15 and hepa-
titis A virus (HAV) vaccine and diagnostic reagents obtained from in
vitro-infected cell cultures.16–18 However, despite the number of vac-
cines and diagnostic materials developed from in vivo or in vitro sources
and their use in the prevention and diagnosis of many common viral
infections, serious concerns exist about the safety and cost-effectiveness
of viral materials derived from tissues infected with live virus.19–26

Mistakes in the handling of infectious material prepared for vaccine pro-
duction can have disastrous consequences. The distribution of infec-
tious virus with some batches of the original Sabin poliovirus vaccine in
the early days of a large-scale production of this vaccine is one of the
most infamous accidents in the recent history of live vaccines.27

The application of recombinant DNA technology to medicine
promised an immediate and dramatic improvement in the safety of
inexpensive preparations of viral proteins. A notable example is the use
of HBV surface antigen obtained from transformed yeast to create an
efficient, safe, and affordable recombinant vaccine.2,8,28–33 However,
the application of recombinant DNA technology to hepatitis B vaccine
development is unlikely to be duplicated for other viruses such as
human immunodeficiency virus (HIV) and hepatitis C virus (HCV),
which tenaciously defy attempts to develop an efficient preventive
vaccine. To a significant degree, the difficulties in developing HIV and
HCV vaccines are related to the limited knowledge of neutralizing
immunoresponses against different strains of these viruses.34–40

As researchers realized that the straightforward approach to devel-
opment of a recombinant hepatitis B vaccine could not be applied
to other viruses and that new strategies were needed, they turned to
protein engineering, which was born in the early 1980s. Protein engi-
neering is the application of molecular techniques and scientific prin-
ciples to the design and construction of novel proteins with desired
properties. The spectacular developments over the last three decades
in the automatic high-throughput chemical synthesis of long pep-
tides41–43 and deoxypolynucleotides44 have built a solid technological
foundation for protein engineering. Although these advances in
molecular technology made the construction of very large proteins of
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any amino acid sequence technically feasible, the currently limited
understanding of protein structure and of the relationship between
structure and function has hindered the application of protein engi-
neering to many complex medical problems. 

Rational design of proteins is rooted in the knowledge of the
chemical, physical, and biological properties of proteins. In those
cases when sufficient knowledge of these properties was secured, a
significant progress in protein engineering was attained.45 On the
other hand, recent progress in the assembly, maintenance, and screen-
ing of large libraries of peptides and proteins and in computational
approaches to protein analysis and design caused an explosive devel-
opment of new strategies in engineering of proteins with predeter-
mined immunological properties. Some of these strategies can be
used for the improvement of immunological activity of proteins and
some for the de novo synthesis of proteins with new immunological
properties.

This chapter reviews major strategies for engineering of viral proteins
with predetermined immunological properties. These strategies can be
classified into “structural,” “functional,” and “focused” approaches. The
structural approach is as close to the real rational design of proteins as
the modern state of science allows. However, because detailed knowl-
edge of a protein’s quantitative structure-activity relationship (QSAR) is
often unavailable, this approach results more often in devastating frus-
trations than in exalting victories, which was the main reason for the
development of the functional approach. Also known as “directed evo-
lution,” the functional approach requires no prior knowledge of a pro-
tein’s QSAR. Rather, it is based on the availability of a representative
library of peptides or proteins and a selection procedure for the peptide
or protein with the desired activity. It is termed a “functional” approach
because proteins are selected based on specific functions without regard
to structure. The third strategy, referred to here as the focused approach,
avoids the limitations of the other two approaches by applying mathe-
matical modeling to gain new QSAR knowledge and use this knowledge
to design proteins with improved immunological properties. The first
two approaches will be reviewed only briefly below. The chapter high-
lights the focused approach.
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Strategies for Protein Design

Structural protein design. The structural approach is the cradle of
protein engineering, marked by a history of more than two decades
of audacious attempts to produce proteins with improved biological
properties. Although not always successful, these engineering experi-
ments thoroughly tested the limits of current QSAR knowledge and
helped identify areas requiring further research. In the medical field,
the attempts centered mainly on the development of new approaches
to vaccines and diagnostic reagents.

The origin of the structural approach can be traced to the first
attempt to model viral antigenic properties with short synthetic pep-
tides. The strategies for chemical synthesis of peptides were developed
at the dawn of the 20th century by chemist Emil Fischer. However, it
was only after 1963, when Bruce Merrifield pioneered his method of
solid-phase peptide synthesis (for which he was awarded the Nobel
Prize almost 20 years later), that the real applications of peptides were
developed in different fields of protein research. In 1963, Anderer
first observed that a short peptide could elicit antibodies immunore-
active with the intact virus.46 These two important advances —
namely, solid-phase peptide synthesis and modeling antigenic epitopes
with short peptides — opened the door for a frontal attack on the
nature of viral antigenic epitopes and the application of this new
knowledge to the design of vaccines and diagnostics. It was not until
more than a decade later, however, that peptide research yielded
important discoveries in this area and the field made an important
next stride toward this goal.

In 1976, Michael Sela, who studied the neutralizing immunore-
sponse to MS2 phage, discovered that a short synthetic peptide, if
properly presented to immunocompetent cells, could elicit a neutral-
izing immunoresponse. This research prompted other studies using
synthetic peptides, which by that time had become available to
researchers in sufficient quantities. Synthetic peptides as short as five
amino acids were found to bind antibodies elicited against a whole
protein (from which the peptides were derived) and to elicit antibod-
ies that specifically recognize this protein.47

202 Structure-based Study of Viral Replication

FA
b514_Chapter-09.qxd  12/4/2007  3:37 PM  Page 202



The initial success of the research with synthetic peptides pre-
sented an attractive opportunity to develop theoretical approaches for
the prediction of B- and T-cell-specific antigenic epitopes within pro-
teins48,49 so that these epitopes could be used to design proteins with
desired immunological properties. Although not very accurate, the
computational approaches were used extensively by many laboratories
to identify antigenic sites in proteins. Subsequently, development of
automated methods for peptide synthesis allowed epitope identifica-
tion through total scanning of proteins with overlapping synthetic
peptides.50,51 Although often efficient, this “brute force” approach to
protein scanning was wasteful and limited to identification of contin-
uous linear antigenic epitopes. It was also inadequate for identifica-
tion of conformation-dependent “split” epitopes, which are often
involved in virus neutralization.

Recognizing the need for more accurate computational approaches
to epitope prediction, many laboratories undertook research efforts
associated with immunological studies. Subsequently, advances in the
identification of mechanisms of antigen presentation and recognition
drastically accelerated progress in the development of sophisticated
computational techniques for the prediction of T-cell epitopes.48,49

Unfortunately, computational approaches to B-cell epitope prediction
did not receive proper development and remain either simplistic or
dependent on a comprehensive knowledge of protein structure,52,53

which is rarely available. Despite the limited efficacy of these approaches,
many antigenic epitopes were nevertheless identified and used in pro-
tein engineering experiments. It was discovered that short antigenic
epitopes, which can be modeled with synthetic peptides, can usually
be reliably reproduced in a functional form when inserted into recom-
binant proteins.54–59 This important feature made antigenic epitopes
attractive building blocks for the “structural” design of proteins with
predetermined immunological properties. 

Two approaches to structural design using short antigenic epi-
topes to construct immunologically active proteins have been devised
for the development of new antigenic targets for serologic assays and
vaccine candidates. One approach, based on construction of com-
pletely artificial antigens (multiple epitope proteins [MEP]) built of
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short antigenic regions, is used mainly to develop reagents with
improved diagnostically relevant properties. Because antibody bind-
ing is a relatively simple protein-protein interaction process and/or
because antigenic epitopes are usually discovered by binding with
antibodies directly (the most essential property for diagnostic targets),
the MEP approach can be used to obtain artificial antigens suitable
for diagnostics.60–64 The structural design of vaccines is more difficult
because antibody eliciting is a significantly more complex biological
process and the pathogen neutralization mechanisms are not fully
understood. In this case, antigenic epitopes of interest are frequently
inserted into carrier proteins that serve to stimulate an immunore-
sponse against the inserted epitopes.

The MEP strategy involves the use of broadly and strongly
immunoreactive antigenic epitopes to design and construct synthetic
genes that encode artificial polypeptides composed of these epitopes.
MEPs imitate only the diagnostically relevant immunologic properties
of natural antigens without regard for other associated functions.
Because MEPs are composed of epitopes that are relevant only to
diagnostics, they are expected to significantly reduce the opportunity
for nonspecific reactivity65–70 since ~3%–4% of pathogen-specific anti-
bodies may cross-immunoreact with host-specific antigens.69 The
MEP strategy is flexible and allows researchers to combine in one
polypeptide several copies of antigenic epitopes from many different
antigens and sequence variants of these antigens.61–64

Despite its advantages, the MEP strategy has not become a main-
stream method for obtaining diagnostic reagents. Since the strategy
relies on the use of antigenic epitopes modeled with synthetic pep-
tides, it does not involve conformational epitopes, which comprise a
significant pool of diagnostically relevant epitopes. In addition, com-
bining antigenic regions in one protein generates many junctions
between these regions, which could potentially generate new epitopes
and interfere with accurate antibody detection. Although antigenic
epitopes are reproduced when inserted into artificial antigen, there is
no assurance that these epitopes are fully functional. Artificial combi-
nation of several epitopes also raises concerns about adverse interfer-
ence between these epitopes, which may render some epitopes to be

204 Structure-based Study of Viral Replication

FA
b514_Chapter-09.qxd  12/4/2007  3:37 PM  Page 204



less active or even inaccessible for antibody binding. Finally, important
protein properties such as solubility and stability, which are difficult
to predict, may make the artificial antigen unsuitable for diagnostics.
Thus, limited QSAR knowledge does not completely preclude the
engineering of artificial proteins with some useful diagnostic proper-
ties, but nevertheless does not allow for the reliable rational design of
superior diagnostic targets.

An alternative strategy based on the use of carrier proteins is
applied mainly to engineering of vaccines. A carrier protein is usually
selected based on its immunogenicity or capacity to induce a strong
immunoresponse. If a carrier protein is highly immunogenic, the
design of an artificial protein capable of eliciting an immunoresponse
to some desired antigenic epitopes involves only inserting those epi-
topes into the carrier protein so that the inserts do not adversely affect
the immunogenicity of the carrier and would be recognized by immuno-
competent cells responsible for producing the antibody response.
Although many proteins can be used as carrier proteins, the nucleo-
capsid, capsid, and envelope proteins of viruses are the most useful.
These proteins expressed in heterologous systems usually maintain
their propensity to assemble into complex aggregates with regular
structures reminiscent of virions. The recombinant protein structures
are frequently referred to as virus-like particles (VLPs). Many researchers
consider VLPs , which seem to be assembled into “natural” confor-
mations, as the most suitable protein structures for efficient antigen
presentation and/or clonal selection during the development of an
immunoresponse to viruses.45 Because of their strong antigenic and
immunogenic reactivity and their use as targets for protein engineer-
ing, VLPs have been extensively explored as diagnostic reagents and
vaccines.71–73

Although many laboratories have devoted significant effort to the
development of the VLP strategy and have obtained encouraging
results, the approach remains primarily in the domain of research and
has yet to be applied to actual vaccine development. The major prob-
lem is that the strategy imitates active protein structures that have
several important functions (e.g. packaging and protection of viral
genetic material, cell receptor binding, cell penetration, and regulatory
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interactions with host proteins) among which immunological activi-
ties are of somewhat peripheral importance. Since the determinants of
high immunogenicity in these protein structures are unknown,
researchers are forced to imitate the structures in their entirety in the
hope that the desired immunological properties will be reproduced.
However, even though immunological properties are modeled with
these structures, many other properties are almost certainly repro-
duced as well. In addition, VLPs are complex protein structures that
contain many antigenic epitopes, only a fraction of which contribute
to the intended use in virus neutralization. All of these factors limit
the value of this strategy for vaccine engineering. 

Although all currently available vaccines are affected by similar
constraints, rational vaccine design implies improvement, rather than
reproduction, of protein properties by facilitating the desired
immunoresponse and excluding or at least reducing any potential
shortcomings. Rationally designed proteins should perform to speci-
fications and should not include functions unrelated to their primary
purpose. The design of artificial antigens or immunogens should
therefore be limited to relevant immunological properties without
regard to other properties associated with the naturally occurring
antigens. Such design can be achieved using building blocks with
known simple elementary functions. However, since QSAR for virus
neutralization is not sufficiently understood, such elementary build-
ing blocks are not available. Therefore, vaccines cannot yet be con-
structed using this design. This lack of knowledge limits engineering
choices to the use of rather complex structures such as VLPs to stim-
ulate desired immunoresponse at the price of including many proper-
ties unrelated to pathogen neutralization.

Researchers can overcome the limitations of the carrier protein
strategy to some extent by using a carrier derived from the same virus
for which the vaccine is engineered. For example, use of the HBV
nucleocapsid protein (C), which is efficiently assembled into VLP in
many expression systems,74–82 as a carrier protein for the neutralizing
epitopes derived from HBV surface antigen (HBsAg) allows the neu-
tralizing properties of both proteins to be combined.77,79,83–86 To
reduce irrelevant immunological activity, VLPs that elicit a protective
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immunoresponse against one virus can be used as carrier proteins for
the neutralizing epitopes derived from the other virus. For example,
HBsAg can be used for the insertion of antigenic epitopes from HIV,
thus providing a multivalent construct that elicits antibodies against
both viruses.87,88

As noted above, the real protein engineering begins when simple
building blocks with clearly known structure-function connections
are available for the construction of structures with desired properties.
The carrier protein strategy uses building blocks that are relatively
simple but not completely understood. In many cases, the approach
requires a trial of several constructs or expression systems because of
limited understanding of the factors deemed important for vaccine
engineering, such as aggregation, structure stability, and stimulation
of an immunoresponse against the insert.45

Functional strategy. Application of the structural approach to
protein design is constrained by a limited understanding of the QSAR
for immunological properties of viral proteins. To address this limita-
tion, researchers devised the “functional” strategy for obtaining pro-
teins with desired functions in the absence of structural knowledge.
The basis of this strategy is simple and almost as old as humankind,
i.e. nature’s method of evolution. Throughout history, humans have
used a similar approach to breed domestic animals and cultivate
plants. Applied to proteins, the approach became known as directed
evolution (DE), or molecular breeding. Although the DE approach
does not require any degree of rational design, it is helpful in obtain-
ing new proteins and proteins with improved properties, and it is cur-
rently the protein engineering method of choice in many laboratories. 

The DE approach involves the development of a library of protein
sequence variants and a procedure for selecting variants with desired
immunological properties (e.g. ability to bind with antibodies). If a
library includes an exhaustive array of sequence variants, then the DE
approach theoretically allows for the selection of all protein structures
that, for example, can bind a particular monoclonal antibody. Such an
exhaustive library can be obtained using random protein sequences.
In the example of monoclonal antibody binding, the power of this
strategy is in the opportunity to identify not only naturally occurring
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structures but also new structures that may bind this monoclonal anti-
body. The most amazing feature of the approach is that all findings can
be attained without any prior QSAR knowledge.89–92 The specifically
active protein structures are, however, discovered rather than designed.

Peptide variants selected from the random sequence peptide library
by use of antibody binding frequently do not reproduce an exact
copy, but rather mimic natural antigenic epitopes.93–95 The imitated
epitopes are known as mimotopes. The strategy for obtaining mimo-
topes has several important applications, including epitope mapping
within proteins.90,96 However, the most valuable application of this
strategy is in obtaining short sequences to model conformational anti-
genic epitopes that can otherwise be reproduced only by using long
stretches of protein chains.92–94 The limitation of the strategy is its fea-
sibility only for very short peptide sequences. A comprehensive library
of 20-mer peptides, in which each sequence variant has a chance to be
represented at least once, should contain >400 kg of peptides. Thus,
sequences in the range of 100 aa are completely out of the scope of
this approach, and the method is usually applied to peptides <10 aa in
length.92,97

The mimotope strategy can also be used to improve natural epi-
topes in terms of characteristics such as antibody-binding affinity.98

However, a more efficient way to accomplish this task is to use a set of
closely related sequence variants of an antigenic region for the selec-
tion of the improved variant.99 This set can be obtained by random-
ization of the original sequence. The randomization can be achieved,
for example, by polymerase chain reaction using a low-fidelity DNA
polymerase for the amplification of a DNA fragment encoding for
the protein of interest or a region of this protein.100,101 A significant
improvement in the protein properties can be attained by applying
several cycles of randomization and selection.101

Several techniques can be used to implement the DE strategy.
Some techniques use recombinant DNA, whereas others use synthetic
peptides. Phage display, one of the most popular recombinant DNA
techniques, is based on the expression of a protein or its fragments
onto the surface of filamentous phages, the genome of which contains
genes encoding these proteins.102 This versatile technique was used
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for the identification of mimotopes92 and the optimization of anti-
genic properties for large antigens.103 A similar concept of antigen
presentation was used for the development of cell and ribosome dis-
play techniques.104 Another popular technology, based on the use of
libraries of synthetic peptides with random sequences,105,106 is applica-
ble only to identification of short peptide ligands and mimotopes. 

The DE techniques mentioned above use heterogeneity on the
level of individual amino acid positions. This feature makes these
techniques both comprehensive and limited in application. A tech-
nique known as DNA shuffling takes advantage of recombination —
another source of heterogeneity in nature — for the generation of
protein heterogeneity, which can be used for the selection of recom-
binants with improved immunological properties.107,108 This tech-
nique achieves rapid evolution of genes under in vitro selection pressure
through an iterative process of recombination and selection and has
been used to develop new vaccine candidates against pathogenic
agents including dengue virus, Venezuelan equine encephalitis virus,
HIV, and HBV.109

Despite its advantages, directed evolution is rather limited in its
applications. The approach does not build QSAR knowledge and
lacks rational design. Because the knowledge base does not grow,
building a new protein requires repeating the entire DE process from
the beginning. Although the structural approach to protein engineer-
ing also makes no direct contributions to QSAR knowledge, it chal-
lenges existing concepts and identifies research gaps. The DE
approach, on the other hand, is used as a “magic wand” that may or
may not bring desired results. Because the approach does not always
yield proteins with required specifications, it has limited applicability
for building new proteins. Using the DE strategy, new protein struc-
tures can be obtained only for rather simple properties such as pro-
tein-ligand or protein-protein interactions that can be easily modeled
with very short peptides. More complex properties, such as enzymatic
activities, require scanning a much greater protein sequence space
that cannot be accessed using random sequence peptide libraries of a
manageable size. Thus, directed evolution is not protein engineering
per se, but is more aptly characterized as molecular breeding.
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“Focused” strategy. The focused approach to protein engineer-
ing overcomes many of the limitations of the other two approaches.
The structural approach, which is based on global QSAR knowledge,
is inefficient because of the shortage of such knowledge. The func-
tional approach, which is based on in vitro directed evolution of pro-
teins, bypasses rational design but has limited capacity to build
proteins to functional specifications. Although still at its inception and
limited in application, the focused approach promises significant
progress in protein engineering due to its capacity for direct genera-
tion of the QSAR knowledge required for the rational design of pro-
teins with predetermined properties. Whereas the structural strategy
reveals gaps in knowledge and the functional approach “breeds”
desired properties without building new knowledge, the focused
strategy breeds new knowledge that is focused on obtaining new pro-
tein structures with desired properties. 

At the core of the focused approach is computer-assisted mathe-
matical modeling of the association between the structural and func-
tional properties of proteins. The mathematical model can be built
using a rather limited data set of the protein structural variants dis-
playing variations in its activity. Although the size of the data set
affects the accuracy of the model, the model can be applied as a guide
for the virtual exploration of sequence space in search of protein
structures with improved or new properties. The new structures
found through this virtual process can be constructed and tested
experimentally in the laboratory. If the desired properties are not
matched by the predicted proteins, indicating inaccurate modeling,
the new data obtained from the evaluation can be used to adjust the
model and the mathematical modeling process. The virtual search and
experimental testing can be repeated until satisfactory results are
obtained. Thus, the focused strategy is a cyclic process designed to
accelerate the development or evolution of knowledge by use of a
mathematical model. The major advantage of this approach is its use
of a virtual process instead of experimentation to evaluate structural
variants for a desired function. Although the functional approach can
also screen vast protein sequence spaces using experimental
approaches, it relies on preexisting protein libraries and is impractical
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for use with proteins >10–15 aa in length. In contrast, the focused
strategy can start with a limited number of protein variants and still
achieve the desired properties through a guided virtual search among
an astronomical number of protein sequence variants.

At present, the focused strategy is rather limited and complicated.
It cannot be used to build proteins without sufficient knowledge, i.e.
a reliable mathematical model. Although application of the focused
strategy results in identification of the desired protein, it is not true
protein design or engineering but rather a virtual search or protein
sequence space exploration for a protein structure with satisfactory
properties. However, in contrast to the other two strategies discussed
above, this approach builds QSAR knowledge and therefore directly
facilitates development of elementary protein building blocks. Thus,
the focused strategy has two important roles: 1) to build new proteins
with predetermined properties by focusing mathematical modeling
on the protein engineering task, and 2) to build a solid foundation for
the efficient application of the structural strategy by generating ele-
mentary building blocks for protein engineering. 

Focused Strategy: Mathematical Modeling

The focused strategy is combinatorial in nature and requires an itera-
tive process that begins with any viral molecule that displays a desired
biological profile and ends with an optimization of the activity profile
for that molecule. The process requires sophisticated computational
techniques to efficiently sample the sequence space for a given appli-
cation. The combinatorial possibilities of this strategy for even simple
systems are explosive and cannot be handled experimentally. For
example, the number of molecules required to interchange 20 amino
acids within the 4-aa peptide is 204, corresponding to 160,000 possi-
ble peptides. The alternative to the experimental approach to protein
optimization is development of a theory, i.e. a mathematical model
that quantitatively relates variations in biological activity to changes in
molecular descriptors (e.g. physicochemical properties of amino
acids) that can easily be obtained for each protein. One mechanism to
reduce the search space is to restrict the types of molecules generated
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to those that meet the requirements of the application area. Defining
appropriate constraints and ensuring that the molecules generated are
consistent with the constraints becomes very important. Focusing the
design according to physicochemical constraints can be an effective
way to prevent inappropriate molecule candidates, guide the search in
space, and derive a QSAR that determines the immunological prop-
erties of proteins. 

The process begins with the conception of a mathematical model
that relates the chemical features of the molecule (or series of mole-
cules) to a biological activity, such as immunogenicity or antigenicity.
Without any detailed understanding of the process(es) responsible for
the activity, the model is refined by examining structural similarities
and differences for molecules with variations in immunological prop-
erties. Molecules are selected to maximize the presence of functional
groups and structural features believed to be responsible for the
desired activity. Such a strategy can provide the knowledge and com-
putational capability for de novo design and engineering of protein
molecules with desired immunological properties. The following is a
discussion of some of the computational and mathematical methods
used to derive QSAR. These include artificial neural networks, evolu-
tionary algorithms, and Bayesian networks. 

Artificial Neural Networks 

Artificial neuron model. The artificial neuron model is a fairly new
form of artificial intelligence (AI) based on brain theory.110–112 An arti-
ficial neural network (ANN) is a mathematical model of neuron oper-
ation that can, in principle, be used to compute any arithmetic or
logical function. It consists of two types of components or elements:
1) processing, or computation, units (also called “neurons”); and
2) connections, with adjustable “weights” or “strengths.” Figure 1(A)
shows the model of a single neuron (the basis of an ANN) and the
two mathematical terms that describe an artificial neuron k. The fun-
damental operation of an artificial neuron is carried out in three steps.
First, a signal x1 at the input of synapse j connected to neuron k is mul-
tiplied by the synaptic weight wkj. The synaptic weight of an artificial
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neuron can adopt either a positive or a negative value. Second, the
weighted input signals are summed. Third, an activation function ϕ(•)
limits the amplitude range of the output of the neuron to a finite
value. For example, the typical output of a neuron falls within either
the closed interval [0, 1] or alternatively [−1, 1]. Many types of acti-
vation functions can be used to train an ANN.113,114 The model also
includes an externally applied bias, denoted by bk. The bias bk has the
effect of increasing or lowering the net input (uk) to the activation
function, depending on whether it is positive or negative, respectively.

The architecture (i.e. layout and connections between the neurons)
that can be adopted into the design of an ANN depends on the task and
the function for which the system is designed. In the most common
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Fig 1. (A) ANN “single preceptron” model. Inbox shows the two mathe-
matical terms to describe a neuron k, where x1, x2, … , xm are the input sig-
nals (e.g. amino acids in the sequence); wk1, wk2, … , wkm are the synaptic
weights of neuron k; uk is the linear combiner output due to the input sig-
nals; bk is the bias; ϕ(•) is the activation function; and yk is the output signal
of the neuron; the use of bias bk has the effect of applying an affine transfor-
mation to the output uk of the linear combiner in the model, as shown by
vk = uk + bk; (B) ANN supervised learning model implementation. The ANN
learns to map a set of signal inputs to specified outputs in the training data.
The adaptation (value changes) of the weights is achieved through a cost
function for error minimization, and through the training algorithm during
the training epochs.
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architecture, the multiple layer perceptron (MLP) (Fig. 2), neurons
are classified into three types: 1) input neurons, responsible for receiv-
ing and passing the signal vector for mathematical processing; 2) hid-
den neurons, in which the information received from the input layer
undergoes further processing; and 3) output neurons, which produce
the system’s output or result. The neurons are arranged into layers
with corresponding names. 

Training the ANN. The network can be trained using either of
two types of learning techniques: supervised learning or unsupervised
learning. In the supervised learning paradigm, the system is presented
with a set of input vectors that are arbitrarily matched or paired to a
set of corresponding output vectors. Once the learning process is
over, the trained ANN generates outputs to categorize or approxi-
mate, depending on the nature of the task, any given new input vec-
tors. In this type of learning, the ANN is trained with a “teacher.”
Figure 1(B) shows the basic scheme used for this type of learning. In
the unsupervised learning paradigm (training “without a teacher”),
the ANN is presented with only input vectors. The ANN then
becomes tuned to the statistical regularities in the input data and
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Fig. 2. is a schematic representation of a feed-forward MLP. Compu-
tational nodes (neurons) are represented as circles with weighted inputs and
output shown as arrows. Also shown, are the three common types of non-
linearity that can be used by the neurons to determine output: hard limiter,
sigmoid and threshold.
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gains the ability to form internal representations for encoding features
of the input, thus creating new classes in an autonomous fashion. The
ability to create internal representations or an internal mapping from
input data under unsupervised learning is also known as “self-organ-
ized” learning, which is the principal learning paradigm for the training
and operation of another form of ANN known as a self-organizing map.

The learning tasks for which an ANN is typically trained include:
1) pattern recognition, whereby the input or received pattern/signal
is assigned to one of a predefined number of classes; 2) function
approximation, which implies designing an ANN that approximates
an unknown function [y = f (x)] describing the input-output mapping;
and 3) classification, which typically consists of assigning input vectors
to one of two or three classes (e.g. yes or no, numerically mapped to
0 and 1, respectively; or high, medium, and low, numerically mapped
to 1, 0, and −1, respectively). 

ANN requirements. Neural Networks and Genome Informatics,
by Cathy H. Wu and Jerry W. McLarty,115 provides detailed descrip-
tions of the types of learning tasks and biomedical applications of
ANNs and the transformation schemes of genomic and proteomic
data for vector representation. Their book also addresses some of the
requirements and factors that affect the application of ANNs to
molecular sequence analysis, such as feature representation, data
encoding, analysis of data containing sequences of varying length, and
analysis of data sets with limited or missing data. Encoding schemes
for protein feature representation, a process usually referred to as data
pre-processing, and data post-processing, are described below.

Data pre-processing. Data pre-processing consists of data encod-
ing and feature representation. Neural networks, like many other
machine-learning algorithms, require numerical values for processing.
Data encoding addresses the problem of protein representation for
mathematical and computational processing. A protein sequence is
composed of a series of amino acids represented by the characters
A, C, D, E, F, G, H, I, K, L, M, N, P, Q, R, S, T, V, W, and Y.
A sequence of alphabetic characters cannot, however, be used in a math-
ematical computation because none of the elements has a numeric
value. Thus, representation of a protein sequence in a numerical and
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quantitative way requires generation of a code to represent the corre-
sponding amino acid types. Data encoding can be very intricate and
greatly impact the performance of the ANN. A common practice is to
encode each one of the 20 letters corresponding to the 20 amino acid
types of a protein into a numerical binary scheme. For instance, each
letter can be represented by a 20-dimensional binary vector, i.e.
20-bin representation. In such case, amino acids are represented
by a set of 19 zeros and a single one uniquely positioned to represent
each amino acid. For example, A = 00000000000000000001,
C = 00000000000000000010, D = 00000000000000000100, etc.
Alternatively, a lower dimensional vector can be generated based on
the known physicochemical properties of each amino acid type. Both
schemes have their advantages and disadvantages. One of the major
advantages of binary representation is that very small changes in
amino acid composition between sequences can be easily detected and
mapped by the ANN. In fact, this type of encoding representation has
been successfully used for other tasks, such as clustering aligned pro-
tein sequences.116 On the other hand, depending on sequence length
and amount of samples in the data, 20-bin representation can greatly
impact the size complexity of the ANN model. The use of large input
layers increases the probability of over training, i.e. the probability
that the ANN learns or memorizes insignificant patterns of the train-
ing data.111,117 Meanwhile, encoding schemes based on physicochem-
ical properties usually require lower dimensional vectors for amino
acid type representations.115,118,119 In addition, such schemes allow the
encoding of a variety of features, such as hydrophobicity, volume,
bulkiness, etc. Furthermore, the number of features that can be
encoded does not necessarily impact the size of the vector. Schneider
and Wrede (1998) devised an encoding scheme using eigenvalues for
each amino acid type from principal components derived by principal
component analysis (PCA) of 143 physicochemical scales.120

Physicochemical values or any combination of features, such as those
shown in Table 1, can be assigned to any amino acid type within a
sequence. Through either binary or physicochemical encoding proce-
dures, protein sequences are translated to numerical vectors for math-
ematical processing by the neural network.
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Table 1. Schemes for Encoding Amino Acids. (A) binary representations (20-, 6-, and 9-bin), used by Brusic et al. (1995),
where rep “6” assigns a 6-place string where each place is a scalar value for a feature (hydrophobicity, volume, charge, aro-
matic side chain, hydrogen bonds) or a correction bit (“a” stands for “10”); “Rep 9” is an intermediate representation
using a feature-based grouping of amino acids. (B), used by Milik et al. (1998), where every amino acid is represented by
six properties (volume, bulkiness, flexibility, polarity, aromaticity, and charge)

Amino
Acid Representation (A) Representation (B)

X “20” “6” “9” Volume Bulkiness Flexibility Polarity Aromaticity Charge

A 10000000000000000000 53500a 100001000 0.1677 0.4433 0.2490 0.3951 0.0 0.5
C 01000000000000000000 45500a 000001001 0.3114 0.5506 0.2048 0.7441 0.0 0.5
D 00100000000000000000 a5001a 001001000 0.3054 0.4532 0.8675 1.0000 0.0 0.5
E 00010000000000000000 a60010 001000100 0.4970 0.5567 0.8112 0.9136 0.0 0.5
F 00001000000000000000 185a0a 100100101 0.7725 0.8976 0.0763 0.0370 0.6667 0.5
G 00000100000000000000 525000 000001000 0.0 0.0 1.0 0.5062 0.0 0.5
H 00000010000000000000 565010 010100111 0.5569 0.5632 0.1124 0.6790 0.5556 0.5
I 00000001000000000000 37500a 100010011 0.6467 0.9852 0.6707 0.0370 0.0 0.5
K 00000000100000000000 a7a02a 010000111 0.6946 0.6738 0.6867 0.7901 0.0 1.0
L 00000000010000000000 375000 100010001 0.6467 0.9852 0.2811 0.0 0.0 0.5
M 00000000001000000000 375005 100000100 0.6108 0.7033 0.0 0.0988 0.0 0.5
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Table 1. (Continued )

Amino
Acid Representation (A) Representation (B)

X “20” “6” “9” Volume Bulkiness Flexibility Polarity Aromaticity Charge

N 00000000000100000000 655020 000001000 0.3174 0.5156 0.6747 0.8272 0.0 0.5
P 00000000000010000000 555000 100000010 0.1766 0.7679 0.8594 0.3827 0.0 0.5
Q 00000000000001000000 66502a 000000100 0.4910 0.6048 0.7952 0.6914 0.0 0.5
R 00000000000000100000 a8a046 010000110 0.7246 0.5955 0.9398 0.6914 0.0 1.0
S 00000000000000010000 645010 000001011 0.1737 0.3222 0.8514 0.5309 0.0 0.5
T 00000000000000001000 55501a 000001010 0.3473 0.6771 0.5984 0.4568 0.0 0.5
V 00000000000000000100 365007 100011010 0.4850 0.9945 0.3655 0.1235 0.0 0.5
W 00000000000000000010 0a5a10 100100110 1.0 1.0 0.0402 0.0617 1.0 0.5
Y 00000000000000000001 285a18 000100111 0.7964 0.8008 0.5020 0.1605 0.6667 0.5
X 11111111111111111111 555555 111111111
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Feature representation is perhaps the most important aspect of
data pre-processing. When analyzing proteins, each letter in the
molecular string represents an amino acid. Each amino acid has
unique chemical properties associated with specific states or values.
A string of characters can be given biological meaning by substituting
the characters with their respective chemical values. Many hydropho-
bic,121–125 chemical,126 physical,127–130 statistical preference,131 biologi-
cal132 and mathematical133 scales of amino acid attributes have been
used. Because of the large number of possible feature representations,
data pre-processing of biological sequences can be difficult and con-
fusing. The guide at this crucial step in the design and application of
an ANN system should be the problem definition, i.e. determination
of the desired input and output mapping for the specified task or goal.
The selection of appropriate feature representation and encoding
method for a given task limits and specifies the information presented
to the ANN. Furthermore, it establishes the parameters of the struc-
tures and functions that can improve the accuracy of ANN and allows
extraction of statistical consistencies or hidden features in the given
sequences. Also, as with the application of any type of statistical analy-
sis or machine-learning technique, the numerical vectors that result
from the feature representation and encoding method of the molecu-
lar sequences for ANN analysis need to have a relative degree of logic
to conform to the basic premise that vectors of similar sequences be
close together, and vice versa. This is important if vectors are to carry
the biological information of the sequence they represent and main-
tain both the biological uniqueness and diversity that result from the
amino acid composition or sequence length. In contrast, poor feature
representation and inadequate encoding methods can result in inade-
quate vectors, preventing maximal extraction of the statistical features
that connect sequences with their structures and functions.

Many sources and tools for performing the numeric transformation
of biological sequences are available. In addition to published data, an
increasing number of web-based tools can assist researchers in perform-
ing these numerical transformations automatically. The Expert Protein
Analysis System (ExPASy) from the Swiss Institute of Bioinformatics
(http://us.expasy.org/) has several sequence analysis tools and software
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packages, including ProtScale,134 which assigns a numerical value to each
type of amino acid as predefined by any of the >50 scales of physico-
chemical properties and conformational parameters. Thus, substituting
the string of amino acid characters with the corresponding listed values
or selecting the window size and running the program to compute the
profile can transform any given peptide or protein sequence into a
numerical/signal vector. Software tools for the automatic modeling of a
protein’s three-dimensional structure are also available on the Internet.
These web-based computational resources are designed to provide
atomic coordinates that can be used as a Cartesian three-dimensional
representation of a given sequence, which in turn can be used for ANN
processing. Examples of web-based servers for homology modeling of
three-dimensional structures of proteins include: Geno 3D (http://pbil.
ibcp.fr/htm/index.php), from the Institute of Biology and Chemistry
of Proteins, Lyon, France; and SCRATCH (http://www.igb.uci.edu/
servers/psss.html), from the Institute for Genomics and Bioinformatics,
University of California, Irvine.

Data post-processing and computational requirements. Post-
processing is the conversion of the ANN output to a different or
usable form. It comprises output encoding, which is much more
straightforward than pre-processing data encoding. For example, if
the task is to classify a signal vector as yes or no, then only one out-
put neuron, mapped to 1 for “yes” and 0 for “no,” may be used.

The computational requirements for ANN applications depend on
factors such as the type of ANN model, magnitude of the data set, and
the learning task. ANN technology has advanced quickly, generating a
market of both proprietary and freeware systems that make ANN fairly
accessible and easy to implement. In most cases, ANN applications
can be carried out on a desktop computer. Shareware and freeware
ANN simulator software options include Neural Network Toolbox
for Matlab and the freely available Stuttgart Neural Network Simula-
tor (SNNS) (http://www-ra.informatik.uni-tuebingen.de/SNNS/).
Additional software can be found at the website http://www.geocities.
com/fastiland/NNwww.html, hosted by Professor Andrés Pérez-Uribe,
University of Applied Sciences of Western Switzerland, Yverdon-les-Bains;
and at http://www-dsi.ing.unifi.it/neural/w3-sites.html#software from
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the Machine Learning Neural Networks Group, Department of Systems
and Computer Science, University of Florence, Italy. 

Feature extraction with ANN. The ANN has been regarded as
a “black box” because its operation is neither fully explained nor fully
understood. The analysis of a fully trained ANN is in itself considered
a science. Nonetheless, compared to traditional statistical approaches,
the ANN has considerable strengths and advantages, including the
ability to: 1) model complex multidimensional and non-linear rela-
tionships, which makes the ANN technique ideal for processing bio-
logical information; 2) generalize and find relationships within the
data while tolerating erroneous or noisy data; and 3) be retrained with
expanded (or new) data sets, which is a plus for model refinement
requirements. In fact, an ANN with hidden nodes can extract from
input information the higher order features that are ignored by linear
models. During supervised training, the ANN is taught to map a set
of input patterns to a corresponding set of output patterns. Hidden
nodes form internal representation, which is reflected on the weight
values of the connections. Post-training analysis of the network
weights provide insight into the sensitivity and relevance of input fea-
tures or attributes for feature selection. New and powerful analytical
techniques for weight analysis, also known as contribution analysis,
have been developed.135–138 Although interpretation of the weights of
the connections between artificial neurons requires careful considera-
tion, it is generally accepted that the greater the weight value in a con-
nection, the greater the importance of the parameter(s) linked to or
associated with that connection. This relationship is analogous to that
of the biological counterpart of the artificial neuron, where the
strength and number of synapses between biological neurons are
believed to be relevant to establishing a particular associative path.110

In addition, graphical representations of the weights are very helpful
and are often the most common form of weight analysis. For exam-
ple, Holbrook et al. (1990) applied ANN to extract information
about the surface accessibility of protein residues from a protein
sequence using a database of high-resolution protein structures.139

The ANN was trained to predict the water accessibility of a central
residue in the context of its flanking sequence. The protein sequences

Rational Design of Viral Protein Structures 221

FA
b514_Chapter-09.qxd  12/4/2007  3:37 PM  Page 221



were presented to the ANN as sliding windows of variable sizes (up to
13 residues) centered on the amino acid of interest. The analysis was
performed by scanning the entire sequence with these sliding win-
dows. To predict the surface exposure of the protein residues, the
investigators defined two categories for the buried (inaccessible) and
exposed (accessible) residues. Figure 3 shows a graphical representa-
tion of the weights in the ANN after training. Examination of the
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Fig. 3. Weight plots for ANN binary model of surface exposure (from
Holbrook (1990)).139 (A) is the weight matrix for the buried residue predic-
tions; (B) is the matrix for the exposed residue predictions. For each window
position and amino acid type the weight of its connection (link) to the next
layer is represented as a shade of gray. Darker shades indicate higher weight
values. The amino acid residues are in order of decreasing hydrophobicity
according to Eisenberg scale.140

b514_Chapter-09.qxd  12/4/2007  3:37 PM  Page 222



ANN weights allowed identification of the major factors influencing
residue exposure. Such analysis made apparent that hydrophobic
residues two or three amino acids up or down from the central amino
acid residue hinder its surface exposure. In general, they found that
high weights for neighboring hydrophobic residues correlated with
their trend to favor burial of the central residue, while high weights
for neighboring hydrophilic residues correlated with their trend to
favor exposure of the central residue.

Design of Biomolecules with Desired Antigenic
and Immunogenic Properties with Artificial
Neural Networks

ANNs have been successfully applied to a wide range of disciplines,
including aerospace,141,142 robotics,143,144 medicine,145,146 and finan-
cial147 and weather148 forecasting. This technique, however, has only
recently been used in molecular biology for quantitative structure-
activity relationships (QSAR) determination.149–154 A major focus of
research aimed at predicting protein QSAR from sequence alone is
based purely on empirical approaches. That is, most of the research is
based on the use of databases of proteins with known structures and
functions. The aim is to find relevant features in these databases,
which can then be extracted and used to derive rules. The ANN can
use these rules to generalize QSAR models for proteins of unknown
functions. Such an approach remains one of the most practical start-
ing points to gain the knowledge needed for protein design. The
following sections describe some examples of how researchers have
applied the ANN technique for the design of molecules with intended
immunological or antigenic properties, particularly, the design of
T-cell epitopes. Also, computer-based strategies for peptide/protein
and “artificial” protein design will be discussed.

T-cell Epitope Prediction

T cells of the immune system continually check for the presence of for-
eign antigens that may indicate the presence of invading microorganisms
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(e.g. viruses, bacteria, fungi, parasites), mutated self-cells (e.g. tumors),
or non-self cells and tissues (e.g. transplants). These foreign and self-
proteins are processed through specialized mechanisms and degraded
to short peptides that are presented on the host cell surface for recog-
nition by the T-cell receptor (TCR).155,156 The process involves major
histocompatibility complex (MHC) molecules, which bind short pep-
tides and display them to T cells. Peptides presented by MHC mole-
cules originate from intracellular (MHC class I) or extracellular
(MHC class II) proteins.157 MHC class I bound peptides activate
cytotoxic T cells, resulting in killing of target cells (e.g. infected, neo-
plastic, or transplanted tissues), while MHC class II bound peptides
serve mainly in regulation (initiation, enhancement, and suppression)
of immune responses.157 The ability of the immune system to respond
to a particular antigen varies based on an individual’s pattern of MHC
genes. In humans, MHC molecules are known as human leukocyte
antigen (HLA) class II and I. Each person has only three to six HLA
class I molecules and at least that many HLA class II molecules.157

MHC genes show extensive polymorphism; >800 variants of HLA
class I and >500 variants of HLA class II molecules have been char-
acterized.158,159

MHC molecules have a peptide-binding groove that can bind
peptides in a seemingly non-selective and unrestrained manner.160 For
example, the number of peptides that can bind to each HLA class I
molecule has been estimated at 1,000–10,000 sequences, or an aver-
age of 0.1%–5.0% of all overlapping 9- and 10-mer peptides spanning
the entire protein sequence.161 Binding of a peptide to an MHC mole-
cule is a prerequisite for recognition by T cells, but only certain peptides
can bind to a given MHC molecule.162 However, binding in itself is
not enough. Some peptides are good MHC binders in biochemical
assays, but do not elicit a T-cell immune response.161,163 probably
because they are not properly processed and presented by MHC mol-
ecules. Thus, T-cell epitopes are a subset of MHC-binding peptides.163

Determining which peptides bind to a specific MHC molecule is crucial
to understanding the mechanisms of immunity and for vaccine and
drug design.164 Fortunately, binding affinities of thousands of MHC
ligands have been tested and characterized. Results are available in
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databases such as MHCPEP,165 JenPep,166 IMGT/HLA,158,159,167

SYFPEITHI168 and MHCBN.169 Such a vast amount of information
serves as the basis for empirical computational approaches to elucidate
the physicochemical and structural parameters that regulate peptide
binding to MHC molecules.

History of T-cell epitope prediction. Algorithms for prediction
of T-cell epitopes can be classified as direct or indirect methods.170

Direct methods are based on information about the T-cell epitopes,
whereas indirect methods are based on information about the MHC-
binding peptides. In the past, direct prediction methods relied on the
identification of amphipathic structures.171–174 The AMPHI algorithm
is based on this assumption.175 Another algorithm, SOHHA, was
developed based on the assumption that T-cell epitopes consist of
three to five helical turns with a narrow strip of hydrophobic residues
on one side.176 Algorithms based on secondary structure analysis were
superseded by the identification of common motifs among T-cell epi-
topes in primary structures. Rothbard and Taylor (1988) collected
about 57 T-cell epitopes and, based on their patterns, published a list
of motifs.177 They developed an algorithm based on the association
between cysteine-containing T-cell epitopes and certain other
residues. The system searches for triplets, including CAK, CLV, CKL
and CGS, in the peptide sequence.178 In 1995, two computational
T-cell epitope prediction tools, EpiMer and OptiMer, were developed
based on knowledge of MHC binding motifs.179 OptiMer predicts
amphipathic segments of protein with high motif density, and EpiMer
locates segments of protein with high motif density. However, when
tested against databases of human and murine T-cell epitopes, these
direct prediction methods performed with low accuracy.180 In the last
decade, several indirect methods have been developed that predict
MHC binders instead of T-cell epitopes.181–184 Due to more specific
interactions of MHC molecules and peptides, these methods are more
accurate than direct T-cell epitope prediction methods.170 These indi-
rect methods are based on: 1) structural comparative185 and Ab initio186

modeling; 2) binding motifs162,181–184,187–190; 3) quantitative matrices
(QM)191–199; and more recently, 4) machine learning techniques like
neural networks.163,170,200–202 The application of ANN algorithms has
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been reported to outperform binding motif and QM-based meth-
ods.161,170,203 Predictive performances using ANN methods for the
prediction of MHC-binding peptides are in the order of 80% in sen-
sitivity and specificity.161,163,204

Prediction of MHC class I and class II binders with ANN.
Brusic and colleagues (1995) were the first to report on ANN meth-
ods for prediction of MHC-binding peptides.119 They trained a fully
connected three-layer back-propagation ANN to classify peptides into
those predicted to bind and not to bind to either human HLA-A2 or
mouse H-2Kb. The number of input nodes was equal to the length of
the input signal (nine nodes for 9-mers or eight nodes for 8-mers rep-
resenting HLA-A2 and H-2Kb, respectively); the number of hidden
neurons was nine, and one output node predicted binding versus
non-binding. Training samples were obtained from the MHCPEP
database. The training set consisted of 186 positive examples (bind-
ing peptides) and 1,071 negative examples (non-binding peptides) for
the HLA-A2 predictions; and 30 binders and 796 non-binders for the
H-2Kb predictions. For the encoding of peptide vectors, three signal
input representations (Table 1) were used: a 20-bin representation in
which each amino acid was encoded by a unique binary string of 0
and 1; Rep6, a six-number representation based on a scalar value for
a physicochemical feature; and Rep9, a nine-number intermediate
representation using a feature-based grouping of amino acids. During
ANN training, each signal input in the training set was mapped to
corresponding binding affinities, represented by IC50 values, which
were defined as the concentration of peptide required to inhibit the
binding of a universal DR4-binding peptide by 50%. The system was
validated by testing the ANN performance with selected 9-mers from
published data obtained by in vitro assays.195 The evaluation set con-
sisted of 60 known binders and 68 non-binders for HLA-A2 and 23
binders and 77 non-binders for H-2Kb. Of the 128 peptides in the
evaluation set for HLA-A2 predictions, 30 were derived from natural
proteins and the remainder from synthetic peptides, including poly-
glycine and poly-alanine sequences. The H-2Kb predictions used two
test groups: one with nine known binders from different proteins, and
the other with 14 binders and 77 non-binders from natural proteins.
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The ANN had a predictive accuracy of 78% for binding to HLA-A2
and 88% for binding to mouse H-2Kb. 

Milik and colleagues (1998) applied the ANN method to the pre-
diction of mouse class I H-2Kb using 8-mer peptides from a phage
display library.205–207 Binding properties were measured by a compet-
itive CTL assay and values expressed as the amount of competitor
peptide (OVA 257) necessary to induce 50% inhibition.208 They
obtained sequences of 181 binding and 129 non-binding phage. For
the classification procedure, the data were divided into three sub-sets:
training set consisting of 93 binding and 130 non-binding peptides;
a validation set 1 (18 binding and 13 non-binding), and validation set
2 (33 binding and 23 non-binding). The validation set 1 was used for
fine-tuning the system during the learning phase, and validation set 2
was used for evaluating the performance of the three-layer feed-for-
ward back-propagation ANN. They tested two ANN models based on
two different representation schemes for encoding amino acids. The
first scheme (ANN1) consisted of a 10-number representation based
on the hierarchical organization of amino acids209; the second
(ANN2) consisted of a six-number representation based on normal-
ized physicochemical properties of amino acids using volume, bulki-
ness, flexibility, polarity, aromaticity, and charge. ANN1 consisted of
one input layer with 180 nodes, one hidden layer with five hidden
nodes, and one single output neuron, whereas, ANN2 consisted of 48
input neurons, 3 hidden neurons, and 1 output neuron. To evaluate
the validity of the analysis and trained ANN, they predicted H-2Kb

binding peptides from the sequence of chicken albumin, a protein
with a well-characterized H-2Kb epitope. All peptides that were clas-
sified as “binding” were synthesized and tested for experimentally.
ANN1 and ANN2 selected the majority of binding peptides tested,
with sensitivities of 70% and 80%, respectively.

Honeyman et al. (1998) and Brusic et al. (1998b; 121–130)
reported high accuracy in the prediction of binding peptides (9-mers)
to the class II HLA-DR4(B1*0401). Their approach was different
from those previously discussed for the class I alleles. In both cases,
a hybrid method was developed for predicting binding peptides to MHC
class II molecules. Their method, termed PERUN, was implemented
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by combining available experimental data and knowledge of binding
motifs, quantitative matrices (QM) for pre-processing, an evolution-
ary algorithm (EA) to derive alignment matrices, and an ANN to per-
form classification. For development of this hybrid system, peptide
sequences and their binding affinities were collected in the data
extraction stage from the MHCPEP database, experimental binding
data210 and other private databases (V. Brusic; L.C. Harrison and
M.C. Honeyman, unpublished). The initial data set consisted of 650
peptides: 338 binders and 312 non-binders to HLA-DR4(B1*0401).
In the pre-processing stage, an EA was used to search for predictive
peptide alignment matrices, i.e. quantitative matrices. Through a
genetic mechanism (mutation, cross-over, and reproduction) and
competition, a population of aligned matrices was generated and
selected for improved fitness (characterized by good discrimination
between binding and non-binding peptides to HLA-DR4). The fit-
ness function incorporated in the EA algorithm was based on the
knowledge of primary anchor positions in reported binding motifs,189

which was used to fix position 1, corresponding to the primary
anchor in each matrix, while the rest of the matrix was subjected to
the application of the abovementioned genetic mechanisms. The end
product of the EA search was an alignment matrix, where each residue
at each position in the 9-mer was assigned a binding score. The
aligned matrix was then used to find and align putative 9-mer cores
of known binders for the final stage of classification by the ANN. This
set of aligned peptides served as the training set, which comprised of
aligned binding 9-mer cores (338 peptides) and non-binding 9-mers
(312 peptides). The aligned peptide sequences were then transformed
to numerical signal vectors using a 20-bin amino acid representation.
The ANN system was designed as a three-layer, fully connected, feed-
forward back-propagation ANN. Because the binding affinities of the
peptides in the training set were not all derived by the same experi-
mental method, affinity measures were grouped into no affinity, low
affinity, moderate affinity and high affinity and output values repre-
sented as zero, six, eight and 10, corresponding to these groups,
respectively. Honeyman et al. (1998) reported that the ANN-based
binding prediction on an experimental binding affinity of synthetic
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peptides was 77% sensitivity and 80% specificity. Meanwhile, Brusic
et al. (1998b, 121–130) compared the PERUN method with the QM-
based and binding motif-based methods for prediction of low, mod-
erate and high affinity binders. PERUN slightly outperformed the
QM method, with prediction performance of 73% for low binders,
86% for moderate binders and 88% for high affinity binders, whereas
the QM performance was 73%, 82% and 87%, respectively. The bind-
ing motif method had the lowest performance (63%, 69% and 74%,
respectively). Such an approach integrates the strengths of the differ-
ent methods and minimizes their disadvantages. For instance, binding
motifs encode the most important rules of peptide-MHC binding
interaction.184,189,196,211 However, for class II molecules, binding motifs
are less well defined.189 MHC class II molecules show degenerate
motifs, which makes peptide alignment more difficult. Because of
this, except for certain molecules,196,211 binding motif-based methods
show poor generalizations. In contrast, QM-based methods, which
are in essence refined binding motifs, can predict large subsets of
binding peptides reasonably well and can be used when data sets are
limited.192,193,195,196,212,213 However, QM cannot deal with nonlinearity
in data and may miss distinct subsets of binding preferences, such as
medium binders.200 Also, QM methods are not adaptive and self-
learning, so integration of new data usually requires redesigning of
the alignment matrix. On the other hand, ANNs can deal with non-
linearity and are adaptive and self-learning, but usually require a large
amount of data.

A limitation of ANN predictions based on the indirect methods
described above is their inability to discriminate between T-cell epi-
topes and non-epitope MHC binders, mainly because these methods
only predict the MHC binders from antigenic sequences. Bhasin and
Raghava (2004) recently developed a direct method for predicting
cytotoxic T lymphocyte (CTL) epitopes from antigenic sequences
using a hybrid method that combines QM, support vector machine
(SVM), and ANN methods. Their system is based on 1,137 experimen-
tally proven CTL epitopes and 1,134 non-epitopes (786 non-epitopes
9-mers and 348 MHC non-binders). The system was evaluated with
a blind data set consisting of 63 CTL epitopes, 63 non-epitope
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MHC binders and 63 MHC non-binders. ANN and SVM outper-
formed the QM method. For training of both the ANN and SVM,
peptide sequences were changed to numerical vectors by encoding
sequences with 20-bin representation. The ANN performance was
72.2% accuracy, 73.2% sensitivity, and 71.2% specificity. The SVM
performance was 75.4%, 73.8%, and 77.0%, respectively, while the
QM method performance was 70.0%, 65.2%, and 74.9%, respectively.
Also, the ANN and SVM were used to perform consensus and com-
bined prediction of CTL epitopes. In consensus prediction, epitopes
predicted by both methods were considered “epitopes,” otherwise
they were considered as “non-epitopes.” In combined prediction, epi-
topes predicted by either method were considered as “epitopes.” In
addition, two models of such implementation can be used, i.e. in one
model the ANN can be used as the base method, while in the second
model the SVM is used as the base method. The CTLPred server
(available at http://www.imtech.res.in/raghava/ctlpred/) is based
on such an approach. They also developed the ComPred method169

based on a hybrid method using ANN and QM filtering for the com-
bined prediction of MHC binding peptides or CTL epitopes. Using
this combined prediction approach, they achieved a sensitivity of
79.4% and a specificity of 88.4% for discriminating between T-cell epi-
topes and non-epitope MHC binders. Another of their programs,
ANNPred, uses a feed-forward back-propagation ANN for the pre-
diction of MHC binders to 30 MHC alleles. Both ComPred and
ANNPred are available at http://bioinformatics.uams.edu/mir-
ror/nhlapred/index.html.

Data encoding for T-cell epitope and MHC binding predic-
tions with ANN. Representation of peptide sequences using 20-bin
numerical representation (0s and 1s), appears to provide an ANN
with sufficient discriminative power to predict (or classify) CTL epi-
topes169,170 and MHC binding activities of peptides.119,163,214 However,
this sparse encoding of the amino acids ignores their physicochemical
similarities or dissimilarities. Furthermore, in some cases, selection of
numerical representation schemes for signal processing is reported to
have statistically significant effects on ANN performance.201,202,215 As
previously discussed, Milik et al. (1998) reported that an ANN derived
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from the individual representation of amino acids using physico-
chemical properties (ANN2) outperformed an ANN derived from the
clustering of amino acids (ANN1). Also, Nielsen et al. (2003) reported
that an ANN trained with a novel sequence encoding scheme using
Blosum50 and hidden Markov model sequence encoding for predic-
tion of T-cell class I epitopes was superior to one trained on 20-bin
sequence encoding (accuracy of 91.2% and 87.7%, respectively).
Another strategy to enhance prediction performance is to combine
several ANNs derived from different sequence-encoding schemes
instead of using one ANN system derived from a single sequence-
encoding scheme.202,215 Although in some cases using either 20-bin
representation or physicochemical features may not affect classifica-
tion performance, the latter encoding strategy has important advan-
tages over sparse encoding: 1) it allows researchers to weigh in the
contribution of specific amino acid parameters and directly extract
their correlation to MHC peptide-binding properties and CTL epi-
tope SAR; 2) continuous-property scales for signal encoding, unlike
sparse encoding, reduces the dimension of the vector input and the
danger of generating arbitrary correlations that may lead the ANN to
overfit (this is especially important when data are sparse); and 3) in
contrast to sparse representation, physicochemical or encoding
schemes, like Blosum50, provide the neural network with less precise
and more general information about the sequence, which allows the
system to generalize better, mainly because it encodes subtle chemi-
cal and evolutionary relationships between the 20 amino acids.202

Relevance of T-cell epitope prediction by ANN methods. The
experiments described above provide compelling evidence for two
possible applications of ANN technology for immunological therapies
involving cytotoxic T-cell and T-cell mediated immunoresponses: vac-
cine and drug design. These applications differ, however, in their
requirements for specificity and sensitivity. For vaccine design, it is
more important to predict all possible binders to a given MHC mol-
ecule (specificity), whereas for drug design it is desirable to predict
those peptides that will bind with highest affinity (sensitivity). It
should be possible to manipulate the performance of the ANN to
optimize specificity or sensitivity as required for a given application.
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Towards this aim, in addition to the programs already mentioned,
other systems are available to researchers. The MULTIPRED pro-
gram216 (available at http://antigen.i2r.a-star.edu.sg/multipred/) is
based on ANN methods to predict HCV T-cell epitopes for MHC
class I A3 molecules and human papillomavirus (HPV) type 16 T-cell
epitopes for MHC class A2 variants, and is reported to achieve good
sensitivity and specificity and prediction capability, with an area under
the receiver operating system curve (AROC) >0.80. NetChop server215

(available at http://www.cbs.dtu.dk/services/NetChop/) uses ANN
method to predict proteasome cleavage sites responsible for generat-
ing CTL epitopes

ANN-based predictions can also reduce the number of bench
experiments needed for T-cell epitope screening. ANN applications
allow investigators to reduce and focus the number of candidates for
identification of T-cell epitopes while increasing the efficiency of the
search space for these candidates. For example, Honeyman and col-
laborators (1998) synthesized 68 peptides (9-mers) and used a
trained ANN to perform binding prediction on this set. After com-
pleting experimental binding and T-cell response tests, they show that
ANN-predicted binding would have reduced the number of synthe-
sized peptides from 68 to 26, with the potential loss of four epitopes.
In another case, Schönbach and collaborators (2002) applied ANN
methods to the large-scale identification of HIV T-cell epitopes from
Pol, Gag, and Env sequences for HLA-A*0201 and found 890 HIV-
1 and 232 HIV-2 epitope candidates. The overall sequence coverage
of the predicted A*0201 T-cell epitope candidates was 2.7% for HIV-
1 and 3.0% for HIV-2. By comparing the ANN-predicted binding
with other bioinformatics methods and experimentally confirmed
A*0201-restricted epitopes, they were able to extrapolate their results
and estimate that approximately 247 predicted HIV-1 are yet to be
discovered as active A*0201-restricted epitopes. Finally, with proper
encoding, ANNs can also be used for feature extraction. Conclusions
can be drawn regarding the relative importance to binding of specific
positions in the peptide and chemical properties of amino acids at
those positions. Thus, use of these capabilities can facilitate the de novo-
driven design of viral vaccine or immunotherapeutic candidates.
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Peptide and Protein Design

Empirical methods for building predictive models of the relationships
between molecular structure and functions of molecular candidates are
becoming increasingly important for vaccine discovery and develop-
ment. Automation of chemical synthesis, tools for designing molecule
libraries and high-throughput technology for biological screening
experiments robustly and quickly enable target candidates to be dis-
covered more effectively. As vaccine and diagnostic candidates progress
down the development pipeline, the ability to predict their immuno-
logical, antigenic, pharmacokinetic, and toxicological properties is
becoming increasingly important in reducing the number of expensive
late-development failures. As a result, the application of ANN methods
in this area of research has gained popularity.217–226 The major ration-
ale for the use of ANN methods for the prediction of antigenic/
immunogenic properties of viral molecules is that determining for
which structural parameters the ANN best predicts may lead to the
identification of relevant features responsible for the observed activities.
Extracting such knowledge from primary structure is necessary for the
successful design and engineering of molecule candidates with desired
properties. In addition, QSARs are usually complex and nonlinear, and
the ANN is often chosen because the system tends to provide more
flexibility and adaptability for modeling non-linear relationships and is
more noise-tolerant compared to other methods.217

Schneider et al. (1998(b); 12179–12184) proposed a systematic,
focused strategy for peptide design through a combination of rational
and evolutionary approaches.227 They described the use of evolution-
ary strategies as a cyclic-variation selection of peptide candidates fol-
lowed by ANN modeling of quantitative structure-activity
relationships. They reported successful application of an approach to
the de novo design of a peptide that fully prevents the positive
chronotropic effect of anti-b1-adrenoreceptor autoantibodies from
the serum of patients with idiopathic dilated cardiomyopathy (DCM).
Based on previous reports showing that short synthetic peptides
encompassing the natural epitopes were able to neutralize the
chronotropic effect of the autoantibodies, their idea was to test
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whether it was possible to derive novel (artificial) epitope sequences
directed against the second extracellular loop of human b1-adrenore-
ceptor for potential immunotherapeutic agents. Their design strategy
is described in the following four steps. 

(1) De novo design and evolutionary approach. The researchers first
identified a sequence with a desired activity (b1-adrenoreceptor loop
2 epitope) that would serve as a “seed” sequence around which to
develop an in silico library. A common approach for such searches is
through random screening. To obtain a seed peptide, parts of the
sequence of human b1-adrenoreceptor encompassing loop 2 were
analyzed by epitope mapping. The ability of the peptide fragments to
bind to human anti-b1-adrenoreceptor antibodies was measured by
ELISA. The amino acid sequence ARRCYNDPKC (positions
107–116) was identified as a natural epitope with specific affinity to
the antibodies and was therefore selected as the seed peptide.

(2) Focused library strategy. Using the amino acid sequence
ARRCYNDPKC as the seed peptide, a set of 90 variants were gener-
ated by a simple algorithm describing each residue by the respective
property values for hydrophobicity123 and volume.228 Thus, a total of
ninety 20-dimensional vector representations of variants, in terms of
these two properties, were generated. These vectors were generated
using the Box–Muller formula, and were approximately gaussian-dis-
tributed around the seed peptide vector (standard deviation (σ) = 0.1);
where g is a gaussian-distributed random number and i and j are ran-
dom numbers in the [0, 1] interval:

g = σ √−2 ln(i) sin(2πj ). Eq. (1)

The rationale for obtaining vectors both close and distant from a
seed vector is that peptides with an activity similar to that of the seed
peptide are expected to be in close proximity to the seed peptide in
sequence space,229 while those that are more distant are expected to
have decreased activity or provide new seed vectors of higher activity.
The strategy is designed, through a mathematical approach, to focus
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the search for a desired property on a list of peptide candidates that
are more likely to conform to such properties rather than following
the conventional random search (epitope mapping) for natural epi-
topes, which is expensive and time consuming. After generation of the
in silico library, the property vectors were translated back into amino
acid sequences by selecting the most similar residues at each sequence
position according to their physicochemical properties. The com-
puter-generated variants were synthesized and tested for their ability
to bind to human anti-b1-adrenoreceptor antibodies. The in vitro
assays confirmed the applicability of the mathematical strategy to the
generation of a small focusing peptide library. Several non-natural
peptides were found to have increased antibody-binding ability when
compared with natural epitopes. Thus, the generation and selection of
candidates from a focused library provided an efficient starting point
from which to extract knowledge. This approach also allowed them to
expand the search to a large number of sequences more cost effec-
tively (in silico) and in less time (computational process) than would
have been possible with conventional techniques such as random
mapping or DNA shuffling.

(3) Establishment of QSARs with ANN methods. Armed with the
information generated from the focused library, a three-layered, feed-
forward network with a sigmoid hidden-unit and a single linear out-
put unit was, under the supervised paradigm, to extract the
underlying QSAR by mapping the sequence vectors (90 peptides and
seed peptide) to their respective semi-quantitative absorbance proper-
ties (defined as high, medium and low binding activities). The trained
network was then used as a fitness function for selection of subse-
quently evolved peptide candidates.

(4) Evolutionary/mathematical search for new variants with desired
properties. Once the neural network was trained on the information
generated from the focused library data, it was used as a heuristic fit-
ness function and focused approach for searching in sequence space.
Generally, the expanded sequence space search for the de novo design
of peptides starts by querying computer-generated sequences.
Schneider et al. (1998(b); 12179–12184) opted for an evolutionary
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strategy for generating peptide libraries. In a cyclic or iterative
process, virtual peptide libraries are generated by variation of a seed
sequence (parent), the activity of each peptide (offspring) is predicted
by the ANN, and the peptide (child) with the highest predicted activ-
ity is selected as the parent for the next cycle. This is repeated until no
further optimization can be observed. To evaluate the ANN, the
selected peptides were tested for their activity and compared to the
predicted activities. Despite some conflicts in the degree of binding
activity, all peptides predicted as active by the ANN showed activity
when tested. The most active peptides shared only one common
residue, aspartic acid, at position 7 with the parent or seed sequence.
Furthermore, a peptide predicted by the ANN as being the most inac-
tive peptide, which contained favorable binding motifs in two positions,
in fact tested to be non-binding. Most striking was the observation of
the difference in activities of the de novo peptides when compared to
natural-derived peptides at different concentrations. Some of the
ANN-designed peptides had similar or significantly higher activities at
concentrations 10-fold lower than those of natural peptides.

This example for peptide/protein design shows that a mathemat-
ical approach using ANN methods to derive knowledge and search in
sequence space can be successful for the identification of mimetopes
(antigens mimicking a natural epitope sequence) with significantly
different residue sequences. It also shows that the most active peptide
represents a good starting point for the expanded search and further
optimization. One may describe the virtual strategy presented here as
the mathematical “molding” of molecular structural features to a
desired function. Thus, computer-based strategies for de novo mole-
cule candidate design have emerged as a complimentary approach to
high-throughput techniques and should prove beneficial for develop-
ment of immunotherapeutic and diagnostic candidates.166,230–232

Other computer-based techniques have been used for the
sequence-oriented design of focused libraries. Wrede et al. (1998)
developed two computer-based techniques for the generation of arti-
ficial E. coli signal peptidase I (SP I) cleavage target sites. The first
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technique (PROSA, “protein sequence analysis”) used a simple statis-
tical procedure based on the frequencies of residue classes in a set of
aligned amino acid sequences. It generated consensus sequences with
a physicochemical property pattern thought to constitute an underly-
ing functional or structural feature in common. The second design
technique (SME, “simulated molecular evolution”) used ANNs and
an evolutionary algorithm for peptide development. The neural net-
works were used to extract essential cleavage site features from a set
of known cleavage and non-cleavage site examples. After successful
feature extraction these systems provided a mathematical model of SP
I target sites that was used as a heuristic fitness function for a system-
atic evolutionary search in sequence space.

Artificial Peptide and Protein Design

An interesting idea that emerges from these strategies for de novo pep-
tide/protein design is the possibility of designing truly artificial can-
didates. Since knowledge of QSAR can be extracted from the neural
network, it is possible to include non-natural (artificial) residues in the
design strategy. This can lead to peptide/protein-like structures that
are suitable as leads for immunotherapeutic and diagnostic develop-
ment. Certainly, if successful, protein engineering will break loose
from the natural architectural framework constrained to a 20 amino
acid domain. In fact, de novo design of peptides/proteins with desired
functions should be approached in the same way that modern engi-
neering has modified and changed our environment. 

The first step in designing a building is to experiment with many
different ideas for the basic form, volume, and the structure of the
building to meet its pre-specified function. Added to this architectural
designing process is the design of raw materials to specification. Raw
materials like iron and aluminum, or building blocks like cinder blocks
and bricks are physically and chemically modified to specific strengths
and molded to predetermined shapes. All of these factors are needed
to achieve the final structure and function for which a building has been
designed. Similarly, amino acids, the raw material and building blocks
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of proteins, should be modified to specification to achieve favorable
structural features for a predetermined function. The mathematical
abstraction of favorable property features for the design of artificial
amino acids, along with the testing of these engineered peptides/proteins
centered on a particular function(s), could make possible smart and
fast engineering of biomolecules with pre-specified function. To
search and test for potential artificial antigens/immunogens, the
peptide/protein library synthesized with modified amino acids
would be mixed with the viral particle of interest. Those that bind
(win) would stick to the viral particle, and those that do not (lose)
would be washed away. The winning ligands can be selectively used
as seed candidates for another round to build more in silico lead
libraries. With enough candidate samples, their activity-based infor-
mation can be used to train the ANN. ANN-selected (predicted)
candidates can then be validated experimentally. Thus, the ANN
“knowledge” and the peptide/protein library, evolve through the
iterative process: predicting binding properties and building in silico
libraries from ANN-selected “seed” candidates. Such a strategy may
allow researchers to develop agents that cover the entire sequence
space of the virus. It may also help generate more stable and long-
lasting agents because, in contrast to peptides/proteins made from
the naturally occurring amino acids, modified amino acids may not
be as quickly recycled by the body.

Schultz and colleagues have been able to expand the genetic code
by building new building blocks (primarily in E. coli) for site-specific
incorporation of artificial amino acids into peptides/proteins.233–239

Presently, more than 30 artificial amino acids have been genetically
encoded through unique triplet,234,235 quadruplet,235,240–243 and quin-
tuplet244,245 codons. Artificial peptides have already been successfully
tested for their binding affinities to proteins of the MHC class I in
T cells. Krebs, Folkers and Rognan (1998) synthesized and modified
peptides to optimally bind to the MHC I molecule HLA-B*2705 by
filling a hydrophobic binding pocket (pocket D) with artificial aro-
matic amino acids (alpha-naphthylalanine, betanaphthylalanine, and
homophenylalanine), whose side chains in position 3 had been
altered.246
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Other Computational Strategies for Design
of Immunogens

Evolutionary Algorithms (EAs)

“Evolutionary algorithm” is a generic term that groups three inde-
pendently developed computational problem-solving methods:
genetic algorithms (GA), evolutionary strategies (ES), and evolution-
ary programming (EP). These three methods are biologically inspired
by the principles of Darwinian evolution, but differ in the implemen-
tation of these principles. In general, all three methods include treat-
ment of proposed possible solutions as members of a population that
are varied for fitness (or adaptation) to their environment. Members
of the population are subjected to selection pressures, and the sur-
vivors (parents) breed offspring (children) by the application of
genetic operations such as mutation, crossover (recombination), or
both. These operations proceed in a cyclical manner for a number of
user-defined generations, after which fitter population members have
evolved from the original population as seen in Fig. 4.
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Fig. 4. General scheme used by EAs for problem solving.
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The implementation of any EA begins with the encoding of the
problem solutions. Binary encoding is frequently used, but, as dis-
cussed earlier, real number encoding (e.g. using physicochemical
properties) provides a more natural representation of the problem.
Regardless of the encoding type, a coded problem solution is referred
to as the genotype and can be used to determine the decoded pheno-
type. The genotype can also be called a chromosome, and consists of a
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Fig. 5. (A) Binary and real-value point mutation operations in a chromo-
some with five genes representing hypothetical biomolecule conformations;
(B) breed populations (children) of three different types of crossover opera-
tions (uniform, one point and two point). Color shades indicate the parts of
the genes coming from respective parents.
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collection of genes (Fig. 5). The mutation operator is one of the evo-
lutionary methods that can generate offspring solutions for the next
generation. Mutation is the only evolutionary operator in use in EP,
is the primary operator used in ES, and is a secondary operator in GA
applications. The implementation of mutations depends on the repre-
sentation. Mutation in binary representation presents problems by
selecting a bit and randomly changing it to 0 or 1 (independently of
the original value of that bit) or by inverting the value of bits selected
for mutation. Mutation in real-valued representations requires a ran-
dom change in the value of the real number encoded at a selected
position in the genotype. The crossover operator is the second evolu-
tionary operator used to generate offspring from selected parents.
Crossover is the primary operator in EP, a secondary operator in GA,
and not used at all in EP. Crossover combines genetic information
from two parents to generate one or two children that have features
from both parents. Crossover can be implemented in a number of
ways (Fig. 6(B)). The selection and the next-generation process
include a “survival of the fittest” mechanism. The computational
implementation of such a mechanism requires a way to calculate the
fitness of each member of the population (fitness function) and an
algorithm for selecting members of the population that will pass their
genes to the next generation. Fitness values should reflect the relative
quality of the problem being optimized to direct the evolutionary
search toward a more promising solution. Thus, fitness functions for
calculating such values must be written specifically for each problem.
As a result, the calculation of fitness values often consumes the major-
ity of the time dedicated to solving problems by EA. However, there
is no requirement for fitness values to be determined computationally.
GA implementation can use experimentally derived values determined
from biological assays that can serve as fitness values for population
members.247 There are many types of evolutionary algorithms used
for the selection process, but their discussion is beyond the scope of
this chapter.

As previously mentioned, Brusic and colleagues (1998(b),
121–130) developed a hybrid method for the prediction of HLA-
DR4 (B1*0401)-restricted peptides. In this case, a GA method was
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used to search for predictive alignments as a pre-processing step
before ANN analysis. The population in this case consisted of a set of
alignment matrices that were transformed into a new population by
means of a GA and a selection mechanism for fitness improvement.
The constraint applied to direct the evolutionary search, derived from
knowledge of primary anchor positions reported in binding motifs,
consisted of fixing position 1, corresponding to the primary anchor in
each matrix, while the rest of the matrix was subjected to the GA. The
size of the population of matrices was arbitrary selected and the selec-
tion technique used was elitist in that each parent matrix produced
two children, an identical copy of itself and a mutant copy, and passed
the offspring with the higher fitness value to the next generation. All
matrices of the final generation were used to score peptide alignments
by assigning a score to each putative binding core within each bind-
ing peptide. In each simulation, the alignment scored as highest by
the majority of the final generation matrices was selected and passed
to the final stage, i.e. ANN training. For chromosome encoding the
researchers used real numbers instead of binary representations. They
included mutation and reproduction evolutionary operators, but
opted to exclude the crossover operator because it resulted in a pop-
ulation of matrices with high similarities that promoted a linear model
of peptide alignment. The measure of the predictive power of an
alignment matrix was used to define its fitness. Such a fitness function
favored matrices that correctly classified non-binders and resulted in a
population of matrices in which individual matrices captured disjoint
regions in the solution space. The termination criteria (selection of
parent for mutation and reproduction operations) was determined in
a separate experiment that measured sensitivity, specificity, and aver-
age fitness function and in which each population was evolved up to
106 generations. The final generation of matrices was used to score
potential alignments, from which the highest scoring alignment of
binding peptides was selected. As previously described, this align-
ment, along with putative non-binders, was used for ANN training.

Other types of EAs, such as genetic programming (GP), have also
been used to address the problem described by Brusic (1998(b),
121–130). GP is a subclass of GA that is an automated procedure to find
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computer programs that best perform a user-defined task.248 Through a
Darwinian natural selection process, GP is capable of evolving computer
programs that solve, or approximate the solution, of a variety of prob-
lems. GP focuses on exploiting the regularities, symmetries, homo-
geneities, similarities, and patterns of problem environments by
means of automatically defined functions (ADFs). An ADF is a function
(i.e. subroutine, procedure, or module) that is dynamically evolved dur-
ing a run of GP. ADFs were first conceived and developed by James P.
Rice and John R. Koza of the Knowledge Systems Laboratory at
Stanford University.249 Klien and colleagues (2000)247 applied GP meth-
ods to the same data set used by Brusic (1998(b), 121–130). For MHC
binding predictions by GP, they used nine amino acid descriptors based
on physicochemical properties (hydrophobic, positive, negative, polar,
charged, small, tiny, aromatic, and aliphatic). GP instructions set in the
virtual machine used a straightforward collection of Boolean functions,
which allowed expression of complex associations of amino acid residues,
locations, and properties. They implemented a sliding window of length
nine to view the peptides and moved the window one residue at a time
to look for any possible sequence of nine residues within each peptide.
Peptide windows that did not include a known anchor residue in posi-
tion 1 were not tested. Instead of using mathematical instructions, the
researchers used only logical instructions and those that queried the type
of amino acid in a specific position or the properties of an amino acid in
a specified position. Their system implemented genetic operators for
mutation, reproduction, and crossover. However, they reported a lower
predictive performance (75% accuracy) compared to the >80% achieved
by Brusic (1998(b), 121–130) using a hybrid method. Details of their
GP implementation and source code are available at http://www.dd.
chalmers.se/~f 97johan/Projects/EvComp/index.html.

Probabilistic Graphical Models

Probabilistic graphical techniques result from the merging of proba-
bility and graphical theories. A wide variety of probabilistic graphical
methods have been developed, including the hidden Markov models
(HMM) and Bayesian networks (BN). In fact, systems that use the
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mathematical technique known as Bayesian inference have improved
the performance of many AI programs to the point that they are
being used in the real world. For example, the Microsoft Office 97
paper-clip assistant is based in Bayesian networks (marking Microsoft’s
first commercial deployment of Bayesian models).250 The application
of BN methods is steadily on the rise in biomedical research. They have
been used for protein folding and secondary structure predictions,251–253

protein-protein interactions,254–256 gene-drug dependencies,257 identi-
fication of transcription sites258 and splice sites,259 estimation of gene
regulatory networks,260–263 and a range of other areas including med-
ical diagnosis.264;,265

A Bayesian network (also known as a Bayesian belief network,
probabilistic causal network, chain graph, and knowledge map) is a
form of artificial intelligence designed to cope with uncertainty.266

Such systems operate using “Bayesian reasoning” under the Bayes rule
principle.267–270 The BN method has both quantitative and qualitative
attributes. With respect to the latter attribute, a BN is represented as
a directed acyclic graph in which the nodes represent random vari-
ables of interest and the edges (arcs) linking them represent causal
influence. In the simplest form of BN, quantitatively each variable is
considered to be independent of its ancestors given its parent, where
the parent/ancestor relationship is with respect a fixed topological or
hierarchical ordering of the nodes. The BN represents a local, rather
than a global, probability model, in which each node consists of a set
of conditional independent probability distributions (Fig. 6). Among
the advantages of Bayesian networks is their ability to: 1) combine
highly dissimilar types of data (i.e. continuous or discrete data; or data
from disparate sources) into a common probabilistic framework; 2) pro-
vide an intuitive and interactive graphical model representation that
allows the researcher to read true probabilities from the graphical
structure to determine the significance of each feature, which can help
explain the relevance of peptide/protein structural features for a given
problem application; 3) be used to discover data structure and condi-
tional probabilities directly from raw data (tabula rasa) through unsu-
pervised learning; and 4) provide a conceptual framework for the
clear distinction between causal and statistical parameters and general
concepts extending from this distinction, thus providing a proper tool
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for the investigators to treat non-statistical concepts, such as influence,
confounding, effect, intervention, explanation, disturbance, etc.267

BN methods has been applied to the prediction of binding pep-
tides to HLA-A2 class I molecules.271 Astakhov and Cherkasov (2005),
based on a data set consisting of 244 HLA-A2-binders (derived from
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Fig. 6. Example of a well known Bayesian network describing probabilistic
dependencies among variables Cloudy (C), Sprinkler (S), Rain (R), and Wet
Grass (W). These probabilities form the basis for computing the joint proba-
bility: P(C, R, S, W) = P(C) P(R|C) P(S|C) P(W|R, S), that is, the probability
of observing a combination of states assuming the specified probabilistic
dependencies among the nodes. In this example, the probability of seeing wet
grass for a cloudy sky with rain and no sprinkler on is 0.5 × 0.9 × 0.8 × 0.9 =
0.324. Not all states in the network may be known or observable at any given
time. With BNs, marginal probabilities for subsets of known states can be
obtained from the joint probability by summing over all possible combinations
of states for the unknown variables. For example, if we could not observe R or
S, we would obtain the marginal probability. In this way, the unknown vari-
ables R and S are eliminated from the distribution. Thus, we see that the like-
lihood of seeing wet grass when it is cloudy is (0.5 × 0.1 × 0.8 × 0.0) + (0.5 ×
0.1 × 0.2 × 0.9) + (0.5 × 0.9 × 0.8 × 0.9) + (0.5 × 0.9 × 0.2 × 0.99) = 0.4221.
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MHCPEP and SYFPEITHI databases) and a set of 464 non-binders
(derived randomly from a human albumin sequence), demonstrated
that the BN shows up to a 99.0% accurate identification of the HLA-
A2 binding peptides. Peptides were encoded using 20-bin vector rep-
resentations, and HLA-A2 binding activities representations were the
same as those used by Brusic et al. (1994(b), 121–130). In addition,
their approach may also suggest certain advantages of probabilistic
graphical methods over other methods like the ANN. When the train-
ing data set was reduced by 40.0% from the original data, the predic-
tive accuracy (as measured by AROC) of HLA-A2 binding peptides by
BN, HMM, and ANN methods was 0.88, 0.85 and 0.85, respectively.
Therefore, application of BN methods may provide an alternative
approach to immunologists when data are sparse. Astakhov and
Cherkasov clearly show that the BN method can potentially serve as
a machine-learning tool that can be applied to prediction of viral
immunogens as well as to de novo design strategies.

The studies described above demonstrate the power of ANN, as
well as other machine-learning methods, to exploit information from
peptide/protein databases in order to derive SAR and make predic-
tions of peptide/protein functions from primary sequences alone.
Most of the studies described herein used three-layered feed-forward
ANN with back-propagation methods. Expansion into other ANN
methods, such as self-organized maps,272 self-growing neural net-
works,273,274 and associative memory networks,272 should bring
advances in peptidomimetics and de novo design. Also, development
of hybrid approaches that combine ANN methods with other
machine-learning techniques such as HMM, EA, BN, and SVM will
enhance prediction performance and advance development of vaccine
and diagnostic candidates. Neural network techniques are not just for
computer scientists or engineers, but comprise a powerful set of tools
for immunologists as well. Advancements in ANN applications to
immunology and protein design will depend on the ingenuity in for-
mulating problems and designing neural networks and the reliability
of the information stored in databases. We anticipate fast growth in
ANN applications for computational virology and in the number of
immunologists using such mathematical machine-learning techniques.
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Chapter 10

Bioinformatics Resources for the
Study of Viruses at the Virginia

Bioinformatics Institute

Anjan Purkayastha†, Oswald Crasta†, J Dana
Eckart ‡, Michael Czar*,†, XJ Meng §,

Joao Setubal † and Bruno Sobral †

Introduction

This chapter gives an overview of two bioinformatics resources that are
being developed at the Virginia Bioinformatics Institute (VBI) for the
study of pathogenic microorganisms, with a special focus on pathogens
listed as biodefense priority agents by the Centers for Disease Control
(CDC) and the National Institute of Allergy and Infectious Diseases
(NIAID). The Pathosystems Resource Integration Center (PATRIC)
has been formed to provide a comprehensive and centralized annotation
resource for eight classes of human pathogens, including all sequenced
species, subspecies, strains and isolates. The Pathogen Portal (PathPort)
was established to provide the scientific community with an integrated
biological data analysis platform that includes multiple and diverse data
sets on microbial pathogens and a set of analysis tools.

*Corresponding author.
†Virginia Bioinoformatics Institute, Virginia Polytechnic and State University, Blacksburg, VA, USA.
‡AFLAC, Columbus, GA, USA.
§VA-MD Regional College of Veterinary Medicine, Virginia Polytechnic and State University,
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Advances in genomics and computer technologies are fueling the
development of a knowledgebase from large data sets created by high-
throughput genomic technologies using digital computation, data,
information, and networks. The integration of knowledge from various
fields such as computer science, chemistry, and biology has created a vast
opportunity by creating new research environments based upon
Cyberinfrastructure.1 Cyberinfrastructure refers to the infrastructure
required to develop a knowledgebase based upon distributed computing,
information, and communication technology. One of the major chal-
lenges during the post-genomic era is the integration of diverse data
sets.2 As described by Kanehisa and Bork, the main goal of bioinformat-
ics during the 1990s was to create primary databases of genes and pro-
teins.3 Currently the focus is to extend the databases for quantitative data
from transcriptomes and proteomes and to provide interoperability
between multiple disciplines. The bioinformatics resources developed
under such endeavors are expected to assist the scientific community in
making use of the large datasets produced by high-throughput tech-
nologies in elucidation of the mechanisms of phenotypic expression.
Understanding of these mechanisms may result in the identification of
specific targets and products relevant to public health. Both PATRIC
and PathPort fall under the auspices of the Cyberinfrastructure Group at
VBI, whose goal is to provide a scalable, flexible and interoperable tech-
nology framework that facilitates biodiscovery.

Bioinformatics Resource Centers

In July 2004, NIAID funded eight centers to serve the needs of
scientists investigating select groups of pathogens, which include
many viruses. These centers will provide comprehensive genomics
resources on pathogens causing emerging or re-emerging diseases or
considered to be priorities for biodefense. We describe in this section
the general goals of NIAID’s Bioinformatics Resource Centers
(BRC) initiative.

NIAID strives to understand, treat, and ultimately prevent infectious,
immunologic, and allergic diseases that threaten millions of human lives.
Within NIAID, the Division of Microbiology and Infectious Diseases
(DMID) provides grants for research to control and prevent diseases
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caused by virtually all infectious agents with the exception of AIDS. The
programs supported range from basic biomedical research, which
includes studies of microbial physiology and antigenic structure, to
applied research, which includes the development of diagnostic tests, to
clinical trials for evaluating experimental drugs and vaccines. Since the
terrorist events in September of 2001, a number of initiatives have
been launched with a focus on infectious agents that are relevant to
biodefense. NIAID has already made a significant investment in
genome sequencing of invertebrate vectors of disease and pathogenic
microorganisms, including medically important microbes, and those
considered agents of bioterrorism. Coupled with other biochemical and
microbiological information, these sequences are facilitating the devel-
opment of targets for diagnostics, drugs, and vaccines, and for forensic
strain identification. Vast amounts of information have been and are
currently being generated, and the storage, integration, and interpreta-
tion of this information requires a cyberinfrastructure consisting of rela-
tional databases and robust software components and tools to facilitate
data exploration by the scientific community.

A NIAID initiative to meet these needs of integration and analysis
is the Bioinformatics Resource Centers for Biodefense and Emerging
or Re-Emerging Infectious Diseases (BRC). Eight BRC centers were
established, under an initial five-year grant, to construct a cyberinfra-
structure that integrates genomic, proteomic, biochemical, and micro-
biological information (http://www.niaid.nih.gov/dmid/genomes/
brc/default.htm). A list of the eight BRCs and their affiliated institu-
tions is given in Table 1. The BRC initiative will provide the scientific
community with a research resource that includes access to a large
amount of genomic and related data, and to tools that facilitate the
interpretation of that data. The BRC resources are for public use and
are be offered completely free of charge.

The specific objectives of this initiative are:

1. To provide the scientific community with a robust point of entry
for access to genomic and related data in a user-friendly format.
The centers focus on the organisms listed in the NIAID Category
A-C priority list or pathogens causing emerging or re-emerging
diseases that are relevant for biodefense.
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Table 1. List of the eight Bioinformatics Resource Centers funded by NIAID in 2004

BRC Name Institutes Link

1 PathoSystems Resource Virginia Bioinformatics Institute (VBI) http://patric.vbi.vt.edu/
Integration Center (PATRIC) Loyola University Medical Center

Social and Scientific Systems
University of Maryland

2 Pathema The J. Craig Venter Institute http://www.tigr.org/pathema/

3 Aplicomplexan Database University of Pennsylvania http://apidb.org/
Resources (ApiDB) University of Georgia

4 Vector Base University of Notre Dame (UND) http://www.vectorbase.org/
European Bioinformatics Institute
European Molecular Biology Laboratory
Institute of Molecular Biology and Biotechnology
Harvard University
Purdue University
University of California Riverside
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Table 1. (Continued )

BRC Name Institutes Link

5 National Microbial Pathogen University of Chicago http://www.nmpdr.org/
Data Resource (NMPDR) The Fellowship for Interpretation

of Genomes (FIG)
Argonne National Laboratory
The University of Illinois

6 Viral Bioinformatics Resource University of Alabama Birmingham (UAB) http://www.biovirus.org/
Center (VBRC) University of Victoria, Canada

7 The Biodefense/Public Health University of Texas Southwestern Medical http://www.biohealthbase.org/
DataBase (BioHealthBase) Center (UTSMC)

Northrop Grumman
Vecna Technologies
Amar International

8 Enteropathogen Resource SRA International http://www.ericbrc.org/eric/
Integration Center (ERIC) University of Wisconsin Madison
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2. To facilitate the identification of potential targets for the develop-
ment of vaccines, therapeutics and diagnostics.

The eight BRCs will curate genomic information on a specific set
of microorganisms and integrate other types of data relevant to those
pathogens. The list of the pathogens in the NIAID Category A to C
priority and the corresponding BRC associated are shown in Fig. 1.
A mandate for interoperability between BRCs has been made by
NIAID, and standardization of data formats will be critical to meet this
goal. Each BRC is developing a multi-organism relational database
that it will maintain and continually update. Standard and advanced
analytical tools will also be built and enhanced throughout the dura-
tion of the project as a companion to the database and an analysis
resource to help researchers access and analyze the data. For example,
the analysis tools will enable comparative analysis of genomes to allow
the identification of genetic polymorphisms that correlate with pheno-
types such as pathogenicity, drug resistance, morbidity and infectivity.
A total of three out of the eight BRCs (PATRIC, VBRC and
BioHealthBase) (Table 1) are involved in the curation of the viruses.
Here we describe the organization of the resources at PATRIC.

The Pathogen Resource Integration Center (PATRIC) and
Annotation and Curation of Microbial Genomic Data

PATRIC will annotate and curate genomic and related biological data
for eight pathogenic microorganisms, which include three bacteria and
five viruses. The bacteria are Brucella, Rickettsia, and Coxiella, while the
viruses include the caliciviruses, coronaviruses, hepatitis A, hepatitis E,
and rabies viruses. Table 2 provides the number of genomes stored at
PATRIC and the range of genome sizes. Specifically, we plan to anno-
tate and curate biological information on the multiple strains/genotypes
of the hepatitis A virus, the hepatitis E virus and the rabies virus
species; members of the genus coronavirus (family Coronaviridae); and
the entire Caliciviridae family.

Systems biology is the study of biological organisms at the systems-
level that takes into account the interactions of the key cellular compo-
nents (DNA, RNA, protein, metabolic pathways) and the response of
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cells to their environment. At PATRIC, we define the pathogen-host-
environment triangle as a PathoSystem. Different factors at each of
these nodes converge to influence the outcome of an infection, which
may range from microbe-clearance to full-blown disease. It will be our
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Category A 

• Bacillus anthracis (anthrax) (2)

• Clostridium botulinum (2)

• Yersinia pestis (8)

• Variola major (smallpox) & other pox 
viruses (6)

• Francisella tularensis (tularemia) (7)

• Viral hemorrhagic fevers (6)

o Arenaviruses  
LCM, Junin virus, 
Machupo virus, 
Guanarito virus  
Lassa Fever  

o Bunyaviruses 
Hantaviruses  
Rift Valley Fever  

o Flaviruses  
Dengue  

o Filoviruses  
Ebola  
Marburg  

Category C Emerging infectious disease threats 
such as Nipah virus(6) and additional 
hantaviruses. 

NIAID priority areas:

• Tickborne hemorrhagic fever viruses (6)

o Crimean-Congo Hemorrhagic
fever virus  

• Tickborne encephalitis viruses (6)

• Yellow fever (6)

• Multi-drug resistant TB (7)

• Influenza (7)

• Other Rickettsias (1)

• Rabies (1)

• Severe acute respiratory syndrome-
associated coronavirus (SARS-CoV) (1)

(Note: SARS-CoV added August 30, 2004)

Category B

• Burkholderia pseudomallei (2)

• Coxiella burnetii (Q fever) (1)

• Brucella species (brucellosis) (1)

• Burkholderia mallei (glanders) (2)

• Ricin toxin (from Ricinus communis) (7)

• Epsilon toxin of Clostridium perfringens 
(2)

• Staphylococcus enterotoxin B (5)

• Typhus fever (Rickettsia prowazekii) (1)

• Food and Waterborne Pathogens  
o Bacteria  

Diarrheagenic E.coli (8)

Pathogenic Vibrios (5)

Shigella species (8)

Salmonella (8)

Listeria monocytogenes 
(5)

Campylobacter jejuni (5)

Yersinia enterocolitica 
(8) 

o Viruses (Caliciviruses, Hepatitis 
A) (1)

o Protozoa  
Cryptosporidium
parvum (3)

Cyclospora 
cayatanensis  
Giardia lamblia (7)

Entamoeba histolytica 
(2)

Toxoplasma (3)

Microsporidia (7)

• Additional viral encephalitides  
o West Nile Virus (6)

o LaCrosse  
o California encephalitis (6)

o VEE (6)

o EEE (6)

o WEE (6)

o Japanese Encephalitis Virus (6)

o Kyasanur Forest Virus (6)

Fig. 1. The list of pathogens in the Categories A, B and C as assigned by
NIAID. (Source: http://www2.niaid.nih.gov/biodefense/bandc_priority.htm).
The number following the pathogen name indicates the corresponding BRC
assigned as in Table 1.
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aim to curate information on the entire PathoSystem and not just the
pathogen. We believe that this holisitic, “systems biology” approach to
studying a disease will yield valuable insights into the pathogenic mech-
anisms of these microbes, knowledge that will be crucial in the devel-
opment of novel diagnostics, vaccines, and therapeutics.

Central to the concept of systems biology is the integration of
theory, wet lab experimentation, modeling, and simulation in the
context of any biological process. In following this approach we will
strive to provide the scientific community with an integrated view of
biological data drawn from numerous sources. The PATRIC database
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Table 2. Genomes stored at PATRIC. The three bacterial and five viral organ-
isms are listed along with the number of genomes stored at PATRIC (* as of
July 2007) and the range of genome sizes for each organism

Number of
Genomes

Organism Expert (whole
(Affiliation) and partial)* Genome Size

Bacteria
Brucella Dr. Steven Boyle 6 Ch1: 2.11 Mb

(Virginia Tech) Ch2: 1.17 Mb
Coxiella Dr. Robert Heinzen 4 1.5–2.1 Mb

(NIAID, NIH)
Dr. James Samuel

(Texas A&M University)
Rickettsiae Dr. Abdu Azad 12 1.1–1.6 Mb

(University of Maryland)
Viruses

Coronaviruses Dr. Susan Baker 232 27–31 kb
(Loyola University of Chicago)

Caliciviruses Dr. Jan Vinje 77 7.7–8.5 kb
(Centers for Disease Control

and Prevention)
Hepatitis A Viruses Dr. Yuri Khudyakov 48 7.4 kb

(Centers for Disease Control
and Prevention)

Hepatitis E Viruses Dr. Xiang-Jin Meng 65 7.2 kb
(Virginia Tech)

Rabies Viruses Dr. Charles Rupprecht 30 11.9 kb
(Centers for Disease Control

and Prevention)
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will contain high-quality annotated data: sequence annotations from
published whole and partial genomes; relevant experimental data; meta-
bolic pathway data; taxonomic and ontological data; relevant literature,
and a suite of visualization and analysis tools. An organism expert
(OE) — a scientist with several years of experience and a recognized
authority in the field — will help direct the curation of each organism
and connect PATRIC to the specific research community (see Table 2).

Genome Curation Process

The main goal of the curation process is to provide well-curated
resources for the organisms to the scientific community. The genome
curation process is depicted in Fig. 2 and is classified into following
main categories:
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Fig. 2. The PATRIC curation schema. Displayed is the flow of informa-
tion from the genomic sequence of an organism to other types of systemic
data: transcriptomic, proteomic, and metabolomic. Also shown are the vari-
ous individuals who will take part in the annotation process.
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1. Genome annotation: identification of features present in the
genomic sequence.

2. Gene annotation: analysis of each protein-coding gene.
3. Literature-based genome curation: integration of literature infor-

mation relevant to genes or the genome.
4. Post-sequence curation: integration of data from experimental

sources.
5. Comparative genomics: comparisons at three different levels:

1. whole genome alignments, 2. identification of orthologs at the
gene level, and 3. identification of SNPs and other polymor-
phisms at nucleotide/residue level.

Pathogen Background Information

Besides the genome curation, PATRIC’s curation team will generate
detailed background information on pathogens using the XML-based
Pathogen Information Markup Language (PIML) as described by He
et al.4 PIML allows for a portable, system-independent, machine-
parseable, and human-readable representation of general information
for any pathogen. This body of pathogen information can be queried
and displayed graphically from a web service (http://staff.vbi.vt.edu/
pathport/services/wsdls/piml.wsdl) in ToolBus/PathPort,5 which pro-
vides a customgraphical visualization module for PIML documents and
interoperabilitywith other types of infectious disease data (e.g. genomic).
A web-based query and display system was also developed to query
the complete pathogen information or a specific topic across multiple
pathogens (http://www.vbi.vt.edu/pathport/pathinfo/query.html).
These documents are expected to serve the scientific community with
up-to-date information on various aspects of the pathogens with the
listing of the corresponding bibliography.

Schema for Curation of Biological Data

A significant challenge in designing PATRIC is the storage and
retrieval of diverse kinds of biological data. Our computational infra-
structure must be robust, scalable and flexible to permit the integra-
tion of data on different organisms from multiple sources and allow
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easy access for computational analyses. We have chosen the Genomics
Unified Schema (GUS) database architecture (http://www.gusdb.org)
to address our information storage needs. GUS offers a schema and
user interface that integrates genomic, transcriptomic and proteomic
data of multiple organisms, along with information on their metabolic
and regulatory networks. It also has provisions to store ontologies
and controlled vocabularies, gene expression data, and comparative
genomic data. GUS is an open-source, relational database schema that
has been developed by the Computational Biology and Informatics
Laboratory at the University of Pennsylvania. It has been successfully
implemented by other biological web-resources. GUS currently uses
the Oracle database management system, and there are plans to port
it to other DBMSs.

Genomic Analysis Tools

PATRIC’s software systems will play three primary roles: support the
in-house genomic annotation/curation efforts; provide the scientific
community with access to the curated information, together with an
evolving suite of analysis tools aimed at helping researchers develop
vaccines, therapeutics, and diagnostics; and enable consumers of this
information to provide the project curators with both general and
specific feedback. Users will be able to browse the archived genome
annotations via powerful query and navigation capabilities. The various
levels of biological information will be seamlessly interconnected so
that a user may move, for example, from viewing gene annotations to
querying metabolic pathways to viewing results of high-throughput
experiments and a summary of published literature. The analysis tools
will support both whole-genome and gene-level comparisons. 

The Scientific Community  —  Outreach and Feedback

In addition to providing information, PATRIC will engage the scien-
tific communities it serves through a series of outreach activities.
These activities include establishing and maintaining contact with
genome providers (sequencing centers), participating in scientific meet-
ings relevant to the organisms we curate, and seeking and accepting
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feedback from the community. We invite and welcome participation of
the community at all levels of our efforts, from helping us better curate
specific information of specific genomes to suggestions of tools that
can help the community better take advantage of the wealth of infor-
mation available on our website. There are specific mechanisms for
feedback at our website (http://patric.vbi.vt.edu), and comments can
also be sent to the e-mail address patric@vbi.vt.edu.

Viruses Curated at PATRIC

This section offers an introduction to each of the five viral Patho-
Systems that are being curated at PATRIC. Current knowledge of the
taxonomy, structure, and host-range of each PathoSystem are briefly
described.

The Genus Coronavirus

The genus coronavirus is a member of the family Coronaviridae.6

Coronaviruses are large, enveloped, single-stranded, positive-sense
RNA viruses. With genome sizes ranging from 27 to 32 kB, the coro-
naviruses have the largest genomes of all the known RNA viruses.
They have a spherical lipid-bilayer envelope enclosing a nucleocapsid
core. The lipid envelope has multiple copies of the integral M (mem-
brane) and S (spike) glycoproteins, the latter protruding outwards in
the form of club-shaped spikes. Some coronaviruses (belonging to
Group 2, see below) possess a third integral membrane glycoprotein:
HE (hemagglutinin-esterase) protein. The genomic RNA molecule,
which is capped and polyadenylated, associates with copies of the N
(nucleocapsid) protein to form a long, helical nucleocapsid. A typical
coronavirus genome has two large, overlapping open-reading frames
(ORF), ORF1a and ORF1b, that encode two polyproteins, and a set
of ORFs that encode structural (S, M, N) and other accessory pro-
teins. While all coronaviruses encode the two polyproteins, the num-
ber and composition of the other ORFs vary between species.

Coronaviruses are found in birds and mammals. The viruses
fall into three categories, based on serological cross-reactivity:
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Groups 1 and 2 infect mammalian hosts while Group 3 infects only
avian hosts.

In animals, coronavirus infections can lead to virulent multi-systemic
diseases. For example, in pigs, the porcine transmissible gastroenteri-
tis virus (TGEV) causes respiratory and enteric infections; in mice, the
mouse hepatitis virus (MHV) causes respiratory, enteric and neuro-
logic infections as well as hepatitis.6

In humans, coronaviruses were associated with mild diseases until
the appearance of the SARS coronavirus, which causes severe, often
life-threatening, disease. Most human coronaviruses cause a mild,
upper respiratory tract infection. They are transmitted via the aerosol
route and direct as well as indirect contact. The incubation period of
the virus is about three days, leading to the symptoms of a common
cold: fever, runny nose, cough and malaise. The disease is resolved
within a few days. An exceptional case is the SARS virus, a newly dis-
covered human coronavirus.7 The outcome of SARS infection varies
from a mild illness to a more severe disease leading to respiratory fail-
ure and death. Phylogenetic analysis suggests that the SARS virus has
split off from the Group 2 coronaviruses.7

The Caliciviridae Family

The Caliciviridae family is comprised of viruses that are known to cause
disease in humans and other animal species.8 The family is divided into
four genera: Vesivirus, Lagovirus, Norovirus, and Sapovirus.9 Caliciviruses
have a single-stranded, non-segmented, positive-sense RNA genome of
approximately 7.7–8.5 kB. Family members encode two or three ORFs,
the arrangements of which differ between genera. The viruses have a
non-enveloped, icosahedral capsid composed of a single protein type.
The Norwalk virus (genus Norovirus) capsid protein has two major
domains, S and P. The S domain forms the inner shell while the P
domain forms arch-like structures that extend outward from the shell.10

Caliciviruses infect different species and cause remarkably differ-
ent diseases in their hosts.9 The ability to correlate the type of disease
caused by the virus to features in its genomic sequence is some-
thing that the PATRIC project aims to enable. In swine, the vesicular
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exanthema virus (VESV) (genus Vesivirus) causes vesicles on the snout
and hooves. In cats, the feline calicivirus (FCV) (genus Vesivirus) causes
conjunctivitis, ulcers, limping, and respiratory disease. The Lagovirus
species cause extensive hepatic necrosis in rabbits and hares. In
humans, the Noroviruses and the Sapoviruses are transmitted primarily
by the fecal-oral route and are the most important causes of epidemic
nonbacterial gastroenteritis. The virus has a mean incubation period
of about 24 hours, with the illness lasting from 24 to 48 hours.8

Norwalk virus gastroenteritis is characterized by nausea, vomiting and
diarrhea; the disease is usually self-limiting. 

Hepatitis A Virus

The hepatitis A virus (HAV) is the only member of the genus
Hepatovirus (Picornaviridae family).11 The HAV genome is a single-
stranded, non-segmented, positive-sense RNA molecule of size 7.4
kB. It contains just one gene that encodes a large polyprotein of 2227
amino acids that is proteolytically cleaved to form ten smaller, func-
tional proteins. The genomic RNA molecule is uncapped but
polyadenylated, and it has a viral protein (Vpg) covalently attached to
its 5′ end. HAV has a non-enveloped, dodecahedral capsid that is
composed of four types of structural polypeptides. The genomic RNA
molecule, along with the covalently linked Vpg, forms the inner core
of the virion. 

The virus causes disease in humans and several primate species.
Transmission occurs mainly via the fecal-oral route by the ingestion of
food or water contaminated with infected feces. The course of HAV
infection is highly variable, ranging from asymptomatic infection to
acute disease. The ability to correlate symptoms of the infection to
features in its genomic sequence is something that the PATRIC project
aims to enable. The disease has four progressive stages: incubation,
prodromal, icteric, and convalescent. The incubation period ranges
from 10 to 50 days, followed by fatigue, fever, nausea and vomiting.
In the icteric stage, abnormally high bilirubin levels cause a discol-
oration of the mucous membranes, skin and conjunctivae; the patient
discharges dark, golden-brown urine and pale stools. Most patients
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recover from the disease; however, fatalities do occur, with case-fatality
rates being highest for older adults. 

Hepatitis E Virus

The hepatitis E virus (HEV) is the prototype species of the genus
Hepevirus, the only member of the family Hepeviridae.12 It has a sin-
gle-stranded, non-segmented, positive-sense RNA genome of about
7.2 kB that encodes three ORFs. Recent work suggests that the
HEV capsid is composed of a single protein type.13 Multiple copies
of the structural protein interact to form an icosahedral shell with
protrusions. 

HEV is known to infect humans and other animal species. It is
endemic to various countries. The virus is spread mainly through the
fecal-oral route; however, cases of hepatitis E infections arising from
blood-transfusions and eating raw/undercooked meat have also been
reported.12,14–16 In humans, the virus causes hepatitis E, an acute dis-
ease characterized by anorexia, jaundice and an inflamed liver. It has
a low mortality rate of about 1%. 

Rabies Virus

The Rabies virus belongs to the Rhabdoviridae family, and is the pro-
totypic member of the genus lyssavirus.17 It has a single-stranded,
non-segmented, negative-sense RNA genome of approximately 11.9
kB that contains five genes (N, P, G, M and L) and a pseudogene.
Like most other members of the Rhabdoviridae family, the rabies virus
posseses a characterestic “bullet” shape. Each virion has two compo-
nents: (a) a ribonucleoprotein (RNP) core, which consists of the single-
stranded RNA genome tightly coiled around multiple copies of the
major nucleoprotein N and the minor polymerase components, the L
and P proteins; and (b) a lipoprotein bilayer membrane. Copies of the
glycosylated G protein, embedded in the lipid bilayer, protrude out-
ward as spike-like projections. The matrix protein M binds to the
inner membrane and to the RNP, forming a bridge between the inner
ribonucleoprotein core and the surface membrane. The structural
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geometry involved in the formation of the rhabdovirus virion remains
to be elucidated.

The virus can infect all warm-blooded animals and causes acute
disease of the central nervous system. It is usually transmitted by the
bite of infected animals. The disease has five general stages of pro-
gression: incubation, prodrome, acute neurologic period, coma, and
death.18 The incubation period — the time between infection and the
onset of clinical symptoms — is usually 1 to 2 months; extreme cases
in which the incubation period was less than a week or several years
have also been reported. The disease is almost always fatal, if not
promptly treated.

The Pathogen Portal Project (PathPort)

In addition to providing information from the PATRIC project
through a web-browser interface, as required by the contract, we pro-
posed an additional means of access through the Pathogen Portal
(PathPort). PathPort, developed at VBI through funding from the
Department of Defense, is an integrated platform providing biologi-
cal data and analysis tools to scientists studying the host-pathogen-
environment interaction triangle, with a particular focus on
pathogens that are considered to be biodefense priorities. PathPort
utilizes a Service Oriented Architecture (SOA) consisting of web-
services and a client-side JAVA application, ToolBus, which utilizes
plugins for data visualizations. ToolBus acts as a “bus” for contacting
data and tools (from the SOA) and serves as a single, consistent user
interface. Information on the PathPort project is available at
http://pathport.vbi.vt.edu/main/home.php.

Biological data are distributed across different databases (e.g.
GenBank, SwissProt) and are stored in a variety of formats. The need
for the development of cyberinfrastructure is highlighted by the fact
that data analysis tools use different, and often incompatible, data for-
mats. This heterogeneity in the storage, representation, and use of
biological data is a challenge that PathPort seeks to address by differ-
ent data sets and tools. PathPort has been designed to be a flexible,
scalable, platform-independent, and seamless system that allows the
user access to different kinds of biological data and analysis tools.
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As the functioning of ToolBus is not dependent on any data domain
type, it can easily support new data types. This allows new analysis and
visualization modules to be rapidly added to PathPort. It is scalable
both in the number of users and the services it provides, as data
sources, analysis tools, and data models are all decentralized and web
service tools, are hosted on multiple servers. PathPort uses XML,
JAVA and associated technologies, making it a platform-independent
application.

The client-side interconnect, ToolBus, provides users with a con-
sistent visualization interface and gives users greater control over data
and tools located at off-site servers, allowing them to download only
the data necessary for their work. ToolBus also allows users to create
groups of associated data; such associations may be made between dif-
ferent data types that reside in separate visualizations. Data association
is further supported by a novel function of ToolBus — group sug-
gestors. Group suggestors monitor the data in ToolBus to look for
possible associations among the data, which are then presented to the
user. Associations can be made on the basis of gene ontology assign-
ments, sequence identifiers (GenBank or Swissprot identifiers), pre-
computed orthologs (planned), and other shared attributes. ToolBus
allows the saving and sharing of work sessions. Because of the plat-
form-independent nature of the application, work sessions may be
shared among colleagues working on different operating systems.

PathPort offers a wide range of biological data analysis tools
(Table 3). Pathport covers gene prediction programs, sequence align-
ment (pairwise and multiple), sequence comparison, sequence simi-
larity searches, and microarray data analysis modules. Aside from
biological data and analysis tools, PathPort also provides manually
curated information in the form of Pathogen Information (PathoInfo)
documents and Molecular Interaction Networks (MINet). PathInfo
documents contain detailed background information on up to 46 bio-
threat agents. These manually curated documents describe the taxonomy,
lifecycle, epidemiology, and the host range of the pathogen, including
any relevant biosafety information, methods of culturing, and diagnostic
tests (Fig. 3). PathInfo documents, in the PIML format (described
above), may be accessed through ToolBus. The MINet project pro-
vides a graphical representation of the knowledge of host-pathogen
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interactions gleaned from literature curation (Fig. 4). In order to pro-
mote interoperability, PathPort has developed the Molecular Interaction
Network Markup Language (MINetML), an XML-based data represen-
tation format along the lines of PIML. MINetML focuses on a high-
level description of the molecular and cellular interaction between
pathogen and host. It emphasizes curatorial accuracy and cross-refer-
encing to external databases and ontology systems.

Outreach Activities at PathPort

The PathPort project is committed to providing the scientific commu-
nity with integrated and easy access to the latest data and state-of-the-art
analysis tools. The project actively solicits feedback and suggestions
for improvement from PathPort users. Users may suggest features to
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Data:
Genome Search
Pathogen Background Information
Phylogenetic Tree construction
EBI (gene expression)
GEO (gene expresion)

Gene Prediction:
Genscan
Glimmer
GlimmerM
TigrScan
GrailEXP
GeneMark
Orpheus

Probe design:
PCR/Hybridization
YODA

DNA assembly, digestion:
Contigs from trace files
Restriction enzymes
tRNA
Transcription factors
Ribosomal RNA

Sequence Alignment and Search:
BLAST
FASTA
Smith-Waterman
CLUSTAL-W
Sean
Ssaha and SsahaSNP
MUMmer
InterProScan

Microarray analysis:
Agnes 
Hclust 
Kmean
Anova
Manova
Diana (Hierarchical clustering)
Multtest (f/t tests)
Rfda (Discriminant analysis)
Rknn (KNN classification)
Rlda (Supervised classification)
Rpca (PCA classification)
Rsom (Gene SOM)
Rsvm (SVM classification)

Table 3. List of Services at PathPort
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be added at pathport.vbi.vt.edu/scrum. PathPort also holds day-long
workshops all over the country to provide hands-on training to mem-
bers of the scientific community. 

Summary and Conclusion

The PATRIC and PathPort projects have been established to facilitate
research on the host-pathogen-environment triangle. Both projects
have been set up as part of the federal government’s initiatives on
biodefense. The overarching goal of both PATRIC and PathPort is to
provide infectious disease researchers with centralized and integrated
portals of information that will facilitate the development of novel
therapeutics, vaccines, and diagnostics for known biothreat agents.
Both projects have been developed on a flexible infrastructure that
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Fig. 3. A sample PathInfo document. PathInfo documents contain manu-
ally curated background information on a pathogen. The document is
available both in the HTML and PIML formats at the PathPort website
(http://pathport.vbi.vt.edu/pathinfo/).
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will allow for the rapid inclusion of the most current data and and
analysis tools, thus allowing scientists to keep abreast of the latest
developments in their areas of research.
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Chapter 11

Virus Architecture Probed by Atomic
Force Microscopy

A. J. Malkin†,*, Yu. G. Kuznetsov ‡, M. Plomp† and
A. McPherson‡

Atomic force microscopy (AFM) has recently emerged as an effective com-
plement to X-ray crystallography and electron microscopy techniques for
studying virus structure, assembly and function. AFM allows direct, high-
resolution visualization of the native surface of both polymorphic and
pleiomorphic viruses and their subviral structures. These AFM data, as we
demonstrated recently for vaccinia virus, allow successful modeling of the
complex architecture of a large virus. AFM can be used to elucidate
dynamic processes associated with the lifecycle of viruses in vitro and probe
the mechanisms of virus entry and budding on the surfaces of virus-
infected cells.

Introduction

Currently, X-ray crystallography and electron microscopy (EM) are the
two primary tools for structural studies of viruses, and they have pro-
vided detailed structures for a wide range of icosahedral and helical

*Corresponding author. E-mail: malkin1@llnl.gov
†Chemistry, Materials, and Life Sciences Directorate, Lawrence Livermore National Laboratory,
Livermore, CA 94551, USA.
‡Department of Molecular Biology and Biochemistry, University of California, Irvine, California
92697-3900, USA.
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viruses. In particular, X-ray crystallography1 is the only available tech-
nique allowing structure determination at the atomic level, while
recent advances in cryo-EM coupled with developments in image
recognition techniques currently allow modeling of virus struc-
tures up to ~5 Å resolution.2 Both techniques provide direct three-
dimensional structural information, and they allow visualization of the
interior of the virus as well as its surface. Similarly, transmission elec-
tron microscopy is currently almost the only technique to probe virus-
cell interactions. However, X-ray crystallography and EM have several
distinct limitations. X-ray diffraction requires the virus to be in a crys-
talline form, which is often impossible to achieve. Furthermore, it is
currently limited to the studies of viruses with sizes of up to ~ 50 nm.
It is unlikely that future technological developments will push this
limit beyond 150 nm. Cryo-EM is most useful for highly symmetrical
viruses, such as icosahedral viruses. Both techniques require highly
purified, structurally homogeneous virus samples. Hence, because of
structural heterogeneity, lack of symmetry and large sizes, many ani-
mal and human viruses are not amendable to either X-ray diffraction
or cryo-EM techniques. Another limitation is that both techniques
provide a time-and-space averaged model of the specimen population
and therefore cannot visualize unique features that differ from virion
to virion. Finally, both X-ray diffraction and cryo-EM require sub-
stantial amounts of time for sample preparation, data collection and
calculations. 

In the past five to seven years, significant advances have been
made in structural studies of viruses and virus-infected cells by atomic
force microscopy (AFM). The principles of AFM operations have
been described in great detail elsewhere (Dufrene, 2004; Malkin et al.,
2005).3,4 AFM has different virtues that tend to be complimentary to
those of X-ray diffraction and EM. AFM allows rapid visualization of
high-resolution architectures of single virions present in a relatively
crude preparation. This enables access to variations in the particle struc-
ture within a population, which could be important for the evaluation
of their infectivity. AFM provides a resolution comparable to conven-
tional EM methods,5 while at the same time it can be conducted in
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fluid under native conditions. Furthermore, environmental conditions
can be easily changed during the course of AFM experiments, allow-
ing study of the structural dynamics of viruses in response to envi-
ronmental and chemical stimuli.

In this chapter, we will demonstrate the capabilities of AFM in
probing the architecture of plant, animal and human viruses repre-
senting a wide size range (60 Å − 0.5 µm), imaged under a broad
range of conditions (air-dried, fully hydrated, various inorganic and
organic solutions) and constellations (single, in a crystal, dissected,
budding from cells).

AFM Investigations of High-Resolution
Structures of Viruses

The overall morphology of viruses, having a wide range of geometri-
cal structures and spanning the size range from 16 nm for small T = 1
icosahedral satellite viruses6 to almost half a micron for poxviruses,7

can be imaged by AFM under physiological conditions (Fig. 1).
Furthermore, AFM provides a resolution sufficient not only to visu-
alize the gross shape of virions, but also to unravel the molecular
details of their surfaces. Here, we will describe several applications of
AFM to probe high-resolution structures and assemblies of a wide
range of viruses.

Virus Architecture Probed by Atomic Force Microscopy 291

FA

Fig. 1. (a) 16 nm diameter satellite tobacco mosaic virus (STMV) parti-
cles adsorbed on mica. (b) Brome mosaic virus (BMV) particles adsorbed on
mica. Capsomeres are evident on the virus surface. (c) Ty3 RT mutant virus-
like particles (VLPs). (d) Intracellular mature vaccinia (IMV) virus particles
adsorbed on mica.
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T == 3 Icosahedral Viruses

In work on turnip yellow mosaic virus (TYMV), illustrated in Fig. 2a,
it was demonstrated for the first time that AFM allowed the struc-
ture of a virion to be visualized to such high resolution that indi-
vidual protein capsomeres on the virion surface could be clearly
resolved.8

The capsid of the T = 3 icosahedral TYMV virion is 28 nm in
diameter and is composed of 180 identical protein subunits, organ-
ized into 12 pentameric and 20 hexameric capsomeres.9 In AFM
images, pentameric and hexameric clusters, which are both roughly
60 Å across, are clearly discriminated. The difference between the
highest and lowest points on the capsid surface, about 45 Å,9 was
accurately reflected by AFM measurements. Furthermore, it was
demonstrated that viruses of different, but closely related, virus fami-
lies could be discriminated from each other by AFM on the basis of
differences in capsid structure.6 Thus, while both are 28 nm diameter
T = 3 icosahedral viruses, comparison of the capsomere structures of
TYMV (Tymovirus family) and BMV (brome mosaic virus,
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Fig. 2. (a) Turnip yellow mosaic virus (TYMV) particles embedded in the
surface of a virus crystal exhibit an icosahedral array of capsomeres. (b) Brome
mosaic virus (BMV) crystal. Individual virions show capsomeres with a depres-
sion in their center (arrow).
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Bromovirus family, Fig. 2b) shows them to be strikingly different. In
BMV the capsomeres are wide and have crown-like structures, while
those in TYMV are close and dense. Further inspection indicates ~25 Å
holes at the centers of BMV capsomeres (Fig. 2b) consistent with the
structure of BMV based on X-ray diffraction analysis.10 This demon-
strates that imaging at a lateral resolution of ~20 Å is possible on
viruses, in vitro.

Herpes Simplex Virus-1

The clarity with which structural detail can be recorded on the
surfaces of small T = 3 plant viruses suggested that AFM may be even
more broadly useful as an analytical tool for macromolecular struc-
tural investigations and may provide important topographical infor-
mation on large animal and human viruses. Thus the capabilities of
AFM in structural studies of human viruses may be illustrated by
our work5 on the visualization of the icosahedral capsid of herpes
simplex virus-1 (HSV-1). The structure of the icosahedral capsid of
HSV-1, which was deduced by cryo-EM to 8.5 Å,11 provides a
standard against which the AFM images can be compared. The main
components of the 125 nm T = 16 icosahedral HSV-1 virion are
12 pentameric capsomeres and 150 hexameric capsomeres. These cap-
someres are interconnected by 320 smaller protein complexes known
as triplexes.11

As illustrated in Fig. 3a, the capsomere structure of the HSV-1
capsid could be visualized by AFM even at relatively low magnifica-
tion, with the capsomere size of ~15 nm being accurately reflected. At
higher resolution, the protein clusters that link adjacent capsomeres
and the substructure of individual capsomeres could be further visu-
alized (Fig. 3b). The 4–5 nm clusters between capsomeres correspond
to triplexes that are a characteristic feature of the capsid. Furthermore,
many capsomeres show a ~35 Å hole in their center, which is consis-
tent with the cryo-EM reconstruction model of the HSV-1 capsid.
Furthermore, while the overall structure of capsids seen in AFM
images resembles the cryo-EM reconstruction model, natural varia-
tions of the mean structure were observed as well. AFM images of
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HSV-1 capsids demonstrate that the AFM technique provides resolu-
tion comparable to conventional EM techniques (Fig. 3c). It must be
emphasized that the HSV-1 virions were not highly purified; never-
theless, effective analysis of virion components was possible. This
demonstrates that AFM visualization can be applied effectively to rel-
atively crude virus preparations.
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Fig. 3. (a–c) Herpes Simplex Virus-1 (HSV-1). (a) HSV-1 capsid with hex-
ons and pentons (circles) capsomeres constituting the icosahedral symmetry.
(b) High-resolution image of an HSV-1 capsid showing small protein com-
plexes known as triplexes between three (white arrows) as well as two (black
arrows) capsomeres. EM image reconstruction demonstrated these units only
present in the former location. (c) HSV-1 capsid as seen by EM. (Reprinted
from http://www.uct.ac.za/depts/mmi/stannard/linda.html. Copyright
Linda M Stannard, 1995) (d–e) Paramecium bursaria chlorella virus type 1
(PBCV-1). (d) PBCV-1 capsids display a honeycomb appearance. (e) At high
resolution, the triangular nature of the trimeric coat protein is seen. Note the
hole in the center formed by the loss of one trimer. (f ) The pentameric
arrangement of proteins about the five-fold vertices, with a unique and dif-
ferent protein seen exactly on the vertex.
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Paramecium Bursaria Chlorella Virus Type 1

High-resolution AFM imaging of Paramecium bursaria chlorella
virus type 1 (PBCV-1) allowed visualization of the virion’s surface
lattice, as illustrated in Fig. 3d.12 The icosahedral PBCV-1 can be
deconstructed into 20 triangular and 12 pentagonal plates known as
trisymmetrons and pentasymmetrons,13 which are centered around
threefold and fivefold symmetry axes, respectively. Higher-resolution
images, as seen in Fig. 3e, reveal the individual trimeric capsid pro-
teins that form a honeycomb structure, as well as the pentagonal
vertices (Fig. 3f ). These vertices clearly exhibit a single apical glob-
ular protein in their centers and five other unique globular proteins
that together form an exact pentamer. These structures are consistent
with the model of the PBCV-1 virion as derived from cryo-EM.13 In
addition, AFM studies provide detailed structural information on
both the arrangements of trimeric capsid proteins and the pentagonal
vertices. Thus, from AFM images, the small hole in the trimer center
has a distinctive triangular shape that is more accentuated and angu-
lar than the “doughnut” shape deduced from cryo-EM.14

In the cryo-EM model a hole was assigned to the pentagonal
apex, while AFM images clearly demonstrate the presence of a unique
protein in its center (Fig. 4a). The arrangement of a trisymmetron
lattice appears not to be affected by regular AFM scanning force.
However, purposely higher AFM tip pressure was found to press
the apical protein into the vertex, leaving in its place a distinct hole
(Fig. 4b). The central protein reappears in the vertex upon decrease of
the tip pressure to its original value. This demonstrates the apparent
lesser integration of the apex protein in the lattice structure, resulting
in the ability to move freely perpendicular to the virion surface.

Ty3 Retrotransposon Virus-like Particles

AFM was successfully utilized for the first determination of the
molecular structure of the Ty3 retrotransposon, virus-like particles
(VLPs) from Saccharomyces cerevisiae.15 Transmission EM16 pro-
vided the information on the size range of Ty3; however, no detailed
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structural information had been reported. Wild-type Ty3 particles
range in diameter from 25 nm to 52 nm. This particle variability
precludes successful structural analyses by cryo-EM, which relies on
molecular averaging. AFM imaging of Ty3 VLPs demonstrates the
spherical shape of a vast majority of the Ty3 particles, as well as cap-
somere arrangements on their surfaces (Fig. 4c). Measurements of the
capsomere center-to-center distances of a large number Ty3 VLPs
yields an average distance of 11.4 nm, consistent with a T = 7 icosa-
hedral triangulation number. Additionally, the number of hexameric
capsomeres lying between pentameric capsomeres, as illustrated in
Fig. 4c, is consistent with T = 7 as well. Since T = 7 icosahedra are
non-centrosymmetric they can exist in two enantiomorphs, d and l.
From the height information preserved in the AFM images, further
analysis allowed assignment of the Ty3 VLPs to the T = 7d class.

Vaccinia Virus

AFM can provide important high-resolution structural information
on polymorphous asymmetric viruses, which are not amendable to
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Fig. 4. (a) Under normal AFM scanning conditions, the center protein on
the PBCV-1 is visible within the 5-protein pentagon. (b) With increased tip
pressure, the center protein disappears, while the surrounding pentagon
stays in place. Upon lowering the tip pressure, the center protein reappears
(not shown). (c) Icosahedral structure of a wild type Ty3 VLP with icosahe-
dral overlay; pentagonal vertices are shown in grey and hexagonal vertices are
shown in black.
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high-resolution EM-reconstruction analysis. This was demonstrated
in AFM studies of structure and assembly of intracellular mature vac-
cinia (IMV) virus.7 Vaccinia virus, a homologue of smallpox and the
basis of the smallpox vaccine, is one of the largest viruses to replicate
in humans. Among the human-tropic viruses, vaccinia has one of the
most structurally complex, markedly asymmetric virions. The struc-
ture of the vaccinia virion has been extensively studied for several
decades by conventional EM.17–19 The virion was initially described as
brick-shaped with dimensions of approximately 300 × 230 × 120 nm,
and with inner and outer membranes sandwiching a pair of lateral
bodies and enclosing a central core containing the genomic DNA.17

Conventional EM studies revealed membranous surface tubules and
a dumbbell shape of the core. These structural attributes were not
visible in cryo-EM images,20 which suggested that these features may
have been artifacts of virion dehydration and non-isotropic collapse
during conventional EM sample preparation. Thus, because of these
inconsistencies, the combination of conventional and cryo-EM did
not provide a definitive model for the structure of the vaccinia virion.

AFM images of fully hydrated vaccinia virions (Fig. 1d) demon-
strate that the majority of virions have an ellipsoidal shape with
major and minor axial dimensions in the range 320–380 nm and
260–340 nm, respectively, and a virion height of 240–290 nm. While
the lateral dimensions derived from AFM images are consistent with
those from cryo-EM studies, the AFM virion height is approxi-
mately double that of the cryo-SEM- and EM-estimated heights of
110 nm and 150 nm, respectively (Griffiths et al., 1994).21 Note that
while height information from AFM is very precise, with a resolution
approaching 0.1 nm, estimation of vertical dimensions by EM tech-
niques is not straightforward and depends on the stage tilt angle.
Fully hydrated IMV particles, as revealed by AFM, have a “rounded
barrel” shape, which differs from the classical “brick-shaped” mor-
phologies for pox viruses described in the literature.17

It is expected that due to its thickness and electron-translucent
properties, visualization of the high-resolution surface morphology of
the vaccinia virion by cryo-EM becomes difficult, since EM images
provide a projection of the entire thickness of the sample. Indeed,
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high-resolution cryo-EM images,20 and even thin section EM images22

provide a rather smooth, featureless topographical appearance for the
virion. In contrast, high-resolution in situ AFM images demonstrate
a high density of protrusions on the virion surface, giving it a “knobby”
appearance. The protrusions appear to be of a fairly uniform size of
about 25 × 30 nm, though irregular in their arrangement. In some of
the most detailed images (Fig. 5a), subunits of ~6 nm diameter can be
discriminated within the protrusions. This would correspond to a
molecular weight of about 120–150 kDa for a monomeric globular
protein. Since the molecular weights of the 16 major membrane
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Fig. 5. (a) High-resolution image of fully hydrated IMV virion in buffer.
(b) Air-dried IMV virions show a central raised area (arrow). (c) HSV-1
virion still covered in its lipid envelope. (d) Addition of 0.2% Triton X-100
results in removal of the envelope, showing tegument proteins (A) and the
capsid with individual capsomeres (B). (e) DNA escapes from HSV-1 virions
after treatment with 0.5% SDS (white arrows). The area in the grey rectangle
is shown in the two insets at higher resolution. Here, an individual double-
stranded DNA string is seen to escape a damaged virion.
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proteins of vaccinia virus are all considerably less,23 the subunits prob-
ably represent oligomers.

AFM allows direct visualization of the structural dynamics of
viruses in response to changes in their environment. In this particular
case, AFM allows imaging of IMV particles in both water and air.
Thus, as illustrated in Fig. 5b, upon dehydration air-dried vaccinia viri-
ons assumed more rectilinear shapes with relatively uniform dimen-
sions of 300–360 × 240–280 nm (lateral) × 120–130 nm (height),
representing a reversible 2.2–2.5-fold shrinkage. This shrinkage is
accompanied by topological and topographical changes resulting in
“brick-shaped” morphologies similar to those observed in EM images.
The dried virions have a pronounced, raised area in their center, which
extends approximately 30 nm above the virion surface. Thus, AFM
observations directly demonstrate that conventional EM images
shown in literature that purported to show native vaccinia virion struc-
ture were fraught with drying artifacts. AFM also demonstrates the
remarkably deformable, fluid nature of the virion structure, which
allows a ~2.5-fold collapse along the vertical dimension upon drying.

Visualization of Subviral Structures

In the previous sections we described applications of AFM for probing
the high-resolution structures of the virions’ outer surfaces. In addi-
tion, AFM can be utilized to probe their internal structural features.
This can be accomplished through a controlled dissection of viruses
with chemical agents or enzymes, resulting in the sequential peeling
away of layers of structure. Newly revealed/exposed structural layers
can then be imaged by AFM.

Herpes Virus

The ability to utilize AFM for imaging of subviral structures was first
demonstrated in the visualization of herpes simplex virus-1.5 The
outer layer of the HSV-1 virus is formed by an oversized lipid enve-
lope (Fig. 5c). Inside is the actual capsid, as well as the tegument, a
varied collection of proteins present between envelope and capsid.
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Mixing of a virus solution with detergent (0.2% Triton X-100) results
in the removal of the lipid envelope from intact virions, which then
renders the underlying tegument and capsomere structure visible
(Fig. 5d). On the upper part of the capsid the underlying, highly reg-
ular capsomere packing can be recognized, while its lower part is
covered with an irregular coating of particles of up to 10 nm. This
~10 nm size corresponds well with an MW of 336 kDa of the largest
protein VP 1–3 present in the tegument. More vigorous treatment
of virions with detergent results in the loss of all envelope and tegu-
ment, revealing the complete icosahedral capsid structure as seen in
Figs. 3a and 3b.

AFM can probe not only the structures of large macromolecular
assemblies, but also their dynamic processes. For example, the disassem-
bly of virions and the release of HSV DNA were observed as illustrated
in Fig. 5e. Here, the treatment of HSV-1 virions with 0.5% sodium
dodecyl sulfate resulted in the emergence of DNA in the form of bun-
dles of many intertwined DNA chains. Individual DNA fibers were
found to have diameters of 1.5–3 nm, which corresponds well to the
2.5 nm diameter of a double-stranded DNA double helix. In the inset of
Fig. 5e entire capsomeres are seen to be lost from the capsid surface, and
an individual double-stranded DNA chain emerges from the capsid.

Vaccinia Virus

In the case of vaccinia virus the internal virion structures were revealed
through the subsequent treatment of virions with sets of chemicals
and/or enzymes.7 Consecutive subviral structures including core
envelopes, viral cores, and nucleoprotein filaments, as well as viral DNA,
were visualized (Fig. 6). Note that the “studs” seen in Fig. 6a on the
enveloping membrane surface have the same size as the protru-
sions on the surfaces of untreated IMV (Fig. 1d). Membrane patches
varied in thickness from 25 nm to 35 nm and were ~700 × 900 nm in
surface area.

The heights of the viral cores seen in Fig. 6b are in the range of
170–220 nm, which is roughly the height of the intact IMV virion
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lacking a 30 nm thick envelope. As seen in Fig. 6b, many viral cores
possess satellite domains. These satellite domains may correspond to
the lateral bodies observed in conventional EM images.17

Prolonged treatment of IMV viruses with non-ionic detergent
plus reducing agent produces complete unfolding of IMV and the
emergence of 30–40 nm diameter tubules as seen in Fig. 6c. On these
tubules, a helical array of protein subunits with left-handed helicity
and a pitch of approximately 16 nm is evident. Treatment with high
proteinase K concentrations plus SDS results in the same 30–40 nm
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Fig. 6. Dissection of IMV. (a, b) Treatment of non-ionic detergent (1%
Igepal) in combination with a reducing agent (2% 2-mercaptoethanol) for
30–45 min at 37ºC leads to separation of core envelopes (a) and virion cores
(b). (c) Extended treatment (120–180 min) with the same combination
leads to the unfolding of the virion cores, leading to 30–40 nm-diameter
tubules (arrow). (d, e) Further dissection using proteinase K at 37ºC for
90–180 min results in the appearance of the 16 nm-diameter segmented
tubules (d) and residual tubular segments, either isolated or associated with
DNA strands (white arrows in (e, f )).
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tubular structures. However, in this case, disintegration continues
beyond this stage, leading to the exposure and release of the compo-
nents within the tubules.

The components initially revealed are filaments of 16 nm in diame-
ter (Fig. 6d). At higher resolution, the surfaces of the 16 nm filaments,
like those of the 30–40 nm tubules, exhibited a helical geometry. In
addition, the filaments were linearly segmented (Fig. 6d).

With high proteinase K concentrations and longer exposure, a
further disintegration of the virus was promoted. What remained
were long strands of double helical DNA, associated with residual
portions of the 16 nm-diameter filaments (Fig. 6e). As seen in Fig. 6f,
the DNA strands were observed emerging from the segments of the
16 nm tubules, indicating that the DNA is packed within the 16 nm
filaments.

AFM observations from chemical and enzymatic dissection lead to
a novel structural model of the vaccinia virion based on a hierarchy of
observed substructures.7 The double-stranded genomic DNA is encap-
sidated within a segmented protein sheath, forming an extended “fila-
ment” of ~16 nm diameter with a helical surface topography (Fig. 6d).
This filament is in turn enclosed within a 30–40 nm diameter “tubule,”
which also shows a helical topography (Fig. 6c). The ellipsoidal virion
core apparently arises from a folded, condensed arrangement of the
30–40 nm tubules (Fig. 6b) surrounded by a shell heavily studded
with proteins. Proteins visualized attached to the tubules may mediate
folding/compacting of the latter and/or represent vestiges of the
core shell. The condensed tubular mass combines with a 50–70 nm-
diameter domain, and this pairing of core and satellite domain is then
enshrouded by membranes heavily studded by proteins and contain-
ing protrusions and spicules on their surface.

AFM Visualization of Virus-infected Cells

AFM provides an important capability to study mechanisms of cell
infection with viruses. These mechanisms include the membrane
fusion processes that lead to entry and exit of viruses into and out
of the cell, as well as morphological changes of the cell surface
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associated with these events. Currently, in situ high-resolution AFM
imaging of virus-infected cells is rather challenging due to the inher-
ited softness of cell membranes, and their subsequent deformation.
However, these problems were successfully overcome using standard
histological procedures (fixing the cells with glutaraldehyde and
osmium tetroxide), which resulted in the preservation of virus and cell
membrane structures.24

Mouse Leukemic Virus-infected Cells

In vitro AFM analysis of mouse leukemic virus (MuLV) infected NIH
3T3 cells24 allowed visualization of the emergence of viruses in all
stages of the budding process. The distribution of sizes of emerging
virions was found to be broad, with an average particle diameter of
145 nm. The surfaces of the virions (Figs. 7a and 7b) were found to
be studded with densely packed “tufts” of protein, having sizes of
11–12 nm.25 The number of “tufts” on the virion surfaces was esti-
mated to be ~100 ± 20. AFM-based immuno-labeling experiments25

demonstrated binding of monoclonal antibodies directed against the
SU domain of the envelope protein to these “tufts” on the virion sur-
face. This indicates that the “tufts” are formed by aggregates of the
SU protein. The absence of a regular arrangement of the “tufts” on
the virion surface as revealed by AFM is consistent with the cryo-EM
observed pleiomorhic appearance of MuLV virions.26 In particular, the
absence of trimeric symmetry in the tufts is rather intriguing, since it
is commonly assumed that the SU protein is organized into threefold
symmetrical trimers.27

AFM studies of M-MuLV virions lacking the gene for the enve-
lope glycoprotein (env−) demonstrated that the surface architectures
of env− particles (Fig. 7c ) is profoundly different compared with that
for wild-type virions.25 In particular, the protein “tufts,” which
appear to be a structural attribute of wild-type virions, are not seen
on the surface of env− MuLV virions. Furthermore, it was found
that the surfaces of env− virions exhibit less robust mechanical prop-
erties compared to the surfaces of wild-type virions. Thus, the sur-
face architecture of env− virions was found to be strongly dependent
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upon the force exhibited by the AFM probe during scanning. It was
suggested that the surfaces of the env− virions contain a lower den-
sity of associated proteins, which have markedly unstable mechanical
properties.
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Fig. 7. Moloney murine leukemia virus (M-MuLV). (a, b) Wild-type
env+ virion exhibiting dense arrangements of protein “tufts” on its surface:
(a) whole viron and (b) high-resolution. (c) A virion of the M-MuLV env−

mutant lacking the gene for the envelope glycoprotein shows indeed a “bald”
surface lacking the surface proteins. The irregular surface character is a con-
sequence of the deformable and unstable membrane surface. (d) Isolated
MuLV virions show the appearance of protruding blebs (arrows), never more
than one per virion, that are likely to be scars resulting from the budding
process. (e) MuLV virions emerging from an infected NIH 3T3 fibroblast
cell. The granular background is the 3T3 cell surface. (f ) The surface of an
NIH 3T3 cell infected with the MuLV mutant gPr80gag. The emerging
mutant virions are unable to mature and separate from the cell surface, and
instead form prominent tube-like protrusions on the cell surface. The cells in
(e, f ) were fixed with gluteraldehyde and dehydrated with, and imaged under,
ethanol to enable AFM imaging.
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The surface architecture of isolated MuLV virions (Fig. 7d)
appears to be similar to that seen on the virions budding from the
surfaces of cells (Fig. 7e).28 A common structural feature of isolated
MuLV virions was a knob-like protrusion, which more likely repre-
sents the “bud scar” resulting from the pinching off of the cell mem-
brane. Partially damaged particles lacking portions of viral envelope
also allowed visualization of intact viral cores with diameters of 65 nm,
and enabled an estimate of the viral shell thickness of 35–40 nm.

NIH 3T3 cells infected with wild-type MuLV virus exhibit a
number of budding viruses on their surfaces (Fig. 7e). In contrast,
cells infected with virus carrying the gPr80gag mutations were found
to be covered with tubular structures (Fig. 7f ).24 The diameter of
tubular structures was found to be comparable to ones measured for
wild-type MuLV virions. Similarly, the surface features of the tubu-
lar gPr80gag mutation structures appear to be similar to ones seen
on the surfaces of wild-type virions. It was concluded that the
observed tubular structures on the cell surfaces are a result of the
defective morphogenesis of the mutant virions and their subsequent
failure in budding from the cell’s surface.

Human Immunodeficiency Virus-infected Cells

The first AFM images of isolated human immunodeficiency virus
(HIV) and HIV-infected lymphocytes in culture have been recently
reported by Kuznetsov et al.29 (Fig. 8a). It was demonstrated that
HIV virions are roughly spherical and have a pleomorphic exterior
with a dense packing of protruding protein units. The average diam-
eter of virions was found to be about 120 ± 25 nm, which is ~ 10%
smaller than that determined from cryo-EM.30 Similar particles
(Figs. 8b and 8c) having diameters of 127 ± 30 nm were observed on
infected cell surfaces. Morphologies of these particles varied more
than they do for free virions, which is presumably so because the cell
surface virions are in various stages of the budding process.

The ~ 20 nm tufts visualized on the surface of HIV particles repre-
sent aggregates of the receptor-binding protein gp120, which is com-
monly assumed to be a symmetrical trimer.31 However, variations in size
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and shape of tufts along with the absence of threefold symmetry as seen
in AFM images suggest that in the native HIV particle, gp120 may
form arbitrary clusters rather than closely associated symmetric units.
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Chapter 12

Filovirus Assembly and Budding

Takeshi Noda*,‡ and Yoshihiro Kawaoka*,†,‡,§

Filoviridae are single-stranded, non-segmented, negative-sense RNA viruses.
To date, only two members of this virus family have been identified: the Ebola
and Marburg viruses. Both viruses possess lipid envelopes and have character-
istic filamentous shapes. Filovirus infections are a growing concern because
they can cause significant morbidity and mortality (30%–90%) and no vaccines
or treatments are currently available. In addition, the potential use of
filoviruses as biological weapons has prompted the need to develop counter-
measures. Although many questions about filovirus pathogenicity remain
unanswered, much has been learned in recent years about the filovirus lifecy-
cle, particularly the roles of the viral and cellular components in assembly and
budding. Such data have greatly increased our understanding of filovirus par-
ticle formation. This review summarizes our current knowledge of filovirus
particle formation and the viral proteins believed to be critical for this process. 

Introduction

Filoviruses, namely the Ebola and Marburg viruses, are taxonomically
classified in the family Filoviridae. All filoviruses possess single-stranded,
non-segmented, negative-sense RNA genomes.1 Their virions are

*International Research Center for Infectious Diseases.
†Division of Virology, Department of Microbiology and Immunology, and Institute of Medical
Science, University of Tokyo, Shirokanedai, Minato-ku, Tokyo 108-8639.
‡Core Research for Evolutional Science and Technology, Japan Science and Technology Agency,
Saitama 332-0012.
§Department of Pathological Sciences, School of Veterinary Medicine, University of Wisconsin–
Madison, Madison, Wisconsin 53706.

b514_Chapter-12.qxd  12/4/2007  3:39 PM  Page 311



312 Structure-based Study of Viral Replication

FA

characteristically shaped as filamentous particles of approximately 80 nm in
diameter with no uniform length2 (Fig. 1). The 19 kb genome is encapsi-
dated by the nucleocapsid, which consists of the nucleoprotein (NP), viral
structural protein (VP) 30 and VP35, and the polymerase protein (L).
The nucleocapsid is surrounded by a lipid envelope derived from cellular
membranes. Beneath the inner leaflet of the viral envelope lies a lattice of
matrix protein (VP40) and possibly VP24, a small membrane-associated
protein that may also be a component of the nucleocapsid. Filovirus par-
ticles also contain a single, trimeric surface glycoprotein (GP).

Virus assembly is believed to be a step-wise process by which viral
components are transported to designated locations for assembly into
larger complexes such as nucleocapsids, and ultimately into virus
particles. Studies on the assembly mechanisms of viruses of the same

Fig. 1. Schematic diagram of Ebola virus. The Ebola virus genome
encodes seven structural proteins and a nonstructural protein (sGP). The
virions appear as filamentous particles of approximately 80 nm in diameter
and differ greatly in length. The virus particles contain a single surface glyco-
protein (GP). The VP40 and possibly the VP24 protein form a matrix under-
neath the lipid bilayer. The viral nucleocapsid is composed of the viral RNA,
NP, VP30, VP35, and L proteins, and may also include the VP24 protein.
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order, Mononegavirales, such as paramyxoviruses and rhabdoviruses,
have stimulated research on filovirus assembly, and vice versa. Such
studies have shown that viruses co-opt cellular transport machinery
for their assembly and budding processes, and that even diverse
viruses can exploit these pathways.3

Virion Budding

Electron microscopic observations suggest that filovirus virions typi-
cally bud from the plasma membrane,2 where viral components such
as GP, VP40, and nucleocapsids are assembled. The egress of virions
occurs at cytoplasmic vacuoles in monocytes/macrophages,4 although
it remains unclear whether virions that accumulate in intracellular vac-
uoles are released normally to extracellular spaces. Some electronmi-
crographs suggest that filamentous virions bud both vertically and
horizontally from the plasma membranes of virus–infected cells.2

Whether differences exist between these two forms and the biological
significance of this finding remain unknown.

Matrix proteins play a central role in the virion formation of many
enveloped negative-strand RNA viruses.5 In general, these proteins
intrinsically associate with cellular membranes and are believed to
form a bridge between the nucleocapsids and the cytoplasmic tails of
transmembrane glycoproteins.5 The Ebola virus and Marburg virus
VP40 proteins interact with the plasma membrane and with intracel-
lular membranes.6–8 Coexpression of VP40 and GP results in the for-
mation of virus-like particles (VLPs) that contain orderly arranged GP
spikes,9 which suggests that VP40 and GP interact. A recent study
also found an interaction between VP40 and VP35, a component of
the viral nucleocapsid.10 Thus, VP40 appears to connect the nucleo-
capsid to the viral shell, similar to the function of the matrix proteins
of other negative-strand RNA viruses.

The VP40 Protein

The VP40 matrix protein is the most abundant protein in filovirus
particles. The X-ray crystallographic structure of monomeric VP40
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from Ebola virus has been resolved to 2.0 Å11 and has revealed that
VP40 consists of two structurally homologous domains that comprise
six antiparallel β-strands arranged in two β-sheets (Fig. 2). The
amino- and carboxy-terminal domains are oriented at an angle of 60°,
and are connected by a large flexible loop.11 VP40 binds strongly to
lipid membranes. This binding is resistant to high salt concentrations
and appears to be mediated by the C-terminal domain,6,8 which con-
tains large hydrophobic patches.11

The current model predicts that VP40 exists in the cytoplasm as
a monomer that is stabilized by interactions between its amino- and
carboxy-terminal domains. Destabilization of these interactions liber-
ates the amino-terminal domain to interact with other VP40 mole-
cules and thus form oligomers. This destabilization can be achieved
experimentally by a carboxy-terminal truncation of seven amino acids
that induces spontaneous hexamerization and the formation of ring-
like structures, as demonstrated by chemical cross-linking and elec-
tron microscopy,12 or by membrane association.12 After the liberation
of the amino-terminal domain, VP40 is thought to adopt dimeric and
octameric forms; the dimeric VP40 appears to be the building block
for both hexameric and octameric structures.13 The carboxy-terminal

314 Structure-based Study of Viral Replication

FA

Fig. 2. Ribbon diagram of Ebola virus VP40. Two amino- and carboxy-
terminal domains can be seen in red and green, respectively. Courtesy of
Dessen et al., 2000.
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domain of VP40 may thus prevent VP40 aggregation in the cyto-
plasm, while VP40 association with the plasma membrane may trig-
ger VP40 oligomerization for the formation of virus particles. 

Recent data indicate that VP40 octamerization is critical for Ebola
virus replication.14 Dimeric structures in the VP40 octamer form a
pocket at their interface, which binds a short, single-stranded RNA
molecule with the sequence: 5′-U-G-A-3′. This RNA-dimer complex
helps to stabilize the structure15 (Fig. 3). Two amino acids, Phe125
and Arg134, are critical for RNA binding. Their replacement impedes
octamerization, but it does not affect VLP formation or virion mor-
phology.14 A recombinant virus containing an Arg134-to-Ala replace-
ment in VP40 could not be recovered,14 confirming that VP40
octamer formation is likely critical for the Ebola viral lifecycle. 

Assembly of VP40 and GP

Several groups have used recombinant DNA technology to demonstrate
that Ebola virus VP40 expressed in mammalian cells is released into
the culture medium in membrane-bound form.6,9,13,16 The virosome-
like particles containing VP40 were verified by flotation analysis and a
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Fig. 3. Octameric ring-like structure adopted by Ebola virus VP40 after
its association with specific, single-stranded RNA. (A) Ribbon drawing of
the ring structure. (B) Close-up stereo view of VP40-RNA interactions.
Courtesy of Gomis-Ruth et al., 2003.
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trypsin-resistance assay. Electron microscopic studies of the virosomes
released from VP40-expressing cells also indicated that these particles
bore a strong resemblance to GP-minus (spikeless) filovirus particles
(Fig. 4a).9,13 Removal of the carboxy-terminus of Ebola virus VP40
severely compromises the release of virus-like particles,6 emphasizing
the importance of this region in budding. Collectively, these studies
have demonstrated that VP40 is the primary morphological determi-
nant in filovirus morphogenesis and that all of the information for
membrane association, self-assembly, filamentous particle formation,
and budding resides in the sequence of this protein.

For several viruses, their matrix proteins associate with the cyto-
plasmic tails of the viral envelope glycoproteins.5 By the same token,
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Fig. 4. Filamentous particles comprising VP40 and the lipid bilayer.
(A) Expression of VP40 in mammalian cells induces filamentous particles
similar to spikeless Ebola virions. (B) Ebola virus-like particles are formed by
coexpression of VP40 and GP.
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coexpression of GP with VP40 in mammalian cells produces filamen-
tous virus-like particles decorated with GP spikes (Fig. 4b).9,17,18

These GP spikes appear to be arranged in a regular order.9 Mature
Ebola virus GP is also released in the form of spiked virosomes
from cells expressing GP alone;9,19 however, the arrangement of
these GP spikes seems to be irregular.9 Such morphological find-
ings suggest an interaction between VP40 and GP, although a
direct interaction has not yet been demonstrated. We also found
efficient incorporation of Marburg virus GP and vesicular stomati-
tis virus glycoprotein into Ebola VP40-induced VLPs.20 Since the
cytoplasmic tails of these glycoproteins share no sequence similar-
ity, a specific interaction between VP40 and the glycoprotein may
not be required for particle incorporation; rather, cellular compo-
nents, which could exist in lipid raft domains (see below), may link
VP40 to the glycoprotein.

Lipid raft microdomains have been implicated in the assembly and
budding of many viruses.54 Filovirus GP associates with lipid rafts in
GP-expressing cells and in virus-infected cells.17 VP40 also localizes to
lipid rafts, predominantly in its oligomeric form.21 Deletion of the
VP40 carboxy-terminus or replacement of prolines 283 and 286 abol-
ishes raft association but does not affect oligomerization.21 Both of
these VP40 mutations result in reduced VLP release, which correlates
with the observed decrease in raft association.21 Thus, raft association
appears necessary for efficient particle production. The released viri-
ons contain the raft-associated glycolipid GM1,17 but not the raft-
excluded protein transferrin receptor,17 a finding that implies
filoviruses may use lipid rafts as the final gateway for the exit of
mature virions, similar to the mechanism used by human immunode-
ficiency virus type 1,22 measles virus,23 Sendai virus24 and respiratory
syncytial virus.25 Although the precise way in which filoviruses use
lipid rafts has yet to be determined, the lipid rafts may serve as build-
ing platforms for filovirus assembly.

Use of Cellular Transport Pathways

To perform their functions in particle assembly and budding, viral
matrix proteins must make use of the cellular transport pathways.
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In fact, the matrix proteins of filoviruses and rhabdoviruses, as well
as the Gag proteins of several retroviruses, contain small, conserved
motifs that are recognized by cellular proteins involved in protein-
sorting and transport.33,58,59 These motifs are called “late domains”
to reflect their function late in the viral lifecycle. To date, three
late-domain motifs have been described: P(T/S)AP, PPXY, and
YXXL.

The PPXY motif interacts with the WW domain of Nedd4-like E3
ubiquitin ligases,16,26–28 resulting in mono-ubiquitination of the cargo
protein and its recognition by the endosomal sorting machinery. The
P(T/S)AP motif is recognized by Tsg101,28–30 a component of the
ESCRT-I (endosomal sorting complex required for transport) com-
plex. The YXXL motif binds to two proteins, AP-231 and AIP1.32,33

AP-2 is involved in endocytosis, whereas AIP1 interacts with a com-
ponent of the ESCRT-III complex.

The Marburg virus VP40 protein contains a PPXY motif near its
amino-terminus, whereas the Ebola virus VP40 protein is character-
ized by overlapping PTAP and PPXY motifs (PTAPPEY at amino acids
7–13).16,34 Extensive in vitro characterization of VP40 proteins con-
taining mutations or deletions in their late domains has indicated that
both domains play a role in virus budding.6,16,35,36 However, reverse
genetics allowed the artificial generation of Ebola viruses with muta-
tions in one or both late-domain motifs.55 The resultant mutant viruses
were only mildly to moderately attenuated in cell culture, demonstrat-
ing that the late domains are not absolutely required for Ebola virus
replication in cell culture. However, they are likely needed to achieve
optimal replication efficiencies.

Many viruses contain two late-domain motifs separated by only a
few amino acids (the Ebola virus VP40 protein is an exception in that
the late domains overlap). While the late domains were originally
thought to be functionally interchangeable and thus redundant, more
recent data suggest that both motifs are required for efficient particle
formation.58 The two late domains may trigger sequential steps in
which recruitment of Nedd4-like ubiquitin ligases (mediated by the
PPXX motif) results in the ubiquitination of the cargo protein. The
ubiquitinated cargo protein may then have an increased affinity for
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Tsg101 (mediated by the P(T/S)AP) motif), as has been shown for
Gag.37 This hypothesis is supported by the finding that Ebola VP40 is
ubiquitinated by Nedd4-like ubiquitin ligases;38 however, it remains to
be seen whether this modification affects its interaction with Tsg101.

Nucleocapsid Assembly

In contrast to the extensive work conducted on the budding process,
research on nucleocapsid formation has been limited to date. Filovirus
nucleocapsids are thought to consist of viral RNA and the NP, VP30,
VP35, and L (and possibly also the VP24) proteins. Three of these
proteins (NP, VP35 and L) are necessary and sufficient for replication
of a monocistronic genome-like Marburg virus replicon,39,40 while
VP30 acts as a transcription regulator.40,41 By contrast, all four of these
proteins are required for the replication of Ebola virus genome-like
replicons.40 All four proteins are also essential for the generation of
Ebola virus42,43 and Marburg56 virus from cloned cDNAs (“reverse
genetics”). An earlier study demonstrated that VP24 was not
completely removed from purified nucleocapsids under isotonic con-
ditions,44 suggesting that it could also be a constituent of the nucleo-
capsids, although it is not required for transcription and replication of
the viral genome.

Expression of Marburg virus NP in insect cells leads to the for-
mation of NP-RNA complexes,57 as had been reported with the rabies
virus and measles virus NP proteins.45–47 Purified NP-RNA complexes
of Marburg virus show loose coils that differ from authentic Marburg
virus nucleocapsids. By contrast, NP-RNA complexes of rabies and
measles viruses resemble those found in infected cells. Therefore,
additional components are necessary for the formation of Marburg
virus nucleocapsids.

Electron microscopic48 and tomographic studies49 identified the
components of filovirus nucleocapsids (Fig. 5). Simultaneous expression
of Ebola NP, VP35, and VP24 in mammalian cells results in the forma-
tion of nucleocapsid-like structures indistinguishable from authentic
nucleocapsids.48 Of the three proteins, VP24 seems to be a minor com-
ponent.48 NP and VP35 appear to build up the framework of the
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nucleocapsids, while VP24 may play a transient catalytic role during nucle-
ocapsid formation or serve as molecular glue between NP and VP35.

Electron microscopic studies have also revealed nucleocapsid
aggregation in the cytoplasm at an appreciable distance from the cell
surface.48 Once the newly synthesized genomic RNA is encapsidated in
the cytoplasm, the mature nucleocapsids must be transported to the
plasma membrane for virus budding. As discussed above, the VP40
protein may be involved in this step. This assumption is supported
by the findings that NP and VP40 colocalize in cells expressing both
proteins, and that NP expression increases the efficiency of VP40-
VLP particle release.50,51 Moreover, VP40 interacts with VP35.10 In
filovirus-infected cells, however, direct interactions between nucleocap-
sids and VP40 have not been demonstrated. GP may also be involved
in this transport process since its cytoplasmic tail interacts with VP40.

Conclusion

Although the detailed mechanisms of filovirus genesis are still unknown,
much has been learned about the individual steps of the assembly and
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Fig. 5. Formation of nucleocapsid-like structures. Coexpression of NP,
VP35, and VP24 is necessary and sufficient for the formation of nucleocap-
sid-like structures. (Courtesy of Huang et al., 2002.)
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budding processes. Since diverse viruses seem to exploit common cel-
lular pathways and machinery, knowledge of filovirus assembly and
budding may aid in the identification and characterization of other
commonly used pathways and stimulate research in other areas. Even
more importantly, knowledge of specific interactions among filoviral
proteins may prove invaluable in identifying targets for antivirals to
Ebola and Marburg viruses. 
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Chapter 13

Challenges in Designing HIV Env
Immunogens for Developing a Vaccine

Indresh K. Srivastava* and R. Holland Cheng†

Summary

HIV continues to be a major health problem worldwide; however, the
situation is particularly serious in Asian and Sub-Saharan countries.
Development of an effective HIV vaccine could help to reduce the
severity of the disease and prevent infection. Over the last two decades
significant efforts have been made toward inducing potent humoral
and cellular immune responses by vaccination; however, it appears
that either antibodies or CTL may not be sufficient alone for the
induction of sterilizing immunity or long-term control of viral repli-
cation. Therefore, it is generally believed that both humoral and cel-
lular responses will be needed for an effective HIV vaccine. It has
been shown in passive transfer experiments using broadly neutralizing
monoclonal antibodies (mAb) such as b12, 2F5, and 2G12 that
these mAbs either alone or in combination are effective in conferring
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protection against challenge infection to rhesus macaques. However,
for the development of an effective vaccine, it has been a challenge to
induce protective antibodies of similar specificities by vaccination.
Therefore, efforts are being made by different groups to design an
Env immunogen that may be more effective compared to the existing
immunogens in inducing potent neutralizing and protective anti-
body responses by: i) optimizing existing Env structure to enhance
the exposure of functional epitopes to focus the responses to these
epitopes; ii) obtaining structural information on HIV Env, and using
this information for structure-based novel immunogen design; and
iii) identifying novel functional epitopes, and designing strategies to
incorporate them in potential vaccines. Once potent HIV Env struc-
tures have been identified, their effectiveness may be enhanced through
the use of adjuvants, delivery systems, and prime and boost strategies
to improve the quality and magnitude of neutralizing responses.

Introduction

AIDS continues to be a major health problem throughout the world,
with approximately 40 million cases and 20 million deaths recorded
so far. In certain parts of the world, such as Sub-Saharan Africa, the
prevalence of human immunodeficiency virus (HIV) in the popula-
tion is estimated to be as high as 35%.1 If current infection rates and
the absence of affordable treatments continue, 60% of the current
adolescent population in that region will not live to the age of 60.1 In
the United States today, an estimated 950,000 individuals are living
with HIV, and 40,000 to 80,000 new infections occur each year.1

Moreover, the situation is continuously deteriorating as a result of the
rapid emergence of drug resistance against most of the effective anti-
virals. Therefore, there is an urgent need for an effective anti-HIV
vaccine that may be used either alone as a prophylactic vaccine or in
conjunction with anti-viral drugs as a therapeutic treatment.

Based on preclinical and early clinical studies, it was concluded
that neutralizing antibody responses induced by monomeric HIV
Env are not potent enough to protect against the HIV infection.2,3

Therefore the dogma shifted from the induction of neutralizing
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antibodies to the induction of cellular responses. Previous studies used
the gag to show the correlation between strong cytotoxic T-cell activ-
ity and reduced viral load. However, more recent data obtained in a
rhesus macaque challenge model suggest that cellular responses
focused on a single epitope may not be sufficient either to effectively
control viral replication.4–7 It remains to be seen if increasing the
breadth of CTL responses will have a positive impact on the outcome
of challenge infection. Hence, it is now believed that humoral, cellu-
lar, and T-helper cell responses, both at peripheral and mucosal sites,
are needed for broad and durable protection against HIV.
Conceptually, antibodies would serve as a first line of defense by com-
pletely preventing infection (Fig. 1A) or reducing the virus inoculum,
whereas cellular responses would facilitate the clearance of HIV-
infected CD4+ T-cells that escape antibody-mediated neutralization
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Fig. 1. Two potential outcomes for a preventative HIV vaccine. In the
graphs, the black line shows time course of viremia in the absence of vac-
cination. In panel A, the blue line indicates the virologic outcome in the case
of antibody-mediated (neutralization and ADCC) complete protection. In
panel B, the blue line indicates the outcome in the case of a vaccine that
induces partial protection and reduces the disease where both humoral and
cellular responses participated.
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(Fig. 1B) and would thereby reduce the severity of the disease.
However, Mascola and colleagues have shown that the induction of
cellular responses using DNA vaccines in conjunction with passive
transfer of neutralizing antibodies did not offer additional protection
compared to the protection afforded by passive transfer of neutraliz-
ing antibodies alone.8 Further studies will be needed to demonstrate
the advantage of inducing potent cellular and humoral responses by
an effective HIV vaccine for inducing the sterilizing immunity or
effectively controling the level of viral replication. 

For the induction of neutralizing antibody responses, HIV Env
glycoprotein is the major antigenic target. However it has proven dif-
ficult to induce neutralizing antibody responses of appropriate speci-
ficity against diverse primary HIV-1 strains utilizing monomeric HIV
Env (i.e. gp120) glycoprotein. Therefore, a major challenge is to
develop novel strategies to identify and expose critical epitopes that
may be the target for inducing such broadly cross-reactive neutral-
izing antibodies with protective efficacy. This focus of this review is:
a) to capture the progress made in structural analysis of critical neutral-
izing antibodies, and b) to present strategies to design more potent
immunogens that may induce neutralizing antibodies of protective
efficacy.

Role of Antibodies in Protection Against HIV

Antibodies serve as a correlate of protection against some of the bac-
terial9,10 and viral pathogens,11 therefore targeting humoral responses
has been critical for developing prophylactic vaccines against these
targets. In the case of HIV, it has been a daunting task to make an
effective vaccine due to a lack of correlates of protection. During the
natural course of HIV infection or immunization with purified pro-
tein, a very strong humoral response is induced. However, most of
these antibodies are binding antibodies, and only a fraction of these
antibodies have neutralizing properties. These antibodies are termed
as “neutralizing antibodies” (nAb) because they neutralize the infec-
tious virus, and therefore prevent its entry to the cells or reduce the
level of inoculum, thereby reducing the severity of the disease.12
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However, only a proportion of all neutralizing antibodies have pro-
tective efficacy. Until recently, it was generally believed that not all
Env spikes need to be engaged by these nAbs for them to be efficient
in controlling or preventing viral replication. However, Yang and col-
leagues demonstrated that virus neutralization requires essentially all
of the functional trimers to be occupied by at least one antibody.
Their model applies to antibodies differing in neutralizing potency
and to virus isolates with different neutralization sensitivities.13

However, recent data suggest that in addition to nAbs, there is
another class of antibodies that exert their protective efficacy by
inducing antibody dependent cellular cytotoxicity (ADCC); i.e. they
direct the killing of infected cells through recognition of viral proteins
on cell surfaces.

Possible Steps for Immune Intervention

There are several possible steps during the virus lifecycle (pre- and
post-attachment events) where immune intervention is possible and
may prevent the infection or control viral replication, as illustrated in
Fig 2. Since binding of HIV to its receptor (CD4) and co-receptor
(e.g. CCR5) is critical for viral entry in new CD4+ T-cells, a logical
and attractive strategy could be to prevent the interaction of the HIV
virion with its cellular receptor or co-receptor. Other possible and
attractive strategies could be to target other important post-attach-
ment events such as: a) the formation of a coiled-coil structure lead-
ing to virus/host membrane fusion14–17; b) primary un-coating of the
virus in the cytoplasm; c) transcription or virus assembly; and d) bud-
ding of the new virion. For HIV-1, inhibition of receptor binding has
been seen for different types of antibodies, including: i) those that tar-
get carbohydrate of the virus glycoprotein18,19; ii) those that target dif-
ferent adhesion molecules; iii) those specific for various regions of
gp120 such as the CD4 binding domain, the CD4-induced (CD4i)
epitope (located in the bridging sheet of gp120 that is created or
exposed when gp120 interacts with CD4),20 and the variable loops,
V2 and V3; iv) those that target the co-receptor binding site21; and
(v) another class of mAbs such as 2F5, 4E10, or Z13 that may

Novel HIV Env Immunogens 331

FA
b514_Chapter-13.qxd  12/4/2007  3:39 PM  Page 331



interfere with gp41 coiled-coil formation or fusion of the virus/ host
cell membrane. Some of these epitopes in context to Env trimer are
presented in Fig. 3. Another mechanism by which antibodies can
mediate protection is aggregation of virus particles, thereby reducing
the number of infectious virus particles and rendering the virus more
susceptible to phagocytosis and subsequent destruction.22

Another mechanism by which binding antibodies may exert a pro-
tective function is complement-mediated ADCC, where antibodies
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Fig. 2. Lifecycle of HIV-1 virus and potential sites of immune interven-
tion. Step 1: Pre-attachment events: block the binding of virion to its recep-
tor (i.e. CD4); complement mediated lysis and aggregation of infectious
virion. Step 2: Post attachment events — involves prevention of binding to
co-receptor and prevention of virus/cell fusion. In addition, these neutraliz-
ing antibodies may also interfere in downstream events such as: (2-4) un-
coating, integration, and reverse transcription after entry; (5) processing and
assembly; and (6) maturation and budding of virus particles.
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act as a bridge between Fc receptor (FcR)-bearing cells and HIV-1-
infected cells or other cells that have passively absorbed HIV-1 Env
onto their surface. The killing of virus-infected cells by ADCC
involves cytotoxic cells (such as NK cells) and may contribute toward
the elimination of the virus.23–26 Alsmadi and Tilley27 studied the abil-
ity of human and chimpanzee mAbs directed against cluster II over-
lapping epitopes of gp41, CD4 binding site, V3 loop, and C5 domain
of gp120 for their ability to induce ADCC. They demonstrated that
mAbs directed against conserved epitopes generally exhibited ADCC
activity against a broader range of HIV-1 strains than those directed
against variable epitopes. Furthermore, it appears that many if not
most neutralizing antibodies of high affinity and of the immuno-
globulin G1 subclass (IgG1) are capable of exerting ADCC. In a
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Fig. 3. Neutralizing epitopes in context to trimers. (Figure is adapated from
Burton et al. (2004) Nature Immunol 5: 233–236.)
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multi-centered AIDS cohort study, early ADCC responses in patients
were associated with higher numbers of CD4+ T-cells and the absence
of lymphadenopathy during the first two years of follow up.28 In two
other studies, ADCC responses correlated inversely with plasma viral
load and also with CD4+ T-cell counts.24,29 The presence of neutral-
izing and ADCC activity in children born to HIV-infected mothers
correlated better with the clinical outcome.30 Finally, it has been
shown that ADCC antibodies were present in cervicovaginal fluids in
HIV-1 infected women,31 supporting the hypothesis that this form of
immunity can contribute in protection against HIV-1 at the site of
virus entry. In a recent study, Gomez-Roman et al. have shown that
priming with replicating adenovirus type 5 host range mutant-SIV
recombinants, followed by boosting with SIV gp120, elicited potent
ADCC activity that correlated with protection against the mucosal
challenge infection with pathogenic SIVmac251 in rhesus macaques.32

This is the first study that demonstrates a good correlation between
the in vitro ADCC activity and in vivo reduced viremia; however, fur-
ther studies will be needed to establish the relationship between the
induction of ADCC and protection against HIV. The identification of
“ADCC epitopes” may help in designing strategies on means to pres-
ent and enhance the potency of these epitopes to prevent or control
the viral infection.

Neutralizing Epitopes Relevant for Vaccine
Development

As mentioned above, Env is the most important target for induction
of antibody responses against HIV. In addition, it has several known
CTL and helper T-cell epitopes that may provide targets for an effec-
tive anti-HIV vaccine. The env gene is expressed during the late phase
of viral transcription as the gp160 precursor protein. Translation of
the precursor protein is dependent on the viral Rev protein, which
binds to the rev responsive element (RRE) in Env mRNA and medi-
ates its nuclear export.33 During the maturation of the virus, the
gp160 is proteolytically processed by cellular serine proteases to yield:
i) membrane-spanning domain termed gp41 and ii) an extracellular
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domain termed gp120 (Fig. 4A). Env proteins become heavily glyco-
sylated during their passage through the Golgi apparatus. gp120 and
gp41 are non-covalently associated on the viral surface to form
trimeric spikes (Fig. 4B) that can bind to the CD4 on T-cells, which
is the primary receptor of HIV-1. Comparison of the sequences of the
env gene from different isolates and clades reveals that it has five
hypervariable regions and five conserved regions, and a large number
of cysteine residues (Fig. 4A). There are differences between the size
of the variable loops and the number of glycosylation sites in V1 and
V2 loops among virus isolates of different clades, and between early
and late primary viruses. This sequence variation in the hypervariable
loops is due to nucleotide changes and subsequent accumulation of
point mutations resulting in amino acid substitutions. These muta-
tion-induced changes in Env tertiary structure are selected by the
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Fig. 4. Linear map of HIV Env (SF162) indicating various conserved and
variable domains (Panel A), and large numbers of cysteine residues and
extensive glycosylation, likely conformation of Env involving gp120
ectodomain, and gp41 on the surface of the virus (Panel B). Also shown is
the schematic of trimers in open and closed confirmation (Panel C). Further
structural studies will be needed to demonstrate if the native trimers are in
open or closed conformation.
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immune responses of the host and provide a means of immune escape.
The receptor and co-receptor dependent entry process of HIV into
target cells is depicted in Fig. 5.34 Interaction of HIV Env with the
CD4 is an obligatory step for virus entry into the cell; therefore, as
expected, the CD4 binding domain of gp120 is a highly conserved,
complex, and conformational dependent region. Hence, the CD4
binding site of Env (CD4BS) may be an excellent target for
immune intervention. Consistent with this hypothesis, many mAbs
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Fig. 5. Receptor and co-receptor mediated entry of virus into CD4+ T-
cell. The figure is adapted from Moore and Doms.34 After CD4 binding,
gp120 undergoes a conformational change and exposes the co-receptor
binding site on Env (Panel B). The triggered Env binds to a seven-trans-
membrane domain co-receptor (third section, CoR). The hydrophobic
fusion peptide at the N terminus of gp41 becomes exposed and inserts into
the membrane of the cell (Panel C). Whether this results from CD4 binding
or co-receptor binding is not known. Co-receptor binding ultimately results
in formation of a six-helix bundle in which the helical HR2 domains in each
gp41 subunit fold back and pack into grooves on the outside of the triple-
stranded HR1 domains (Panel D), bringing the fusion peptide and trans-
membrane domain of gp41 (and their associated membranes) into close
proximity. It is likely that several Env trimers need to undergo this confor-
mational change in order to form a fusion pore, although here only two
trimers are depicted. It is not known whether gp120 remains associated dur-
ing the fusion process or dissociates from gp41. Although only a single CD4-
binding event is shown, multiple CD4-binding events may be needed to
activate a single Env trimer.
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against the CD4 BS have been developed that can neutralize T-cell
line-adapted isolates,35,36 suggesting that these epitopes are relatively
well exposed on the virion surface.37 The most potent and well-char-
acterized monoclonal antibody against the CD4BS, b12,38 neutralizes
a broad range of primary isolates and confirms the critical role of the
CD4BS in HIV-1 infection.39–41 Interestingly, other CD4BS mono-
clonal antibodies such as 559/64D, 15e, F105, b3, and b6 do not
neutralize primary isolates.42,43 The reasons for this discrepancy are
not yet understood, but b12 differs from all the other CD4BS anti-
bodies in its sensitivity to V1-V2 loop deletion.44 It is not known if
b12 contacts the V1-V2 loop or if the sensitivity is due to an indirect
effect of conformational rearrangements following V1-V2 deletions.
High resolution crystal structure of b12 has been solved, and a key
feature of the antibody-combining site is the protruding, finger-like
long CDR H3 that can penetrate the recessed CD4-binding site of
gp120, which is quite effective in neutralizing the virus. A docking
model of b12 and gp120 reveals severe structural constraints that
explain the extraordinary challenge in eliciting effective neutralizing
antibodies similar to b12. The structure, together with mutagenesis
studies, provides a rationale for the extensive cross-reactivity of b12
and is a valuable framework for the design of HIV-1 vaccines capable
of eliciting b12-like activity.45

After primary attachment of virus to the T-cell surface, gp120
interacts with chemokine receptors CCR5 or CXCR4, which are the
most common cellular co-receptors for HIV-1. The interaction of
Env to CD4 induces the conformational change in gp120 and gp41
(Fig. 5B). As a result, the co-receptor binding site and fusogenic
region of gp41 are displayed (Fig. 5C), leading to the fusion of viral
and cellular membranes (Fig. 5D) and, release of the viral core parti-
cles in to the cytoplasm of the cell. Therefore CD4-inducible epitopes
of Env may represent another target for immune intervention.
Antibodies that show reactivity toward HIV Env when it is complexed
with soluble CD4 (sCD4) were found in HIV-1-infected individu-
als,46 suggesting that these epitopes are immunogenic. Several such
human mAbs have been identified, including 17b, 48D, CG10, 23E,
and X5.47–49 The region recognized by these anti-CD4i monoclonal
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antibodies has now been mapped to β-strands in the V1/V2 stem and
the C4 region of gp120. These regions are involved in binding of Env
to chemokine receptors.49–52 Surprisingly, 17b and other CD4i mAbs
in their complete IgG form do not neutralize most primary isolates.49

In contrast, Fab and single-chain fragments of these anti-CD4i mAbs
neutralize primary isolates,48,53 suggesting that there may be space
constraints between the CD4i epitope on gp120 and the target cell
membrane.54 Therefore, the entire IgG molecule may not be capable
of neutralization due to steric hindrance.55,56 Further studies are
needed to confirm the accessibility of these conformational epitopes
for targeting them for vaccine application. 

Contrary to earlier beliefs that epitopes in the variable domains are
isolate-specific (thus may not be appropriate targets for vaccine appli-
cation), recent structural studies suggest that V3 loop does contain
conserved functional epitopes, which may be targeted by vaccines.
The V3 loop is immunogenic and anti-V3 antibodies are induced early
during infection and after immunization.3,57–59 However, a large pro-
portion of these antibodies are directed against linear epitopes in the
V3 loop, which serve as decoys for directing immune responses away
from conserved V3 regions. These antibodies neutralize homologous
isolates, but they have little or no neutralizing activity against diverse
primary isolates.43,60 However, broadly neutralizing anti-V3 antibodies
directed against the conserved conformational epitopes have been
described.61 The most broadly reactive of these neutralizing anti-V3
mAbs (such as 447-52D, 19b, and 2182) can neutralize a large pro-
portion of clade B primary isolates39,62–64 and also have been shown to
neutralize viruses from clades A, F, C, and G,65 suggesting that the epi-
topes recognized by these mAbs are conserved across clades. 

Structural studies have shown that V3-loop has some constant fea-
tures, such as a relatively fixed size (30–35 aa), a conserved type-II turn
at its crown, a disulfide bond at its base, and a net positive charge.66,67

These features are required in the V3 loop in order for it to interact
with the chemokine receptor.68,69 It has been shown by Cao et al. that
deletion of V3 loop renders the virus non-infectious, suggesting that
V3 loop is essential.70 Recently, structural studies have demonstrated
that V3 loops in R5 viruses are homologous to the β-hairpin structures
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in CC chemokines (CCL3 [MIP-1α], CCL4 [MIP-1 β], and CCL5
[RANTES]), but homologous to the CXC chemokine CXCL12
(SDF-1) in X4 viruses.71 In addition, Yonezawa et al. have replaced the
V3 loop of the X4 virus with a 43-amino acid region of SDF-1, which
includes the β-hairpin, and demonstrated that infectivity was main-
tained.72 Together, these data suggest a critical role for the V3 region in
virus infectivity and provide a potential rationale for designing immuno-
gens that induce antibodies to the conserved V3 motif. However, these
concepts need to be evaluated in pre-clinical studies for their ability to
induce cross-reactive neutralizing antibody responses.

Carbohydrate-dependent Epitopes in gp120

HIV Env is heavily glycosylated, with approximately 50% of its mass
due to carbohydrates.73 It has been demonstrated that glycosylation
is critical for the Env-CD4 interaction, since non-glycosylated Env
protein (env2-3) does not bind to CD4.74,75 Thus, carbohydrate moi-
eties on Env appear to provide a functional conformation to Env crit-
ical for its interaction with CD4. In addition, based on the
crystallization studies of gp120, it appears that the exposed face of
gp120 is heavily glycosylated (Fig. 4A). Even in context of trimer,
molecular modeling studies suggest that the heavily glycosylated part
of the molecule is exposed to the immune system.76,77 These data sug-
gest that extensive glycosylation may shield critical neutralizing epi-
topes. Therefore, it is not surprising that antibodies recognizing
carbohydrate-dependent epitopes on Env are not readily induced dur-
ing the course of natural infection. The best-studied anti-carbohy-
drate antibody with broadly neutralizing activity is mAb 2G12, which
targets a cluster of carbohydrate moieties in gp120.19,78 This mAb has
broad neutralizing activity both against T-cell line-adapted and pri-
mary HIV-1 isolates.19,79 However, its reactivity may be limited, as it
does not neutralize subtype C isolates.80 The unconventional configu-
ration of this mAb81 and the poor immunogenicity of the epitope
recognized by 2G1279 raise questions about the mode of neutraliza-
tion (since the epitope recognized by this mAb has been localized on
the immunologically silent face of gp120) and how to design an
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immunogen with optimal exposure of this epitope. Based on oligomeric
modeling studies it seems that the immunologically silent face of Env
is likely to face toward the target cell membrane, and thus it is con-
ceptually possible that 2G12 may neutralize the virus by preventing
the interaction of the virus with target cells. 

As with most pathogens, HIV-1 induces a polyclonal antibody
response to a wide array of epitopes on different viral proteins. Studies
of polyclonal sera have helped to identify the specificities of antibodies
that are associated with protection. It has been shown that sera col-
lected from some HIV-infected individuals neutralize primary isolates
(using CCR5 as a co-receptor, R5).82,83 In addition, several investigators
have generated potent neutralizing monoclonal antibodies from the
bone marrow of HIV + patients against critical functional and conserved
epitopes (Table 1), such as the ones in the CD4-binding site (CD4-
BS),38 CD4-inducible epitopes (CD4-i),46 carbohydrate-dependent epi-
tope,79 and the epitopes present in variable loops58,59,84–86 and gp41
regions of Env.87–89 The relative position of these epitopes compared to
the host and target membrane and the complexity of the binding sites
is presented in Fig. 3. Furthermore, neutralizing antibodies from the
HIV + patient’s sera can be affinity-purified on a gp120 column,83,90

suggesting that neutralizing epitopes are present and exposed on gp120.
Induction of antibodies to each of these epitopes may ultimately be use-
ful in protecting individuals against HIV-1 infection; however, presen-
tation of each of these epitopes in context to a vaccine is the challenge. 

During the past few years, considerable attention has been
focused on neutralizing antibodies; therefore, two major points need
to be addressed: (i) characterizing the fine specificity of protective
antibodies, and (ii) means to elicit these protective antibodies by
immunization.

Protective Efficacy of Neutralizing Monoclonal
Antibodies in Passive Transfer 

It is generally accepted that antibodies are important for protection
against HIV infection; however, so far it has been difficult to induce
protective antibodies of the appropriate specificity by vaccination.
To have a better understanding of the role of neutralizing antibodies
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in preventing or controlling the HIV infection, the most commonly
used approach is to perform passive immunization using neutraliz-
ing mAbs in non-human primates. Emini and colleagues have shown
that chimpanzees were protected by an anti-gp120 V3 loop-specific
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Table 1. Conserved epitopes on the ENV that are targets for developing an
HIV vaccine

Env Region Targeted Epitope nAbs Non-nAbs Characteristics

gp120 CD4-Binding Site F105 15e These antibodies compete
(CD4BS) b12 21h with CD4 for binding to

559/64D Env. Not all of the CD4BS
650-D antibodies neutralize
448D primary isolates.
39.3
b3
b6

830D
CD4-inducible E51 17b Binding of Env to CD4

conformational X5 48D enhances the exposure of
epitope CG10 23E these epitopes. Most of

49E these antibodies neutralize
21C primary isolates as Fab and

not as the whole IgG.
Carbohydrate 2G12 Poorly immunogenic, and

dependent binding is dependent upon
epitope proper N-linked

glycosylation.
gp41 Epitopes in close 2F5 These antibodies interfere in

proximity to 4E10 membrane fusion and
viral membrane Z13 therefore prevent viral

entry. To date, these are
the most potent
neutralizing antibodies
identified. 

Cluster I of gp41 Clone 3 Highly immunogenic
246-D epitope, but Clone 3 is the

only one of many mAbs
specific for this epitope
that has neutralizing
activity.
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antibody91 against a challenge infection by a TCLA isolate. Subse-
quently, Conley et al. demonstrated the efficacy of mAb 2F5 in par-
tially protecting chimpanzees against intravenous challenge with a
primary isolate.92 The limited availability of non-human primates, par-
ticularly chimpanzees, led the investigators to develop an in vivo
rodent model using severe combined immunodeficient (SCID) mice
transplanted with human PBL (hu-PBL-SCID mice) to study the pro-
tection afforded by mAbs against HIV-1 infection.93,94 Using this
model it has been shown that passive administration of neutralizing
mAbs prior to or shortly after challenge could protect the mice
against a challenge infection.95–97 In this model the antibody concen-
tration needed to protect against the challenge infection in vivo was
10 times higher than the concentration needed to neutralize the same
isolate in vitro.98 It is interesting, but perhaps not surprising, to
observe the differences in the protective efficacy of these neutralizing
mAbs in vivo and in vitro. There are several factors that may influ-
ence the protective efficacy of these mAbs, such as dose of the challenge
virus and also the growth kinetics of the virus in vivo versus in vitro.
Parren et al. demonstrated that higher antibody concentration is
required to neutralize primary isolates compared to T-cell adapted
isolates.99 Similar observations were made by Mosier and colleagues
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Fig. 6. Dose-dependent protection conferred by either single (b12, and
2G12) or a combination of neutralizing antibodies (2F5, and 2G12) to ani-
mals in passive transfer experiments as demonstrated Refs. 188 and 189.

Parren et al. (2000); J Virol 75: 8340−8347
Mascola et al. (2000); Nature Med 6: 207−210
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against primary isolates.100 The use of this model for the evaluation of
antibody efficacy is limited due to concerns regarding the route of
viral challenge in the mouse model. However, the presence of human
cells in the context of the peritoneal and lymph node architecture,
complement and phagocytic cells, and the ability to sustain viral infec-
tion make it an interesting initial model to test the protective efficacy
of passively administered antibodies. 

To better understand the qualitative and quantitative characteris-
tics of antibody-mediated protection against HIV-1, Parren and col-
leagues and Mascola and colleagues used a rhesus macaque challenge
model, where animals were passively transfused with neutralizing anti-
bodies and then challenged with the chimeric simian/human immun-
odeficiency virus (SHIV).101–103 These viruses contain the Env from
HIV-1 and structural proteins from SIV, and are pathogenic in
macaques, thereby allowing evaluation of the protective efficacy of
antibodies directed against Env. Parren and colleagues passively trans-
ferred different concentrations of mAb b12 and then challenged the
animals. It was observed that the protection afforded by b12 to rhe-
sus macaques against SHIVSF162P4 is concentration dependent
(Fig. 6A). At the concentration of 25 mg/kg of the antibody, all the
animals were solidly protected. However, at a 5 mg/ kg level, 50% of
the animals were protected. Not surprisingly, at the lowest concen-
tration of 1 mg/kg, none of the animals were protected against the
challenge. Mascola and colleagues have demonstrated that a combi-
nation of neutralizing antibodies (HIVIG, 2F5, 2G12) was protective
against i.v. challenge,104 where two out of three animals were com-
pletely protected while the third animal had a two-log reduction in
viral load set point and CD4+ T-cells were also preserved. However,
in follow-up experiments it was shown that passive transfer of single
antibodies (2F5 or 2G12 or HIVIG) did not protect the animals
against the challenge infection because all the animals were infected,104

suggesting that breadth of immune response may be critical for the
protective efficacy. This was contrary to what was observed for b12;
however, the challenge virus was different for these studies, and dif-
ferent mAbs were used for passive transfers. Since the primary mode
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of transmission for HIV-1 is through mucosal surfaces, efforts have
been made to evaluate the efficacy of antibodies for protection against
a mucosal challenge.102 As with systemic challenge, it was demon-
strated that complete protection from mucosal challenge was
obtained in a majority of animals that received a triple antibody com-
bination (HIVIG/2F5/2G12) (Fig. 6B); however, two out of five
animals that received a double combination (2F5/2G12) and two out
of four animals that received 2G12 alone were protected against the
challenge infection, once again indicating that breadth of the immune
response is critical for the protective efficacy (Fig. 6B). To address
post-exposure use of neutralizing mAb, Nishimura and colleagues
asked the question how soon after virus exposure neutralizing anti-
bodies must be present to block an SIV/HIV chimeric virus infection
in pig-tailed macaques.105 They demonstrated that sterilizing immu-
nity can be achieved in 75% of the animals that received neutralizing
IgG six hours after intravenous SIV/HIV chimeric virus inocula-
tion,105 suggesting that antibodies of appropriate specificity have not
only prophylactic but also have therapeutic application.

Ruprecht and colleagues have performed several studies to evalu-
ate the role of neutralizing antibodies in preventing mother-to-infant
transmission of virus.106–108 They demonstrated that passive transfer of
a mAb cocktail (F105, 2F5, and 2G12) completely protected preg-
nant mothers against intravenous SHIV-vpu+ challenge after delivery.
The infants subsequently born to these infected mothers who
received the mAbs indirectly across the placenta from their mothers
and received another dose of antibody cocktail followed by oral chal-
lenge with SHIV-vpu+ were also completely protected against the
infection.106 Subsequent experiments have demonstrated that it was
possible to protect neonates against a highly pathogenic SHIV 89.6P
challenge by passive infusion of a mAb cocktail containing F105, 2F5,
2G12, and b12. Another infusion of the same mAb cocktail an hour
after the virus exposure, followed by another dose on day eight, com-
pletely protected animals against infection.106,109 In a recent study,
Ferrantelli et al.110 demonstrated complete protection of neonatal rhe-
sus macaques against exposure to pathogenic simian-human immun-
odeficiency virus (SHIV) by human anti-HIV mAbs. In this study,
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eight animals were orally exposed to the pathogenic SHIV and four
of them were given post-exposure prophylaxis with three anti-HIV
mAbs (2F5, 2G12, and 4E10) at 40 mg/kg dose. All the animals that
received mAb therapy were protected from infection (p = 0.028) and
their plasma, peripheral blood mononuclear cells, and lymph nodes
remained free of virus for more than a year. In contrast, all the con-
trols experienced high viral RNA levels and the loss of CD4+ T-cells
and died (median survival time 5.5 weeks).

Challenges in Inducing Antibodies of Approriate
Specificity with Broadly Neutralizing Activity

During the course of natural infection, HIV triggers antibodies, cyto-
toxic T-cell (CTL), and CD4+ T-helper immune responses. In gen-
eral, the primary peak of viremia declines before the appearance of
neutralizing antibodies against HIV Env. HIV-infected individuals
may generate potent neutralizing antibody responses to autologous
isolates, but these responses are slow to develop and take a long time
to mature.3,82,111–116 Interestingly, some long-term non-progressors
who remained disease free for more than 10 years after HIV infection
developed strong, broadly cross-reactive neutralizing antibody
responses, which may have contributed toward their ability to control
infection.117–120 The induction of antibody responses by monomeric
Env-based protein subunit vaccines is initially modest and requires
multiple boosts to induce strong responses. In addition, these antibod-
ies primarily recognized linear epitopes in the variable domains and
neutralized T-cell line-adapted (TCLA) virus isolates at significant dilu-
tions,121,122 and fail to neutralize primary HIV-1 isolates.3 Furthermore,
these non-conformational anti-gp120 specific antibodies are predom-
inantly subtype-specific and, to some extent, isolate-specific. However,
contrary to the earlier neutralization data, a recently published study
indicated that using a modified neutralization assay with an extended
incubation phase, these first generation of monomeric gp120 vaccines
can induce antibodies capable of neutralizing primary isolates.123 Thus
for the fair comparisons of potential vaccine candidates there is an urgent
need to develop standardized neutralization assays. 
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Another factor that has the potential to limit the protective effect
of neutralizing antibodies is the emergence of neutralization escape
mutants.124 Richman and colleagues have shown that most patients
with primary HIV infection (0–39 months) developed significant
neutralizing antibody responses against the autologous virus; how-
ever, neutralizing responses against the laboratory-adapted isolates as
well as heterologous primary isolates are slow to develop and often
lower.118 The appearance of neutralization-resistant mutants indicates
that neutralizing antibody responses have a negative effect on the viral
replication during HIV infection. Thus, it appears that the virus is
under intense selection pressure to mutate neutralizing epitopes with-
out compromising functional aspects of the Env, such as binding to
the receptor and co-receptor to evade immune pressure. This adds
additional constraints in development of an effective anti-HIV vac-
cine. Despite this selective pressure, virus replication proceeds unhin-
dered in infected individuals. Thus, HIV Env can tolerate multiple
mutations and most of these mutations are positioned in variable
regions that contain several glycosylation sites. In general the number
of glycosylation sites in Env glycoprotein is relatively conserved across
subtypes and isolates, suggesting a pivotal role for carbohydrates in
Env function and structural integrity. This extensive glycosylation
provides the virus with some flexibility to modify neutralizing epi-
topes to evade the immune pressure simply by altering the glycosyla-
tion profile (adding, deleting or changing the position), without
perturbing the secondary structure.120

Strategies to Design Immunogens that may
Induce Neutralizing Antibodies of Protective
Specificities by Vaccination

It is evident that gp120 contains neutralizing epitopes and that anti-
bodies directed against these epitopes can protect against virus infection.
During the course of natural infection, primary neutralizing antibody
responses are induced in humans. However, the gp120 monomer
has been relatively ineffective at eliciting these primary isolate
neutralizing responses. Furthermore, a recently concluded phase III
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efficacy trial using a gp120 monomeric vaccine demonstrated that
there was no difference in the rate of infectivity between vaccine recip-
ients and the placebo group.125–127 The ability of this vaccine to raise
functional antibody responses such as neutralizing Abs and ADCC has
yet to be fully evaluated, but the information gained may help to guide
further vaccine development. It will also be critical to understand the
barriers in inducing antibodies that recognize similar epitopes to those
recognized by 2F5, 4E10, Z13, F105, 2G12, and b12. Several strate-
gies are being evaluated by various investigators to develop and evalu-
ate novel Env immunogens to induce broadly neutralizing antibody
responses by vaccination, including: (A) structural optimization tar-
geting conserved neutralization epitopes, and (B) approaches to over-
come genetic diversity for vaccine development. 

A. Structural Optimization to Target Conserved
Neutralization Epitopes

The main approaches toward structural optimization of Env for
inducing broadly cross-reactive neutralizing antibodies involve the
use of: (i) native trimers, (ii) triggered-Envs, (iii) rationally designed
Env structures, and iv) mimotopes.

(i) Native trimers as immunogen 

As mentioned previously, critical neutralizing epitopes are preserved
and presented on the Env glycoprotein, but the virus has evolved
ways to minimize the immunogenicity of Env, such as by extensive
glycosylation of the molecule, to shield the conserved functional
regions. Similarly, the receptor-binding site, a likely target for immune
intervention, is buried within the molecule and is partially protected
from immune recognition. The observation that most broadly reac-
tive neutralizing antibodies isolated so far (i.e. IgG1b12, 2G12, and
2F5) have a stronger affinity for the native envelope (trimer) than for
monomeric gp120 or gp41 provides44,128,129 the impetus to evaluate
trimeric Env glycoproteins for their ability to induce broadly cross-
reactive, primary isolate neutralizing antibodies. Early immunogenicity
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studies demonstrated that antibodies induced by oligomeric Env
cross-reacted with HIV Env of other subtypes and neutralized both T
cell-adapted and some primary isolates of HIV-1.130 To use the
trimeric Env as an immunogen to elicit functional antibody responses,
the first and foremost challenge is to stabilize Env in the trimeric con-
formation without compromising the structural integrity of the mol-
ecule. Several approaches have been tried with reasonable
success.78,131–142 Yang et al. used GCN4-stabilized oligomers to
demonstrate that antibodies induced by oligomeric gp140 were more
effective at neutralizing heterologous primary isolates compared to
antibodies elicited by the corresponding monomeric gp120 pro-
tein.143 Earl et al. made similar observations in rhesus macaques using
a trimeric Env protein from SIV.135 Recently, we reported the purifi-
cation and characterization of stable trimeric Env protein from US4
(Subtype B R5 isolates).140 We also purified and characterized trimeric
protein from SF162 and demonstrated that it elicited strong antibody
responses in rabbits that neutralized two out of six heterologous sub-
type-B primary isolates.144 To further enhance the immunogenicity of
trimeric Env, we have introduced a partial deletion of the V2 loop and
expressed, purified, and characterized this novel Env immunogen.139

Using biophysical, biochemical, and immunological techniques, we
demonstrated that the purified Env was a trimer, had nanomolar affin-
ity to CD4, and had critical neutralizing epitopes exposed and pre-
served on the trimer.139 Deletion of the V2 loop qualitatively altered
the immunogenicity of the V3 and V1 loops and rendered the C5
region more immunogenic.145 The V2 loop deletion in the context of
a trimer elicited strong antibodies in rabbits that neutralized five out
of six heterologous subtype-B primary isolates, and conferred partial
protection upon pathogenic challenge with SHIVSF162P4 to rhesus
macaques immunized with this V2 loop deleted trimer in a DNA
prime and protein boost strategy.146,147 These animals were followed
for more than three years without any sign of disease. In addition, we
demonstrated a reasonable correlation between the presence of
neutralizing antibodies at the time of challenge in the vaccinated
animals and the levels of plasma viremia during acute infection.148
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This protein is currently being evaluated in a human clinical trial
(HVTN049). In a separate study, Quinnan and colleagues have eval-
uated the efficacy of oligomeric Env for inducing broadly neutralizing
antibodies.149 They primed a group of rhesus macaques with
alphavirus replicon particles expressing the Env from R2 strain, and
later these animals were boosted with the soluble oligomeric gp140.
Concurrently, animals were also immunized with SIV gag/pol genes
or no SIV genes to determine the additional protective benefit of
inducing cell-mediated immune responses. The antibodies induced by
alphavirus priming and oligomeric protein boost neutralized diverse
primary isolates in vitro. The immunized animals were protected
against the challenge infection with SHIVDH12 (Clone7).
Furthermore, the protection was associated with neutralizing anti-
body titers of >1:80 or with cellular responses of 2000 spot-forming
cells/10E6 PBMC. More recently, we have extended these studies for
the subtype C as well. In a proof of concept study in both rabbits and
rhesus macaques, we have demonstrated that HIV envelope DNA
vaccines derived from the South African subtype-C TV1 strain can
effectively prime for humoral responses against both subtype-B and
subtype-C primary R5-tropic HIV-1 isolates in rabbits and rhesus
macaques. Priming rabbits with DNA plasmids encoding TV1 gp140
modified in the second hypervariable loop (gp140TV1∆V2), fol-
lowed by boosting with oligomeric TV1∆V2 proteins, elicited more
potent HIV-neutralizing antibody responses than DNA vaccines
encoding TV1 gp160 or the intact TV1 gp140. Boosting with
oligomeric TV1∆V2 envelope proteins in MF59 adjuvant also elicited
higher titers of antibodies with homologous neutralizing activity
against TV-1 and heterologous neutralizing activity against the sub-
type-B SF162 primary isolate. In addition, combining subtype-B and
subtype-C V2-deleted immunogens resulted in increased cross-clade
neutralizing activity. Importantly, subtype-B-neutralizing antibody
responses were also observed after immunizing rhesus macaques with
subtype-C TV1∆V2 immunogens. Our results demonstrate that the
modified subtype-C gp140TV1∆V2 immunogen described herein
elicits broad, subtype-B and subtype-C neutralizing antibodies.150
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(ii) Triggered Env: targeting conformational epitopes

Conformational epitopes in Env induced upon interaction with CD4
are attractive targets for inducing neutralizing antibodies. It is well
documented that upon binding to CD4, HIV Env protein undergoes
significant conformational changes,151,152 which are critical for mem-
brane fusion and viral entry in the target cells.152 Furthermore, mAbs
such as 17b, 48d, 23e, 49e, 21c, E51, CG10, and X5 are better able
to recognize specific epitopes on gp120 after it interacts with soluble
CD4 (triggered Env).46,48,49,153,154 Attempts have been made by vari-
ous groups to evaluate such triggered Env (gp120-CD4 complexes)
as potential vaccine candidates.47,155 It was demonstrated that gp120-
CD4 complexes can induce broadly neutralizing antibody responses,
but they need to be stabilized using cross-linking reagents.155 In a
proof of concept study, we have demonstrated that triggered Env
(gp120-CD4 complexes) induced strong immune responses against
both gp120 and CD4145 and these antibodies neutralized both a pri-
mary isolate (SF162) as well as a T-cell adapted isolate (SF2).156 To
elucidate the contribution of anti-Env antibodies to neutralization,
we affinity purified the anti-Env antibodies from anti-CD4 antibodies
and showed that these antibodies neutralized two subtype-B and one
subtype-C primary HIV-1 isolates that were tested.156 Since gp120
SF2 alone was not able to induce primary isolate neutralizing anti-
bodies,144 these preliminary data suggested that certain neutralizing
epitopes may be better exposed on triggered Env compared to un-
triggered gp120. 

These studies illustrate the potential utility of the approach; how-
ever, the use of full-length CD4 raises the potential for induction of
autoimmune responses. One strategy to overcome this problem is to
identify the minimal binding domain of CD4. The recently reported
crystallographic structure of gp120, in complex with CD4 and the
Fab portion of mAb 17b,157 has demonstrated that a large surface
(742 Å) of the domain D1 of CD4 binds to a large depression (800 Å)
on gp120. This CD4 interface is composed of 22 residues, con-
tributing to gp120 binding with mixed hydrophobic, electrostatic,
and H-bonding interactions. The large size and complexity of this
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interface makes the reproduction of such a functional domain into a
small non-immunogenic molecule a challenge, and highlights the dif-
ficulty in developing high-affinity CD4 mimics. However, despite of
the large number of residues present in gp120-CD4 interaction, stud-
ies on hormone-receptor systems have shown that few residues might
dominate the binding energy at protein-protein interface.158 Thus,
the design of a minimal CD4 mimics may be possible. 

The transfer of functional sites to small proteins acting as struc-
tural scaffolds has been proposed as a useful strategy to reproduce the
structure and function of the target protein in small molecular sys-
tems.159,160 This approach has led to the discovery of scorpion toxin
Scyllatoxin fragment as an effective mimic of CD4. A mini-protein,
CD4M3, was chemically synthesized, folded efficiently, and presented
a circular dichroism spectrum similar to that of native Scyllatoxin. In
competitive ELISA, CD4M33 was able to specifically bind gp120 at
an IC50 of 40 µM, which is four orders of magnitude higher than
that of sCD4. This strategy has been recently applied to the engi-
neering of a mini-protein that mimics the core of the CD4 protein
surface that interacts with the gp120 envelope glycoprotein of HIV-
1 and, hence, inhibits virus attachment to cells and infection.161

The biological performance of this mini-protein was improved
using “rational” structure design. In total, five substitutions were
introduced (Gln20Ala, Thr25Ala, Leu18Lys, Ser9Arg, and Pro28)
and the resulting mini-protein (CD4M9) bound to gp120 at 400 nM,
induced conformational changes in Env, and inhibited infection of
CD4-expressing cells by different virus isolates. So far, an improved
CD4M33 has an affinity for gp120 similar to CD4,162 and induces a
conformational change in gp120 similar to that induced by sCD4X.162

In an earlier study, Fouts and colleagues have shown that covalently
cross-linked complexes of CD4 and HIV Env IIIB induced antibod-
ies that neutralized a wide range of primary isolates.163 Ig with neutral-
izing activity was recovered by affinity chromatography using Env/
CD4M9 single-chain polypeptide. More recently, using CD4M9, an
earlier version of the CD4 mini-protein developed by Vita and col-
leagues, Fouts et al. prepared single-chain constructs of SCBal/M9
and performed immunogenicity studies in rabbits.164 They showed
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that antibodies induced by Env-CD4M9 cross-linked complexes neu-
tralized a broad range of primary isolates. These results demonstrate
that: i) a significant portion of gp120 binding surface of CD4 can be
reproduced in a mini-protein system, ii) an engineered CD4 mini-pro-
tein contains sufficient CD4 structural elements to induce gp120
conformational changes, and iii) these surrogate molecules may be
useful in making stable complexes with envelope protein to expose
envelope epitopes for the induction of neutralizing antibodies.

In another approach, Guo et al. described a small synthetic mol-
ecule (termed BMS 378806) that inhibited the interaction of gp120
with cellular CD4 and prevented viral entry.165 This compound bound
to gp120 at a stoichiometry of approximately 1:1 with an affinity sim-
ilar to that of CD4. Therefore, molecules such as this one should be
evaluated for their ability to induce conformational change in Env. 

(iii) Rational design of Env immunogen 

A crystal structure of HIV-1 gp120 core in complex with two N-ter-
minal domains of CD4 and a Fab fragment of mAb 17b that binds
CD4-induced co-receptor-binding site was solved by Kwong,166 and
is known as liganded structure. The structure was determined using
the gp120 that lacked the V1/V2 and V3 loops as well as 52 and 19
residues from the N- and C-termini. The structure provided some
basic, but very important, information about the organization of
gp120. The protein is comprised of two domains, the inner and the
outer, which are bridged by a mini-domain called a “bridging sheet”,
a four-stranded, anti-parallel (β-sheet) (Fig. 7). The inner domain is
buried internally in the gp120/gp41 trimeric complex; therefore, as
expected, antibodies against this region do not neutralize the virus.
The outer domain is extensively glycosylated and does not elicit anti-
body response, and thus it is termed as immunologically silent. The
receptor binding site (i.e. CD4 binding pocket) is located in a region
that borders the outer and inner domains and the bridging sheet.
More recently, crystal structures of HIV-1 gp120 with intact V3 loop
have been solved.167 It appears that V3 loop forms a rod-like structure
that protrudes out from the gp120 core. This is not surprising
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considering its highly immunogenic properties. The crystal structure
of SIV gp120 reveals a number of important facts. First, its overall
structure is very similar to that of HIV-1 gp120, especially the outer
domain of the protein.76 Second, neither the CD4 nor the co-recep-
tor binding site (BS) is properly formed in the unliganded state of the
Env. In the unliganded form, the two double-stranded anti-parallel
sheets are well separated and many residues that make up the CD4
BS are either masked or in different configuration compared to after
binding to CD4. Third, there is large displacement and rotation of
the inner domain and bridging sheet components upon CD4 binding:
(i) the three-strand anti-parallel sheet of the inner domain rotates by
30°, (ii) the four-turn α-helix 1 shifts away from the outer domain,
and (iii) the tip of the V1 α/2 stem moves by over 40Å. These events
result in the formation of the bridging sheet. At present, the structure
of the V1/V2 loop is not known. However, it is thought to partially
mask the bridging sheet. Deeper insights into the native (i.e. un-trun-
cated) structures of gp120 could facilitate envelope-based vaccine
design. Now the efforts are being made by different groups including
ours to rationally design novel immunogens that may induce broadly
neutralizing antibody responses. So far, the focus has been to opti-
mize engineered Env structure for inducing potent antibody
responses against conserved functional epitopes by structure-based
targeted deglycosylation, by hyper-glycosylation, or by introducing
mutations/deletions in the bridging sheet.

Structure-based Targeted Deglycosylation

The extensive glycosylation of Env is likely to be involved in immune
evasion. Based on crystal structure it seems that the outer domain of
gp120 is heavily glycosylated, as shown by Wyatt and colleagues77

(Fig. 8). Despite being most exposed to antibodies, this region of Env
is known as “silent face” because it seldom induces neutralizing anti-
body responses. Thus, the sugar moieties may be shielding critical
neutralization epitopes. Malenbaum et al. have demonstrated that the
removal of glycosylation at position 301 resulted in an increased neu-
tralizing sensitivity of HIV-1 to CD4 BS antibodies.168 Furthermore,
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mutant virus lacking 301 glycan also demonstrated sensitivity to
CD4i antibodies. In another study, elimination of N-linked glycosyla-
tion in the V1 and V2 loops of pathogenic SIV mac239 rendered the
virus more sensitive to host antibody responses.169 It is apparent from
the crystal structure that sugar moieties lie proximal to, but not
within, the receptor binding site. Koch and colleagues have per-
formed structure-based deglycosylation of four sites flanking the
receptor-binding region (i.e. 197, 276, 301, and 386). Removal of a
single glycosylation site at the base of V3 loop (i.e. aa 301) has ren-
dered the mutant virus more sensitive to antibody-mediated neutral-
ization by anti-CD4 BS antibodies. Furthermore, deletion of all 4
glycosylation sites has made the resultant virus sensitive to neutraliza-
tion by CD4i antibodies. In an other study, McCaffrey et al.170 have
demonstrated that removal of sugar moieties at positions 293, 299
329, and also 438 and 454 made the SF162 virus more sensitive to
neutralization by CD4BS mAbs and also to V3 loop specific neutral-
izing mAbs. In addition, the deglycosylation of V3 loop (293, 299,
and 329) also made the mutant virus more sensitive to mAbs specific
to CD4i epitope. Furthermore, the same group has also demonstrated
that deglycosylation at positions 293 (V3 loop), 438 (C4 region), and
454 (V5 loop) also rendered the resultant virus more susceptible to
the anti-gp41 mAb 2F5. These studies suggest that carbohydrates at
these positions protect the CD4 binding site, V3 loop, co-receptor
binding site and also gp41 epitope.170 Further studies will be needed
to evaluate the efficacy of this approach in exposing critical neutraliz-
ing epitopes in Env immunogens.

Hyper-glycosylation for Focusing the Immune
Response Toward Neutralizing Epitopes
Recognized by b12

Burton and colleagues have taken the opposite approach of incorpo-
rating additional carbohydrate residues. They have demonstrated that
four alanine substitutions on the perimeter of the Phe43 cavity of
gp120 reduced the binding of weakly neutralizing CD4 BS antibodies
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to gp120,171 while increasing the binding of a potent broadly neu-
tralizing antibody b12. In further studies, they focused on the reduc-
tion of binding of a wide range of non-neutralizing antibodies by
incorporating seven more glycosylation sites in addition to the four
alanine mutations.172 It was interesting to note that these hyperglyco-
sylated Env proteins were not recognized by non-neutralizing anti-
bodies directed toward CD4 BS (such as b3, b6, CD4-IgG2, 15e,
F91, and F105); however, binding of the neutralizing antibody b12
remained, albeit at lower affinity, largely unaffected. Furthermore,
hyperglycosylation affected the exposure of conformational epitopes
recognized by mAbs 17b, 48d, and X5. It remains to be determined
whether these modified molecules can alter the immunogenicity of
Env and, in particular, if the increased b12 reactivity can be correlated
with enhanced neutralizing activity. 

Directing the Immune Response Toward
the CD4 Binding Site by Introducing
Deletions in Bridging Sheet

It has been difficult to induce antibody responses directed against the
CD4 BS by vaccination with gp120. From gp120 structure analysis,
it is apparent that Env is folded into inner and outer domains (Fig. 7).
The inner domain (with respect to the N and C terminus) comprises
two helices, a small five-stranded β sheet sandwiched at its proximal
end, and a projection at the distal end from which the V1/V2 loop
emanates. The outer domain is a stalked double barrel that lies along-
side the inner domain, such that the outer barrel and inner bundle
axes are approximately parallel. The gp120 inner and outer domains
are attached by a bridging sheet that further limits the accessibility of
the CD4 binding pocket. This bridging sheet is composed of four
anti-parallel β strands (namely β-2, β-3, β-20, and β-21) (Fig. 8). The
CD4 binding site is buried deep between the inner and outer domains
of this molecule and, hence, possibly not accessible to antibodies.
Structural data suggest that the V2 loop may fold over the bridging
sheet and, due to its three-dimensional position, the bridging sheet is
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believed to mask the elements involved in CD4 binding and co-recep-
tor binding. It has been shown that the deletion of V1 or V1V2 loops
does not abrogate the functional activities of the envelope glycoprotein
because the recombinant V1 or V1V2 deleted viruses are fully repli-
cation-competent in human PBMC.173 Furthermore, these deletions
in the context of Env protein also did not alter its ability to bind
sCD4.139,174 This suggests that these modifications alone preserve the
integrity of important conserved epitopes on Env. Furthermore, dele-
tion of V1 and V2 loops has made the virus more susceptible to anti-
body-mediated neutralization; however, no improvement was
observed in terms of directing the immune response to the CD4
binding site.139 Therefore, we introduced additional deletions in the
bridging sheet in an attempt to sufficiently expose the CD4 binding
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Fig. 7. gp120 core structure. Schematic representation of the tertiary
structure of the HIV-1HXB-2 Env gp120 polypeptide highlighting the bridg-
ing sheet that connects the outer and inner domains as determined by the
crystallographic studies.157
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site without destroying the proper folding and conformation of Env.
As mentioned above, there are four β strands: β-2 strand corresponds
to approximately amino acid residues Cys-119 to Thr-123, β-3 cor-
responds to approximately Ser199 to Ile-201, β-20 extends from
amino acid residues 422-Gln to 426-Met, and β-21 extends from
amino acid residues 431-Gly to 435-Tyr relative to HXB-2. The V1
and V2 loops emanate from the first pair of β strands (Cys-126 to
Cys-196) and a small loop extrudes from the second set of β strands.
This small loop extends from amino acid Trp-427 to Val-430. The H-
bonds between β-2 and β-21 are the only connections between
domains of the lower half of the protein (joining helix α-1 to the CD4
BS). Based on these structural features, we have designed a series of
deletions within the small loop of the bridging sheet to further expose
the CD4 binding site. In addition, we are evaluating deletions in the
large loop (i.e. V1 and V2 loops) either alone or in conjunction with
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High Mannose Sugar

Fig. 8. The molecular surface of the gp120 core, including the modeled
N-terminal residues, V4 loop, and carbohydrate structures, are shown as pre-
sented by Wyatt et al.77 The outer domain of gp120 is heavily decorated with
complex carbohydrates (blue) and terminal mannose sugars (dark blue). The
molecular surface of gp120 is color-coordinated to demonstrate the variabil-
ity in the Env: red indicates residues conserved among all primate immun-
odeficiency viruses; orange indicates residues conserved in all HIV isolates;
yellow indicates some degree of variability; and green indicates significant
variability among all HIV isolates.
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deletions in small loop to enhance the exposure of conserved neutral-
ization epitopes that are shielded from the immune system (unpub-
lished observations). 

Structural Information on gp41

Four crystal structures of HIV/SIV gp41 cores are available; all of
these structures are similar and represent a post-fusion conformation
of gp41.175 It seems that in prefusion state, in the native and untrig-
gered conformation, the surface of gp41 is shielded by gp120, and
thus is not accessible for antibody recognition. Upon binding of CD4
and co-receptor, both gp120 and gp41 undergo extensive conforma-
tional changes that expose the gp41 in an extended fusion intermedi-
ate conformation to position the fusion peptides for insertion into the
host membrane, during which gp41 is perhaps most vulnerable from
host antibody binding. In a proof of concept study, LaCasse and col-
leagues have shown that it is possible to target the fusion interme-
diate for vaccine application.176 In the study they immunized the
animals with fusion intermediates, and demonstrated that post immu-
nization sera neutralized 24 out of 25 primary isolated tested.
Furthermore, it has been shown that the peptides derived from the
sequences of HR1 and HR2 blocked the membrane fusion process of
HIV.76,177 Most likely, these peptides bind to the gp41 fusion inter-
mediates during the conformational changes, and therefore prevent
the membrane fusion and viral internalization. Now the most impor-
tant question is how to exploit the potential of fusion intermediates
for vaccine development. The most important constraint is exploiting
these fusion intermediates for vaccine application is that the struc-
ture of gp41 in fusion intermediate conformation is not known.
Therefore, structural information of a longer or full-length gp41 pro-
tein will be helpful to understand the influence on overall gp41 struc-
ture and function of the segments that were omitted in the present
crystal structures of gp41 core. In addition, detailed structure studies
of gp41 variants in conjunction with functional characterization of
antigenicity of the forms can drive a better understanding of the
structural epitopes to productively drive antigen development. 
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Current Structural Information that may be used for
Designing new Immunogens

While the efforts were directed to solve the crystal structure of Env
trimer, and to address the technical challenges associated with it, two
groups have applied a low-resolution technique (i.e. Cryo-EM) to cir-
cumvent the problems associated with crystallization and to provide
the structural information on the Env trimer.178,179 Zulleti et al. have
two best-fitted Cryo-EM three-dimensional desnsities, and both of
these structures suggest that: i) all the glycans are pointing outward
from the surface of the trimer, and solvent exposed, which is consis-
tent with the glycan shield model proposed by different investigators
to protect the virus against the neutralizing antibodies120,180; ii) the vari-
able regions V4 and V5 are positioned on the top surface of the com-
plex, an orientation that would facilitate their recognition by
antibodies181; iii) the V1V2 loop extends outward, implying good sol-
vent exposure, and in addition it is possible that the interaction of
V1V2 loop and the co-receptor binding site in the monomer may
limit the access of the co-receptor binding site to antibodies; iv) the
CD4 binding surface is exposed on the outer edge of each gp120 pro-
tomer, and is oriented such that access to membrane-associated CD4
on the target cell is possible; and v) the two models differ significantly
with regard to the orientation and exposure of V3 loop, and the ori-
entation of co-receptor binding sites. In the first model, the V3 base
points toward the trimer interface running roughly parallel to the
3-fold symmetry axis, being partially exposed in the cavities between
the lobes. In this trimer model, the V3 loop would be substantially
masked by packing into the trimer axis, potentially reinforced by
inter-V3 bonding. In the second model, the V3 loop is oriented out-
ward in solvent exposed phase. In addition, V3 seems to be highly
flexible in the CD4-unbound trimer. After Env binds to CD4 it
induces a conformational change in Env that increases V3 exposure.
This is supported experimentally by the increased accessibility of the
V3 loop in the Env trimer to antibody binding and enzymic proteol-
ysis subsequent to CD4 engagement.182,183 It is also consistent with
the highly exposed nature of the V3 loop in the structure of the
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V3-containing gp120–CD4–Fab complex.167 The increased exposure
of V3 in the CD4-bound conformation could be explained by a
rearrangement of the trimer in the first model, or by a conformational
change involving the V3 loop in the second model. 

The conserved co-receptor binding site, comprising the bridg-
ing sheet76 and associated regions, is thought to be largely inaccessi-
ble in the trimer. Experimental data support this concept, since most
CD4-induced (CD4i) surface-specific mAbs cannot access their epi-
topes on the CD4-unligated Env trimer, as evidenced by weak or
absent neutralization. It is possible that the V3 loop may be involved
in protecting the co-receptor binding sites from antibody recognition
and binding. 

A trimer model has been proposed previously in which the inner
domain of gp120 points toward the gp120-gp41 interface and the
outer domain extends outward.76 Such a model is inconsistent with
the orientation of the major axis of the ellipsoidal gp120 density
within the density corresponding to gp120 in our structure. In this
previous model, the V3 loop is exposed to solvent and the co-receptor
binding site is buried at the trimer interface. The two fittings pro-
posed by Zanetti et al. clearly suggest that either the V3 loop is
also pointing toward the trimer interface, or the co-receptor bind-
ing site is on the outside of the trimer, and protected from solvent
by V3.178 It is likely that the Env complex exhibits some conforma-
tional flexibility. 

In the context of trimeric Env, the gp41 stem appears as a com-
pact structure with no obvious separation between the three
monomers.178 The membrane-proximal region of gp41 is character-
ized by a highly conserved hydrophobic region, which is thought to
mediate trimer self-assembly.184 Furthermore, the density correspon-
ding to the gp41 stem region is shorter and slightly wider than the
post-activation coiled-coil conformation,185 in agreement with the
hypothesis that a dramatic conformational change is required for
gp41 to extend toward, and insert into, the target cell membrane.
The shape of the complex suggests a new model for the Env trimer
organization. The volumes are consistent with the assignment of
the globular domains to gp120 and the stem to gp41. The gp120
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protomers appear to fold over gp41 rather than depart radially from
it, contacting each other at the top of the spike. The interaction
between gp120 monomers at this contact is likely to be weak, to allow
the disassembly of Env ectodomain and extrusion of gp41 for inser-
tion into the host membrane for the membrane fusion to take place.

The two models proposed shed light on several important anti-
genic and mechanistic features of the Env trimer. First, they provide
models consistent with the concept that glycans and immunodomi-
nant variable loops are positioned on exposed gp120 surfaces to damp
the neutralizing antibody response. Second, they confirm that only a
limited gp41 surface is exposed for antibody binding, as has been pro-
posed previously.92 Third, they provide two possible descriptions of
the position of the V3 loop and the co-receptor binding.

B. Approaches to Overcome Genetic Diversity of
HIV Env for Vaccine Development

HIV is one of the most genetically diverse viral pathogens studied to
date. The uneven distribution of the various clades across the globe
presents one of the most challenging aspects to HIV vaccine design,
as it is unknown whether it will be possible to make an HIV vaccine
to cover all clades or whether a tailor-made vaccine based on the most
prevalent strain for a given region will be needed. To address the
problem of genetic diversity in HIV multivalent vaccine formulations
and vaccines based on consensus and ancestral sequences are being
evaluated. 

Multivalent vaccine approach

The objective of this approach is to use multiple clade-specific
immunogens in a vaccine to increase the breadth of the immune
responses without compromising the potency against one or more
clades. Various groups have recently demonstrated the potential util-
ity of this approach. For example, Shan Lu and colleagues demon-
strated that by including monomeric Envs from different clades,
improved breadth of neutralizing antibodies against different subtypes
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was achieved.186 Similar observations were made with a DNA prime
and rAdeno virus boost regimen by Letvin and colleagues.187 In a
proof of concept study, we immunized a group of rabbits with HIV-
1 Envs derived from subtype-B and subtype-C isolates either alone or
in combination in a DNA prime and protein boost regimen. All of the
animals immunized either alone or with the bivalent B and C vaccine
induced comparable levels of antibody responses against subtype-B
and subtype-C envelope proteins in ELISA. The antibodies induced
in the bivalent group were able to neutralize both homologous sub-
type-B and subtype-C isolates as well as other B and C strains.150
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Chapter 14

Insights into the Caliciviridae Family

Grant Hansman*

Introduction

The family Caliciviridae contains four genera, Norovirus, Sapovirus,
Lagovirus, and Vesivirus, which include norovirus (NoV), sapovirus
(SaV), rabbit hemorrhagic disease virus (RHDV), and feline cali-
civirus (FCV) strains, respectively. Human NoV, previously known as
small-round structured viruses (SRSV) or Norwalk-like viruses
(NLVs), is the leading cause of gastroenteritis in the world. The pro-
totype strain of human NoV, the Norwalk virus (Hu/NV/Norwalk
virus/1968/US), was first discovered from an outbreak of gastroen-
teritis in an elementary school in Norwalk, Ohio, USA, in 1968.1

Human SaV strains are thought to mostly infect infants, occasionally
causing outbreaks of gastroenteritis.2–4 The prototype strain of human
SaV, the Sapporo virus (Hu/SV/Sapporo virus/1977/JP), was orig-
inally discovered from an outbreak in a home for infants in Sapporo,
Japan, in 1977.5 Most animal caliciviruses are grouped within the
other two genera. Vesivirus and Lagovirus cause a variety of diseases,
such as gastroenteritis, vesicular lesions, respiratory infections, repro-
ductive failure, and hemorrhagic disease.

*National Institute of Infectious Diseases, Tokyo.
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Genome

The calicivirus genome consists of a positive-sense, single-stranded
RNA of approximately 7.4 to 8.3 kb in length that is organized in
either two or three open reading frames (ORFs) (Fig. 1). NoV and
FCV have a similar genomic organization in that ORF1 encodes
non-structural proteins, including N-terminal protein, NTPase,
3A-like protein, genome-linked viral protein (VPg), 3C-like protease,
and RNA-dependent RNA polymerase (RdRp). The NoV and FCV
ORF2 encodes the major capsid protein (VP1) and the NoV and FCV
ORF3 encodes a small protein (VP2). The NoV VP2 is associated

Fig. 1. Schematics of the family Caliciviridae. For Norovirus and vesivirus,
ORF1 encodes the non-structural proteins, ORF2 encodes the major capsid
protein (VP1), and ORF3 encodes a small protein (VP2). For sapovirus and
lagovirus, ORF1 encodes the non-structural proteins and VP1, whereas
ORF2 encodes proteins of yet-unknown functions, and ORF3 (an unknown
protein) is only predicted for SaV GI, GIV, and GV genomes.
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with VP1 stability and FCV VP2 is essential for the production of
infectious virions.6,7 The SaV GI, GIV, and GV genomes are predicted
to each contain three main ORFs, whereas the SaV GII and GIII
genomes (and RHDV genomes) each have only two main ORFs.8

The SaV and RHDV ORF1 encode non-structural proteins and the
capsid protein. The SaV and RHDV ORF2 and SaV ORF3 encode
proteins of yet-unknown functions.

Genetic Analysis and Recombination

Human NoV can be divided into two genetically distinct genogroups
(GI and GII), which can be subdivided into at least 14 GI and 17 GII
clusters or genotypes.9 Based on the capsid gene sequence, SaV can be
grouped into five distinct genogroups (GI to GV).8 Human SaV
belong to GI, GII, GIV, and GV, whereas pig SaV belongs to GIII.
In both NoV and SaV, the genotypes are generally maintained across
the ORFs. However, a number of NoV and SaV strains failed to main-
tain their sequence identities for RdRp and VP1, and they were
shown to be recombinant.10–16 Evidence suggested that the recombi-
nation site occurred at the polymerase and capsid junction on ORF1.
Phylogenetic analysis of the non-structural region (i.e. genome start to
capsid start) grouped these strains into one cluster, while the structural
region (i.e. capsid start to genome end) grouped these strains into two
distinct clusters. Figure 2 shows a possible mechanism for NoV and
SaV recombination.10 Nucleotide sequence at the polymerase and cap-
sid junction generally is conserved among human NoV and SaV
strains,14,17 likely facilitating a recombination event when nucleic acid
sequences of parental strains come into physical contact in infected
cells, e.g. during copy choice recombination. These data suggested
that these viruses could evade host immunity by readily changing their
structural region, i.e. the capsid protein that is immuno-reactive.

Expression in Insect Cells and Virus-like Particles

To date, all laboratory efforts to cultivate human NoV have failed,18

but expression of the recombinant VP1 (rVP1) in insect or mammalian

Insights into the Caliciviridae Family 383

FA
b514_Chapter-14.qxd  12/4/2007  3:40 PM  Page 383



cells can result in the formation of virus-like particles (VLPs) that are
morphologically similar to native NoV6,19–24 (Fig. 3A). These studies
have provided valuable information, including the high-resolution
atomic structure, antigenic analysis, and binding factors. However, it
remains unclear how similar these VLPs are to native virions.

Barcena et al.25 showed that RHDV N-terminal-deleted
rVP1 constructs could form small and native-size VLPs and that all
RHDV C-terminal-deleted rVP1 constructs failed to form VLPs.
In contrast, Bertolotti-Ciarlet et al.26 showed that both NoV N- and
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Fig. 2. A simple mechanism for recombination in NoV. 1) RNA tran-
scription by the RNA-dependent RNA polymerase (RdRp) (grey circle) gen-
erates a negative strand intermediate (dashed line). 2) Binding of the RdRp
to the almost identical RNA promoter sequences (filled boxes) generates
positive-stranded (straight line) genomes and subgenomic RNA. 3) These
templates direct RNA synthesis from the 3´ end that leads to the generation
of both a full-length negative genome and a negative subgenomic RNA
species. 4) Recombination occurs when the enzyme initiates positive strand
synthesis at the 3´ end of the full-length negative strand, stalls at the subge-
nomic promoter, and then template switches to an available negative subge-
nomic RNA species generated by a co-infecting virus. The net result is a
recombinant virus that has acquired new ORF2 and ORF3 sequences.
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C-terminal-deleted rVP1 constructs could form VLPs. SaV expression
was similar to those reported in the RHDV N- and C-terminal-
deleted rVP1 expression study, but were distinct from those reported
in the NoV N- and C-terminal-deleted rVP1 expression study.32 For
SaV, only proteins derived from N-terminal-deleted rVP1 constructs
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Fig. 3. (A) EM images of CsCl purified SaV and NoV native-size VLPs
negative-stained with 2% uranyl acetate (pH 4). (B) EM image of CsCl puri-
fied SaV VLPs showing both small and native-size VLPs negative-stained
with 4% uranyl acetate (pH 4). The long arrows show the native-size VLPs,
and short arrows show the small VLPs. The bar indicates 100 nm.

SaV VLPs NoV VLPs

(A)

(B)
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that began 49 nucleotides downstream assembled into VLPs, which
included both small and native-size VLPs (Fig. 3B). Small virions have
not yet been described in clinical stool specimens, which may suggest
that these smaller VLPs were exclusive to insect cell expression.

Capsid Structure

All caliciviruses process a single capsid protein (VP1) with apparent
molecular weights ranging from 59 to 65 kDa. The VP1 is responsible for
assembly, host interactions, and immunogenicity. Capsids that are made
of a single-structure protein are unusual among animal viruses, but are
common among plant viruses. The cryo-EM structure of the Norwalk
virus VLPs was determined in 1994.27 The Norwalk virus capsid was
found to exhibit a T = 3 icosahedral symmetry with 180 molecules of the
VP1 organized into 90 dimeric capsomers. The X-ray crystallographic
structure of Norwalk virus capsid was determined in 1999.28 The
Norwalk virus capsid was found to have two principal domains: a shell
(S) domain and a protrusion (P) domain, the latter of which is further
divided into two subdomains called P1 and P2 (Fig. 4). The S domain is
well conserved among the caliciviruses, whereas the P1 domain is mod-
erately conserved and the P2 domain is highly variable. The P domain is
thought to be exclusively involved in dimeric interactions for all cali-
civiruses; furthermore, the modular S-P1-P2 domain organization of the
capsid protein and the tertiary structure of the P1 subdomain appear to
be conserved in all caliciviruses.29 Particle assembly is not linked to pro-
tein-RNA interactions because VLP formation occurs without the
genomic RNA. The 3D structure of vesivirus virions (containing RNA),
empty lagovirus VLPs, and empty SaV VLPs have been determined by
cryo-EM to a resolution of ~22 Å.29–31 In addition, NoV GII VLPs were
determined. Comparative studies found notable surface differences,
though similar general features were also observed. The P2 subdomain
had the most variation. In all caliciviruses, the shell is formed by the S
domain, which is located between radii 100 and 150 Å. However, the
vesivirus contains another an inner contiguous shell (IS) domain, though
this may be associated with RNA. For NoV, the P2 subdomain was
described as a rectangular platform; for SaV, the P2 subdomain was
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described as saddle-shaped; and for SMSV4, the P2 subdomain was
described as parallelogram-shaped with a dent at the center.29

VP1: N Terminus

The N-terminus comprises of the first 50 residues of the capsid pro-
tein (Fig. 4). This is located in the interior of the particles. The N ter-
minus of NoV VP1 is acidic and is not thought to interact directly
with the viral genome.6 Several studies have found that deletion of the
small part of the N terminus of NoV, SaV, or RHDV did not affect
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Fig. 4. The VP1 domains and the ribbon structure of Norwalk virus
(accession number M87661) developed using the Swiss model software
(www.expasy.org/swissmod/SWISS-MODEL.html).

N S P1-1 P2 P1-2

50 225 279 406 520
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VLP formation.25,26,32 However, further deletion of the N terminus
affected assembly, indicating that the N terminal region is a molecular
switch that contains determinates for assembly.

VP1: S Domain

The contiguous shell is formed from the closely interacting S domains
of the 180 capsid proteins. The S domain is composed of residues
50 to 225 and is relatively conserved among caliciviruses. In the Norwalk
virus, the S domain folds into eight-strand antiparallel β-barrel
structures.28 This eight-strand antiparallel β-barrel is a common cen-
tral structural motif in the T = 3 plant and insect viruses. One study
suggested that all caliciviruses exhibit this eight-strand antiparallel β-
barrel structure and that it is the most conserved structural feature in
the calicivirus structures.29 And another study showed that expression
of the S domain alone resulted in the formation of smooth particles,
but deletion of part of the S domain resulted in the formation of
unstable particles, indicating that the S domain contained all the
determinates, or a scaffold, for assembly.6 The Norwalk virus shell lies
between radii of 110 and 150 Å.

VP1: P1 Subdomain

The S domain is connected to the P1-1 by a flexible hinge. For the
Norwalk virus, the P1 subdomain consists of residues 226 to 278
(called P1-1) and 406 to 520 (called P1-2). The P1-1 subdomain
contains three β strands, whereas the P1-2 subdomain contains six
β strands and an α helix.28 Comparison studies of NoV genogroup I
and II VLP cryo-EM structures found that the P1-1 and P2 subdo-
mains were involved in the intradimeric interactions, whereas for SaV
and vesivirus, only the P2 subdomain was thought to be involved in
the intradimeric interactions and the P1 domain was involved in the
interdimeric interaction.29 Amino acid alignments, secondary struc-
ture predictions, and fitting models have indicated that the P1 sub-
domain is conserved in all caliciviruses.29
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VP1: P2 Subdomain

The P2 subdomain has been described as a large insertion, distal
globular portion of the arch, and a replaceable module. Amino acid
alignments have shown that the P2 subdomain is the most variable
region. In addition, a large number of insertions were seen in two
genera, Sapovirus and Vesiviruis, with respect to Norovirus. The P2
subdomain occupies the residues 279 to 405 of NoV VP1. The P2
residues 285 to 380 fold into a compact barrel-like structure con-
sisting of six β strands.28 The fold of this subdomain was found to be
similar to the elongation factor-Tu (EF-Tu). The EF-Tu is a GTP
binding protein involved in transporting aminoactyl-tRNAs to ribo-
somes, which suggests a possible role in viral or cellular RNA trans-
lation and regulation of protein synthesis. In addition, the P2
subdomain is thought to contain the determinants of strain speci-
ficity, cell binding, and antigencity. For example, monoclonal anti-
bodies that recognize regions in the P2 subdomain inhibit binding
of NoV VLPs to cells.33,34

Subunits

In order for NoV to form a T = 3 icosahedral structure, the capsid
protein forms three quasiequivalent positions, termed A, B, and C.28

The structures of the A and B subunits are similar, maintaining rela-
tive orientations between the S and P domains. The S domain is
involved in the icosahedral contacts, whereas the P domain is
involved in the dimeric contacts. The dimers on the local twofolds
axes are formed by A and B subunits, whereas those on the strict axes
are formed by two C subunits. These three subunits form dimers,
denoted AB and CC. The S domains of the AB dimer have a “bent”
confirmation, whereas the S domains of the CC dimer have a “flat”
confirmation. These confirmations allow for the formation of a
closed shell. The AB dimers surround the icosahedral fivefolds axes,
whereas the AB and CC dimers alternate around the icosahedral
threefold axes.
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VP2 and VP3

The highly basic VP2 may serve a function similar to the basic N ter-
minus of plant virus capsid proteins, which are involved in RNA bind-
ing, since the N terminus of NoV VP1 is acidic and is not thought to
interact directly with the viral genome.6 However, VP2 is not essen-
tial for the expression of VLPs,35 but may serve a regulatory function.
This is thought to confer stability to the capsid protein.6 This protein
is believed to be associated with encapsulation of the genomic RNA.
The function(s) of the VP3 is unknown and is only found in SaV GI,
GIV, and GV strains.

Antigenicity

Expression of VP1 results in the formation of VLPs that are morpho-
logically and antigenically similar to native viruses.11 At least two kinds
of assays have been used to examine the cross-reactivities among these
VLPs, an antibody enzyme-linked immunosorbent assay (ELISA) and
an antigen ELISA.9,36–39 The antibody ELISA is broadly reactive,
whereas the antigen ELISA is specific, only detecting strains that are
closely related (>95% identity in the RNA polymerase region). For
example, in an antibody ELISA, NoV GI/11 antiserum showed broad-
range cross-reactivities, detecting 2 NoV GI and 10 GII genotypes.35

Likewise, NoV GII/1, GII/10, and GII/12 antisera also showed
broad-range cross-reactivities in a antibody ELISA, detecting several
other distinct NoV GII genotypes.35 Amino acid alignment of NoV
VP1 suggested that these broad-range cross-reactivities were due to
conserved amino acid residues located within the shell and/or P1-1
domains. On the other hand, unusual cross-reactivities among different
GII/3 antisera were observed in an antibody ELISA. The four kinds of
GII/3 antisera (strains 809, Sh5, 18-3, and 336) cross-reacted moder-
ately to weakly against GII/3 1152 VLPs (i.e. up to eight-fold lower
than homologous VLP titer). Amino acid alignments of these five
GII/3 sequences revealed 1152 had three unique amino acid residues
compared to the other four GII/3 sequences (amino acid positions
Thr-285, Ile-372, and Ser-508), two of which were located within the
P2 domain (Thr-285 and Ile-372). Amino acid secondary structure
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predictions made using the PSIPRED secondary structural prediction
software revealed that the VP1 secondary structures for 809, Sh5, 18-3,
and 336 had a helix structure at the first unique residue, but this helix
structure was absent for 1152 (Fig. 5). This helix structure may have in
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Fig. 5. Schematic representations of the complete predicted secondary
structure of NoV (GII/3) 1152, 18-3, 336, 809, and Sh5 VP1. The level
of confidence of prediction (Conf:) is shown on the first line, where a tall box
represents a high confidence of prediction and a low box represents a low
confidence of prediction. The predicted secondary structure (Pred:) is shown
on the second line, where helix = cylinder, β-strand = arrow, and a line = coil.
The third line also shows the predicted secondary structure (Pred:), where
H = helix, E = β-strand, and C = coil. The amino acid sequence is shown on
the last line (AA:). The box regions on 18-3, 336, 809, and Sh5 VP1 indi-
cate a helix structure, which is absent on 1152 VP1. The unique amino acid
residues for 1152 sequence when compared to the other four GII/3
sequences are indicated with an arrow.
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part influenced the cross-reactivity among the GII/3 VLPs (i.e. with-
out the helix structure, GII/3 1152 VLPs cross-react weakly against
the other four GII/3 antisera). This suggestion may also explain NoV
virulence in which some strains appear to infect a certain population
over an extended period of time.40,41 In a recent report, single amino
acid changes were suggested to represent a possible way for the virus
to evade the host immunity.40 In addition, one report suggested a
change in the VP1 secondary structure (i.e. a disappearance of a helix
structure) was responsible for a chronic NoV infection in an immuno-
compromised patient for over two years.42 Furthermore, the helix
structure reported by Nilsson et al. was located near the helix structure
described in Fig. 5, signifying an important antigenic site.

Proteolytic and Replication

Proteolytic and replication studies on human caliciviruses have been
enigmatic due to their inability to grow in conventional cell cultures.
Development of a self-replicating complete VLP (i.e. containing RNA)
would greatly enhance the understanding of infectivity, antigenicity,
and binding factors. Nevertheless, a number of important proteolytic
and replication studies have been conducted. Proteolytic processing of
the ORF1 polyprotein is a common feature of the caliciviruses.43 The
cleavage sites have been mapped in detail in RHDV,44–48 FCV,49–51 and
NoV,52–59 and more recently the cleavage map of a SaV was deter-
mined.60 Site-directed mutagenesis demonstrated that the P1 amino
acid (i.e. the amino acid immediately upstream of the scissile bond)
plays a critical role in the proteolytic processing. The importance of
phenylalanine at the P4 position to achieve efficient cleavage between
N-terminal protein and NTPase of NoV was noted by Hardy et al.54

Similarly, a phenylalanine residue was found at the P4 position in
three of five cleavage sites in the ORF1 and at one cleavage site in the
ORF2 of FCV. Although the details of the calicivirus genome repli-
cation, transcription, and translation remain unclear, the translation
might require a cap or a cap-like structure, or VPg attached to the 5´
end of the genome and subgenome as reported in FCV.61,62 Recently,
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the interaction of NoV VPg with the translation initiation factor eIF3
has been reported,63 and thus it is possible that the NoV VPg regulates
transcription and translation initiation events. For some animal cali-
civiruses, synthesis of the capsid protein is initiated from the subgenomic
RNA and involves sequences conserved at the 5′ end of the genomic and
subgenomic RNA,61,64 which may also be the case for NoV.65 A number
of studies have expressed human NoV in cultured human embryonic
kidney 293T cells using a number of different constructs designed to
produce RNA identical to the genomic RNA.66,67 In these studies the
negative-strand genomic-like RNA and the subgenomic-like RNA were
transcribed by the functional viral RdRp. This was evident from the
fact that a disrupted RdRp failed to produce genomic and subgenomic
RNA. However, VLPs were not formed when the full-length genomic-
like construct was transfected alone, but were formed when both the
full-length genomic-like and subgenomic-like construct were co-trans-
fected. NoV RNA was not packed into the VLPs when the subgenomic-
like construct was expressed alone, but NoV genomic RNA appeared to
be packed into the VLPs when the full-length genomic-like and
subgenomic-like constructs were co-transfected. This suggested that RNA
packaging signals resided in the ORF1 region and/or non-structural pro-
teins were required for the RNA packaging and viral replication.7,66,68,69

Recently, a murine NoV cell culture system has been established70 of
which two aspects were examined, the expression of a subgenomic RNA
and the rearrangement of intracellular membranes during replication.
Subgenomic RNA was detected from the murine NoV-infected cells and
reorganization of intracellular membranes and loss of an intact Golgi
apparatus was observed.70 Comparisons between human NoV replica-
tion systems66,67 and the murine NoV cell culture system70 should pro-
vide some fundamental mechanisms. 
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Chapter 15

Mathematical Approaches for
Stoichiometric Quantification in Studies
of Viral Assembly and DNA Packaging

Peixuan Guo*,†, Jeremy Hall † and Tae Jin Lee †

Viral assembly involves multi-step reactions. It is relatively easy to determine
the concentration of the initiating substrates and the final products.
However, due to the rapidity of the reaction, it is very difficult to isolate and
characterize or to elucidate intermediate states of the reaction.
Stoichiometry determination is critical to the understanding of the mecha-
nism in viral assembly. It would therefore be desirable to have a reliable
method to determine the stoichiometry and the absolute copy number of
the substrates or enzymes that actively participate in multi-step reactions. 

The emergent field of nanotechnology generally involves the character-
ization, manipulation, modification, and/or assembly of organized materials
on the nanoscale level. The size of viruses is between tens to hundreds of
nanometers. This range falls into the dimension that is the focus of study in
nanotechnology. Stoichiometry quantification will facilitate the application
of viral materials in nanoscience and nanotechnology. Viruses contain a wide
variety of nanomachines and ordered structures, including motors, arrays,
pentons, and hexons. The novelty and ingenious design of viral particles and
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structural components have long inspired the development of biomimetics
for nanodevices. One of the current hot topics in viral research is to make
these machines as viable and effective as possible outside infectious viral par-
ticles. Viral structure components and assembly intermediates are exciting
building blocks in nanotechnological and bionanotechnological applications.
In general, viral structures are typically formed by multimers of gene prod-
ucts. In order to apply such viral structures in nanotechnology, knowledge of
the stoichiometry of biological components is essential. Approaches in tradi-
tional nanotechnology are often distinguished between “top down” and
“bottom up” approaches. In virology, functional nanostructures have been
studied by both “bottom up” and “top down” approaches for decades,
despite not using nanotechnological terminology to describe the process.
Both in “top down” and “bottom up” approaches, stoichiometric determi-
nation of the components of the nanostructure is critical.

Although the absolute concentration of the substrates and the inter-
mediate is difficult to be determined, relative parameters, such as dilution
factors, percentage, and probability, as well as shapes and slopes of titration
curves, can be utilized to facilitate a more accurate determination. A variety
of biological systems and molecular processes have been successfully ana-
lyzed by mathematical methods. This review will only focus on the mathe-
matical methods employed, utilized, or developed in the author’s
laboratory. 

Introduction

Stoichiometry Quantification to Facilitate the
Understanding on the Mechanism in Viral
Assembly and DNA Packaging 

Viruses are composed of both proteins and nucleic acids, either DNA
or RNA, that serve as the genetic material. Their genome is enclosed
in the protein shell or capsid. After the synthesis of structural proteins
and the viral genome, these components must interact with one
another to form a complete virion, a process referred to as virus
assembly.1–5 One striking feature in the assembly of many linear dou-
ble-stranded DNA (dsDNA) viruses—including adenovirus,6–10 her-
pes virus,11–13 pox virus,14–16 and bacteriophages T1,17 T3,18 T4,19

T5,20 T7,21,22 P1,23 P2,24 P4,25 P22,26–28 Mu,29 phi21,30 phi29,31–35

SPO1,36,37 SPP1,38,39 lambda,40–43 and their relatives44 — is that the
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viral genome is packaged swiftly and processively (~140 bp/s at
25°C) into the viral prohead to a concentration characteristic of DNA
crystals (~500 mg/ml) during maturation.45–47

Many biological processes involve multiple components in multi-
step reactions. Progress in the quantitative analysis of these systems
has been hampered by a lack of viable methods. It would therefore
be desirable to have a reliable method to determine the stoichiome-
try of the substrates or enzymes that actively participate in interme-
diate reactions. Although the exact concentrations of the substrates
and products of intermediate reactions are difficult to determine, rel-
ative parameters, such as dilution factors, percentage of mutants, and
probability, as well as shapes and slopes of dilution curves, can be
more accurately determined. A variety of biological systems and
molecular processes have been successfully analyzed by mathematical
methods.48–54

Most viral assembly processes involve single-assembly path-
ways.2,4,5,55 The applications of mathematical approaches to determine
the stoichiometry of viral structural components are relatively simple
and reliable. With careful assessment of the substrate concentration of
the structural components, the approaches would be applicable to
both in vitro and in vivo assembly systems. For in vitro assembly, the
determination of substrate concentration is very straightforward. For
in vivo studies, the concentration of the structural components can be
manipulated by controlling the strength of the promoter and can be
determined by SDS gels, proteomics, or other available quantitative
approaches. 

Stoichiometry Quantification to Facilitate the
Application of Viral Materials in Nanoscience
and Nanotechnology

The emergent field of nanotechnology generally involves the charac-
terization, manipulation, modification, and/or assembly of organized
materials on the nanoscale level,56,57 thereby helping to form
supramolecular structures.58–60 These materials can then be used as
building blocks for the construction of larger devices and systems.
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Viral components hold great potential for nanotechnology because
viruses, due to their genome size and lifecycle restrictions, are typi-
cally required to assemble functional structures efficiently from a lim-
ited number of components, following a comparatively simple
construction plan.2,3,5,61 The size of viruses is between tens to hun-
dreds of nanometers. This range falls into the dimension that is the
focus of study in nanotechnology. Viruses contain a wide variety of
nanomachines and ordered structures,62 including motors,47,63–69

arrays,70–73 pentons, and hexons. The novelty and ingenious design of
viral particles and structural components have long inspired the devel-
opment of biomimetics for nanodevices.56,59 Structural components
and intermediates of assembly in viruses are exciting building blocks
in nanotechnological and bionanotechnological applications. One of
the current hot topics in viral research is to make these machines as
viable and effective as possible outside infectious viral particles.74 The
application of these structures and their derivatives includes the detec-
tion of pathogens, the delivery of drugs,75 and the therapy and diag-
nosis of diseases.76 Additional applications include the gearing of
other nanodevices; the driving of molecular sorters; the building of
intricate arrays and chips; and the operation of new electronic and
optical devices,77 including nanoelectromechanical systems (NEMS)78

and molecular sensors or complex actuators.79

In general, viral structures are typically formed by multimers of
gene products. In order to apply such viral structures in nanotechnol-
ogy, knowledge of the stoichiometry of biological components is essen-
tial. Many physical and optical approaches have been successfully used
in viral stoichiometry quantification, including the use of STEM.80–83

Readers are referred to these excellent review articles for detail.
Although many successful cases have been reported in the use of these
techniques for stoichiometry determination, direct quantification of
viral components and nanoparticles has been tedious and limited in
many cases. Since biological materials are often too soft and too small
for atomic force microscopy, it has been difficult to yield sufficient
resolution in negatively stained preparations, and to provide enough
contrast in (cryo) electron microscopy due to low electron density,
especially for nucleic acids. 
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Approaches in traditional nanotechnology are often distinguished
between “top down” and “bottom up” approaches.56,84,85 However,
in virology, functional nanostructures have been studied by both
“bottom up” and “top down” approaches for decades,55,86–89 despite
not using these specific terms to describe the process. “Top down”
approaches include structural studies on viral components or the dis-
section of the complete viral particles into subunits or single mole-
cules, using various methods of molecular biology.8,86,90–93 “Bottom
up” approaches exploit the efficiency of viral assembly. Not only viral
components, but also complete infectious virions, can be assembled
in vitro from single molecules or synthetic materials.31,35,51,52,87,88,94–98

In both “top down” and “bottom up” approaches, stoichiometric
determination of the components of the nanostructure is critical. 

Hill Cooperativity Coefficient

The use of mathematical rationales in combination with experimental
analyses is a versatile and powerful tool for stoichiometric quantification.
Biological systems and molecular processes have been analyzed by a vari-
ety of mathematical methods, depending on the desired scientific objec-
tive.48–52,54. One method widely used to analyze binding equilibrium in
ligand-receptor interaction is the application of the Hill equation. The
most common measure of cooperativity was produced by A. V. Hill,
when he devised a method based on plotting the partial pressure of oxy-
gen against the fractional saturation of myoglobin and hemoglobin.99

He defined the steepness of the slope at 50% saturation in a double-log-
arithmic graph to be the Hill coefficient. If this coefficient is 1, repre-
senting only one binding site, this indicates complete non-cooperativity,
as was found for myoglobin. With only one binding site, it would not be
possible for there to be any interaction between two myoglobin mole-
cules. Hill coefficients larger than one indicate positive cooperativity, as
is the case with hemoglobin, where the value is close to 3. An adap-
tation of the basic equation from which the Hill coefficient is derived
is: n = d log[Y/(1 − Y )]/d log X, where Y is the overall fractional satu-
ration, and X is the ligand activity. This equation provides a method not
only to measure the affinity of a ligand for a receptor, but also to estimate
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the number of ligand molecules needed for receptor binding in order to
execute appropriate functions.100–103 The number of ligands can only be
estimated by the Hill coefficient under conditions where extreme posi-
tive cooperativeness occurs. That is, the binding of the second molecule
is dependent on the first one. For this reason, the Hill coefficient is only
an indication of the interaction coefficient reflecting cooperativeness,
rather than in itself being a reliable method for stoichiometry determi-
nation.104 In addition, in a simple sequential or an independent binding
reaction with up to ten binding sites for neutral cooperativeness, the Hill
coefficient is always less than 2.105 To this end, it would be desirable to
have a more reliable and simple method to determine the stoichiometry
of structural components or enzymes that actively participate in inter-
mediate reactions. Nevertheless, in conjunction with other approaches,
the Hill coefficient can be useful in further corroborating other methods
to determine stoichiometry.

The Hill coefficient has been applied to the study of pRNA stoi-
chiometry of the DNA packaging motor of phi29.106 If dimers are the
building blocks, there are two possible pathways to assemble a hexa-
mer. The first one is the independent addition of individual dimers (2
× 3 = 6). The second way is the cooperative addition of dimers
through hand-in-hand interaction to recruit the incoming dimers (2
+ 2 + 2 = 6). Binding analysis reveals that the Hill coefficient105 is 2.5,
strongly suggesting that on the connector there are three binding
sites for dimer binding and that the binding process is cooperative.
Therefore, the sequence of hexamer formation is predicted to be (2 +
2 + 2 = 6),106 and the usefulness of the Hill coefficient to support sto-
ichiometric conclusions is demonstrated. 

The use of Binomial Distribution for the
Determination of Stoichiometry

Principle

Binomial distribution has often been used as an effective means for
stoichiometric determination.107,108 This is particularly applicable to
biological components containing two functional domains, one of
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which is responsible for the binding of the component to a specific
target, and the other for an essential biological activity other than
binding. A lethal mutant of this component could be constructed by
introducing a mutation into the functional domain while keeping the
binding domain intact. If this mutant component retains a binding
affinity equal to the wild-type component, then the stoichiometry of
this component could be determined by mixing the wild type with the
mutant in the reaction to access the probability of the distribution and
combination of the mutant and wild type. This method is intended to
determine the stoichiometry of components that participate in one
single step of the reaction.

Here “receptor” represents the reaction assemblage, and “ligand”
represents the component to be measured for stoichiometry. The
probability that the receptor possesses a certain amount of mutant
and a certain amount of wild-type ligand can be predicted through
binomial expansion (Eq. (1)).

(p + q)Z =
(

Z
0

)
pZ +

(
Z
1

)
pZ−1q +

(
Z
2

)
pZ−2q2 +

(
Z

Z − 1

)
pqZ−1

+
(

Z
Z

)
qZ =  

∑Z
M = 0

(
Z
M

)
pZ−Μ qM. (1)

where p and q are the known ratios (percentage) of mutant and wild-
type ligands, respectively, in the reaction mixture, where p + q = 1;
Z is the total number of ligands per receptor, that is, the unknown
stoichiometry to be determined; M is the number of mutants bound
to the receptor. Therefore:

(
Z
M

)
= Z ! . (2)

M!(Z − M)!

The probability of different combinations of mutant and wild type
can be predicted to produce theoretical curves. Using various ratios
of mutant to wild-type components in an experimental setting, the
percentage of mutant vs. the yield of products of the empirical data can
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be plotted and compared to a series of predicted curves to find a best
fit (Fig. 1). In this method, there will be two unknown parameters.
One is the stoichiometry Z, and the other is the copy number, X, of
mutant that is needed to block the reaction. In the real experiment,
the productive reaction is “dominant” and can be observed, while the
abortive reaction is “recessive” and can only be predicted, but not
observed. Therefore, the equation can be used to determine two
parameters in separate experiments:

Case one assumes that the stoichiometry, Z, is unknown, but the
number, X, that is sufficient to block the reaction is one. A series of
curves can then be generated; for example, several curves can be gen-
erated where Z varies from 1 to 30 (Fig. 2). Curves of observed
empirical data can then be superimposed onto the predicted curves to
find a match, and thus the stoichiometry can be deduced from the
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Fig. 1. Theoretical and empirical plots of % mutant RNA yield of infec-
tious virions in in vitro assembly assays. Z is the total pRNA number per
procapsid varied from 1 to 12, supposing that the minimal number of the
bound mutant pRNA required to block DNA packaging is 1. (Adapted from
Ref. 107, with permission from the author and the publisher, American
Society for Microbiology.)
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overlapping curves. When this is combined with Method 2, which uti-
lizes log/log plotting, the stoichiometry can be determined.

Case two uses components with known stoichiometry or assumes
that Z is known but the number, X, of mutants required to block the
reaction is unknown. A series of curves will be produced and used for
comparison with empirical data (Fig. 3). It is crucial to use a mutant
component that can inhibit packaging completely without coopera-
tive or partial activity.

One potential avenue of research is to explore whether previous
approaches and developed equations for RNA stoichiometric determina-
tion using binomial distribution could be applied to protein components.
This would lead to a conclusion as to whether or not these methods
could have general application. To test the formula of binomial distribu-
tion for stoichiometric determination of proteins, it is important to uti-
lize a protein with well-elucidated structure, clearly defined domains,
unambiguous stoichiometry, and reliable methods of biological assay.
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Fig. 2. Theoretical and empirical plot of % mutant the log of yield.
Predictions were made with Eq. (1), supposing that the stoichiometry, Z,
varies 1 to 30, and the minimal number, X, of the bound mutant required to
block the activity is 1.
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Linear dsDNA viruses package their genome into a preformed
procapsid.3,5,55 The packaging motor involves a dodecameric protein
connector109–112 and two nonstructural components with certain char-
acteristics typical of ATPase.113 In bacterial virus phi29, these two
nonstructural components are gp16 (a protein)113,114 and pRNA.115

Both of them have ATPase activity required for DNA encapsida-
tion,113,116–118 and a small (120-base) viral RNA (pRNA) also plays an
essential role in the process.115,119 Phylogenetic analyses of the virus-
encoded pRNAs115,119 from other phages show similar secondary
structures.120,121 Mg++ induces a refolding of pRNA. This conforma-
tional change confers the pRNA to bind to the portal vertex (the site
on procapsids where DNA packaging occurs) of procapsids.122

Approximately six pRNAs are attached to procapsids purified from
infected cells,123 although the number required for DNA packaging is
unknown. The pRNA appears to leave the procapsid after DNA pack-
aging is completed (i.e. before tail assembly)124 and accomplish the
DNA translocation process by their sequential action (Fig. 4).125

pRNA contains two functional domains (Fig. 5). The procapsid
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Fig. 3. Theoretical plot of % mutant the yield. Predictions were made with
Eq. (1), supposing that the total stoichiometry, Z, is equal to 12, and the
minimal number, X, of the bound mutant required to block the activity is 1
to 12, respectively.
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binding domain is located in the central region,106,123,126,127 bases
23–97, while the 5’/3’-paired ends are required for an unknown role
involved in DNA translocation into the procapsid.123,127–130 Mutant
pRNAs with mutations in the 5’/3’-paired ends can compete with
wild-type pRNA for procapsid binding and inhibit phage assembly
in vitro and in vivo.107,131

It is able to assemble infectious phi29 virions in vitro using nine
purified and two partially purified proteins overproduced from cloned
genes as well as synthetic pRNA and phi29 genomic DNA (Fig. 6).132

Mixing purified procapsids, pRNA, packaging enzyme gp16, genomic
DNA-gp3 (gp3 is a viral protein gp3 covalently attached to each 5’
end), ATP, and Mg++ results in the accumulation of DNA-filled heads.35

The subsequent addition of purified phage neck and tail proteins con-
verts the DNA-filled heads into infectious virions (Fig. 7).31,132

Omission of any one of the essential phi29 assembly components from
the reaction results in no plaque formation,31,35,132 thus providing an
assay with a sensitivity of over eight orders of magnitude. The system is
sensitive enough that pRNAs with 105- or 106-fold reductions in DNA
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Fig. 4. A model depicting sequential action of six pRNAs to gear the DNA
translocation machine. Hexagon → connector; Surrounding pentagon →
capsid membrane; six protrusions → six pRNAs. Arrows point to the differ-
ent energetic states of pRNA 1 with variable patterns to illustrate different
energetic conformation.  A to G → six steps of 12° rotation, (a 5/6-fold mis-
match generates 30 equivalent orientations, 360° ÷ 30 = 12°). Each pRNA
rotates 72° after six steps to move from one vertex to an adjacent vertex
(pRNA 1 moves from vertex a to b). If one ATP is needed for one pRNA to
move from one vertex to another via one cycle of contraction and relaxation,
then 30 ATPs (6 RNA X 5 vertex) are needed for a 3600 rotation that cause
the translocation of one helical turn or 10.5 bases of DNA. (Adapted from
Ref. 124, with permission from the author and the publisher, American
Society for Microbiology.)
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packaging activity can be detected, which was not possible with previ-
ously used DNA packaging assays.

Therefore, it is now an appropriate time to test whether the bino-
mial distribution approach can be applied to the determination of
protein stoichiometry.

Determination of the Stoichiometry, Z

Equation (1) can be used to predict the level of mutants. For exam-
ple, if the total number of pRNAs per procapsid required for DNA

412 Structure-based Study of Viral Replication
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Fig. 5. Secondary structure of pRNA on phi29 bacteriophage. (A) Secondary
structure of wild-type pRNA A-b́ . The binding domain (shaded area) and
the DNA translocation domain are marked with bold lines. The four bases in
the right and left loops, which are responsible for inter-RNA interactions, are
boxed. (B) A 3D-model of the viral packaging motor. (C) Diagrams depict-
ing the formation of pRNA hexamer ring and its location in the phi29 DNA
packaging machine. Hexamer formation is via right-and-left-loop sequence
interactions of pRNA A-b´ and B-a´. (Adpated from Ref. 151, with permis-
sion from the author and the publisher, Elsevier.)
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packaging is three, the probability of all combinations of mutant and
wild-type pRNAs on a given procapsid can be determined by the
expansion of the binomial: (p + q)3 = p 3 + 3p 2q + 3pq 2 + q 3 = 100%.
That is, in the procapsid population, the probability of procapsid pos-
sessing either three copies of mutant pRNA, two copies of mutant
and one copy of wild type, one copy of mutant and two copies of wild
type, or three copies of wild type is p3, 3p2q, + 3pq2, or q3, respectively.
Suppose that there were 70% (p × 100%) mutant and 30% (q × 100%)
wild-type pRNA in the reaction mixture, then, the percentage of pro-
capsids that possessed at least two copies of wild-type pRNA would
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Fig. 6. Steps in the synthesis of infectious virions of pho29 in vitro.
(Adapted from Ref. 31, with permission from the author and the publisher,
American Society for Microbiology.)

Fig. 7. Assembly pathway of phi29 in vitro.
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be the sum of those possessing one copy of mutant and two copies of
wild type, 3pq2, and those possessing three copies of wild-type mutant,
q 3, that is, 3pq 2 + q 3 = 3(0.7)(0.3)2 + (0.3)3 = 0.216 = 21.6%. If only
one mutant pRNA per procapsid was sufficient to render the procap-
sid unable to package DNA, then only those procapsids with three
wild-type pRNAs bound (0 mutant pRNA) would package DNA.

As another example, if Z = 6, but only five of the six need to be
wild type in order to produce final products, the relative yield will be
the sum of: (1) the probability of each receptor containing five wild
type; and (2) the probability of each receptor containing six wild type.
The probability that a given receptor will have M mutant and W wild
type bound at increasing percentages of mutant can be calculated
under the conditions that Z = 6 and 12, respectively, using Eq. (3)
(Table 1 and 2);

(
Z !

M !W !

)
pMqW (3)

Table 3 shows the prediction of the probability of sound reac-
tions (products) in the presence of various ratios of mutant and wild
type. In this case, it is assumed that the number of mutant, X, needed
to block the reaction is one, and Z varies from one to six. That is, one
mutant per single reaction is sufficient to kill the reaction, notwith-
standing that the total number of said component in each single
reaction is a constant, one, two, three, four, five, or six. The simpli-
fied formula q Z was used to predict the probability of the dominant
productive reaction, since, if one mutant will block the reaction, the
only reaction that would be able to occur would be the probability
when W = Z and M = 0. An example of such a probability assessment,
when Z = 6 and X = 1, has been shown for pRNA of phi29.107 Since
it was assumed that six copies are used and one mutant is sufficient
to block, all reactions involving one, two, three, four, or five copies
of mutant, respectively, would have been inactive. Only those involv-
ing six copies of wild type would be competent. The chance that a
receptor will catch six copies of wild type and no mutant pRNA in a
mixture containing q wild-type and p mutant pRNA is q 6.

414 Structure-based Study of Viral Replication
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Table 1. Probability of Receptor Possessing Various Amounts of Wild-type (N) and Mutant (M) when Z == 6*.

Probability of Procapsids With:
Mutant RNA

(P ) (%) N == 62, M == 0 N == 5, M == 1 N == 4, M == 2 N == 3, M == 3 N == 2, M == 4 N == 1, M == 5 N == 0, M == 6

0 1 0 0 0 0 0 0
10 0.531441 0.354294 0.098415 0.014580 0.001215 0.0000510 0.000001
20 0.262144 0.393216 0.245760 0.081920 0.015360 0.001536 0.000064
30 0.117649 0.302526 0.324135 0.185220 0.059335 0.010206 0.000729
40 0.046656 0.186624 0.311040 0.276490 0.138240 0.036864 0.004096
50 0.015625 0.093750 0.234375 0.312500 0.234375 0.003750 0.015625
60 0.004096 0.036864 0.138240 0.276490 0.311040 0.186624 0.046656
70 0.000729 0.010206 0.059535 0.185220 0.324135 0.302526 0.117649
80 0.000064 0.001536 0.015360 0.081920 0.245760 0.393216 0.262144
90 0.000001 0.000054 0.001215 0.014500 0.098415 0.354294 0.531441

100 0 0 0 0 0 0 1

* Predictions were made various ratios of mutant (p) and wild-type (q) pRNAs. Each procapsid is assumed to contain six copies of
pRNA. N and M are number of copies of wild-type and mutant pRNAs, respectively, attached to one procapsid. M +Ν = Z = 6; 
p + q = 1. (Adapted from Ref. 107, with permission from the author and the publisher, American Society for Microbiology.)
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Table 2. Probability of Receptor Possessing Various Amounts of Wild-type (N) and Mutant (M) when Z == 12*

Probability of Receptor with the Combination of:

%Mutant W == 12, W == 11, W == 10, W == 9, W == 8, W == 7, W == 6, W == 5, W == 4, W == 3, W == 2, W == 1, W == 0,
(P ) M == 0 M == 1 M == 2 M == 3 M == 4 M ==  5 M == 6 M == 7 M == 8 M == 9 M == 10 M == 11 M == 12

0 1 0 0 0 0 0 0 0 0 0 0 0 0
10 0.282429 0.376572 0.230127 0.085232 0.021308 0.003788 0.000491 0.000046 0.000032 0.000002 0 0 0
20 0.068719 0.206158 0.283467 0.236223 0.132875 0.053150 0.015502 0.003321 0.000519 0.000576 0.000043 0.000002 0
30 0.013841 0.071183 0.167790 0.239700 0.231139 0.158495 0.079247 0.029111 0.007797 0.001485 0.000190 0.00015 0.000005
40 0.002176 0.017414 0.063852 0.141893 0.212840 0.227030 0.176579 0.100902 0.042060 0.012457 0.002491 0.00030 0.000017
50 0.000244 0.002929 0.016113 0.053710 0.120849 0.193359 0.225585 0.193359 0.120849 0.053710 0.016113 0.00293 0.00024
60 0.000017 0.000301 0.002491 0.012457 0.042042 0.100902 0.176579 0.227030 0.212840 0.141893 0.063852 0.01741 0.00218
70 0.000005 0.000015 0.000190 0.001485 0.007797 0.029111 0.079247 0.158495 0.231139 0.239700 0.167790 0.07118 0.01384
80 0.000000 0.000005 0.000043 0.000057 0.000519 0.003321 0.015502 0.053150 0.132875 0.236223 0.283467 0.20616 0.06872
90 0 0 0 0.000002 0.000032 0.000046 0.000491 0.003788 0.021308 0.085232 0.230127 0.37657 0.28243

100 0 0 0 0 0 0 0 0 0 0 0 0 1
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Table 3. Predicted Probability of Yields in the Presence of Various Ratios of Mutant and Wild-type Components when
Z varies from 1 to 6 and X == 1*.

Probability of ΦΦ29 Assembly with:
Mutant RNA

(P) (%) Z == 6, X == 0 Z == 5, X == 1 Z == 4, X == 1 Z == 3, X == 1 Z == 2, X == 1 Z == 1, X == 1

0 1 0 1 1 1 0
10 0.533333 0.600000 0.666667 0.733333 0.800000 0.9
20 0.263333 0.326667 0.400000 0.500000 0.633333 0.8
30 0.116667 0.166667 0.240000 0.333333 0.500000 0.7
40 0.046667 0.076667 0.130000 0.216667 0.366667 0.06
50 0.015667 0.031000 0.063333 0.125000 0.250000 0.5
60 0.004000 0.010000 0.027000 0.063333 0.160000 0.4
70 0.000730 0.002433 0.008000 0.027000 0.090000 0.3
80 0.000063 0.000320 0.001600 0.008000 0.040000 0.2
90 0.000001 0.000010 0.000100 0.001000 0.010000 0.1
100 0 0 0 0 0 0

* Predications were make for conditions where the number of pRNAs pre procapsid that were required for packing (Z) was varied
from 1 to 6, while the number of mutant pRNAs pre procapsid that were sufficient to inhabit packing (X) was predicted to be 1.
(Adapted from Ref. 107, with permission from the author and the publisher, American Society for Microbiology.)
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Determination of the X, the Copy Number of Mutant
Sufficient to Block Individual Reaction

DNA-packaging activity of multiple copies of pRNA may be dis-
rupted by the incorporation of only one mutant pRNA molecule into
the group.107,131 In a series of predicted curves generated using the
binomial distribution, Z was held constant at 12 while X varied from
one to 12, as can be seen by the 12 separate curves (Fig. 8). The value
of p varied from zero (0%) to one (100%) by increments of .1 (10%)
for each predicted curve. These predicted curves assume that mutant
and wild type have equal procapsid binding affinities and thus can
compete equally for binding sites, and that the binding of mutant and
wild type is irreversible. When X increases, the efficiency of inhibition
by mutant decreases. The curve of observed empirical data could then
be superimposed onto the hypothetical curves to find a match, and
thus the X can be deduced from the overlapped curve.

One problem in using the binomial distribution method is the
large number of theoretical curves that will be produced, and the rel-
atively little difference between curves with similar X and Z values (i.e.
Z = 10, X = 1 for one curve and Z = 11, X = 1 for another curve).
However, most of the curves will be quite different from the empiri-
cal curves in shape and slope and can be immediately excluded. This
will leave a relatively small number of curves to choose from. Such an
approach, coupled with another method such as slopes of log/log
plot curves, may produce accurate stoichiometry of pRNA.107,125,133

In Fig. 8, predicted curves generated using Eq. (1) under condi-
tions of Z = 12 while X varies from one to 12 indicate that inhibition
of phi29 as a function of % mutant pRNA becomes greater as the
number of pRNAs required to inhibit DNA packaging (X) decreases.
When the empirical data of inhibition of phage assembly by mutant
pRNA P8/P4 were superimposed onto the predicted curves, the
slope and magnitude of inhibition observed did not match any of the
predicted curves. Attention should be paid to compare the slope of
the curve rather than the height of the curve. Slope is influenced by
the ratio of mutant and wild type, while the height of the curve is
influenced by the absolute total concentration of mutant plus wild
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type. The total concentration of components involved in the inter-
mediate reaction can vary due to degradation or aggregation.

Determination of Stoichiometry by
Slopes of Log/Log Plot Curves for
Concentration Versus Yield

Principle

The basis for designing this method is that the slope of the curve in
the log/log plot of the concentration versus the product for each
component is the intrinsic parameter reflecting the stoichiometry of
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Fig. 8. Theoretical and empirical (mutant pRNA P8/P4) plot of % mutant
RNA the log of yield of infectious virion in in vitro phage assembly assays,
expressed as PFU (right) /ml or normalized (left). Predictions were made
with Eq. (1), supposing that the total pRNA stoichiometry, Z, per procapsid
is equal to 12,  and the minimal number, X, of the bound mutant pRNA
required to block DNA packaging is 1 to 12, respectively. Since we look at
the slope other than the height of the curves, not a single theoretical curve
could match with the empirical curve, indicating that all the hypothesized
stoichiometries are incorrect. (Adapted from Ref. 107, with permission from
the author and the publisher, American Society for Microbiology.)
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the component, since the larger the stoichiometry of the component,
the more dramatic the influence of the component concentration
(dilution factor) on the reaction. In the plot curve, the y-axis is the
log of the yield of the reaction, and the x-axis is the log of the step-
up concentration, or the log of the inverse of the dilution factor start-
ing from high dilution. The larger the stoichiometry of one
component, the larger the slope of the log/log plot curve for this
component will be. The slope is defined as the tangent of the angle
between the curve and the x-axis. When plotting the curve for meas-
uring the slope, the unit length for the x-axis (log of concentration)
must be the same as that of the y-axis (log of yield).

Approaches

The dose response curves of in vitro viral assembly versus the con-
centration of various assembly components have been used as a
method to estimate stoichiometry. In these dose response curves, the
larger the stoichiometry of the component, the more dramatic is the
influence of the dilution factor on the reaction. A slope of one indi-
cates that one copy of the component is involved in the assembly of
one virion, as is the case, for instance, in genomic DNA in phi29
assembly. A slope larger than one would indicate multiple-copy
involvement (cooperative binding).

To test one parameter, all other components should be kept in
excess in this assay. The relative concentration (x-axis, from low to
high) was plotted against the yield (y-axis) of phi29 virions assem-
bled (PFU/ml). The log scale was used for both the concentration
and the yield, with the unit length of the log scale of the x-axis
equal to that of the y-axis.107,108,134,151 The angle between the x-axis
and the concentration-dependent curve was measured, and the
slopes (tan) of all curves were plotted against their stoichiometry.
Computer programs such as Cricket Graph or Prism can be utilized
to find a best-fit curve and to deduce the formula for stoichiome-
try determination.

The log/log plot method only considers the functional unit
(oligo or complex), not the copy number of the subunits, as described

420 Structure-based Study of Viral Replication
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herein. Log-log plotting has revealed that the slope of the log/log
concentration-dependent curve for procapsid is one, and therefore
one copy of procapsid is needed for the assembly of one
virion.31,107,108,132,151

Descending of Trimeric, Dimeric, and Monomeric
Slopes of Log/Log Plot Curves

There are two loops, the left- and right-hand loops,121 in the predicted
secondary structure of the pRNA. Sequences of these two loops
(bases 45–48 of right-hand loop and bases 85–82 of left-hand loop)
are complementary. However, extensive studies106,108,121,122,125,135–137

have revealed that these two sequences interact intermolecularly,
allowing the formation of pRNA oligomers. Several pRNAs with
mutated left- and right-hand loop sequences were constructed. One
pRNA building block, not the hexamer, is regarded as one functional
unit. Since six monomeric pRNA are needed to build a hexamer, the
stoichiometry for momomer pRNA is six. Since three pRNA dimers
are needed to build a hexamer, the stoichiometry for pRNA dimer is
three. Since two trimeric pRNA are needed to build a hexamer, the
stoichiometry for pRNA trimer is two (Table 4). The slopes of
log/log plot curves for trimeric, dimeric, and monomeric pRNA
descend with the stoichiometry, suggesting that slopes and stoi-
chiometry are correlated (Fig. 9).

Deduction of Equation for Stoichiometric
Determination

The log of the concentration (x-axis, from low to high) can be plot-
ted the log of the yield (y-axis, PFU/ml). The unit length of the log
scale of x-axis and y-axis should be made equal in the plot to deter-
mine the angle between the x-axis and the concentration-dependent
curve (Figs. 9, 10, 11). The value of tangent (slope, tan) for the angle
of the procapsid, DNA-gp3, pRNA trimer, dimer, and monomer, as
well as gp9, gp11, and gp12, can be obtained from experimental
data (Table 5). The slopes (tan) of all curves are plotted against
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Table 4. Interlocking pRNAs of Loop-Loop Interaction

(Adapted from Ref. 133, with permission from the author and the publisher, Cell
Press.)
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their stoichiometry. A computer program, such as Cricket Graph, can
be used to find a best-fit curve and to deduce the formula for stoi-
chiometric determination. 

Several formulas have been tested for their suitability in the sto-
ichiometric determination of viral assembly components in various
circumstances. These formulas include polynomial (Z = m + k1T +
k2T

2 + . . .), logarithmic [Z = (m + k*log(T )], exponential (Z =
mnkT), and linear (Z = m + kT ) equations, where Z is the stoi-
chiometry, T is the slope that is equal to the tangent of the angle
between the curve and the x-axis, and k and m are constants that
are determined empirically. In the experimental data from phi29
(Table 5), the polynomial with two orders is the best fit, as sug-
gested by the R2 value of 0.998 (Fig. 12). When the log of dose
response curves or dilution factor is plotted against the log of the
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Fig. 9. Log/log plot of concentration vs. the yield of virus production for
pRNA monomer, dimer, and trimer. (Adapted from Ref. 151, with permis-
sion from the author and the publisher, Elsevier.)
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yield of the reaction, the stoichiometry Z can be determined with
an equation (Eq. (4)),

Z = −1.58 + 2.4193T − 0.001746T 2 [T ∈ (0, 1000), (4)
or ∠α ∈ (0°, 89.9°)]

where T is the slope of the curve (i.e. the tangent of ∠a), which was
defined as the angle between the curve and the x-axis. This equation
is also examined for its feasibility in stoichiometry determination
(Tables 6 and 7). It was found that the stoichiometry could be deter-
mined by these formulas with high reliability. For example, the angle
of the curve representing gp12 was determined to be 80°, so T = tan
80° = 5.67. From equation Z = −1.58 + 2.4193T − 0.001746T 2, if
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Fig. 10. Dose-response curves with log/log plot showing DNA-gp3,
pRNA, gp16, gp11, and gp12 concentration dependence. The slopes of the
curves for DNA are 1 (45?), suggesting that one DNA is needed for assembly
of one virion. (Adapted from Ref. 151, the author and the publisher, Elsevier.)
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T = 5.67, Z = 12.1. This means that the theoretical value of the sto-
ichiometry of gp12 is 12. This agrees with the stoichiometry of gp12
that has been determined previously.138–141

The issue of the reusability of components can interfere with and
complicate the results when using the log/log slope assay method for
stoichiometric determination. The principle for the determination of
stoichiometry by this method is based on the concentration of the
components. If a component is reusable, the outcome of quantifica-
tion will not be reliable in comparison to components that are non-
reusable. If the component is reusable, the recycled molecules will
add to the pool of molecules that are able to function in in vitro
assembly. Therefore, the concentration will appear higher than it
actually is, thus the stoichiometry determined will be lower than the
real number.
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Fig. 11. Log/log plot of concentration vs. the yield of virus production
for procapsid and gp9. (Adapted from Ref. 151, the author and the pub-
lisher, Elsevier.)
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Table 5. Stoichiometry and Slopes for phi29 Components, such as Procapsid, DNA-gp3, pRNA Trimer, Dimer and
Monomer, as well as gp9, gp11 and gp12, obtained by In Vitro Viral Assembly System

Components for Total ∠∠ of Slopes Slopes
Phi29 Virion Subunits/ Curve (tan) (tan)

Assembly Function Virion Stoichiometry (Degrees) Empirical Theoretical

DNA-gp3 Genome complex 1 1 45 ± 4 1 1
Procapsid Hold DNA 1 1 47 ± 3 1.07 1
pRNA trimer DNA-packaging 6 2 56 ± 2 1.48 1.48
pRNA dimer DNA-packaging 6 3 64 ± 5 2.05 2.05
pRNA monomer DNA-packaging 6 6 72 ± 3 3.08 3.14
Gp9 Tail knob protein 10 9 77 ± 2 4.33 4.33
Gp11 Lower collar 12 12 79 ± 1 5.14 5.67
Gp12 Anti-receptor 24 12 80 ± 2 5.67 5.67

(Adapted from Ref. 151, with permission from the author and the publisher, Elsevier.)
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Common Multiples

In order to eliminate certain possible stoichiometric values for bio-
logical assemblages, attempts have been made to quantify which com-
binations of building blocks come together to form a larger unit, thus
suggesting that these subunits make up a constituent part of the sys-
tem as a whole in question. The usual process involves the manipula-
tion of the building blocks (each of which are necessary for proper
functionality of the larger subunit under investigation) to allow for
complementarity, and subsequent testing to reveal the extent to
which these altered building blocks cooperate with one another to
form a larger subunit. A recent example of this is the study conducted
on pRNA, in which two inactive mutant pRNAs with complementary
loops were mixed intermolecularly and then assayed for the relative
amount of activity exhibited in DNA packaging.133,137 There was

Mathematical Approaches for Stoichiometric Quantification 427

FA

Fig. 12. Plotting of stoichiometry against slopes of dose-response log/log
plot curves of components in phi29 assembly in vitro. The equations were
derived from the best-fit curve with an R square of 0.998. (Adapted from
Ref. 151, with permission from the author and the publisher, Elsevier.)
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already a published predicted secondary structure of the pRNA,
which revealed two loops, termed the left- and right-hand loops.121

The sequences of these two loops (specifically, bases 45–48 of the
right-hand loop and bases 82–85 of the left-hand loop) are naturally
complementary and were originally proposed to form a pseudo-
knot.127 Further studies revealed that these two sequences interact
intermolecularly, allowing the formation of pRNA oligomers. A vari-
ety of mutated left- and right-hand loop sequences for several pRNA
were constructed. In the developed notation, the same letter in
upper- and lower-case represented a pair of complementary
sequences. For instance, in pRNA A-á , the right and left loops are
complementary, while for pRNA A-b´, the four bases in the right loop
A are not complementary to the left loop b´. Those pRNAs with com-
plementary loop sequences are active in DNA packaging, while those
mutants with non-complementary loops are inactive.

Three sets of pRNAs were produced in order to facilitate this
process.

One Set Composed of Two Engineered pRNAs:
Multiple of 2

A key finding in pRNA research was that the mixing of two mutant
pRNAs with trans-complementary loops restored DNA packaging
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Table 6. Theoretical Conversion Table from Stoichiometry to Slopes

Slopes Slopes Slopes
Stoichiometry (tan) Stoichiometry (tan) Stoichiometry (tan)

1 1 9 4.33 17 7.72
2 1.48 10 4.80 18 8.14
3 2.05 11 5.22 19 8.56
4 2.31 12 5.67 20 8.98
5 2.73 13 6.05 21 9.40
6 3.14 14 6.47 22 9.82
7 3.56 15 6.89 23 10.24
8 3.97 16 7.31 24 10.66

(Adapted from Ref. 151, with permission from the author and the publisher, Elsevier.)
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Table 7. Stoichiometry Prediction from Slopes

Degrees Slopes Stoichio Degrees Slopes Stoichio Degrees Slopes Stoichio

45.0 1.0 0.8 80.5 6.0 12.9 84.8 11.0 24.8
47.7 1.1 1.1 80.7 6.1 13.1 84.9 11.1 25.1
50.2 1.2 1.3 80.8 6.2 13.4 84.9 11.2 25.3
52.4 1.3 1.6 81.0 6.3 13.6 84.9 11.3 25.5
54.5 1.4 1.8 81.1 6.4 13.8 85.0 11.4 25.8
56.3 1.5 2.0 81.3 6.5 14.1 85.0 11.5 26.0
58.0 1.6 2.3 81.4 6.6 14.3 85.1 11.6 26.2
59.5 1.7 2.5 81.5 6.7 14.5 85.1 11.7 26.5
60.9 1.8 2.8 81.6 6.8 14.8 85.2 11.8 26.7
62.2 1.9 3.0 81.8 6.9 15.0 85.2 11.9 27.0
63.4 2.0 3.3 81.9 7.0 15.3 85.2 12.0 27.2
64.5 2.1 3.5 82.0 7.1 15.5 85.3 12.1 27.4
65.6 2.2 3.7 82.1 7.2 15.7 85.3 12.2 27.7
66.5 2.3 4.0 82.2 7.3 16.0 85.4 12.3 27.9
67.4 2.4 4.2 82.3 7.4 16.2 85.4 12.4 28.1
68.2 2.5 4.5 82.4 7.5 16.5 85.4 12.5 28.4
69.0 2.6 4.7 82.5 7.6 16.7 85.5 12.6 28.6
69.7 2.7 4.9 82.6 7.7 16.9 85.5 12.7 28.9

(Adapted from Ref. 151, with permission from the author and the publisher, Elsevier.) (Continued )
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Table 7. (Continued )

Degrees Slopes Stoichio Degrees Slopes Stoichio Degrees Slopes Stoichio

70.3 2.8 5.2 82.7 7.8 17.2 85.5 12.8 29.1
71.0 2.9 5.4 82.8 7.9 17.4 85.6 12.9 29.3
71.6 3.0 5.7 82.9 8.0 17.7 85.6 13.0 29.6
72.1 3.1 5.9 83.0 8.1 17.9 85.6 13.1 29.8
72.6 3.2 6.1 83.0 8.2 18.1 85.7 13.2 30.0
73.1 3.3 6.4 83.1 8.3 18.4 85.7 13.3 30.3
73.6 3.4 6.6 83.2 8.4 18.6 85.7 13.4 30.5
74.1 3.5 6.9 83.3 8.5 18.9 85.8 13.5 30.8
74.5 3.6 7.1 83.4 8.6 19.1 85.8 13.6 31.0
74.9 3.7 7.3 83.4 8.7 19.3 85.8 13.7 31.2
75.3 3.8 7.6 83.5 8.8 19.6 85.9 13.8 31.5
75.6 3.9 7.8 83.6 8.9 19.8 85.9 13.9 31.7
76.0 4.0 8.1 83.7 9.0 20.1 85.9 14.0 31.9
76.3 4.1 8.3 83.7 9.1 20.3 85.9 14.1 32.2
76.6 4.2 8.5 83.8 9.2 20.5 86.0 14.2 32.4
76.9 4.3 8.8 83.9 9.3 20.8 86.0 14.3 32.7
77.2 4.4 9.0 83.9 9.4 21.0 86.0 14.4 32.9

(Continued )
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Table 7. (Continued )

Degrees Slopes Stoichio Degrees Slopes Stoichio Degrees Slopes Stoichio

77.5 4.5 9.3 84.0 9.5 21.2 86.1 14.5 33.1
77.7 4.6 9.5 84.1 9.6 21.5 86.1 14.6 33.4
78.0 4.7 9.8 84.1 9.7 21.7 86.1 14.7 33.6
78.2 4.8 10.0 84.2 9.8 22.0 86.1 14.8 33.8
78.5 4.9 10.2 84.2 9.9 22.2 86.2 14.9 34.1
78.7 5.0 10.5 84.3 10.0 22.4 86.2 15.0 34.3
78.9 5.1 10.7 84.3 10.1 22.7 86.2 15.1 34.6
79.1 5.2 11.0 84.4 10.2 22.9 86.2 15.2 34.8
79.3 5.3 11.2 84.5 10.3 23.2 86.3 15.3 35.0
79.5 5.4 11.4 84.5 10.4 23.4 86.3 15.4 35.3
79.7 5.5 11.7 84.6 10.5 23.6 86.3 15.5 35.5
79.9 5.6 11.9 84.6 10.6 23.9 86.3 15.6 35.7
80.0 5.7 12.2 84.7 10.7 24.1 86.4 15.7 36.0
80.2 5.8 12.4 84.7 10.8 24.3 86.4 15.8 36.2
80.4 5.9 12.6 84.8 10.9 24.6 86.4 15.9 36.4
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activity. For example, pRNAs I-j´ and J-i´ were inactive in DNA pack-
aging alone, but when mixed together they restored DNA packaging
activity. This result can be explained by the trans-complementarily of
pRNA loops, i.e. the right-hand loop I of pRNA I-j´ could pair with the
left-hand loop a´ of pRNA J-i´. Since mixing two inactive pRNAs with
interlocking loops, such as when pRNA I-j´ and J-i´ are mixed in a 1:1
molar ratio, resulted in production of infectious virions, the stoichiom-
etry of the pRNA is predicted to be a multiple of two (Table 4).
Together with the results from binomial distribution and serial dilution
analyses, it has been confirmed that the stoichiometry of pRNA is six.

One Set Composed of Three Engineered pRNAs:
Multiple of 3 

Another set of mutants is composed of three pRNAs, J-p´, P-k´, and
K-j´. This set is expected geometrically to be able to form a 3-, 6-, 9-,
or 12-mer ring that carries each of the three mutants. Each individual
pRNA and even mixing any two of the three mutants shows little or
no activity. However, mixing all three pRNAs are with 1:1:1 ratio
restores DNA packaging activity (Table 4). The lack of activity in mix-
tures of only two mutant pRNAs and the restored activity in mixtures
of three mutant pRNAs is expected since the mutation in each pRNA
are engineered in such a way that only the presence of all three
pRNAs will produce a closed ring. The fact that the three inactive
pRNAs are fully active when mixed together suggests that the num-
ber of pRNAs in the DNA packaging complex is a multiple of three,
in addition to being a multiple of two. Thus, the number of pRNAs
required for DNA packaging is a common multiple of two and three,
which is six (or 12, but this number has been excluded by the
approach of binomial distribution (see Section 1(a)).

One Set Composed of Six Engineered pRNAs:
Multiple of 6

DNA packaging activity is also achieved by mixing six mutant pRNAs,
each being inactive when used alone (Table 4). Thus, an interlocking
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hexameric ring can be predicted to form by the base pairing of the
interlocking loops.

The application of such a process is relatively straightforward.
Mixing two mutant pRNAs with trans-complementary loops restored
DNA-packaging activity.133 For example, pRNAs A/b´ and B/á were
inactive in DNA packaging alone, but when mixed together restored
DNA-packaging activity; the trans-complementarity of the loops, when
mixed in a 1:1 molar ratio, resulted in maximized production of infec-
tious virions. This successful packaging strongly suggests that pRNA’s
stoichiometry is a multiple of two. The same trans-complementarity
result was achieved when three pRNAs were combined, which sug-
gested that the stoichiometry must be a multiple of three. Knowing
that the stoichiometry must be a multiple of both two and three indi-
cates that it must be a multiple of six, which drastically shortens the
list of possible stoichiometries for this biological assemblage.
Binomial distribution, as described below, is one of the corroborating
methods used to confirm that six is the correct stoichiometry, to the
exclusion of 12 or other possibilities.

Addition and Deletion of Monomers and Dimers
to Exclude Possible Stoichiometries

In systems where the constituent building blocks of a larger macro-
molecule can be manipulated, it is possible to conduct experiments
that exclude or include certain values for the macromolecule’s stoi-
chiometry. In 1998, Guo and coworkers133 and Anderson and
coworkers137 independently reported that pRNA forms a hexamer via
intermolecular base-pairing between the right loop (bases 42–45) and
the left loop (bases 82–85)107,125,133,137 (see also mini-review in Cell 142).
Recently, there has been an ongoing, fervent debate as to whether
there is a pRNA hexamer that binds to the twelve-fold symmetrical
connector and serves as the rotor,125,133,137,142–146 or a pRNA pentamer
that binds to the five-fold symmetrical capsid protein to serve as the
stator.111,147,148 Cryo-EM studies on pRNA have also produced con-
flicting data showing that pRNA functions as a hexamer145 or a pen-
tamer.111,148 As noted earlier, the stoichiometry of pRNA is the
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common multiple of two and three, that is, six. This does not, how-
ever, fully disprove the possibility of the functionality of a stoi-
chiometry of five, which has been the stoichiometry postulated in
other models.111 In the model, the five vs. six discrepancy was inter-
preted as that one copy of the pRNA dissociates from initial hexam-
eric pRNAs after binding to procapsids, leaving five pRNAs still
bound.111 The pentameric theory is based on the fact that pRNA
binds to the procapsid containing a pentameric vertex. However,
recent publications have revealed that the foothold for the pRNA is
the connector, not the procapsid protein.149 Further scrutiny to argue
against a stoichiometry of five involved in the DNA translocation
process was accomplished by testing two sets of pRNAs. The first set
was termed “Four Plus One” and the second was “Six Minus One.”
Both sets were found to be inactive in DNA packaging (manuscript
in preparation).

“Four Plus One”

A key finding in pRNA research was that the mixing of two inactive
pRNAs with complementary interlocking left and right loops restores
DNA-packaging activity. For example, mixing two inactive pRNAs
with X-y´ and Y-x´ resulted in production of infectious virions, which
suggested that the right-hand loop X of pRNA X-y´ can pair with the
left-hand loop x ´ of pRNA Y-x´. Incorporation of one active
monomer into the “Two Dimer Set” containing self-complementary
loops can compose the “Four Plus One” set. For instance, mixing two
pRNAs A-a´ with monomer pRNA Y-x ´ can make up a five-member
pRNA ring by trans-complementary interlocking. In this case, the Y
and x ´ are the two loops that were complementary to the a´ and A,
respectively. Since monomer pRNA Y-a´ shows significant DNA-
packaging activity, right-hand loop Y can pair with left-hand loop a´.
However, this combination for the formation of a five-pRNA ring
(two plus two plus one) blocks the DNA packaging, indicating that
the five-member pRNA ring formed by “Four Plus One” is inactive
(Table 8).
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“Six Minus One”

Another set, “Six Minus One,” to compose a five-member pRNA
ring, was accomplished by incorporating one inactive mutant dimer
pRNA to replace one member of the two trans-complementary dimer
pRNAs — that is, the “Three Dimer Set” (Table 8). For example,
mixing two dimers with active (A-b´ )(B-á ) and one mutant dimer
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inside ring represented yield of infectious virions (PFU/ml) in in vitro assem-
bly assays (Shu, Zhang and Guo, manuscript in preparation)
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inactive (A-b´ )(B-á CCA) is expected to temporarily form a hexameric
intermediate ring. As reported previously, mutant pRNA B–á CCA,
in which the C18C19A20 bulge has been eliminated by insertion of
three bases 5′-UGG between A99 and A100, is competent in hexameric
ring formation, but having no DNA packaging function.150 If a five-
member pRNA ring were derived from a hexameric intermediate, one
pRNA should be dissociated from the intermediate hexameric ring to
form a five-member ring, as suggested by Rossmann et al.111 However,
the “Six Minus One” set failed to produce infectious virions, which
means that “Six Minus One” cannot produce active five-member
pRNA rings. 

As noted above, it is clearly revealed that five-member pRNA
rings derived from either a “Four Plus One” or a “Six Minus One”
approach were inactive in DNA packaging, arguing strongly against
the hypothesis that five pRNA make up a pentamer to drive the phi29
DNA-packaging motor (manuscript in preparation). Thus it is not
easy to account for how a pentameric pRNA ring could be formed
from an even-numbered binding unit (pRNA dimer) at a targeted
connector base that has even-numbered symmetry. This procedure
could potentially be applicable to any system in which the possible
stoichiometries need to be narrowed down and spurious options
eliminated.

Perspectives

This review covers mathematical approaches that have been applied
for stoichiometry quantification of the components of bacteriophage
phi29 assembly system. All studies led to the same conclusion that
phi29 DNA packaging motor contains six copies of pRNA, indicating
that these methods are feasible. However, the reliability of these
methods depends on the assay system. The more sensitive the assay
system, the more accurate; the lower the background noise, the
higher the reliability. For example, in phi29 the in vitro assembly sys-
tem is highly sensitive, since in the presence of all components, up to
109 infectious virions can be assembled, and not a single plaque is
detected if one of the components is omitted. The zero background
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suggests that this system reaches nine order magnitude of sensitivity.
When readers consider the application of these methods for their
studies, the background noise level and the sensitivity of the system
should be examined to assess the feasibility in their studies. 
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Chapter 16

Virus-like Particles of Fish Nodavirus

Chan-Shing Lin*

Betanodaviruses are causative agents of neurological disorders in several
species of fish. I reviewed the existing research on the structure of the fish
nodavirus. We sequenced and expressed the RNA2 segment of two grouper
viruses isolated from Epinephelus malabaricus (malabaricus grouper nervous
necrosis virus, MGNNV) and Epinephelus lanceolatus (dragon grouper
nervous necrosis virus, DGNNV). Comparing the ORF with striped jack
nervous necrosis virus, Atlantic halibut virus, sea bass encephalitis virus, and
greasy grouper nervous necrosis virus (GGNNV), the analysis revealed that
the Japanese SJNNV differed significantly from its geographical neighbors,
the Taiwanese MGNNV and DGNNV, particularly in the variable region.
In contrast, the geographically proximal European DlEV and AHV showed
a higher degree of similarity with each other and the Taiwanese viruses. This
suggests that host-dependent selection impacts more significantly on evolu-
tion than geographically related conditions such as water temperature. The
capsid proteins of MGNNV and DGNNV can form virus-like particles
(VLPs) in Sf 21 cells with a recombinant baculovirus system and E. coli. An
image reconstruction with electron cryomicroscopy data revealed a mor-
phology of the VLPs consistent with T = 3 quasi-symmetry, but with features
significantly different from insect nodavirus structures at the same resolu-
tion. This assembly system allows the first biophysical comparisons of fish
and insect nodavirus structure, assembly, and stability. The cryoEM struc-
ture at 23 Å resolution, sequence comparison, and protein fold recognition

* The Department of Marine Biotechnology and Resources, National Sun Yat-sen University,
Kaohsiung, TAIWAN 804.

b514_Chapter-16.qxd  12/4/2007  3:42 PM  Page 449



450 Structure-based Study of Viral Replication

FA

analysis indicate that the coat protein of MGNNV has two domains resem-
bling those of tomato bushy stunt virus and Norwalk virus, rather than
the expected single-domain coat protein of insect nodaviruses. The analysis
implies that residues 83 to 216 fold as a β-sandwich that forms the inner
shell of the T = 3 capsid and residues 217 to 308 form the trimeric surface
protrusions observed in the cryoEM map. Deleting N- and C-termini
revealed different impacts on VLP formation. Deletion of 35 or 52 residues
at the N-terminus completely ruined the VLP assembly, presumably due to
removal of positively charged residues for binding RNAs. When deletions
were restricted to 4, 16, or 25 N-terminal residues, the assembly of VLPs
remained. The ability of VLP formation diminished when 4 to 11 C-terminal
residues were deleted. The termini that can be deleted without seriously
destructing the VLPs are 25 and 3 residues at N- and C-termini, respectively.
The recombinant VLPs block attachment of native virus to the surface of
cultured fish cells, thereby blocking infection by the native virus.

Introduction

After five years of observations in the Kyushu hatchery, Mori et al.
published in 1992 the new virus, a spherical particle from infected lar-
val striped jack (Pseudocaranx dentex), and classified it as a nodavirus
by its bipartite geneme of ~1.5 kb and ~3 kb.1 Using cell-free extract
of rabbit reticulocytes, three bands of proteins were found, which
were 40 kDa, 42 kDa, and 100 kDa. The protein of 42 kDa is capsid,
while RNA polymerase is 100 kDa; 40 kDa was presumed as a trun-
cated capsid protein. The virus particles were mainly found in brain
and retinal cells, with a diameter of 25–30 nm and with non-envelope
icosahedral shape. This is the first Betanovirus identification that was
once mistaken as picornavirus.

Piscine nodaviruses were officially classified in the genus Betano-
davirus by ICV in 2001, although Asian scientists once rather named
it as piscinodavirus. All of the literature mentioned in this paper can be
referenced to the review by Munday et al.2 Nodaviridae includes two
genuses: insect Alphanodavirus and fish Betanodavirus. The viral dis-
ease is found in many species of marine fish in Asia, Europe and
Australia. The symptoms of the diseased fish are described as viral
encephalopathy and retinopathy (VER), or viral nervous necrosis
(VNN), accompanied by syndromes of abnormal swimming behavior,
darkness of skin, and massive mortality in hatchery-reared larvae and
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juveniles. Once again, Asian scientists tend to use VNN to describe
the disease symptom, while Western scientists tend to use VER. The
concept differences between names may be clarified by whether the
nerve cells are affected, which has yet to be confirmed by any firm
evidence.

Genome of Fish Nodavirus

The genome of the nodaviruses is bipartite of single-stranded, positive-
sense RNAs: RNA1 assumedly encodes the viral replicase, whereas
RNA2 encodes the capsid protein. The complete sequence of RNA1
and RNA2 of striped jack nervous necrosis virus (SJNNV) was deter-
mined in 1995 and 1999, respectively, while we completed the RNA2
of grouper NNV in 1999 and RNA1 in 2001. The sequences of
RNA2 of Dicentrarchus labrax encephalitis virus (DlEV) and Atlantic
halibut virus (AHV) (Grotmol et al., 2000) were also determined. 

RNA2 of MGNNV and DGNNV, two grouper nervous necro-
sis viruses isolated from Taiwanese Epinephelus malabaricus and Epineph-
elus lanceolatus, respectively, was cloned and sequenced using standard
procedures (Lu and Lin, 1999).3 Both RNAs were 1390 nucleotides
(nt) long and contained a single open reading frame (ORF) encoding a
338-amino-acid protein of approximately 37 kDa, the putative capsid
protein. The ORF spanned nt 15–1031, leaving an untranslated region
of 14 nt at the 5´-end and 359 nt at the 3´-end. Alignment of the two
sequences showed that they were 99% identical at both the nucleotide
level and the amino acid level. Comparison with the recently deter-
mined sequence of RNA2 from the grouper virus GGNNV indicated
that the RNA2 of MGNNV and DGNNV contained shorter 5´ and 3´
non-coding regions. This may be due to the absence of authentic 5´ and
3´ termini in the MGNNV and DGNNV clones, which were generated
with primers based on the 5´- and 3´-end sequences of SJNNV RNA2.
Despite the discrepancy in length, RNA2 of all three grouper viruses
contained an ORF encoding a protein of 338 amino acids.

Based upon T4-region sequences from more than 20 other betan-
odavirus RNA2 segments, Nishizawa et al. (1997) classified the betan-
odaviruses into four groups: SJNNV, tiger puffer NNV (TPNNV),
barfin flounder NNV (BFNNV), and red grouper NNV (RGNNV).
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Comparative analysis of the coat protein genes of five betano-
daviruses has shown that the sequence can be divided into a highly
conserved region and a variable region. In SJNNV, the conserved
region is represented by amino acids 83–216 and the variable region
by amino acids 235–315. Based on this division, the sequences of
MGNNV and DGNNV were compared at the nucleotide level and
amino acid level with the sequences of four other betanodaviruses
of Asian and European origin.3 These viruses were SJNNV from
Japan, DlEV from France, AHV from Norway, and GGNNV from
Singapore. MGNNV and DGNNV viruses were most closely related
to GGNNV. Interestingly, the analysis also revealed that the Japanese
SJNNV differed significantly from its geographical neighbors, the
Taiwanese MGNNV and DGNNV, particularly in the variable region.
In contrast, the geographically proximal European DlEV and AHV
showed a higher degree of similarity with each other and the Taiwanese
viruses. This suggests that host-dependent selection impacts more
significantly on evolution than geographically related conditions such
as water temperature.3

MGNNV and DGNNV have a high concentration of basic amino
acids in the N-terminal 50 residues. Insect nodaviruses contain 15–18
positively charged amino acids, mostly arginines, in the first 50 amino
acids, while MGNNV and DGNNV contain 9 arginine and 6 lysine
residues.3 It is likely that the N-terminal basic arm of the fish virus
coat protein is involved in binding and neutralization of the packaged
RNA and that it is located inside the viral capsid as observed for the
insect viruses. The arginine-rich region that can bind nucleotides with
ionic bonds was coincidently considered as a nuclear internalization
signal, which will be arbitrary possible.

Virus-like Particle Formation

The ORF region of RNA2 encoding the capsid protein of MGNNV
was subcloned into a transfer vector and recombinant baculoviruses
were generated using standard protocols.3 Sf 21 cells were then infected
with the recombinant virus and lysed three days post-infection, and
putative particles in the lysate were concentrated by pelleting through
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a 20% sucrose cushion. SDS-polyacrylamide gel electrophoresis showed
that the re-suspended pellet contained large amounts of a 37 kDa cap-
sid protein that was not observed in mock-infected cells, presumably
VLPs. The re-suspended pellet was centrifuged through a 10–40%
(wt/wt) sucrose gradient followed by fractionation of the gradient
with continuous absorbance at 254 nm. The absorbance profile
showed three peaks, but gel electrophoresis of the corresponding frac-
tions indicated that only the material in the two fastest peaks, labeled
I and II, contained protein. This protein migrated as a single band and
had an apparent molecular mass of approximately 37 kDa. Electron
microscopy of negatively stained material taken from peak I showed
the presence of irregularly assembled particles, many of which were
stain-permeable, whereas peak II showed intact, non-permeable
particles that had a diameter of approximately 31 nm. A comparison of
these particles with authentic MGNNV virions confirmed that the
VLPs were closely similar in size and geometry to native virus. Interest-
ingly, the surface of both native particles and VLPs was distinctly
rougher than that of the insect nodavirus Flock house virus (FHV).
There was no evidence for the presence of coat protein cleavage prod-
ucts as observed for the insect nodaviruses. Neither of such cleavage
products was detected by employing the more sensitive technique of
mass spectrometry using purified VLPs (Lin, unpublished data). It was
shown for DlEV that the protein doublet is not derived from an
assembly-dependent maturation cleavage of the capsid coat protein as
it is in the insect nodaviruses. Rather, it was proposed that the doublet
might arise from cotranslational modification.

Piscine nodavirus VLPs package random cellular RNAs when
assembled in Sf 21 cells.3 The particles in peak I contained a mixture
of RNAs ranging in size from approximately 100 bases, presumably
tRNAs, to 1300 bases, whereas particles in peak II contained a broader
mixture of RNAs ranging in size from about 100 to 4500 bases. The
observation was essentially identical to what has been seen for the insect
nodavirus VLPs. The sharp cutoff in size probably reflects the largest
single RNA molecule that can be packaged in this size of particle.
The promiscuity of RNA packaging is likely to reflect the electrostatic
requirements of assembly and the ability of the capsid protein to
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recruit a variety of cellular RNA molecules to satisfy the highly
charged amino-terminal portions of the subunit. The peak I parti-
cles were irregular because the coat protein had recruited RNA mol-
ecules too small to satisfy the requirements for forming an icosahedral
lattice of the correct size. 

The RNA2 of DGNNV includes a single ORF that encodes a 338
amino acid protein of 37,085 Da, the putative capsid protein. The
recombinant clone is the first attempt to express nodavirus VLPs in
prokaryote E. coli. The molecular weight of the recombinant full-
length capsid protein on the VLPs was the same as the native virus
coat protein. Electron microscopy revealed that the features of VLPs
resemble the native virus. VLP formation from various viral capsid
proteins expressed in E. coli has been reported in other types of viruses
elsewhere. Two visible bands appeared at a density of 1.27 gcm−3

(Fraction I) and 1.34 g cm−3 (Fraction II). The concentration of
Fraction I was approximately 5% of Fraction II, estimated by UV
absorbance (A280). The molecular mass of the proteins (~37 kDa) in
both fractions was apparently the same as the native virus in SDS-
PAGE. Heterogeneous VLPs existed in both fractions. Electron
microscopy of VLPs in Fraction I showed that the small particles were
about 23 nm in diameter, a few of which were irregular. In contrast,
Fraction II consisted of equal amounts of intact and stain-permeable
particles with a diameter of about 30 nm. Comparing these parti-
cles revealed that the heavy VLPs had a similar size and geometry to
the native piscine nodavirus and Sf 21-expressed VLPs. Interestingly,
the surfaces of both native particles and VLPs are rougher than that
of the insect nodavirus flock house virus.3 Similarly, two types of
Dicentrarchus labrax encephalitis virus have been reported.

VLPs from N-terminus Deletion Mutants

The coat protein of DGNNV consists of a high percentage of basic
residues in the N-terminal region, nine Arg and six Lys (Lu and Lin,
1999; AF245004, GenBank). The N-terminal basic arm is involved in
binding the negatively charged phosphate backbone of the RNAs
located inside the viral capsid. Several N-terminal deletion mutants of
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the DGNNV capsid protein were first constructed to examine the
involvement of the N-terminus in assembly of the virus.4 The
mutant ∆N52 (truncating 1–52 N-terminal residues) deleted all pos-
itive charges at the N-terminus. The mutant ∆N35 (truncating 1–35
N-terminal residues) deleted 13 positively charged residues out of
15, while the mutant ∆N25 (truncating 1–25 N-terminal residues)
removed nine Lys/Arg. The main difference between ∆N25 and
∆N35 is the number of triple-Arg: ∆N25 retains one triple-Arg while
∆N35 has none. The ∆N52 and ∆N35 did not produce detectable
VLPs while ∆N25 maintained the formation of VLPs, suggesting that
the residues between the 25th and 35th residues are essential for
forming VLPs. Among the 10 residues, the role of triple-Arg at the
29–31 residues in forming VLPs is noticeable. The density of ∆N25
VLPs is 1.34 g/cm3, which is the same as the native particles. Further
deletions within 25 N-terminal residues were performed to examine
their functions in VLP formation. There is a triple-Arg located at
23–25 residues. With triple-Arg at both 23–25 and 29–31 residues,
the mutants of deleting 4 (∆N4) and 16 (∆N16) N-terminal residues
retained the formation of VLPs. These VLPs were very similar in
shape to the VLPs of the full-length coat protein, but they were
slightly smaller. The particle diameters of ∆N4 and ∆N25 were 26 and
24 nm, respectively. The quantities of VLPs from the N-terminal dele-
tion mutants of ∆N4, ∆N16, and ∆N 25 are the same as that of the
full-length capsid protein.

Expression of C-terminus Deletion Mutants

A mutant of deleting 289–338 C-terminal residues (∆C288) was ini-
tially constructed where the site of Asn/Ala resembles the autocleav-
age sequence in alphanodavirus. The ∆C288 mutant produced a
31.5 kDa protein, but no VLPs were found. The mutants of deleting
328–338 (∆C327) and 336–338 (∆C335) C-terminal residues
produced slightly smaller particles than those of native virus parti-
cles, while ∆C292, ∆C296, and ∆C308 did not produce VLPs.4

The particle diameters of ∆C327 and ∆C335 were 24 nm and 26 nm,
respectively. The particles with short truncations (∆N4 and ∆C335)
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are bigger than ∆N25 and ∆C327. The quantity of ∆C335 VLPs was
80% of full-length VLPs, while the amount of ∆C327 VLPs sharply
decreased to 4.5%. The result indicates that the 328–335 residues play
a crucial role in assembling VLPs. The relative percentages of VLPs
from ∆C327, ∆C328, ∆C330, ∆C333, ∆C334, and ∆C335 indicate
that the ability to form VLPs declined as successive residues were
removed. Particularly, deleting four residues at 335–338 (∆C334)
significantly reduced the quantity of VLPs to 39.4%, while removing
three residues at 336–338 (∆C335) only reduced the percentage to
80%. An excess of deleting one residue at 335th (Asp-335) decreases
VLPs to 39.4% from 80% of full-length capsid protein.

Electron Cryomicroscopy and Image Reconstruction

In order to obtain higher-resolution structural information about the
fish virus VLPs, particles were flash-frozen for analysis by low-dose
electron cryomicroscopy.5 A total of 263 particles were used to gen-
erate a three-dimensional reconstruction at 23 Å resolution (Fig. 1).
The particle had a diameter of 380 Å and the morphology was con-
sistent with the expected T = 3 surface lattice previously observed for
insect nodaviruses. As in the insect viruses, prominent protrusions
were clearly visible at the quasi-threefold symmetry axes, but overall
the surface features were strikingly different. For example, the pro-
trusion at the quasi-threefold axis was significantly larger than that
found in the insect viruses Flock house virus and Pariacoto virus
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Fig. 1. CryoEM maps of MGNNV at 23 Å resolution.

(Reprinted from Tang et al., 2002.)
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and requires a larger insertion of polypeptides between strands of
the β-sandwich if the subunit has the same overall structure as that
of the insect nodaviruses. In fact, the striking gaps between the inner
and the outer regions of the capsid are more consistent with a two-
domain subunit than the integrated insertions seen in insect nodaviruses.
The organization of conserved (residues 83–216) and variable (residues
235–315) regions of the subunit leads to a similar conclusion when it
is compared to coat protein sequence alignments of insect nodaviruses
where there are no such linear regions of conservation and variability.
It was shown that the surface portion of the insect nodavirus subunits
is considerably more variable in sequence than the β-sandwich, but
since this region is formed by a variety of insertions between strands
of the β-sheets, it does not stand out in the sequence alignments. In
contrast, sequence comparison of the insect tetraviruses shows a strik-
ing region of variability that is linear and corresponds to the insertion
of an entire domain between two strands of the β-sandwich that forms
the T = 4 particle shell. Thus the linearity of the variable domain in
the fish nodavirus coat protein suggests that it may correspond to a
contiguous external domain in fish virus particles, thus indicating a
different subunit organization than observed in the insect nodaviruses.
Such an organization would be more similar to that of the coat
protein subunits of the plant virus tomato bushy stunt virus, where
residues 104 to 268 are in the contiguous β-sandwich shell-forming
domain while residues 273–386 form the protruding domain on the
particle outer surface. 

The details of the morphology and the radial density distribution
of MGNNV differ dramatically from those of PaV. The maximum
diameter of MGNNV is approximately 380 Å, significantly larger than
the PaV capsid at 360 Å. The density distribution of the MGNNV
map shows two shells, at radii corresponding to protein, separated by
low density. The outer shell is between radii of 154 Å and 192 Å, with
a maximum at 168 Å; the inner shell is between radii of 112 Å and
154 Å, with a maximum at 135 Å. The MGNNV map is contoured
at a level such that the resultant volume of these two shells is equal
to the expected volume of its protein capsid, which is formed by
180 copies of a 37 kDa subunit. It is noteworthy that the interior
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boundary of the inner shell (112 Å) of MGNNV and PaV are nearly
coincident, and this defines the interior limit of the β-sandwich
domain of PaV. Density with a radius of less than 112 Å is probably
predominately RNA. The outer shell of MGNNV is composed mainly
of the large protrusions located at the quasi-threefold axes. These
protrusions are much more prominent than those of PaV. The inner
shell is relatively uniform, and the protrusions are separated from it by
a void of nearly 12 Å, indicating that the connection between the
domains is probably a single, extended polypeptide chain that is not
visible in the cryoEM map. The crystal structures of PaV and Flock
house virus showed that the protrusions at the highest radius are
formed by three two-stranded β-sheets related to each other by quasi-
threefold symmetry. These β-sheets are formed by insertions between
strands of the canonical viral β-sandwich that forms the contiguous
protein shell of the insect nodaviruses, and the strands are twisted
together about the quasi-threefold axes to form the surface protru-
sions. However, the inner and outer regions of the insect nodaviruses
display continuous density in contrast to the density gap between the
outer and inner shells of protein in MGNNV. Superposition of the
cryoEM map of MGNNV with the atomic model of PaV derived from
the crystal structure showed relatively good agreement for the region
occupied by the contiguous β-sandwich shell in PaV. However, there
was poor agreement in the outer radial region. The protrusions at the
quasi-threefold axes in MGNNV have much larger volumes than
could be accounted for by the three twisted β-sheets at the surface of
the PaV structure. Thus, these protrusions must contain more protein
that may form individual domains. Moreover, the PaV model could
not account for differences in density observed in the MGNNV
reconstruction at the icosahedral and quasi-twofold symmetry axes.
Significant density exists at the icosahedral two-fold axes between
protrusions. However, there is only weak density at the correspon-
ding regions between protrusions related by the quasi-twofold sym-
metry. This density difference implies different patterns of contacts
between protrusions at icosahedral and quasi-twofold axes. Both the
cryoEM reconstruction and the crystal structure of PaV revealed that
an ordered portion of the viral RNA forms a dodecahedral cage
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composed of 30 segments of RNA duplex closely associated with the
capsid. In the reconstruction of MGNNV, there is no significant
density adjacent to the capsid that can be interpreted as duplex RNA.
However, the density at lower radius (112 Å) may be attributed to
the cellular RNA randomly packaged inside the capsid and/or por-
tions of the coat protein, e.g. the N-terminal basic-residue-rich seg-
ments that are likely to interact with RNA.

Modeling the Domain Structure of MGNNV
Capsid Protein

The MGNNV capsid protein shows no significant sequence homol-
ogy with any known insect nodavirus. We used 3D-PSSM (three-
dimensional position-specific scoring matrix) to investigate the folding
motif of the MGNNV coat protein.5 Four structures were identified
as comparable with MGNNV with a confidence level of 95%, while
the rest of the candidates had a confidence level of 50%. Strikingly,
there were no insect nodaviruses with known atomic structure in the
top 20 comparable structures. All four structures identified as likely
homologues of MGNNV were virus coat proteins that have canon-
ical, uninterrupted viral β-sandwich folds. The first three varied from
189 to 222 aligned residues, and they predicted the fold of MGNNV
residues 31 to 235, 49 to 214, and 27 to 213, respectively, as a
β-sandwich (Fig. 2). The fourth structure provided prediction for
almost the entire MGNNV sequence (residues 24 to 319). The fourth
structure was the coat protein of tomato bushy stunt virus (TBSV),
which contains two domains: the N-terminal domain (residues 103 to
271) forming a β-sandwich and the contiguous protein capsid, and
the C-terminal domain (residues 272 to 387) forming a protrusion at
the capsid surface. Sequence comparisons of the coat proteins of
several fish nodaviruses showed that the protein could be divided into
a conserved region and a variable region. The conserved region com-
prises residues 83 to 216 and shows pairwise sequence identity of 86%
to 96%; the variable region comprises residues 235 to 315, with pair-
wise sequence identity of 66% to 84%. These results suggest that
residues 83 to 216 of MGNNV might form a conserved β-sandwich
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domain that is similar to that in TBSV. Residues 217 to the C-terminal
residue 338 would then form a protruding domain that corresponds
to the surface protrusions observed in the cryoEM map. 

The β-sandwich domain (residues 103 to 271) and the protrud-
ing domain (residues 272 to 387) of TBSV were manually fitted into
the inner shell and protruding density of the cryoEM map of
MGNNV, respectively. The resultant model was subjected to cycles of
rigid body refinement against a set of structure amplitudes generated
from the cryoEM map. This adjustment ensured that the refinement
was carried out against a molecular volume and shape. During the
refinement, each domain was defined as an independent rigid group.
The final model agreed well with the cryoEM map. Compared to the
original TBSV coordinates, the β-sandwich domain was shifted slightly
toward the center of the virus particle whereas the protruding domain
moved by 24 Å with a rotation of 87°. Such a large change reflects an
improved fit to the density but also suggests, like the 3D-PSSM
searches, that there may be no relationship between the folds of the
outer domains in TBSV and MGNNV and that the TBSV domain is
only shifted to optimally occupy the MGNNV density. Nevertheless,
the pattern of interactions between the outer domains confirms the
T = 3 lattice of the capsid. These domains make more extensive con-
tacts at the icosahedral twofold axes than at the quasi-twofold axes,
which is consistent with the observation of more significant density at
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Fig. 2. Cross-sectional views of the particle coat of MGNNV (left) and PaV
(right) defined by the cryoEM density.
(Reprinted from Tang et al., 2002.)
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icosahedral twofold axes than at quasi-twofold axes in the cryoEM
map. The model suggests that the C terminus of the coat protein
of MGNNV is probably located at the outer surface of the capsid. In
contrast, the X-ray structures of insect nodaviruses showed that the
C-terminal regions are situated inside the capsid. Presumably, residues
around 216 form a polypeptide hinge to connect the two domains.
It is likely that the relative position and orientation of the outer
domain in MGNNV are different from those in TBSV. The protrud-
ing domains in MGNNV are held together around the quasi-threefold
axes to form 60 protrusions, whereas the protruding domains in TBSV
join at the icosahedral and quasi-twofold axes to form 90 protrusions. 

VLPs Compete Against Infection by Native DGNNV

The surface properties of VLPs can be characterized by their ability to
compete with infection by the native virus. The first step of infection
is attachment to the cell membrane. CPE is then observed when the
virus multiplies in the host cells. As a viral structure analogue, VLPs
should be able to specifically occupy virus receptor sites and block
entry of the virus into the cell. Therefore, occurrence of CPE and
attachment to the cell surface were employed to test the structural
properties of the DGNNV VLPs. CPE resulting from native virus
infection was characterized by the formation of a vacuole in the cyto-
plasm and the disintegration of cells four days post-infection (p.i.).6

In the presence of VLPs, cells were protected from invasion by the
virus and retained almost complete integrity at four days p.i. As
observed in a fluorescent microscope, the cell surface did not bind
FITC-labeled virus in the presence of VLPs, while FITC-labeled virus
and VLPs alone attached to the cell surface. These results suggest that
the VLPs formed in E. coli can bind to the surface protein of cell
membranes and block early virus-cell recognition and the effective
internalization of the virus. The virus receptor on the cell membrane
can specifically bind both native virus and VLPs. The outer shell of
DGNNV VLPs expressed in E. coli is thus structurally indistinguish-
able from native virus. To our knowledge, this is the first report that
the piscine nodavirus capsid protein can form VLPs in E. coli. The VLP

Virus-like Particles of Fish Nodavirus 461

FA
b514_Chapter-16.qxd  12/4/2007  3:42 PM  Page 461



expression system in E. coli will be used for structural comparison to
elucidate the correlation between the size/shape and the RNA content.
These mutant VLPs will be employed to study their structure variation
by using electron cryomicroscopy and X-ray diffraction. High similarity
in structure implies that the VLPs could induce a strong immune
response against virus. In addition to their structural and immunologi-
cal properties, DGNNV VLPs with no virus genome are not infectious,
therefore qualifying as a safe and efficient vaccine (Conner et al., 1996;
Roy, 1996). Future experiments on VLPs with a variety of mutant
RNA1 and RNA2 species will help further understanding of the recog-
nition and binding between the RNAs and capsid protein.
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Chapter 17

The Assembly of the Double-Layered
Capsids of Phytoreoviruses

Toshihiro Omura*, Naoyuki Miyazaki †, Hisashi Naitow ‡,
R. Holland Cheng §, Tomitake Tsukihara† and

Atsushi Nakagawa†

Introduction

It seems reasonable to assume that a virus — a supramolecule with a
variety of biological functions — would have a structure that is advanta-
geous with respect to the performance of these functions. Furthermore,
we would expect that the organization of the viral proteins would be
genetically economical for the packaging of the viral genome and related
proteins within the restricted cavity created by the capsid proteins.

Viruses in the family Reoviridae1 have an inner core with a large
interior cavity that contains the double-stranded RNA genome, which
consists of 10 to 12 segments, and a transcriptional complex that
includes proteins with RNA polymerase, helicase, guanylyltransferase

b514_Chapter-17.qxd  12/4/2007  3:42 PM  Page 463



464 Structure-based Study of Viral Replication

FA

and transmethylase activities and an RNA-binding protein. The core
particle is surrounded by one or two layers of outer capsid proteins.
During studies of the structural organization of Rice dwarf virus
(RDV), a member of the genus Phytoreovirus in the family Reoviridae,
we have identified possible structural mechanisms that allow creation
of a large cavity inside a double-layered spherical particle that con-
sists of heterologous proteins with different lattices at the atomic
level. The viral particle seems to be created in a genetically econom-
ical manner, with the sealing of joints between inner-layer proteins by
a second layer of proteins, suggesting the organization of a rigid
protein layer that is separate from the interior of the virus and prob-
ably protects the interior from the cytoplasmic environment within
infected cells.

The Core Capsid Protein of RDV has
Conformational Properties that Allow
Creation of a Large Cavity Inside the Core

The physical properties of RDV can be summarized as follows. The
molecular mass of the virus is 7.5 × 107 Da, and dsRNA accounts
for approximately 20% of the total mass. In the inner core there are
12 segments of dsRNA, each of which encodes a single protein. The
genome is 25.7 kilo base pairs (kbp) long, with a molecular mass of
1.64 × 107 Da. Each viral particle consists of two concentric layers of
proteins. The core of the virus is composed of P3 proteins that encap-
sidate the 12 segments of dsRNA plus the proteins that are required
for transcription. The core is surrounded by the outer capsid layer,
and the major component of this layer is the P8 protein. 

Studies of the three-dimensional structure, determined at 3.5 Å
resolution,2 revealed the mechanism of assembly of RDV, with its
double-layered capsid composed of two kinds of protein. The inner
layer of the capsid is composed of 120 copies of P3 protein. It has
T = 1 symmetry and, as found in other viruses in Reoviridae, it is
composed of two icosahedrally independent P3 subunits, P3A and
P3B (Fig. 1(a)). In this respect it resembles bluetongue virus (BTV)
and orthoreovirus, which are animal reoviruses.3,4 The outer, second
layer of proteins exhibits T = 13l icosahedral symmetry5,6 and is
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composed of P8-trimers (Fig. 2(a)), which we have designated P, Q,
R, S and T, respectively (Fig. 1(b)). 

It is noteworthy that the core capsid protein P3 is very thin (along
the “z” axis) varying from 25 to 45 Å in thickness, but it covers a
relatively wide area of 65 × 150 Å (Fig. 3(a)). The atomic structures
of the innermost first-layer capsid proteins of BTV3 and orthore-
ovirus4 are basically the same as that of P3 of RDV (Figs. 3(b) and
3(c)). These proteins seem to have the ability to generate the spacious
cavity within the viral core. However, this type of structure implies
that side-by-side binding of the proteins must be very weak because
of the small area of the face of each that interacts with others. Our
group found that expression of the core capsid protein P3 of RDV
in a baculovirus system resulted in the formation of single-layered
core-like particles in insect cells in the absence of any other capsid
proteins,7 indicating that P3 has the intrinsic ability to form core
particles. Thus, P3 appears to have the conformational properties
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Fig. 1. Structure of Rice dwarf virus.2 (a) Cα-trace of the core structure.
The icosahedrally independent molecules P3A and P3B are shown in light
blue and pink, respectively. Notations of individual P3 proteins are also
shown (the letters A and B denote icosahedrally independent molecules).
(b) Cα-trace of the outer shell of RDV. Each icosahedral asymmetric unit
contains 13 copies of P8 proteins, designated P, Q, R, S, and T and colored
red, orange, green, yellow, and blue, respectively. The representations were
generated using MOLSCRIPT24 and rendered with RASTER3D.25
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that allow the bilateral binding of homologous P3 proteins that
results in the self-assembly of a spherical particle.

When our group analyzed the structure of P3 by X-ray crystallog-
raphy,2 we found that subunits A1 and B1 and their equivalent pairs (see
Fig. 1(a)) form the most abundant hydrogen bonds and salt bridges
among the possible P3-P3 interfaces. The amino-terminal arm of 30
residues of P3B interacts intimately with P3A (Fig. 4), and this arm
seems to stabilize the dimer of the two P3 subunits. Such an atomic
structure probably corresponds to the dimers of P3 protein, whose for-
mation was demonstrated biochemically.8 The formation of the dimeric
structure — which can be considered to be the unit piece in the jigsaw
puzzle that yields the icosahedral core structure when completed —
might initiate the structural assembly of the RDV core particle.
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Fig. 2. Comparison of P8 of RDV with VP7 of BTV and VP6 of rotavirus.
Top: Trimers of P8 of RDV (a), VP7 of BTV (b), and VP6 of rotavirus (c),
as observed from the outside of the viral particle. Individual subunits are
colored red, blue, and green, respectively. Bottom: The same images after
rotation through 90°.
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To identify the role of the amino-terminal region of the P3 pro-
tein in the generation of RDV particles, our group produced a series
of deletion mutants of P3 with deletions of amino acids 2 through
10, 2 through 29, and 2 through 52 (N10del-P3, N29del-P3, and
N52del-P3, respectively). Then we analyzed the stability of the core
particles generated by these mutant proteins in the presence of high
concentrations of MgCl2.

9

Core-like particles (CLPs) were observed after expression of
N10del-P3 and of N29del-P3, but not after expression of N52del-P3,
thus indicating that the amino-terminal region from residue 30 to
residue 52 is essential for the self-assembly of core particles. A com-
parison of the structures of two of the deletion mutants of P3,
N29del-P3 and N52del-P3, revealed that N52del-P3 had lost the
α-helical domain from residue 32 to residue 51, suggesting that the
amino acids in this region might be important for maintenance of
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Fig. 3. Comparison of P3 of RDV with VP7 of BTV and λ1 of reovirus.
Upper panel: Ribbon representations of P3A (a), VP7A (b), and λ1A (c),
viewed from the outside of the core particle. Lower panel: The same
images after rotation through 90°.
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the overall conformation of P3 and/or for the specific interactions
between P3A and P3B that are essential for the self-assembly of CLPs. 

In the presence of MgCl2 the stability of CLPs generated from
full-length P3 and that of intact RDV particles were the same, and par-
ticles of both types were completely dissociated by 2.6 M MgCl2. By
contrast, CLPs prepared from N10del-P3 were dissociated by 2.4 M
MgCl2 and CLPs prepared from N29del-P3 were even more sensitive
to MgCl2. Most of the CLPs prepared from N29del-P3 were dissociated
by 2.0 M MgCl2 and all were completely destroyed by treatment with
2.2 M MgCl2. These results indicated that the amino-terminal 29 amino
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Fig. 4. Structure of the asymmetric dimer composed of P3A and P3B, as
shown by a surface representation of the P3A molecule (right, gray) and the
Cα-trace of the P3B molecule (left, green), as viewed from the inside of the
virus particle. Regions involved in hydrogen bonding or in a salt bridge
between the P3 monomers are colored orange (P3A) and red (P3B). The
extent of each of three deletions (to residues 10, 29, and 52) is indicated.
The representation was produced with the DINO visualization program
(http://www.dino3d.org) and rendered with the Povray graphics program
(http://www.povray.org) (reproduced with permission).9
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acids of P3 are important for the stabilization of CLPs at high concen-
trations of MgCl2. The theoretical interactions between two molecules
of P3 in an asymmetric dimer include 11 strong hydrogen bonds and
four strong salt bridges within this amino-terminal arm among the 19
strong hydrogen bonds and 12 strong salt bridges involved in the entire
interaction between P3s.7 Thus, the stability of P3A-P3B interactions
fell gradually with increased deletion of amino-terminal residues. These
results suggest that the reduction in stability of the CLPs obtained with
the amino-terminally deleted mutant P3 proteins was caused by loss of
the bonds described above. 

Calculations of the total energy of interaction for asymmetric
dimers in reoviruses, based on their atomic structure, indicated that
asymmetric P3 dimers of RDV have a higher energy of interaction
(207.3 kcal/mol) than those of VP3 of BTV (134.1 kcal/mol), and
the amino-terminal region seems to be responsible for this difference.
In the case of N52del-P3 of RDV, which had lost the capacity for
self-assembly, the total energy of the P3A-P3B interaction was less
than half (92.2 kcal/mol) of that of the native P3-P3 interaction. The
relatively high energy of interaction between P3 monomers in P3
dimers in RDV, due to the amino-terminal region of P3, probably
allows cores of RDV to form in the absence of other structural pro-
teins. The requirement for an additional protein (VP7) in BTV10,11 for
the construction of CLPs might be due to the lower energy of the
interaction between the monomers that correspond to P3 in BTV. In
orthoreovirus, the formation of inner core particles by mutant core-
capsid protein λ1 — from which the amino-terminal 230 amino acids
of the wild type have been removed (N230del-ramda1; 99.5 kcal/
mol) — might be due to assistance by the δ 2 protein.12

Inside the first-layer capsid of RDV there is a 25.7 kbp dsRNA with
12 segments.13 To our knowledge, this genome is the largest among
those of dsRNA viruses studied by X-ray crystallography to date. The
cavity also contains P1, a putative RNA-dependent RNA polymerase; P5,
a putative guanylyltransferase; and P7, a non-specific nucleic acid-binding
protein. It seems reasonable that a large cavity should be required to
enclose both dsRNA and the molecules involved in transcription. The
generation of strongly interacting dimers that allow the side-by-side
binding of the very thin P3 proteins2 allows creation of this large cavity.
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Thus, RDV produces two types of P3 capsid protein that bind
tightly to each other and form dimmers, which are the building blocks
of the core particle. It seems that only one gene (for P3) is required
for the synthesis of the two types of molecule that are needed for cre-
ation of the large cavity. This system is rather economical when
viewed from a genetic perspective. It will be of interest to examine the
events that are responsible for the post-translational discrimination
between the two types of P3 molecule in the dimer. 

Structural Mechanism that Creates Symmetry
Mismatch Between the Inner and Outer Layers and
Results in the T == 13l Structure of the Outer Layer

The next task in the formation of RDV is the construction of the
second layer of the capsid. The double-layered capsid of RDV has
different icosahedral lattice symmetries in the inner (T = 1) and
outer (T = 13l) capsid. In the outer capsid, five icosahedrally unique
P8-trimers (designated P-, Q-, R-, S- and T-trimers) are located in dif-
ferent environments on the surface of the inner core particle (Fig. 1).
The concept of T number has provided an index for the display of
quasi-equivalent lattice systems of viral capsid structures.14 The struc-
ture described above seems to be common to viruses in Reoviridae,
such as rotavirus (Prasad et al., 1996),15 BTV3 and RDV.

As described above, there are two kinds of interaction in the cap-
sid: one type between homologous proteins (P3-P3 and P8-P8) in the
intra-layer, with lateral interactions; and one type between heterolo-
gous proteins (P3-P8) in the inter-layer, with vertical interactions.
Both types of interaction are necessary for the formation of the double-
layered capsid.

When studies of the atomic structure of RDV focused on the bind-
ing between heterologous proteins P3 and P8, the strongest interactions
between the P8-trimer and P3 proteins were found in the three-fold
symmetry region of the viral core. Total energies of interaction were
53.7, 110.3, 68.5, 49.3 and 153.3 kcal/mol for the P-, Q-, R-, S- and
T- trimers, respectively (Fig. 1(b)). This result supported the obser-
vation, made by cryo-electron microscopy,16 that only the T-trimers
remain on the surface of the core after treatment of intact particles

470 Structure-based Study of Viral Replication

FA
b514_Chapter-17.qxd  12/4/2007  3:42 PM  Page 470



with 0.8 M MgCl2. The atomic-structural analysis indicated that the
strongest interaction between the T-trimer and P3B at the three-fold
axis involved electrostatic interactions, hydrogen bonds, and surface
complementarity (Fig. 5). This intimate interaction seemed to deter-
mine the orientation of the margin of the T-trimer relative to the

The Assembly of the Double-Layered Capsids of Phytoreoviruses 471

FA

Fig. 5. Interactions between the core and the outer shell.2 (a) Electrostatic
potential on the surface of the core at the icosahedral three-fold axis, as
viewed from the interface between the core and the outer shell. The map of
electrostatic potential was calculated by the program used for the eF-site
database.26 (b) Electrostatic potential on a P8-trimer, as viewed from the
interface between the core and the outer shell. (c) Schematic representation
of the interaction between the inner shell and a P8-trimer at an icosahedral
three-fold axis. Positively charged patches on the P8-trimer (shown in blue)
correspond closely to negatively charged regions on the surface of the core
(shown in red) at the icosahedral three-fold axis.
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surface of the core. When we examine the structure of RDV in this
context, we see that the edges of the P8-trimer are not parallel to the
line that can be drawn between adjacent icosahedral five-fold axes
(Fig. 6). This discrepancy suggests the absence of any regular corre-
spondence between the core proteins and the outer capsid proteins,
which might result, for example, in a T = 9 structure. This structural
feature would determine subsequent binding of P8-trimers and result
in a T = 13 structure, which has been hard to interpret, particularly
from a biochemical perspective, because some of the P8-trimers should
span the margins of icosahedral particles.

Biochemical evidence to support of the mechanism of assembly of
double-layered capsids with disparate icosahedral lattices, as described
above, was obtained from studies of chimeric virus-like particles with
components derived from different viral strains, which allowed dis-
crimination among the respective proteins in assembled particles either
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Fig. 6. Superimposed representations of components of the double-shelled
structure around an icosahedral three-fold axis. Five icosahedrally unique P8-
trimers sit on different environments on the surface of the core particle. Spaces
between inner core proteins are well covered by outer P8-trimers.
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serologically or biochemically. Three-dimensional homology map-
ping of P8 proteins in RDV and RGDV (Fig. 7) indicated that the
amino acid residues at the interface between the T-trimer and the core
particle — where heterologous P3 core and P8 outer capsid proteins
interact — were more strongly conserved than those that on the upper
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Fig. 7. Distribution of variations in the sequence of P8 between RDV and
RGDV.21 Surface representations are shown of P8-trimers viewed from the
top, side and bottom. (a) The three P8 subunits in a P8-trimer are colored blue,
magenta and green. (b) Regions of identical sequence in P8 of RDV and RGDV
are colored red, regions of similar sequence are colored orange, and regions of
non-similar sequence are colored white. (c) The regions that make contact with
neighboring P8-trimers and the P3 layer are highlighted. The surfaces in
contact with neighboring P8-trimers, with the P3 layer, and with both neigh-
boring P8-trimers and the P3 layer are colored yellow, green and blue, respec-
tively. Representations were produced with DINO (http://www.dino3d.org).
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surface of the P8 protein, namely, on the surface of the virus. Further-
more, the structure of the P8-trimer of RGDV, constructed on the
basis of the atomic structure of the P8-trimer of RDV, had a similar
distribution of electrostatic potential to that of the bottom of the
P8-trimer of RDV (Fig. 8, top panels), which is the region that is
assumed to play a critical role in the interaction between the P8-trimer
and the three-fold axes of core particles.2 The two kinds of similarity
on the lower part of the P8-trimer, which binds to the core particle,
suggested that it might be possible for P8-trimers of RGDV to bind
at the three-fold axes of RDV core particles, i.e. via the vertical inter-
actions of heterologous proteins. The validity of this suggestion was
confirmed by the demonstration that treatment with 0.4 M MgCl2
of core particles prepared from chimeric virus-like particles, obtained
by co-expression of P3 of RDV and P8 of RGDV, contained relatively
small amounts of RGDV P8 protein, which were resistant to treatment
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Fig. 8. Distribution of electrostatic potential on a P8-trimer, as viewed from
the interface between the core and the outer shell and between P8-trimers.21

Positively charged regions are colored blue and negatively charged regions
are colored red. The atomic model of the P8-trimer of RGDV (b) was based
on that of the P8-trimer of RDV (a); figures were prepared with GRASP.27
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with higher concentrations of MgCl2, as reported to be the case for
T-trimers that bind tightly at the three-fold axes of the core.16 This
result supports the hypothesis that a P8-trimer binds to the region of
three-fold symmetry of the viral core at the onset of second-layer
assembly, and its orientation determines the orientation of the P8-
trimers that bind subsequently.

The studies described above showed that both the presence of
regions of conserved amino acids that interact with neighboring cap-
sid proteins and the similar distributions of electrostatic potential on
the proteins are required for binding heterologous proteins. Further-
more, these observations confirmed, by biochemical methods, the
mechanism of assembly of the double-layered capsid with disparate
icosahedral lattices, which was suggested by structural analysis. Such
novel architecture might be representative of other layers of multiple
proteins that form cavities with functional molecules inside them.

Side-by-side Interactions Among P8-trimers:
a Mechanism for Formation of the Second Layer
of the Capsid

Once the orientation of a T-trimer relative to the core has been estab-
lished by specific electrostatic interactions between a P8-trimer and the
core along the three-fold axis, the icosahedral T = 13l arrangement is
probably generated by subsequent interactions between P8-trimers
and the core, as well as by interactions among the P8-trimers them-
selves. Indeed, two-dimensional crystallographic studies of P8 proteins
have shown that the P8-trimer has structural features that facilitate
side-by-side binding of P8-trimers.17

X-ray crystallographic studies of intact RDV2 revealed the atomic
details of this biochemical phenomenon. The electrostatic potential at
the margin of each P8-trimer has obvious patches of positive and neg-
ative charge, allowing clear electrostatic complementarity between
adjacent subunits (Fig. 9). Shape complementarities18 among trimers
(SC = 0.26 to 0.49) and interactions between individual P8 proteins
might also stabilize the interactions between adjacent P8-trimers. In
particular, a close interaction between two P8-trimers was evident at
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amino acid residues 274 through 276. This region includes a unique
amino acid sequence, namely, a glycine triplet (GGG). The second and
third glycine residues are especially close to corresponding residues
related by icosahedral two-fold symmetry. A bulky side chain at this
position, even a methyl group, might result in steric hindrance of the
interactions between P8-trimers. This triplet is semiconserved in viruses
that belong to the genus Phytoreovirus, such as RGDV19 and Wound
tumor virus (WTV),20 which have SGG and AGG triplets, respectively.
Thus, the bilateral features in the atomic structure of P8-trimers might
be significant for the interactions that allow self-assembly of the viral
outer capsid.

A transcapsidation study was performed to confirm this hypoth-
esis.21 Three-dimensional homology mapping of P8-trimers indicated
that the amino acid residues involved in the interaction between the
edges of P8-trimers are strongly conserved (Fig. 7), as is the case for
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Fig. 9. Interactions among P8-trimers.2 (a) Surface electrostatic potential
on a P8-trimer, as viewed from the interface between two P8-trimers.
Positively charged regions are colored blue and negatively charged regions
are colored red. Charged regions are clustered, suggesting that they might
complement the distribution of charges on neighboring P8-trimers. The
electrostatic potential map was calculated by the program used for the eF-site.
(b) Schematic representation of side-by-side interactions among P8-trimers.
Positively charged patches (shown in blue) and negatively charged patches
(shown in red) make electrostatic pairs at the P8-P8 interfaces.
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the amino acid residues in the bottom region, which interact with the
surface of the core particle, as described above. Furthermore, the elec-
trostatic potential at the edge of P8-trimers of RGDV, which might
similarly play an important role in the interactions between P8-trimers
in RDV,2 revealed obvious patches of positive and negative charge,
which would allow clear electrostatic complementarity among adja-
cent subunits (Fig. 8, side view). This electrostatic complementarity
would allow a second outer layer to form with a different and heterol-
ogous viral protein22 because of similar amino acid sequences and
electrostatic similarities, in spite of the fact that the homology at the
amino acid level between the heterologous P8 proteins from RDV
and RGDV is only 52%. Thus, binding of neighboring P8-trimers to
the T-trimer via the mutual binding of P8-trimers allowed P8 to poly-
merize and cover the total surface of the core particle in a mismatched
manner, with a T = 13l structure. 

When sitting of P8-trimers on the P3 core capsid proteins was
analyzed, it was clear that all the junctions formed by the organization
of P3 protein monomers were covered by P8-trimers (Figs. 1 and 6).
Thus, it seems likely that the role of the T = 13l structure of the sec-
ond and outer layer, found in the viruses that belong to Reoviridae,
might be to protect the interior portion of the virus from attack by the
agents in the host cell’s cytoplasm, such as ions and free radicals, for
example. If this is the case, the mismatches in the T = 13l structure, in
which P8-trimers bind at environmentally different sites on the inner
surface of the capsid, provide a structure that, while hard to under-
stand from a biochemical perspective, apparently represents a sophis-
ticated defense by the virus against, for example, attack by its host.

The Rigid Structural Unit of the Outer Capsid,
the P8-trimer

Unlike the first-layer capsid protein P3, which is thin and flat, the
P8-trimer, which is the subunit that forms the second layer, appears to
be granular in shape. When P8 proteins form trimers, each P8 protein
wraps around another in a right-handed manner and subunits “swap”
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domains with adjacent subunits via strong interactions that yield a
single trimeric unit. The overall shape of the P8-trimer is prismatic,
with sides of 90 Å and a height of 75 Å (Fig. 2). This trimeric struc-
ture is conserved among viruses that belong to Reoviridae (Fig. 2).

The structure of P8-trimers seems to contradict the idea that a
capsid protein should be thin and flat so that large amounts of
genome and related proteins can be packaged inside a cavity, as pro-
posed for the P3 protein of RDV above. Nonetheless, it is reasonable
to postulate that the second layer is made up of proteins that form a
structure wherein each trimer seals the spaces at the junctions between
individual first-layer proteins. The trimeric structure would be very
suitable for a unit that attaches to a three-fold axis at which three mol-
ecules of P3 make a triangle joint. Furthermore, a triangular structure
would be most suitable for lateral organization on an icosahedral par-
ticle. A trimeric structure provides an easy basis for construction of a
triangular structure by protein molecules. It would be difficult, for
example, for a single protein molecule to create a triangular struc-
ture and then for such structures to bind to one another side by side.
Furthermore, triangular structures composed of trimers have the
advantage that each edge is identical in terms of both conformation
and electrostatic charge (Fig. 9). Thus, each edge of each trimer always
faces a complementary arrangement when two trimers are adjacent
to each other. These features might explain why all second layers of
reoviruses examined to date are based on trimers. 

It is interesting to note that the height (z axis) of the protein in
the second layer of the reoviruses that have been examined is similar,
namely, 97 Å in rotavirus,23 90 Å in BTV3 and 75 Å in RDV. We
might expect this layer to be thinner from an economical perspective,
as exemplified by the first-layer P3 protein and mentioned above.
However, it is possible that the second-layer protein needs to be of a
certain height to allow tight binding of the trimers that are the build-
ing blocks of the second layer. If the intra-P8 binding in the trimer is
not as tight as that of inter-P8 binding, various types of building block
might be formed and make it difficult to generate an ordered lateral
arrangement of P8-trimers in the second layer of the reoviruses. The
individual components of the trimer subunits of reoviruses appear to
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twist around each other, with tight binding at their intermolecular junc-
tions (Fig. 2). The binding energies are very high for all the reoviruses
for which such data are available: 175.6 kcal/mol for rotavirus;
169.6 kcal/mol for BTV; and 179.8 kcal/mol for RDV. The strong
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Fig. 10. Proposed mechanism for the assembly of RDV.2 On the basis of
the strengths of interactions among the various subunits, we propose the
following sequence of events. (a) Insertion of the amino-terminal arm of
P3B into P3A initiates the assembly of a P3 dimer. This P3A-P3B dimer acts
as the unit piece in the jigsaw puzzle. (b) Five dimers of P3 protein aggre-
gate around an icosahedral five-fold axis. (c) The pentameric aggregates of
P3 assemble to form the core structure of the RDV particle. (d) Trimers of
P8 act as unit pieces for the assembly of the outer layer and these trimers
attach to the icosahedral three-fold axis at the T-site first. Orientation of the
T-trimer of P8 proteins on the surface of the core at the icosahedral three-
fold axis is defined by electrostatic complementarity. (e) R-trimers of
the P8 protein then attach via interactions with the inner shell and with
the T-trimers. (f ) Q-trimers and S-trimers attach to the core surface. (g) At the
final stage of viral assembly, P-trimers attach at the icosahedral five-fold axes
to generate the complete virus particle.
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interactions between components of the trimers in the outer layer of
the capsid of viruses in Reoviridae stabilize the building blocks of the
second layer of the capsid. The increased height (as compared to the
inner layer) of these building blocks may be the result of the need for
these strong stabilizing interactions.

A virus with a big cavity inside a spherical shell can be generated
by a small variety of proteins — that is to say, in a genetically eco-
nomical manner — either by use of “flat” proteins, as described above
for P3 of RDV, or by construction of a capsid layer with a large
T-number. The disadvantage in the former case is the weakness of
inter-protein binding because of the limited area (margins) of the pro-
tein that is available for such binding; the disadvantage in the latter
case is the weakness of interactions because so many molecules bind to
one another. The weak interactions of the core capsid layer of RDV
seem to be reinforced by the well-fitting outer layer, composed of
the P8 protein. Conversely, the well-ordered outer layer seems to be
supported by the inner layer, which provides a scaffold to which the P8
T-trimers can bind tightly. Thus, the first-layer inner capsid and the
second-layer outer capsid proteins compensate for each other’s respec-
tive weaknesses and form a rigid double-layered shell that creates a
cavity that is large enough for the genome and other essential proteins.
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Chapter 18

Structure and Assembly of
Human Herpesviruses: New Insights
From Cryo-Electron Microscopy and

Tomography

Z. Hong Zhou*,†,‡ and Pierrette Lo §

The Herpesviridae family is one of the largest and most genetically and
structurally complex families of viruses. Eight human herpesviruses have
been identified, which cause ailments ranging from cold sores to blindness
to cancers. In this chapter, we review advances in cryo-electron
microscopy and tomography studies of herpesvirus structure and assem-
bly, focusing on comparisons of representative human herpesviruses in the
alpha-, beta- and gammaherpesvirus subfamilies. These herpesviruses
share a multilayer architecture with a pleomorphic glycoprotein-contain-
ing lipid envelope and a proteinaceous tegument compartment that
encloses an icosahedral capsid with a bacteriophage-like portal and a tightly
packed double-stranded DNA genome. Capsid structure is highly con-
served, with the exception of capsid size, which is related to the varying
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genome size of different herpesviruses. In contrast, the outer components
exhibit remarkable structural and organizational diversity, including the
inner tegument proteins interacting directly with the capsid. These struc-
tural results suggests that herpesviruses have evolved their tegument and
envelope substantially while adapting to their specific host cellular envi-
ronment in order to gain optimal fitness and confer unique characteristics
of different herpes infections. 

Introduction

Herpesviruses are among the largest and most ubiquitous viruses.
The family Herpesviridae is extensive; in fact, almost every animal
species examined can be infected with at least one herpesvirus.1

Although they vary in host range, genome size and molecular com-
position, all herpesviruses share a common virion structure consist-
ing of four basic elements: a double-stranded DNA (dsDNA) core,
an icosahedral capsid shell, a proteinaceous tegument compartment,
and a glycoprotein-decorated lipid envelope. The core of the mature
virion consists of dsDNA arranged as closely packed shells.2 The cap-
sid is a rigid icosahedral protein shell, 1200–1300 Å in diameter,
which encloses and protects the dsDNA core. The tegument is a
poorly defined, asymmetric layer of host and viral proteins between
the capsid and the envelope. It varies in thickness and distribution
around the capsid, although some of its lower proteins are anchored
to the capsid. The envelope is a host-derived lipid bilayer containing
spikes of viral glycoprotein. The entire virion varies in diameter from
1400 to 3000 Å, depending on the thickness of the tegument and
the integrity of the envelope. 

Herpesviruses have been classified into three subfamilies — alpha-,
beta- and gammaherpesviruses — based on shared biological properties,
as exemplified in Table 1 by the eight known human herpesviruses.3 A
small number of them have also been classified into genera based on
DNA sequence homology, genome arrangement and related proteins.
The alphaherpesviruses have a variable host range, a short reproductive
cycle and rapid spread in culture. They establish latent infection prima-
rily in neurons. Human pathogens in this subfamily include the human
pathogens herpes simplex virus types 1 and 2 (HSV-1/2 or HHV-1/2)
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Table 1. Human Herpesviruses and their Associated Diseases

Genome Preferred Associated
Virus Subfamily Length (kb) Host Cells Diseases

HHV-1 α 152 Neuroectodermal Cold sores
(HSV-1)
HHV-2 α 152 Neuroectodermal Genital herpes
(HSV-2)
HHV-3 α 125 Neuroectodermal Chicken pox;
(VZV) shingles
HHV-4 γ 172 Lymphohematopoietic; Infectious
(EBV) ectodermal mononucleosis;

Burkitt’s
lymphoma;
nasopharyngeal
carcinoma

HHV-5 β 230 Mesodermal, incl. Infectious
(HCMV) lymphohematopoietic mononucleosis;

sialoadenitis
HHV-6 β 160 Lymphohematopoietic Exanthem

subitum; 
infectious
mononucleosis;
Kikuchi’s
lymphadenitis;
infantile
febrile seizures

HHV-7 β 145 Lymphohematopoietic Nonspecific
lymphadenitis

HHV-8 γ 165 Lymphocytic; Kaposi’s sarcoma;
(KSHV) fibrohistiocytic, incl. serosa-

endothelial cells associated
lymphoma

1Additional diseases will occur in immunodeficient patients. HHV, human herpesvirus;
HSV, herpes simplex virus; VZV, Varicella-Zoster virus; EBV, Epstein-Barr virus;
HCMV, human cytomegalovirus; KSHV, Kaposi’s sarcoma-associated herpesvirus. 

and Varicella-Zoster virus (VZV or HHV-3), which cause cold sores,
genital herpes and chickenpox, respectively. The betaherpesviruses
have a more restricted host range, longer reproductive cycle and
slower growth in culture. The virus can remain latent in secretory
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glands, lymphocytes and other tissues. Human cytomegalovirus
(HCMV or HHV-5), a leading cause of birth defects, and the human
herpesvirus types 6 and 7 (HHV-6, HHV-7), are members of this
subfamily. The two known human pathogens of the gammaher-
pesvirus subfamily, Epstein-Barr virus (EBV or HHV-4) and Kaposi’s
sarcoma-associated herpesvirus (KSHV or HHV-8), are both associ-
ated with lymphomas and other cancers. They have a more restricted
host range than viruses of the other two subfamilies. Table 2 lists the
major virion-associated proteins of representative human her-
pesviruses from the three subfamilies.

In this chapter, we will first provide a general account of the cur-
rent understanding of herpesvirus lytic replication and capsid assem-
bly pathway. We will then review recent structural studies by focusing
on three human herpesviruses representative of the three subfamilies:
the alphaherpesvirus HSV-1, the betaherpesvirus HCMV, and the
gammaherpesvirus KSHV.

Lytic Herpesvirus Infection and Viral Assembly

Our current understanding of the general aspects of the herpesvirus
lifecycle can be traced back to earlier studies of the prototypical her-
pesvirus, HSV-1, as well as similar ultrastructural investigations of
other herpesviruses.4–7 Many of these studies were derived from elec-
tron microscope observations of the morphology of viral particles in
thin-sectioned, virus-infected cells.

Herpesvirus infection begins with the attachment of virus particles
to glycoprotein receptors on the surface of the host cell (Fig. 1).
Several cellular receptors for herpesvirus attachment have been identi-
fied, including CD21 for EBV, CD46 for HHV-6, and CD4 as a com-
ponent of HHV-7 binding.8–11 HCMV binds to a 30 kDa glycoprotein
cell membrane receptor, and subsequent virus entry is mediated by
HCMV glycoprotein B (gpUL55).12,13 VZV endocytosis is facilitated
by a specific gE:gI Fc receptor that resembles the cellular Fc-γRII.14

The integrin α3β1 appears to have a role in KSHV endocytosis.15

Upon binding to the receptor, the viral envelope fuses with either the
host membrane or the membrane of an endocytic vesicle, leading to
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Table 2. Major Virion-associated Proteins of HSV-1, HCMV, and KSHV

Structural or
Location Protein HSV-1 HCMV KSHV Functional Roles

Capsid shell MCP UL19 UL86 ORF25 Forms pentons, hexons
mCP UL18 UL85 ORF26 Triplex dimer protein
mC-BP UL38 UL46 ORF62 Triplex monomer protein
SCP UL35 UL48.5 ORF65 Binds the upper domains

of hexons
Portal Portal protein UL6 UL104 ORF43 Portal protein
Inside capsid Protease UL26 UL80 ORF17 Maturation protease

Scaffold UL26.5 UL80.5 ORF17.5 Scaffolding protein
Tegument layer Tegument UL36 UL48 ORF64 HMWP, binds capsid

protein
Tegument UL37 UL47 ORF63 Binds HMWP

protein
Tegument UL25 UL77 ORF19 Binds capsid vertices

protein
Tegument UL34 UL50 ORF67 Capsid-docking protein on

protein nuclear lamina

(Continued)
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Table 2. (Continued)

Structural or
Location Protein HSV-1 HCMV KSHV Functional Roles

Tegument UL24 UL76 ORF20 Fusion protein
protein

Tegument UL23 Unknown ORF21 Thymidine kinase
protein

Tegument No No ORF45 IRF7-binding protein
protein homologue homologue homologue

Tegument No No ORF75c Unknown
protein homologue homologue

Envelope glycoproteins gB UL27 UL55 ORF8 Major envelope
protein, binds cellular
integrin receptor

gH UL22 UL75 ORF22 Second most abundant;
forms gH/gL/gO

gp150 No No M7 Binds heparin
homologue homologue sulfate; conserved among

gammaherpesviruses

MCP, major capsid protein; mCP, minor capsid protein; mC-BP, minor capsid binding protein; SCP, smallest capsid protein;
HMWP, high-molecular-weight protein; gB/gH/gL/gO, glycoproteins B/H/L/O; IRF, interferon regulatory factor.
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receptor-mediated release or endocytosis of a partially tegumented
capsid, respectively. The cytoskeletal network, including the dynein and
dynactin components, is used to transport capsids to the nuclear pores.16

The DNA is injected into the nucleus, while the empty capsids remain
outside.

In the nucleus, the DNA circularizes and one of two pathways, i.e.
latent or lytic replications, is initiated. The viral genome can be main-
tained as a circular episome and undergo latent replication without pro-
ducing infectious progeny. It is through this pathway that the genes for
cellular transformation are expressed. A latent virus can be reactivated
by various factors, such as excessive exposure to ultraviolet light (in the
case of HSV-1/2 and VZV), endotoxins, plant agglutinins, steroids,
tumor-promoting chemicals, other infections, and increased cytokine
production (as in the case of EBV, HHV-6/7 and, in part, HCMV and
KSHV). Once reactivated, persistent viral activity can be supported by
decreased immune responsiveness resulting from stress or other factors.
Most of these factors can trigger transcriptional activation of the lytic
switch, ORF50/Rta, resulting in a switch from latent to lytic replica-
tion. This pathway leads to the production of infectious virions and the
eventual death of the host cell.

During lytic replication, viral DNA is synthesized as a concatemer
using the “rolling circle” method. Meanwhile, capsid assembly begins
with the formation of a spherical, scaffold-containing procapsid that is
similar to the prohead of bacteriophages.17–21 Cleavage of scaffolding
proteins by the viral protease results in a stable, angular form called the
B-capsid. The cleaved scaffold proteins are released from the capsid at
the same time that DNA is cleaved to genome length and packaged into
the mature C-capsid. C-capsids ultimately acquire the tegument and
envelope and are released from the cell to begin the infection cycle
again. A third form called the A-capsid is an empty shell resulting from
aberrant processing of DNA and/or scaffold protein. The entire process
by which HSV-1 procapsids mature into angular capsids has been cap-
tured by time-lapse cryo-electron microscopy.22 The procapsid passes
through several continuous intermediate stages of maturation on its
way to becoming an angular, mature capsid (Fig. 2), through sponta-
neous, yet poorly understood, pathways.23
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Fig. 1. Lytic replication cycle of herpesviruses. Upon recognition of the
viral glycoprotein by a cell surface receptor, the viral envelope fuses with the
host cell membrane, allowing the virus to enter the cell through either direct
fusion or endocytosis. The virus is uncoated, releasing outer tegument pro-
teins. The capsid, together with some inner tegument proteins, is transported 

b514_Chapter-18.qxd  12/4/2007  3:43 PM  Page 490



Structure and Assembly of Human Herpesviruses 491

FA

to the nuclear pore to eject viral DNA into the nucleus, where DNA replica-
tion and RNA transcription occur. Viral proteins are translated in cytoplasm
in stages and some are transported into the nucleus, where capsid assembly
takes place. Spherical procapsids, which contain a ring of scaffolding proteins,
are first assembled first. Spontaneous angularization coupled with DNA pack-
aging lead to the formation of A, B, and C capsids. These capsids acquire their
inner and outer tegument proteins at or near the nuclear membranes,
enveloped, de-enveloped, and re-enveloped through the cellular excretion
apparatus. Enveloped particles are released through exocytosis.

The procapsid can be assembled in vitro from capsid and scaffold-
ing proteins in the absence of the viral protease.24 Protease-minus pro-
capsids can spontaneously rearrange into a large-cored, angular
particle resembling the B-capsid, but these large-cored particles do not
encapsidate DNA or become mature virions.20,21,25 Cells infected with
a temperature-sensitive, protease-minus HSV-1 mutant produce cap-
sids that disassemble at the non-permissive temperature of 0°C, simi-
lar to the in vitro-assembled procapsids.20 However, these capsids
remain unstable at the permissive temperature and do not mature
unless protease activity is restored.20 The structures of the tempera-
ture-sensitive mutant, protease-minus mutant and in vitro-assembled
capsids (Fig. 2) are all similarly porous and spherical compared to that
of the wild-type A-capsid. These experiments illustrate the importance
of protease cleavage in the herpesvirus capsid assembly and confirm
that the procapsid is the precursor of the angular capsid. In fact, the
interactions between the scaffolding protein (also known as assembly
protein, or AP), major capsid protein (MCP), and viral protease have
been explored as targets for antiviral drug design in herpesviruses.26–30

Further maturation of the capsids into infectious virions remains a
controversial issue. One school of thought is that the capsids acquire
their envelope from the inner nuclear membrane, process the envelope
glycoproteins in situ and bud from the cell surface via the secretory
pathway. However, new evidence suggests that HSV-1 capsids acquire
their inner tegument proteins at or near the inner nuclear membrane
and are enveloped temporarily, then fuse with the outer nuclear mem-
brane to release tegumented capsids into the cytoplasm as illustrated in
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Fig. 2. Maturation of the HSV-1 capsid. (a) Protease-knockout mutant
m100, temperature-sensitive mutant tsProtA, and in vitro-assembled pro-
capsid all have a similar structure, which is more porous and spherical than
that of the wild-type A capsid. (b) Capsid maturation is a continuous process
with numerous intermediate steps (shown in chronological order from top
to bottom). (c) Percentage of particles at various steps of maturation at
given times. Adapted with permissions from the publishers and authors.21,22

Fig. 1. These tegumented capsids acquire their outer tegument layer
proteins and envelope by budding into the trans-Golgi network.31

In addition to electron micrographs showing capsids (presumably with
a layer of inner tegument proteins) in the cytoplasm, Skepper et al.
found that the phospholipid composition of secreted virions is differ-
ent from that of virions in the perinuclear space and that the HSV-1
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tegument protein VP22 is found exclusively in the cytoplasm of
infected cells.31 Viral nucleoid synthesis and envelope production may
proceed independently under certain conditions, leading to over-
production and release of empty envelopes. While these particles
are non-infectious, whether or not they can still interfere with cell
function and/or autoimmunity remains to be studied.

Cryo-Electron Microscopy and Tomography as Tools
for Herpesvirus Structure Determination

Herpesviruses are particularly challenging to structural biologists
because of their large size, the structural complexity of their capsids, and
the pleomorphic nature of their virion envelope and tegument layers.
These unusual properties make the synergistic use of cryo-electron
microscopy and single-particle reconstruction (commonly referred to
collectively as “cryoEM”) and cryo-electron tomography (cryoET) par-
ticularly important for structural studies of herpesviruses. Below, we will
provide a general technical account of cryoEM and cryoET in herpesvirus
structural studies, as well as specific examples of herpesvirus structures.

Although X-ray crystallography is the method of choice for reveal-
ing the atomic structures of large macromolecules and viruses, recent
advances have given cryoEM an increasingly important role in deter-
mining subnanometer-resolution structures of such complexes.32–36

Because the samples are frozen-hydrated rather than crystallized,
cryoEM can reveal additional information about an entire virus’
structure in its native form even when the crystal structures of viral
components are already available.

Previously, cryoEM had been used only as a low-resolution tech-
nique (15–30 Å) due to the inevitable high level of noise in low-dose
cryoEM images. In the last few years, however, much progress has
made to demonstrate the feasibility of using cryoEM to resolve three-
dimensional (3D) structures of icosahedral virus particles at sub-
nanometer (6–9 Å) resolution.32–35,37 This development represents a
significant step forward, as de novo structure determination by
cryoEM can now reveal new structural features such as α-helices and
β-sheets34–36,38 and uncover novel protein folds (see review by Zhou
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and Chiu 2003).35,36,39 If high-resolution crystallographic models of
the individual proteins of a macromolecular complex are available (as
is the case for the HSV-1 capsid structures), these atomic-resolution
models can be fitted into the corresponding portions of the cryoEM
map using the identified secondary structure elements as internal
markers to guide the fitting, thereby establishing a pseudo-atomic
model of the entire assembly. The large size of the herpesviruses
(over 200 nm) and the presence of partially ordered tegument pro-
teins inside the virion make cryoEM the method of choice for deter-
mining the structures of herpesvirus capsids and related particles.
The use of higher-voltage cryo-electron microscopes — which offer
greater penetrating power for reducing inelastically scattered elec-
trons and increased depth of focus for imaging thicker specimens —
is particularly important for imaging herpesvirus particles, which are
among the largest animal virus studies to date. Improved data pro-
cessing software, such as the IMIRS40,41 and PFT packages42 and oth-
ers, also facilitates the automation and management of the large
amount of data required to compute higher-resolution structures.

In recent years, cryoET has gained popularity as a tool for exam-
ining the 3D structures of macromolecular complexes that are too
large, asymmetrical, or heterogeneous to be investigated by conven-
tional cryoEM or crystallographic methods (reviewed by Subramaniam
and Milne).43 Rather than averaging the structures of many particles,
as is the case in cryoEM, cryoET can be used to reconstruct a single,
asymmetric particle without averaging.44–48 Projection images of the
ice-embedded sample are taken over a range of tilt angles. The 2D
information from these images is merged to obtain 3D tomograms,
which can be examined as a series of thin, serial slices. Specific molecules
can be identified in cryoET reconstructions, indicating the potential
for cryoET to approach true molecular resolution.46,49 Recent advance-
ments in high pressure freezing and cyro-sectioning46,50,51 show great
promise for studying intact, virus-infected cells using serial sections
that are thin enough for tomographic studies. Enveloped viruses, such
as herpesviruses, and their infection processes, can be visualized in
3D through tomographic reconstructions.
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Structures of the Envelope and Tegument

All herpesviruses characterized to date share a characteristic multilay-
ered architecture (Fig. 3a), composed of a dsDNA genome, a portal-
containing icosahedral capsid shell, a thick, proteinaceous tegument
compartment, and a lipid bilayer envelope spiked with glycopro-
teins.52–54 CryoET reconstructions of purified HSV-1 virions by
Grünewald et al. show pleomorphic or irregular oval shapes of the
viral envelope with the capsid eccentrically located near one pole47

(Fig. 3b). The HSV-1 viral membranes are smooth and contain about
a dozen types of glycoprotein spikes, which appear to be more densely
packed around the pole distal from the capsid.47 This distribution sug-
gests some sort of functional clustering that may help the virion
engage cell receptors during infection.
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Fig. 3. Architecture of herpesvirus. (a) Basic architecture of the human her-
pesvirus virion. The dsDNA genome is coiled in the protein capsid. The capsid
is surrounded by inner and outer tegument protein layers. The envelope is a
host-derived lipid bilayer containing spikes of viral glycoproteins. (b) CryoET
structure of HSV-1 virion. A montage of different structures is shown, includ-
ing the envelope with glycoprotein (yellow), asymmetrical distribution of tegu-
ment densities (blue), and an averaged and icosahedrally symmetrized capsid.
Panel b was adapted with permission from the publisher and the authors.47
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The tegument is the compartment between the nucleocapsid and
the envelope in herpesviruses and is thus architecturally equivalent to
the matrix protein layer of other enveloped viruses, such as retro-
viruses and rhabdoviruses. Viral proteins in the tegument compart-
ment are the least understood components, partly due to difficulties
in isolating them. They play important functional roles in multiple
aspects of the viral lifecycle, including capsid transport to the nucleus
and virion assembly and egress.53,55 The proximity of the tegument
proteins to the surface of the viral capsid suggests that they may also
be involved in modulating the interactions between viral capsids and
the host cellular proteins upon entry into the cell.56,57 In HSV-1, the
tegument is asymmetrical and may contain actin-like filamentous
substructures.47

Although there are several tegument proteins that are conserved
in all herpesviruses, a large proportion of the tegument layer is appar-
ently composed of proteins unique to each subfamily (Table 2).58,59

The existence of distinct tegument layers among different subfamilies
of herpesviruses (Fig. 4) has important biological implications in her-
pesvirus assembly and egress. Our structures of the betaherpesvirus
tegument60 and gammaherpesvirus tegument61 clearly point to a diver-
gence from that of HSV-1,2 which is likely the result of divergence in
the protein composition of the tegument. While inner tegument pro-
teins in herpesviruses may be involved in essential processes in virion
morphogenesis, such as capsid transport into and within the cytoplasm,
outer tegument proteins are involved in modulating the host cell
environment in the immediate-early phase of infection.62,63 It is pos-
sible that during the course of herpesvirus evolution, some modulat-
ing proteins gained signals, allowing incorporation into the virion
particle in a manner that did not disrupt the relatively conserved
processes of capsid assembly, egress from the nucleus, and transloca-
tion to the site of virion assembly in the cytoplasm. The outer tegu-
ment layer is thus more divergent not only in structure, but also in its
composition and function of its constituent proteins.

The organization and structure of the inner, or capsid-associated,
tegument proteins varies greatly among herpesviruses across the her-
pesvirus subfamilies. Zhou et al. reconstructed to 20 Å the HSV-1
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virion with an intact envelope and tegument (Fig. 4a).2 The overall
morphology of the virion is similar to that of the capsid, except for the
presence of capsid-bound tegument densities. These appear as convo-
luted, ribbon-like structures that are anchored at one end to the pen-
tons and extend to neighboring triplexes at the other end. The bulk
of the attachment tegument density is centered on the pentons and
makes only minimal contact with adjacent hexons.

In contrast, the tegument proteins of HCMV form a thin, net-like
shell that surrounds the entire capsid (Fig. 4b).60 The filamentous
tegument densities contact the pentons, hexons and triplexes of the
HCMV capsid. The structure of the human gammaherpesvirus tegu-
ment has not been reported because of difficulty in purifying intact
virions. However, gammaherpesvirus tegument differs from those of
HSV-1 and HCMV in that it does not make extensive symmetric con-
tact with the capsid proteins.61 Some portions of the inner tegument
layer appeared to be tethered to the tips of the capsomers, but these
contacts did not appear to be regular or to fill every possible binding
site on the capsid. Also, in contrast to HSV-1, the majority of tegu-
ment molecules in virions of MHV-68, a mouse gammaherpesvirus,
seem to be loosely organized, allowing the capsid to “float” inside the
envelope and vary in its location within the tegument.61

Herpesvirus tegument proteins have essential functions in virion
assembly and maturation through their interactions with the underly-
ing capsid proteins and the overlying envelope glycoproteins. These
proteins may also modulate the cellular machinery during the early
stages of infection, as they are the first to contact the cellular environ-
ment after the viral envelope fuses with the cell membrane or the endo-
cytic vesicle membrane and releases the partially tegumented
nucleocapsid into the cytoplasm. The formation of tegument repre-
sents a subsequent evolutionary adaptation to infection of these nucle-
oplasms enclosed by a cytoplasm, when considering that herpesvirus
capsids and icosahedral bacteriophages share a common ancestor
that existed prior to the divergence of eubacteria and a primordial
nucleoplasm.64,65 With later divergence of the host range of her-
pesviruses, protein functions differentiated as well and have been incor-
porated into the tegument structures, as indicated by the structural
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Fig. 4. Inner tegument proteins of HSV-1 and HCMV. (a) CryoEM
reconstruction of HSV-1 virion showing the inner tegument proteins in
color. (b) CryoEM reconstruction of HCMV virion showing inner tegument
proteins in purple. (c) Close-up view of a computationally extracted portion
of the HSV-1 virion reconstruction. The tegument densities, colored in yel-
low, make contact with the upper domains of the penton and its adjacent
triplexes, but not the upper domains of any hexons. (d) Close-up view of a
computationally isolated portion of the HCMV virion reconstruction. The
tegument densities interact with the upper domains of all pentons, hexons,
and triplexes by attaching one end to the upper domain of a hexon (or pen-
ton) and anchoring the other end on the upper domain of the adjacent
triplex. Color codes in (c) and (d): red, penton; blue, hexon; green, triplex;
yellow, tegument density.
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results. Perhaps herpesviruses have achieved this evolutionary flexibility
by varying the tegument protein composition and layering another,
outer layer of tegument onto the inner layer associated with the capsid.

Structure of the Portal Complexes in
Herpesvirus Capsids

Genetic and biochemical studies have suggested the existence of a bac-
teriophage-like, DNA-packaging/ejection portal complex in hepes-
viruses, presumably located at one of the 12 vertices of each capsid of
herpesviruses.66,67 These studies suggested that the HSV-1 portal exists
at a single vertex of the capsid,66 a finding that is analogous to the
portal complex within DNA bacteriophages. Using cryoEM single-
particle reconstruction, Trus and colleagues demonstrated that an iso-
lated portal-like structure can self-assemble in vitro from purified UL6
protein of HSV-1.67 However, attempts to visualize the putative herpes-
virus portal complex in its native herpesvirus capsid environment by
conventional single-particle cryoEM reconstruction approaches have
all failed due to difficulties in identifying the unique vertex based on
noisy cryoEM images by computational means. 

Recently, three papers presented direct structural evidence for the
existence of a portal complex in both HSV-168,69 and KSHV70 capsids
using the above discussed technique of cryoET (Fig. 5). Unfortunately,
due to the inherent resolution limit and high noise level of current
cryoET technology, the precise placement and orientation of the por-
tal complex with respect to the capsid shell remains controversial and
requires further study at an improved resolution. The internal place-
ment of an “umbilicated” portal complex, similar to bacteriophage
connectors, is supported by evidence from studies conducted by both
Deng et al.70 and Chang et al.,69 which were based on structures of
intact native KSHV capsids and chemically treated, penton-less HSV-1
capsids, respectively. In the latter case, high molar guanidine hydrochlo-
ride treatment was used to generate the penton-less HSV-1 capsids.
Chang et al. demonstrated that the harsh chemical treatment did not
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Fig. 5. Identification of portal complex in KSHV and HSV-1. (a) Radially
colored surface representation of an averaged KSHV A-capsid cryoET recon-
struction, as viewed along a two-fold axis. A unique portal vertex devoid of
penton densities is identified at one of the 12 vertices. (b) Cut-away view of
(a) showing the portal in green. (c) Cut-away view of the cryoET structure
of chemically treated HSV-1 capsids.69 Note: except for the portal vertex, all
other vertices are unoccupied, indicating that all pentons were removed by
the treatment. (d) One KSHV penton vertex with its five neighboring hex-
ons. (e) The KSHV portal vertex and its five neighboring hexons. Maps in
(d–f) are colored based on radial distance from the vertex axis. The densities
closest to the vertex axis are shown in red, with the color changing first to
green and then to blue to indicate densities that are further from the axis.
(f) Side view of (e) with upper portion removed for clarity. (g) Fitting of the
bacteriophage phi-29 portal connector complex at 10 Å (red) into the por-
tal of KSHV portal vertex (semitransparent green). (Adapated with permi-
sion from publishers and the authors.69–70)

remove the portal protein/complex along with the pentons. Notably,
the KSHV capsids were not subjected to any such chemical extraction,
so no ambiguities exist regarding the possible detachment of portal or
portal-associated proteins.70 The portal structure presented by Chang
et al. in the chemically treated HSV-1 capsid is essentially identical to
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the structure of the KSHV portal complex present in the KSHV native
capsids (Fig. 5a).

The third related paper, by Cardone et al., presented an averaged
HSV-1 capsid map generated from alignment based on template
matching over the tomograms.68 It is possible that template matching
introduced model bias, a problem made more severe in this particu-
lar case by the high level of noise present in cryoET tomograms.
Moreover, the inherent missing-wedge problem due to limited tilt
range in cryoET could have introduced structure distortion, which is
quite likely to mislead template matching. This result is in agreement
with the “docking experiments” in the paper published by the same
group.67 It is noteworthy that the docking was based on an assump-
tion that the portal mass lies outside the capsid shell. This assumption
stands contrary to the observations made in the native KSHV capsid70

and the chemically treated HSV-1 capsid.69

Biochemical studies of KSHV particles have been particularly lim-
ited due to their low yield in culture and the consequent difficulty in
viral particle isolation and purification. CryoET reconstructions of
KSHV have provided the first direct evidence for the existence of a
unique vertex or portal in KSHV or any gammaherpesviruses.70

Indeed, the identification of the KSHV portal by cryoET reconstruc-
tion represents a new, alternative pathway of discovery using structural
data, especially for proteins of lower abundance, when biochemical
data remain scarce.

Capsid and Associated Structures of
Human Herpesviruses

Among the many subviral particles and various enveloped particles pres-
ent at various stages of the herpesvirus lytic replication cycle, the capsid
is the most extensively studied structure to date. The herpesvirus capsid
is particularly suitable for single-particle cryoEM reconstruction, thanks
to the presence of icosahedral symmetry in the capsid shell (except for
the presence of a unique portal vertex), the relative ease of isolation
from the host nucleus, and the capsid shell’s structural stability. Even at
a moderate resolution of 20–30 Å, capsid subunits can be observed
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undergoing conformational changes at different stages of capsid assem-
bly.22,71 The 3D folds of the protein subunits can be resolved at reso-
lutions higher than 10 Å, allowing their interactions with DNA and
other molecules to be revealed at the secondary structure level. Detailed
comparisons between members of the herpesvirus family can provide
clues as to how host specificity is determined and how viral assembly,
maturation, and host cell interactions differ between herpesviruses.
This and other structural information, such as the location of specific
epitopes of viral proteins, may be useful in designing specific antiviral
compounds.

Each herpesvirus capsid is composed of 12 pentons, 150 hexons,
and 320 connecting triplexes, which are arranged on a T = 16 icosa-
hedral lattice. The major capsid protein (MCP) forms the basic struc-
tural building block of the capsid. MCP proteins are arranged in
groups of six (“hexons”) or five (“pentons”), with the pentons form-
ing the vertices of the icosahedron and the hexons filling up the
faces. The hexons have slightly different geometries depending on
their location, and are thus designated as P (penton-adjacent), E
(edge), or C (center-face).72 Connecting the pentons and hexons are
triplexes, which act as molecular clamps and consist of one triplex
monomer protein (TRI-1) and two triplex dimer proteins (TRI-2)
each. There are six types of triplexes, designated Ta–Tf depending on
their location in the asymmetric unit. Other capsid proteins include
the small capsid protein (SCP), viral protease, and scaffold proteins
(SCAF). The capsid shell of the herpesvirus capsid has a total mass of
about 200 MDa, with 960 copies of MCP, 320 copies of TRI-1, 640
copies of TRI-2, and 900 copies of the SCP. 

The capsid proteins of HSV-1, HCMV, and KSHV and their shared
sequence homologies are summarized in Table 3. Below, we provide a
detailed comparison of the capsid and capsid-associated tegument
structures across HSV-1, HCMV, and KSHV, representatives of the
alpha-, beta-, and gammaherpesvirus subfamilies, respectively. 

HSV-1 Capsid

HSV-1 is the easiest of the human herpesviruses to culture and has
been subjected to the most extensive structural analyses among all
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herpesviruses. The highest-resolution capsid structure was obtained
from over 5000 HSV-1 particle images recorded in a 400 kV micro-
scope at 8.5 Å (Fig. 6a).34 As the main building block of the HSV-1
capsid, the HSV-1 MCP, VP5, was the subject of two further studies.
At 8.5-Å resolution, it is possible to visualize secondary structural ele-
ments that are not visible at lower resolutions. For example, α-helices
appear as extended, cylindrical rods 6–8 Å in diameter (Fig. 6b).
Bowman et al.73 isolated a 65-kDa fragment from the upper domain of
VP5 (VP5ud). They obtained a 2.9-Å crystal structure of the frag-
ment, which they then fitted into the 8.5-Å cryoEM structure of the
entire capsid. VP5ud was found to represent a novel protein fold not
seen in any other virus families studied to date. The authors specu-
lated that different conformations of the novel fold result in different
electrostatic properties that allow VP5 subunits to form either hexons
or pentons and may also mediate interactions of VP5 with other struc-
tural proteins. Subsequently, they identified 39 α-helices and four
β-sheets from the VP5 subunits of the 8.5 Å cryoEM structure and
validated them using the crystal structure of the VP5 upper domain.74

The most striking observation was that 10 of the helices form a bun-
dle in the middle domain of VP5 that resembles a domain fold found
in the annexin protein family. This bundle is formed by the N- and C-
terminal domains of VP5, according to structure-based sequence
searches. Long helices in the floor domain of VP5 were also observed
to form an interconnected network within and between capsomers and
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Table 3. Capsid Proteins of HSV-1, HCMV, and KSHV, with Average
Percent Identity as determined by CLUSTALW

Protein Name (Size in kDa) Average %
Protein Identical
Function HSV-1 HCMV KSHV Amino Acids

MCP VP5 (149) UL86 (154) ORF25 (153) 26 ± 4
TDP VP23 (34) UL85 (35) ORF26 (34) 16 ± 3
TMP VP19c (50) UL46 (33) ORF62 (36) 15 ± 1
SCP VP26 (12) UL48.5 (8.5) ORF65 (19) 6 ± 1

MCP, major capsid protein; TDP, triplex dimer protein; TMP, triplex monomer pro-
tein; SCP, smallest capsid protein.
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resemble those seen in bacteriophage capsid protein.64 This structural
information was used to form an architectural model of the entire VP5
protein that can be fitted into the context of the whole capsid. Further
structural studies of capsids at different stages of maturation will help
elucidate the changes in helix arrangement during morphogenesis.

The 8.5 Å structure also gave deeper insight into the interesting
quaternary structure of the triplexes (Figs. 6c and 6d), which are
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Fig. 6. Capsid structures of representative members of alpha-, beta-, and
gammaherpesvirus. (a–d) Structural studies of HSV-1 capsid.34 (a) 8.5 Å
map of HSV-1 capsid. (b–d) Identification of helices in two neighboring
MCP subunits (b) and in the triplex proteins (c–d). Helices are shown as
5 Å diameter cylinders. (e) CryoEM structure of HCMV capsid at 22 Å
resolution.23 (f) CryoEM structure of KSHV capsid at 24 Å resolution.78

Adapted with permissions from the publishers.
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composed of two molecules of VP23 and one molecule of VP19c.
The lower portion of the triplex, which interacts with the floor of the
pentons and hexons, is three-fold symmetric, with all three subunits
roughly equivalent. This arrangement alters the middle of the triplex
such that the upper portion is composed mostly of VP23 in a dimeric
configuration. All three subunits of the triplex are required for the
correct tertiary structure to form. VP23 exists in isolation only as a
molten globule with no distinct tertiary structure. 

HCMV Capsid

Structural studies of HCMV capsids have not reached as high a res-
olution as those of HSV-1, as it has been difficult to scale up and iso-
late an adequate amount of HCMV capsids from HCMV-infected
cells. The first structure of the HCMV capsid, to 35 Å, was obtained
by Butcher et al.75 The hexons are slightly skewed with an oval,
rather than round, axial channel. The penton tips are more pointed
with a triangular cross-section than those of the hexons. Yu et al.
subsequently obtained high-resolution structures that confirmed those
features (Fig. 6e).76,22

The HCMV capsid structure is very similar to HSV-1 in overall
organization, with four homologous structural proteins at the same
stoichiometries. The main difference is that the HCMV capsid has a
larger diameter (650 Å) than HSV-1 (620 Å), with a volume ratio of
1.17. The increased size of the HCMV capsid — despite the similar
molecular mass of its component proteins — results in a greater
center-to-center spacing of the capsomers and greater relative tilt
between adjacent hexons compared to HSV-1.

The major point of interest in this study was the question of how
HCMV packages its genome, which is 50% larger than that of HSV-1,
into a capsid with only 17% more internal volume. Bhella et al. dis-
covered that packing density is an important factor in genome encap-
sidation.77 They compared radial density plots computed from cryoEM
structures of HCMV and HSV-1. The average spacing between DNA
layers in their HSV-1 reconstruction was 26 Å, whereas the interlayer
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spacing for HCMV was 23 Å, indicating that the larger HCMV
genome is more closely packed than that of HSV-1. 

KSHV Capsid

Gammaherpesvirus structures are not as well studied as alpha- and
betaherpesvirus structures due to difficulties in viral culturing and
isolation of either EBV or KSHV. Wu et al. obtained the first cap-
sid structure of a gammaherpesvirus, KSHV, in 2000 (Fig. 6f ).78

In these studies, KSHV in lymphoma cell cultures was induced to
lytic replication using 12-O-tetradecanoylphorbol-13-acetate, yield-
ing sufficient quantities of virus capsids for cryoEM studies. The
24 Å 3D structure of the KSHV capsid has the same T = 16 icosa-
hedral symmetry as that of HSV-1 and HCMV capsids and has the
same organization of 12 pentons, 150 hexons and 320 triplexes. The
existence of KSHV A, B, and C capsids, similar to those of HSV-1,
was further demonstrated subsequently.79,80 These studies showed
that the gross morphology of the capsid is highly conserved among
herpesviruses, although the pentons, hexons, and triplexes differ
slightly in shape.80,81

Despite success in pushing the resolution of the HSV-1 capsid
beyond subnanometer resolution,34 similar efforts for human beta-
and gammaherpesviruses have met with difficulties. The purification
process for HCMV and KSHV is still relatively low yield. Future
assembly and structural studies of beta- and gammaherpesviruses
toward higher resolution may depend on non-human viruses such as
simian cytomegalovirus,82 rhesus monkey rhadinovirus,83 and murine
gammaherpesvirus-68 (MHV-68).59 These non-human pathogens
replicate to high titer in culture, and their capsid, tegument, and
envelope proteins share homology with those of HCMV (in the case
of simian cytomegalovirus) and KSHV or EBV (in the case of rhesus
monkey rhadinovirus and MHV-68). A recent study examined rhesus
monkey rhadinovirus A, B, and C capsids in an attempt to understand
gammaherpesvirus capsid maturation and DNA packaging.83
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Location and Morphology of the SCP

As shown in Table 3, the most obvious difference among herpesvirus
capsids is in the size of their small capsid protein (SCP). The SCPs are of
great interest as they share the least sequence homology of herpesvirus
capsid proteins.78 The major and minor capsid proteins of herpesviruses
share relatively high sequence similarity, so the overall capsid structure is
very similar among the species, but the conformations, locations, and
functions of the SCPs may be more diverse. The SCP of HCMV has
been shown to be essential for HCMV infection in vivo,84 whereas its
counterpart in HSV-1, VP26, is dispensable for HSV-1 infection.85,86

In KSHV, although the presence of SCP (pORF65) is used as a hallmark
of KSHV infection for diagnostic purposes, it remains unknown whether
it is essential for KSHV infection. However, HSV-1 VP26 associates with
ribosomes and may regulate host protein translation.87 A similar role for
pORF65 is possible, as evidenced by another study in which pORF65
was shown to relocate from the nucleus to the cytoplasm of primary
effusion lymphoma cells following induction of lytic replication.88

The SCPs have been difficult to study because of their small size
and the relative low resolutions of the capsid KSHV and HCMV. At
such resolutions, protein boundaries cannot be resolved, and it is dif-
ficult to recognize structural features of proteins as small as the SCP.
In fact, even at 8.5 Å resolution, at which α-helices can be resolved,
it has proven difficult to clearly delineate VP26 in HSV-1 hexons
because of its extensive and interdigitated interactions across a large
area of the MCP upper domain,34 and because its secondary structure
consists mainly of β-sheets.89

The 12 kDa SCP of HSV-1, VP26, binds the MCP subunits of
the hexons, but not those of the pentons.90 Its exact shape and loca-
tion on the capsid — on the tips of the hexon subunits — have been
determined by difference mapping90 and observed in detail in the
8.5 Å structure.34 However, a comparative study of wild-type and
VP26-minus virions has shown that VP26 is not involved in the dif-
ferential binding of tegument proteins to the pentons of the HSV-1
capsid.
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It has not been possible to discern the location of KSHV SCP,
pORF65, from the cryoEM structure,78 although preliminary
immunoEM experiments have confirmed that pORF65 is indeed
bound to the capsid.79 Instead, Lo et al. labeled KSHV capsids with
anti-pORF65 antibodies and found that pORF65 binds only to the
upper domains of the hexons and not those of the pentons,93 similar
to its counterpart in HSV-1.

Biochemical and immunoprecipitation studies by Lai and Britt
have confirmed that the 8 kDa SCP of HCMV also interacts specifi-
cally with the MCP.91 Based on architectural similarities, it was pro-
posed that the HCMV SCP, like the SCPs of HSV-1 and KSHV,90,92,93

binds only to MCP hexon subunits.60,75 However, these suggestions
could not be verified by structural studies because of the low resolu-
tions of the HCMV capsid maps (~35 Å). Again, Yu et al. used anti-
SCP antibodies to confirm that the SCP does indeed bind only to the
hexons of HCMV.94

Given the very different sizes and amino acid sequences of the SCPs,
it is not surprising that they should have different structural features.
HSV-1 VP26 is a two-domain protein that forms interconnected, hexa-
meric rings crowning the hexon.90 The HCMV SCP attaches more
toward the tips of the hexon subunits, giving them an elongated appear-
ance.75 The KSHV pORF65 appears to bind to the center of the hexon
subunit upper domain, but it does not form the horn-shaped densities
formed by VP26 on the HSV-1 hexons. These structural differences,
along with the different roles of the SCPs in infection, illustrate how evo-
lution can cause proteins to diverge in size, structure, and function even
as their interactions and location in virus architecture are preserved.

Conclusion

Three-dimensional structural studies of human herpesviruses by cryo-
electron microscopy and tomography have revealed both general
similarities in their capsid assembly and structures, as well as differences
in their tegument organization. These structural data have contributed
to the understanding of their shared and unique characteristics with
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regard to assembly, infection, replication, and pathogenesis. Future
structural studies, particularly those at or near atomic resolution, will
be essential to deciphering the mechanism of herpesvirus assembly
and maturation, and will ultimately aid in developing therapeutic
strategies for anti-herpes interventions.
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Chapter 19

Human Papillomavirus Type 16 Capsid
Proteins: Immunogenicity and Possible
Use as Prophylactic Vaccine Antigens

Tadahito Kanda*,†, Kei Kawana‡ and Hiroyuki Yoshikawa§

Human papillomavirus 16 (HPV16), a small non-enveloped DNA virus, is
one of the HPV types that causes cervical cancer, accounting for 50% of the
cases. Although cell cultures allowing HPV16 propagation are not available,
surrogate systems can provide the HPV16 capsids and infectious pseudoviri-
ons, which have facilitated the biological and immunological studies of cap-
sid proteins. HPV16 major capsid protein L1 and minor capsid protein L2
are supposed to be involved in the attachment to the cell surface and the
intracellular transport, respectively, in the viral infection. L1 and L2 seem to
elicit type-specific and type-common, respectively, neutralizing antibodies.
A recent clinical trial in the United States1 strongly suggests that HPV16
L1-capsids can serve as a prophylactic vaccine against HPV16 infections,
some of which would progress to malignancy. Studies are underway on the
possible use of L2 for a vaccine against multiple mucosal HPVs.
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Tokyo 113-8655, Japan.
§Department of Obstetrics and Gynecology, University of Tsukuba, 1-1-1 Tennoudai, Tsukuba-
shi, Ibaraki 305-8575, Japan.
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Introduction

Since its first discovery in cottontail rabbits in the early 1930s, papil-
lomavirus, a small non-enveloped DNA virus, has been isolated from
the human, monkey, bovine, rabbit, deer, hamster, and so on. These
papillomaviruses have a highly species-specific host range and thus are
named together with the host animal name, e.g. cottontail rabbit
papillomavirus (CRPV). The viruses attracted a lot of attention because
they cause a variety of proliferating epithelial lesions, such as benign
papilloma, wart, condyloma, and carcinoma. However, detailed biolog-
ical studies of the viruses were greatly hampered, largely due to the
lack of a cell culture system for virus propagation, until the viral
genomes were molecularly cloned in the late 1970s. The cloning
allowed the standardization of viral reagents and provided sufficient
material to initiate systematic studies of these viruses.2

Among them, bovine papillomavirus type 1 (BPV1), which causes
fibrosarcoma in cattle, had been studied most extensively, largely
owing to the introduction of an infectivity assay system (focus forma-
tion of transformed cells) using rodent cells. The molecular studies
provided us with a general understanding of the papillomavirus
genomic structure and gene functions.2

The molecular cloning of human papillomavirus in the 1980s
(HPV6 and HPV11 from benign genital warts; HPV16 and HPV18
from cervical carcinoma biopsies) facilitated the biological and epi-
demiological studies and a systematic evaluation of various HPVs.52,53

To date more than 100 genotypes (classified by DNA homology) have
been cloned and are grouped into mucosal and cutaneous types based
on the tissue tropism. Among the mucosal types, HPV16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, 59, 66, 68 and 73 are believed to be asso-
ciated with cervical cancer, the second most frequent gynecological
malignancy in the world, and HPV16 accounts for 50% of the cases.

Morphological and chemical studies were conducted with BPV1
and HPV1 virions isolated from the clinical lesions.2,4 The virion (with
a diameter of 55 nm) comprises an icosahedral non-enveloped protein
shell designated as capsid and a single copy of the 8 kb double-stranded
circular DNA genome contained within the capsid. The capsid con-
sists of major capsid protein L1 (mol. wt.: 55,000) and minor capsid
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protein L2 (mol. wt.: 76,000). Seventy-two capsomeres (each is an L1-
pentamer) are arranged on a skew T = 7d icosahedral surface lattice of
the capsid. Twelve capsomeres contact five neighbors and the others,
six. Three-dimensional image reconstruction suggests that L2 is located
at the center of a pentavalent capsomere at the virion vertices.

Histological studies of the epithelium infected with HPVs showed
that the HPV genome is maintained as an episome in the nuclei of
basal cells, where the viral gene expression is largely suppressed.3

When the infected cells initiate terminal differentiation, the HPV
genome starts to be transcribed and replicates.3 In the upper layers of
the epidermis or mucosa, HPV virions are generated and released.3

Thus, the HPV lifecycle is closely associated with the epithelial differ-
entiation, and likely accounts for fact that there is no cell culture system
for HPV virion production. 

Despite the lack of cell culture systems for HPV propagation, sur-
rogate systems have been developed to produce HPV virion proteins;
capsid proteins L1 and L2; the capsids comprise L1 alone (L1-capsids,
also called L1 virus-like particle or L1-VLPs); the capsids comprised
of L1 and L2 (L1/L2-capsids, also called L2-VLPs); and infectious
pseudovirions that contain reporter DNA. These materials have per-
mitted us to study the biological functions and immunogenicity of the
capsid proteins. Given the role of HPV16 in carcinogenesis, we have
focused on the recent studies of HPV16 capsid proteins in this review.

HPV Capsids and Pseudovirions

Surrogate Production of HPV Capsids

Zhou et al.5 introduced a substituting method to produce HPV16
empty virus-like particles in cell cultures. HPV16 L1, when
expressed alone or together with L2 from a recombinant vaccinia
virus vector, self-assembles into L1-capsids or L1/L2-capsids,
respectively, in the nuclei of infected monkey CV-1 cells. Hagensee
et al.6 have demonstrated the formation of HPV1 L1- and L1/L2-
capsids by a similar approach.

Kirnbauer et al.7,8 showed that self-assembled BPV1 and HPV16
L1-capsids can be obtained from the expression of recombinant bac-
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uloviruses in insect sf 9 cells. Subsequently, HPV16, HPV11, and
HPV33 were shown to yield self-assembled L1/L2-capsids in the sim-
ilar way.9,10 These particles can be easily purified by a CsCl-equilibrium
density-gradient centrifugation. They are morphologically indistin-
guishable, under an electron microscope, from the authentic HPV
virions extracted from the lesions.6,11

Recently, Leder et al.12 introduced another method to produce
HPV16 L1/L2-capsids, using an expression plasmid with codon-
modified L1 and L2 genes. The modification, which entails certain
nucleotide substitutions without changing the amino acid sequences
in the two proteins, greatly enhanced the expression levels of L1 and
L2 in human 293T cells transfected with the expression plasmid.
Similarly, L1 and L2 of HPV6, 18, 31, and 52 were found to be effi-
ciently expressed and to yield L1/L2-capsids in the cells transfected
with expression plasmids having the modified L1 and L2 genes (our
unpublished data).

It turned out that HPV L1 and L2 mRNAs transcribed from the
unmodified genes are extremely unstable in mammalian cells trans-
fected with expression plasmids. Collier et al.13 and Oeben et al.14

mapped the cis elements that cause the mRNA instability to the 5′ 500-
nucleotide regions of L1 and L2 open reading frames. It is likely that
the L1 and L2 mRNAs transcribed by RNA polymerase II in the nuclei
are degraded by an unidentified cellular function, which presumably
accounts for the lack of HPV capsid production in the cells transfected
with the authentic capsid genes. In the vaccinia vector system, L1 and
L2 mRNAs are not degraded, probably because they are transcribed by
the viral RNA polymerase in the cytoplasm, and insect cells lack the
putative degradation function. The instability of the mRNAs and the
resulting suppression of capsid protein expression appear to be related
to the lifecycle of HPV, because L1 and L2 are expressed from the
authentic genes in differentiating keratinocytes (our unpublished data). 

Disulfide Bonds Required for Capsid Assembly

McCarthy et al.15 showed that reducing agents cause disassembly of
HPV11 L1-capsids to the level of the capsomeres, indicating that the
capsid assembly is dependent on intercapsomeric disulfide bonds.
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We have studied a series of HPV16 L1 mutants having nucleotide
substitution of serine for cysteine and identified cysteine residues
required for the intercapsomeric disulfide bonds16 (Figs. 1 and 2).
HPV16 L1 comprises 505 amino acids (aa), including 12 cysteines.
The nuclear extracts from sf 9 cells expressing the HPV16 L1 mutants
have been examined for the presence of intermolecular bonding by
SDS-PAGE with or without a reducing agent. Wild-type (WT) capsid
is separated into two bands of L1-trimers and L1-dimers in the non-
reducing SDS gel. C175S (substitution for cysteine at aa175) and
C185S do not form the dimer and C428S does not form the trimer
or the dimer.

Figure 2 shows structures formed by the mutants (photos taken
under a transmission electron microscope). WT forms typical L1-capsids
with a diameter of 55 nm. C175S forms mainly heterogeneous rod-
shaped tubular structures. C185S forms capsid-like particles mostly
smaller than WT, with diameters of 40 to 55 nm. C428S contains only
capsomeres, indicating that lack of trimerization and dimerization
does not affect capsomere formation. The three cysteines are thought
to be localized in the loops displayed on the surface by the X-ray
crystallographic analysis of the capsid-like structures composed of
truncated L1 of HPV16.17,18

Although it is not clear which pairs of cysteines would make the
intercapsomeric disulfide bonds for correct assembly of capsids, C428
may participate in intercapsomeric bonding of all capsomeres, and
C175 and C185 may be involved in bonding the complex of three and
two capsomeres, respectively. Two types of junctions of capsomeres
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Fig. 1. Amino acid residues associated with L1 functions. Numbers repre-
sent amino acid numbers of HPV16 L1. DE, FG, and HI are HPV16 capsid
surface loops.17 C175 (cysteine at aa175), C185, and C428 are required for
the normal assembly of L1-capsids.16 L50 and S282 are located in conforma-
tionally dependent epitopes for MAbs H16.E7039 and H16.V5.41
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may be necessary to form an icosahedral structure composed of pen-
tavalent and hexavalent capsomeres.

The locations of cysteines are well-conserved in the L1 proteins from
various HPVs. The importance of C175 and C428 in HPV16 L1 is con-
sistent with the results of the studies of cysteine mutants of HPV33.19
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Fig. 2. Electron micrographs of particles formed by HPV16 L1 (WT),
C175S (the HPV16 L1 mutant with substitution of S for C at amino acid
175), C185S, and C428S.16 The particles are obtained by expression of the
L1 genes with or without mutations in insect sf9 cells from recombinant
baculoviruses.
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L2 in HPV Capsids 

Although the papillomavirus capsid can be assembled from L1 alone,
the virion always contains L2 as a minor component in the center of
a pentavalent capsomere at the virion vertices.18 It is as yet to be inves-
tigated how L2 and L1 interact with each other in the formation of
the particles.

Zhou et al.20 showed that the amino-terminus of HPV16 L2,
which is located inside the capsid, is able to bind DNA, suggesting a
role for L2 in attracting viral DNA during the assembly of viral parti-
cles. So far the specific nucleotide sequence for efficient binding with
L2 has not been found. 

We showed that mouse monoclonal antibodies recognizing epi-
topes within regions of amino acid (aa) 69–81 and aa108–120 of
HPV16 L2 bind to the L1/L2-capsids, indicating that the regions are
located on the surface of the capsid.21

Production of Infectious Pseudovirions

Several methods have been developed to prepare infectious HPV
pseudovirions by encapsidating reporter plasmid DNA into L1/L2-
capsids. The pseudovirions are used in place of HPV virions to study
the functions of the capsid proteins in viral infection and the neutral-
izing activities of anti-HPV antibodies. 

Roden et al.22 produced HPV16 pseudovirions by packaging
BPV1 DNA in BPHE-1 cells — a hamster fibroblast line harboring
the BPV1 genomic DNA as autonomously replicating episomes, but
not expressing the BPV1 capsid protein genes — by using defective
Semliki Forest virus as an expression vector. Co-expression of HPV16
L1 and L2 in the cells results in production of HPV16 L1/L2-capsids
containing BPV1 genomic DNA. The infectivity can be assayed by
counting the number of foci of transformed cells in the mouse C127
culture infected with the pseudovirions.

Recently, Buck et al.23 introduced a system to produce pseudoviri-
ons easily by using the plasmids encoding the codon-modified HPV16
L1 and L2 genes and the cells expressing SV40 T antigen, such as
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COS-1 and 293T. The transfection of the cells with the L1 and L2
expression plasmids together with a reporter plasmid with the SV40
replication origin (pSV plasmid) produces the L1/L2-capsids contain-
ing reporter DNA replicating in the nuclei of the cells. When secreting
alkaline phosphatase is used as a reporter, the resulting pseudovirions
provide a highly sensitive neutralization assay method for serum anti-
bodies against HPV16 L1. 

In the above-mentioned pseudovirion production, L2 is required
for efficient encapsidation of DNA.22,23 The other viral nonstructural
proteins including E2 are not required to enhance the production of
the pseudovirions.23 The specific DNA sequences required for pack-
aging, such as packaging signals, have not yet been found.

We developed a method for encapsidating plasmid DNA into
HPV16 L1/L2-capsids in a cell-free system.24 The L1/L2-capsids
that have been disassembled to the level of capsomeres with reducing
agent 2-mercaptoethanol (2-ME) (5%) are mixed with purified pSV2
plasmid DNA expressing a reporter gene, and then 2-ME is removed
by dialysis to allow the capsomeres to reassemble into L1/L2-capsids.
Some of the reassembled capsids package the plasmid to form pseudoviri-
ons. The pseudovirions produced by reassembling in the cell-free system
are morphologically similar to the original L1/L2-capsids. 

Infection with the pseudovirions can be monitored by the expres-
sion of the reporter gene. The pseudovirions provide tools to examine
antibodies for their capability to inhibit HPV infection and to study
early events in the infection, such as cell binding and internalization.
However, when cells are infected with the pseudovirions at a low mul-
tiplicity of infection (MOI), the expression is usually difficult to
detect. The autonomous replication of the pSV2 reporter plasmid
mediated by SV40 T-antigen in particular cells, such as COS-1 and
293T, is required for efficient detection of the infected cells. 

Interaction of HPV Capsids with Cell Surface

Cellular Attachment Receptor for HPV

Viral infection is supposed to start from the attachment of virions to
the cell surface. The adsorption of HPV appears to occur from the
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binding of L1 to cell receptors without the involvement of L2, because
virions of BPV1,25 as well as L1/L2- and L1-capsids of BPV1,
HPV11, HPV16, and HPV33,25–27 are seemingly capable of binding
to cells with a similar efficiency, and because a mouse anti-BPV1 L2
monoclonal antibody, which inhibits the infectivity of BPV1 (focus
formation in mouse C127 cells), allows the binding of BPV1 virions to
C127 cells.28

Giroglou et al.29 and Shafti-Karamat et al.30 showed that a cellu-
lar receptor for HPV L1 is cell surface heparan sulfates. L1-capsids of
several HPV types bind to cell surface heparan sulfates and heparin,
which is a highly sulfated form of heparan sulfate proteoglycan.
Heparin interferes with the infection of COS-7 cells with HPV16 and
HPV33 pseudovirions and the infection of human primary ker-
atinocytes with authentic HPV11 virions. COS-7 cells whose surface
heparan sulfates have been removed by heparinase I treatment are not
infected with HPV16 and 33 pseudovirions. Erythroleukemia cell line
K562, which does not express syndecans at the cell surface, is not
infected with HPV11 virions, and syndecan-1-positive K562 transfec-
tants produced by an expression plasmid for syndecan-1 are sensitive
to HPV11 infection. The results clearly indicate that heparan sulfate
proteoglycans are a cellular attachment receptor for HPV.

L2 Functions in the Initial Steps of HPV Infection

Yang et al.31 reported the data suggesting that L2 plays essential roles
in the intracellular transport of virions to the nucleus. They compared
the binding, uptake, and intracellular transport of HPV16 L1/L2-
capsids with those of L1-capsids by transmission electron microscopy.
HPV16 L1-capsids and L1/L2-capsids similarly bind to the surface of
BPHE-1 cells. After incubation of the cells at 37C, the L1-capsids are
diffusely distributed within the cytoplasm at 6 h; however, the L1/L2-
capsids are aligned along distinct radial tracks across the cytoplasm and
arrive in the perinuclear region within 2 h. Initially, L1/L2-capsids are
located with cortical actin at the periphery of the cell and then are
located with actin filaments.

Yang et al.31 also showed that HPV16 L2 binds to b-actin.
Bacterially expressed fusion protein comprised of GST/HPV16 L2
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(aa1–128)/GFP is co-precipitated with b-actin in a lysate of radio-
labeled SiHa cells, a human cell line derived from cervical cancer, with
anti-GFP antibody. The co-precipitation is mediated by a complex
formation between the HPV16 L2 region of aa25–45 with b-actin
(Fig. 3, Region B). HPV16 pseudovirions containing L2 with a dele-
tion of aa25–45 dramatically reduce infectivity, suggesting that the
binding of L2 with b-actin is critical for infection.

We indicated that the HPV16 L2 region of aa108–126 plays an
important role in the initial steps of infection.32 The L2 peptide
(aa108–126) tagged with GFP (L2/108–126/GFP) attaches to the
HeLa cell surface at a low temperature and enters the cytoplasm when
the temperature is raised to 37° (Fig. 3, Region C). L2/108–120/
GFP does not bind to the cells pretreated with trypsin, suggesting
that the cellular binding partner is a protein. Synthetic L2 peptide of
aa108–120 interferes with the infectivity of the pseudovirions in
COS-1 cells, suggesting the presence of a cell surface receptor for
the aa108–120 region of L2, to which L2/108–126/GFP can bind.
The aa substitutions that prevent L2/108–126/GFP from binding
lower the infectivity of the pseudovirion having the same mutations.
The data suggest that the N-terminal segment of L2 aa108–126,
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Fig. 3. L2 regions binding to the cell surface. Region A: aa13 to 31.34

Region B: aa24 to 45.31 Region C: aa108 to 120.33 Amino acid sequences of
selected mucosal HPV L2s homologous to regions A, B, and C are aligned.
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displayed on the surface of capsids,33 is involved in the early step of
HPV infection by binding with the cellular receptor at the time of
attachment of virions to cells. 

L2 functions in the infectious process were also studied by com-
bination of L2s of HPV16 and BPV1 by Yang et al.34 The peptide
with aa sequences of BPV1 aa1–88 binds to the surface of a variety of
cells. The binding, which is not abolished by pretreatment of the cells
with trypsin and heparinase, is interfered with by peptides of BPV1
L2 aa1–88 and HPV16 L2 aa13–31. HPV16 L2 aa13–31 peptide
tagged with GFP (L2/13–31/GFP) attaches to HeLa cells (Fig. 3,
Region A). Amino acid substitutions at aa18 plus aa19 and aa21 plus
aa22 significantly reduce the ability of L2/13–31/GFP to bind to
SiHa cells. Introduction of the same mutation into L2 reduces the
infectivity of HPV16 pseudovirions. Deletion of the region of
aa91–128 from BPV1 L2 eliminates infectivity of BPV1.

These studies indicate that interaction between L2 and the cell
surface at a post-adsorption step would be important for HPV
infection. The N-terminal segments of L2 aa13–31, aa25–45, and
aa108–120 — which are displayed on the surface of capsids — may
be involved in the early step of HPV infection by binding with the
cellular molecules. The cellular target for the segment of aa25–45 is
b-actin, but the cellular targets for aa13–31 and aa108–120 have not
yet been identified.

Antigenicity of HPV Capsid Proteins

Conformationally Dependent and Linear
Epitopes of L1-Capsids

The majority of anti-L1-capsid antibodies recognize conformationally
dependent epitopes and bind to L1-capsids in a highly type-specific
manner. Giroglou et al.35 and Rose et al.36 showed that anti-sera
obtained by immunizing rabbits with HPV6, 11, 16, 18, 31, 33, 35,
39, and 45 L1-capsids are strongly reactive in ELISA with only the cog-
nate L1-capsid type used as the immunogen. Similarly, we have showed
that anti-sera obtained by immunizing mice with HPV6, 16, 18, and
58 L1-capsids react in ELISA with the cognate L1-capsid type used
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as the immunogen.37 The mouse antisera show low levels of cross-
reactivity in ELISA using alkaline-denatured L1-capsids as the antigen.

HPV16 L1-capsids have conformationally dependent and linear
epitopes. Christensen et al.38 characterized a panel of anti-HPV16 L1
mouse monoclonal antibodies (MAbs) in detail. Fourteen MAbs were
prepared by immunizing mice with HPV16 L1-capsids and examined
for their reactivity with L1-capsids of HPV16, 6, 11, 18, 31, 33, 35,
and 45. Three MAbs (H16.E70, H16.U4, and H16.V5) react with
intact HPV16 L1-capsids in ELISA exclusively, indicating that type-
specific conformationally dependent epitopes are displayed on the
surface of the capsids. One MAb (H16.H5) reacts with both intact
and denatured HPV16 L1-capsids and three MAbs (H16.C2,
H16.L4, and H16.O7) react with denatured HPV16 L1-capsid,
indicating that type-specific linear epitopes are either at the surface
or buried within. One MAb (H16.P2) is weakly reactive to a shared
conformationally dependent epitope present on L1-capsids of
HPV16, 31, and 35. The other MAbs (H16.B20, H16.D9, H16.F18,
H16.I23, H16.J4, and H16.S1) have various levels of cross-reactivity
with the denatured L1-capsids of various HPVs. 

Neutralization with Anti-L1 Antibodies in vitro

Giroglou et al.35 showed that antisera obtained by immunizing rabbits
with L1-capsids of HPV6, 11, 16, 18, 31, 33. 35, 39, and 45 neutralize
the infectivity of pseudovirions in a type-specific manner, as predicted
from the type-specific binding of antibodies against HPV L1-capsids.

Roden et al.39 examined the neutralizing activity of the MAbs
against HPV16 pseudovirions having BPV1 genome. After incuba-
tion with each MAb ascites sample to be tested, approximately 100
focus-forming units of pseudovirus were inoculated to mouse C127
cell monolayers, and the number of foci formed three weeks later was
scored. Three type-specific and conformationally dependent MAbs
(H16.E70, H16.U4, and H16.V5) inhibit focus formation with the
pseudovirions, indicating that these MAbs have neutralizing activi-
ties in vitro. H16.D9, H16.H5, H16.J4, H16.L4, H16.O7 and
H16.S1 do not neutralize the pseudovirions. H16.E70 and H16.V5
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inhibit hemagglutination mediated by HPV L1-capsids or L1/L2-
capsids, indicating that the MAbs prevented HPV pseudovirions
from binding to the cell surface. H16.U4 recognizes an epitope in
a functional domain not required for the binding (the role of the
domain is not clear at present). Leucine residue at aa50 and serine
residue at aa282 constitute part of the epitope for H16.V5 and
H16.E70, respectively39–41 (Fig. 1).

Wang et al.42 showed that H16.V5 is capable of blocking the sero-
logical reactivity of the majority of human sera reactive to HPV16
L1/L2-capsids. ELISA plates coated with HPV16 L1/L2-capsids
received an excess amount of each anti-HPV16 MAb, and then received
human sera positive for anti-HPV16 antibodies. The pretreatment with
H16.V5 prevents the majority of human sera from binding to the cap-
sid antigen, suggesting that most human antibodies reactive with
HPV capsids recognize the same or closely related major antigenic
determinant(s) for H16.V5. The human sera that were not blocked
by H16.V5 are mostly derived from the women with HPV16-associ-
ated cervical lesions.

Roden et al.28 indicated that four anti-BPV1-L1 MAbs, which
were produced by immunizing mice with purified BPV virions, inhibit
the infection of mouse C127 cells with BPV1. These MAbs recognize
type-specific conformationally dependent epitopes on the BPV1 L1-
capsid. Three MAbs effectively block the binding of the virus to the cell
surface at a ratio of approximately two MAb molecules per L1 molecule.
One MAb does not block the binding effectively; however, it efficiently
neutralizes BPV1 infectivity at 0.1 MAb molecule per L1 molecule.

Thus, anti-L1 antibodies can prevent papillomavirus infection in
vitro by at least two steps: at the binding to the cell surface and at a
currently unidentified subsequent step in the infection pathway.

Protective Immunity with Anti-L1 Antibodies
in Animal Models

Consistent with the neutralization studies in vitro, Breiburd et al.43

showed that antibodies recognizing conformationally dependent
epitopes in L1 are required for protecting rabbits against challenge

Human Papillomavirus Type 16 Capsid Proteins 529

FA
b514_Chapter-19.qxd  12/4/2007  3:44 PM  Page 529



with CRPV. Rabbits immunized with intact CRPV L1-capsids develop
high-titer antibodies detectable by an ELISA using intact L1-capsids as
antigen and are resistant to CRPV challenge. However, CRPV chal-
lenge to rabbits immunized with denatured CRPV L1/L2-capsids
results in development of extensive papillomas. Transfer of serum or
immunoglobulin G from rabbits immunized with CRPV L1-capsids
protects naive rabbits against the challenge, strongly suggesting that
the protection is mediated by neutralizing antibodies. Similarly, immu-
nization of calves with L1- or L1/L2-capsids of BPV4 is extremely
effective for protecting animals against BPV4 challenge.44 The data
obtained from these animal experiments clearly indicate that the
properties of L1-capsids are suitable for prophylactic vaccine antigen.

Neutralization with Anti-L2 Antibodies in vitro

Roden et al.45 showed that sheep antisera obtained by immunization
with bacterially produced L2s of HPV6, 16, and 18 neutralize the
pseudovirions of the homologous HPV type and cross-neutralize those
of the heterologous HPV types, indicating that a cross-neutralization
epitope(s) is present in L2.

We indicated the presence of a cross-neutralization surface epitope
in HPV16 L2 by characterizing anti-HPV16 L2 MAbs.21,33 Seventeen
anti-HPV16 L2 MAbs were produced by immunizing Balb/c mice
with HPV16 L1/L2-capsids. All of the MAbs bind HPV16 L1/L2-
capsids in ELISA, indicating that they recognize epitopes displayed
on the surface of L1/L2-capsids. ELISA using synthetic peptides as
antigens showed that seven MAbs recognized linear epitope(s) within
HPV16 L2 (473 amino acids) aa69–81, and two MAbs (#5 and #13)
recognized those within aa108–120.21,33 Amino acid sequences cor-
responding to the HPV16 aa108–120 are highly conserved among dif-
ferent HPVs (Fig. 3), and indeed MAb#5 and #13 bind to HPV6 L2.33

MAb#5 and #13 inhibit infection with HPV16 and 6 pseudovirions of
COS-1 cells, suggesting that the binding of antibody to the region of
aa108–120 neutralizes the infectivity of HPV.33

We then showed that the peptide having the amino acid sequence
of HPV16 L2 aa108–120 induces a cross-neutralizing antibody against
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HPV16 and 6 in mice.46 Balb/c mice were immunized nasally with the
peptide, and the sera or vaginal washes were pooled from five animals
for characterization. IgG antibodies in the sera and mucosal IgA anti-
bodies in the vaginal washes bind to L1/L2-capsids of HPVs 6, 16, and
18, and neutralize HPV16 pseudovirions and HPV11 authentic virions.

Embers et al.47 further characterized antibodies against HPV16 and
HPV6 L2 distinct regions. The peptides having amino acid sequences
of HPV16 L2 aa108–120 (16L2a), HPV16 L2 aa104–124 (16L2b:
SIVSLVEETSFIDAGAPTSVP), HPV6/11 L2 aa108–120 (6/11L2a),
and HPV6/11 L2 aa104–124 (6/11L2b:IVSLIEESAIINAGAPEIVPP)
were synthesized and conjugated to keyhole limpet hemocyanin (KLH)
for immunization or to bovine serum albumin (BSA) for ELISA.
Antisera have been produced by immunizing rabbits and Balb/c mice
(two animals per one immunogen) with one of the peptides. All of the
sera react to the peptide used for immunization and show some level of
cross-reactivity to the heterologous peptides. However, the antisera do
not show significant cross-reactivity in ELISA using HPV16 and HPV11
L1/L2-capsids as antigens.

Neutralizing activities of the antisera were assessed by inhibition of
infection with authentic HPV16 (obtained from cervical legions) and
HPV11 virus (obtained from a condyloma and propagated by the use
of human foreskin xenografts into nude mice). Neutralizing activity of
the sera varied between two animals immunized with the same peptide
in spite of the animals being inbred. Two rabbit sera, one obtained by
immunization with 6/11L2a and one with 6/11L2b, have showed
significant neutralizing activities to both HPV11 and HPV16 viruses.
Rabbit antisera obtained by immunization with the HPV16 peptides
showed very little ability to neutralize the HPV11 virus. Two mouse
antisera obtained by immunization with H16L2a and one with
H16L2b showed significant neutralizing activities to both HPV11 and
HPV16 viruses. The H6/11L2a peptide was the poorest immuno-
gen in mice for the production of neutralizing antibodies. The data
support evidence that the epitope(s) in the L2 region containing
aa108–120 may yield antibodies capable of neutralizing infectivity
across viral types. The reason why the immunoreactions of the rabbits
or mice vary with the individual rabbit or mouse is not clear.
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HPV16 L2 N-terminal region, approximately aa18–144, is dis-
played on the surface of the L1/L2-capsid and the antibody capable
of binding to the L2-surface region inhibits the infectivity of HPV
pseudovirions. Kondo et al.48 recently showed that rabbit antisera
induced by the synthetic peptide with HPV16 L2 sequence aa18–38,
56–75, 61–75, 64–81, or 96–115 neutralize the HPV16 pseudoviri-
ons and cross-neutralize the pseudovirions of one or more of HPV18,
31 and 58. The data indicate that these antigen peptides contain
cross-neutralization L2-epitopes.

Protective Immunity with Anti-L2 Antibodies
in Animal Models

Chandrachud et al.49 showed that immunization of cattle with bac-
terially expressed BPV4 L2 fused to glutathione S-transferase elic-
its neutralizing antibodies and protects the animals against BPV4
challenge.

Embers et al.50 showed that immunizations of rabbits with the
peptides having amino acid sequences of rabbit oral (ROPV) and cuta-
neous (CRPV) papillomavirus L2 regions corresponding to HPV16
L2 aa108–120 protect the rabbits from challenge with ROPV and
CRPV, respectively, further indicating that the epitope(s) required for
protective immunity is located in the L2 region. The level of protec-
tion induced by these peptides is comparable to that seen with L1-
capsid vaccination.

Prophylactic HPV Vaccine

Phase I/II clinical studies showed that an L1-capsid vaccine was
well tolerable and highly immunogenic.51–53 In the majority of the
recipients, the serum antibody titers were higher than those detected
in the natural infection.51–53 A large-scale clinical trial in the United
States is underway with an HPV16 prophylactic vaccine using
HPV16 L1-capsids as an antigen.1,53 Of women who received the
vaccine, 99.7% were seroconverted. At 17.4 months after com-
pletion of the vaccination regimen, the incidence of persistent
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HPV16 infection was 3.8 per 100 women-year at risk in the placebo
group and 0 per 100 women-year at risk in the vaccine group,
strongly suggesting that administration of the vaccine reduced the
incidence of both HPV16 infection and HPV16-related cervical
intraepitherial neoplasia. As predicted from type-specific neutraliz-
ing activity of anti-L1 antibodies, the cases of cervical intraepithe-
lial neoplasia that were not associated with HPV16 infection were
detected similarly among the placebo recipients and among the
vaccine recipients. Thus, one of the remaining problems to be
addressed is how to prevent infection with other high-risk HPVs.

We nasally administrated the synthetic peptide with the amino
acid sequence of HPV16 L2 aa108–120 to ten healthy volunteers to
evaluate the safety and immunogenicity of the peptide.54 The admin-
istration of the peptide — 0.1mg to five recipients and 0.5 mg to five
recipients — caused no serious local or systemic complications. The
anti-L2 antibody binding to both HPV16 and L1/L2-capsids and
neutralizing both HPV16 and 52 pseudovirions was induced in four
of the five recipients in the 0.5 mg group. Serological responses were
not induced by inoculation of 0.1 mg of the peptide. Although the
number of the recipients is small, the data suggest the HPV16 L2 pep-
tide is tolerable in humans and has the potential as a broad-spectrum
prophylactic vaccine. 

Conclusion

Immunization with HPV16 L1-capsids induces in rabbits and mice
the antibodies recognizing conformation-dependent type-specific
neutralization epitopes, whereas the antibodies induced by denatured
L1-capsids do not neutralize HPV16 infectivity. A recent large-scale
clinical trial showed that an HPV16 L1-capsid vaccine candidate was
well tolerated by the participants and highly immunogenic in them.
The results obtained so far indicated that the vaccine protected the
recipients against HPV16 infection, which would progress to cervical
cancer, in an HPV type-specific manner. 

HPV16 minor capsid protein L2 has a linear neutralization epi-
tope displayed on the surface of the L1/L2-capsids. The antibody
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against this epitope seems to be capable of neutralizing the infectivity
across the mucosal HPV types. The L2-epitope could be useful for
the development of a prophylactic vaccine effective against a broader
spectrum of HPVs associated with cervical cancer.
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Chapter 20

Chimeric Recombinant Hepatitis E
Virus-like Particles Presenting Foreign
Epitopes as a Novel Vector of Vaccine

by Oral Administration

Yasuhiro Yasutomi*,†

Virus-like particles (VLPs) are useful for studies on virion formation, host
immune responses to viruses, and vaccines in no practical cell culture systems
to allow the growth of virus. Among the various non-replicating molecules,
VLP, an empty particle with a structure similar to that of an authentic virus
particle, offers the possibility of a new approach for these studies. Hepatitis
E virus (HEV) is an unclassified calicivirus-like, positive-strand RNA virus
that causes human acute hepatitis by fecal-oral transmission. HEV first
infects epithelial cells of the small intestine and then reaches the liver through
the portal vein. It has been reported that intact open reading frame 2
(ORF2) of HEV is expressed as a membrane glycoprotein when artificially
expressed in mammalian cells in vitro, probably because the N-terminal
amino acid sequence serves as a signal peptide.1,2 On the other hand, the
intact ORF2 expression in insect cells resulted in various sizes of proteins
with cleavages on both N- and C-termini, of which 53 kD polypeptides
secreted in the culture supernatant.3–5 It has also been reported that only
after cleavage of C-terminal, which results in molecular weight reduction to
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54 kD, does ORF2 participate in the VLP formation.6,7 In this chapter,
investigation of HEV-VLP could be carried a molecule for foreign antigenic
epitopes and to stimulate mucosal immunity without the need for adjuvant.

Chimerization of VLP

Chimerization of VLP is a unique and useful method for studying
morphology, assembly and host recognition of a virus. However,
there are not many reports about chimeric VLP in the fields of virol-
ogy and immunology. Moreover, the induction of immune responses
through natural infectious route against not only VLPs but also car-
rying epitopes is limited.8–12 Some chimeric plant virus particles car-
rying foreign epitopes have been reported.13 These chimeric virus
particles are replication-competent and elicit immune responses
through mucosal immunization. These particles were derived by for-
eign epitope insertion in a cDNA of a virus. Chimeric VLPs obtained
by the same method have also been reported.8–11 Successful
chimerization is dependent on selection of an appropriate insertion
site in VLPs. Another system for chimerization of VLP is co-infection
of a couple of baculoviruses in the same cells, which allows VLPs to
be obtained as chimeric VLPs.12 This method is an easy way to obtain
the chimeric VLP, although the stability of molecular constructs and
the characteristics of morphology to original virus are not promised.
Chimeric VLPs obtained by foreign-molecule insertion are suitable
for studying morphogenesis of viruses and host recognition to both
VLPs and inserted molecules. 

HEV-VLP

Hepatitis E is an acute viral hepatitis caused by infection with HEV
that was first recognized in India 1955. The HEV has been isolated
from various animals, suggesting that hepatitis E is a zoonosis.14,15

Although an in vitro culture system to amplify HEV has not been
developed, over-expression of a part of ORF2 in a baculovirus expres-
sion system allows this protein to assemble into a VLP.6 Formation of
this VLP occurs only when N-terminal of ORF2 — where potential
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signal sequence is encoded — was deleted from the expression con-
struct.6,16 It has also been reported that additional endogenous cleav-
age of 52 amino acids at the C-terminal is necessary for the assembly
of a VLP.6,7 HEV-VLP appears as an empty particle of a slightly
smaller size than that of a mature HEV particle.6,7 An HEV-VLP has
several advantages for studying virus formation or host recognition.
In our experience, large amounts can be easily obtained from standard
cultivation protocols compared with amounts of other VLPs
obtained. The amount of purified HEV-VLPs collected from culture
supernatant of 50 to 100 µg/ml is more than 100 times greater than
that of other VLPs. It has recently been found that the VLPs elicit
strong immune responses when administrated orally into mice as same
to a natural infection route.17 Moreover, it has been shown that oral
inoculation of cynomolgus monkeys with HEV-VLP prevents the
infection of native HEV by intravenous injection.18 These findings
indicated that HEV-VLPs conserved original HEV construction to
enter the target cells. Conservation of the virus construct in VLPs is
very attractive for vaccines inducing the same type of immune
responses to virus infection. 

Chimeric HEV-VLP Carrying Foreign Epitope

pVL5480/7126, a baculovirus transfer vector that includes a portion of
the ORF2 from HEV (dORF2), was described previously.6 To insert the
tag sequence within dORF2, oligonucleotides that encode the tag amino
acid sequence were synthesized as shown in Table 1, and described pre-
viously.9 The restriction sites used for insertion sites 1 to 4 were HindIII,
SacII, BssHII, and SacII sites at nucleotide positions 5679, 6245, 6664,
and 6773, respectively. For each site, oligonucleotide pairs of Htg5(0)
and Htg3(GA), Htg5(+1) and Htg3(0), Htg5(0) and Htg3(GG), and
Htg5(+1) and Htg3(0) were used, respectively. A C-terminal tag was
added at a position 52 amino acids upstream from the translational
terminal. This site was chosen because the last 52 amino acids at the
C-terminal of ORF2 are cleaved off during the formation of VLPs. The
nucleotide sequences around the inserted tag are schematically shown in
Fig. 1. The plasmid containing the chimeric dORF2 was co-transfected
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N.(5486) ATGGCGCAGCCTGAACTCGCTCCAGAGGATCCAGAAGATGCGGTCGCT
M  A  Q  P  E  L  A  P  E  D  P  E  D  A  V  A

Site 2.SacII(6245) GGCCGCCAGCCTGAACTCGCTCCAGAGGATCCGGAAGATCGCGGGATA
G  R  Q  P  E  L  A  P  E  D  P  E  D  R  G  I

Site 3. Bss HII(6664) ACCGGCCAGCCTGAACTCGCTCCAGAGGATCCGGAAGATGGCGCGCAGGCC
G  A  Q  P  E  L  A  P  E  D  P  E  D  G  A  Q  A

Site 4.Sac II(6773) CTCCGCCAGCCTGAACTCGCTCCAGAGGATCCGGAAGATCGCGGTAAG
L  R  Q  P  E  L  A  P  E  D  P  E  D  R  G  K

C.(6973) CTAGCACAGCCTGAGCTCGCCCCGGAGGACCCCGAAGATTAG
L  A  Q  P  E  L  A  P  E  D  P  E  D  *

dORF2(5480) N C (7126)

Site 1.HindIII(5680) GAAGCTCAGCCTGAACTCGCTCCAGAGGATCCGGAAGATGAAGCTTCTAAT
E  A  Q  P  E  L  A  P  E  D  P  E  D  E  A  S  N

Fig. 1. Schematic diagram and sequences around the tag epitope insertion
sites in dORF2. Upper rows show nucleotide sequences and lower rows
show the corresponding amino acid sequences. Amino acid numbers relative
to the full-length ORF2 are indicated next to the amino acid before the
inserted amino acids. Nucleotide numbers referring to HEV genome are in
parenthesis. Inserted sequences are underlined. The tag epitope amino acid
sequence is in bold face.

Table 1. Oligonucleotides Used in this Study

Oligonucleotide Sequence (5´ to 3´)

HEVBacBg CGCAGATCTATGGCGGTCGCTCCAGCCC
HEV52Pr CTGCAGCTATGCTAGCGCAGAGTG
Htg5(0) CAGCCTGAACTCGCTCCAGAGGA
Htg5(+1) GCCAGCCTGAACTCGCTCCAGAGGA
Htg3(0) ATCTTCCGGATCCTCTGGAGCGAG
Htg3(GA) TCATCTTCCGGATCCTCTGGAGCGAG
Htg3(GG) CCATCTTCCGGATCCTCTGGAGCGAG
Tag(-52) CTGCAGCTAATCTTCGGGGTCCTCCGGGGCGAGCT

CAGGCTGTGCTAGCGCAGAGTGG
BglTag AGATCTATGGCGCAGCCTGAACTCGCTCCAGAGGA

TCCAGAAGATGCGGTCGCTCCAGCCCATGAC

with baculovirus DNA, and the recombinant baculovirus was generated
as described previously.6 The production and purification of HEV-VLP
was performed as described previously.6,7

Utilizing any of the insertion sites, the chimeric dORF2 was
expressed at almost equal levels in the cell lysates (Fig. 2A). The anti-
genicity of the tag epitope was maintained in all cases, as shown by
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Western blot analysis (Fig. 2B). Even at the C-terminal region, where
the native HEV amino acid sequence is cleaved, the tag was not
cleaved off from dORF2 (Fig. 2B, lane C). Among these chimeras,
only the N- and C-terminal insertions resulted in release of a large
amount of chimeric dORF2 into the culture supernatant (Figs. 2C
and 2D), although small amounts were released when the insertions
were made at either site 3 or 4. These results indicate that internal
insertions somehow disturbed the release of dORF2 into the culture
supernatant. The precise mechanisms involved in the HEV virion for-
mation are not yet clear. The added tag at 52 amino acids upstream
from the C-terminal region, where dORF2 is normally cleaved in
insect cells, was not cleaved off in the infected cells during the gener-
ation of the chimeric VLPs. This is most likely due to alteration of the
amino acid sequence recognized by the proteolytic enzyme involved
in the C-terminal modification of HEV-VLP. The successful addition
of extra amino acid sequences to the C-terminal of dORF2 suggests
that the presence of extra amino acids at the C-terminal is not crucial
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A
N 1 2 3 4 C

Lysate/CBB stain

C

Sup/Anti-tag

C4321N

B

Lysate/Anti-tag

N 1 2 3 4 C

Fig. 2. Expression of chimeric dORF2. A. Expression in the cell lysates was
examined by Coomasie brilliant blue staining. B. Antigenicity of the tag epi-
tope in the cell lysates was confirmed by Western blotting with the anti-tag
antibody. C. Presence of each chimeric dORF2 in cell supernatant (8 µl) was
examined by Western blotting with the anti-tag antibody. The insertion site for
each chimera is indicated at the top of the panel. N; N-terminal, 1 to 4; sites
1 to 4, respectively, C; C-terminal. The arrowhead on the right of each panel
indicates the position of the chimeric dORF2.
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for preventing dORF2 from being incorporated into a VLP form.
Rather, the amino acid sequences encoded by the HEV ORF2
genome prevented the formation of VLP.

We attempted to purify chimeric VLPs from the supernatant of
Tn5 cells expressing chimeric dORF2 with a tag at either C-termini.
The VLP-52C was slightly larger than the HEV-VLP without the tag
(Fig. 3A). The purified VLP-52C retained the antigenicity of HEV as
well as the intact tag epitope, as shown by the reactivity of specific
antibodies (Figs. 3B and 3C).

Electron microscopic observation showed that VLP-52C was
approximately 25 nm in diameter and indistinguishable from the
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Fig. 3. Purification of the chimeric VLP. Purified VLP-52C was analyzed
for its purity (A) and reactivity to anti-HEV (B) and anti-tag antibodies (C).
A. Equal amounts (0.3 µg) of purified VLP-52C (−52C) and VLP without
tag (w/o Tag) were separated on SDS-PAGE and stained by Coomasie bril-
liant blue staining. Positions of molecular weight markers are indicated on
the right of the panel. B and C. Equal amounts (0.1 µg) of VLP-52C (−52C)
and VLP without tag (w/o Tag) were analyzed by Western blotting using
anti-HEV (B) and anti-tag (C) antibodies, respectively.
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VLP without the tag (Fig. 4). Using two methods, we confirmed
that the inserted epitope tag was exposed on the surface. The intact
VLP-52C was immunoprecipitated with the anti-tag antibody, while
the anti-HEV antibody immunoprecipitated both VLP-52C and the
VLP without the tag (Fig. 5). Furthermore, the anti-tag antibody
specifically reacted with the intact VLP-52C in an ELISA (data not
shown). The results of immunoprecipitation and ELISA using intact
chimeric VLP suggest that the tag epitope is exposed on the surface
of the HEV-VLP.
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A. -52C B. w/o Tag

Fig. 4. Electron micrograph of VLP-52C. VLP-52C (A) and VLP with-
out tag (B) were observed under electron microscopy after negative staining
at a magnification of ×60,000. Inserted bar indicates 100 nm.

Tag

Ab none -Tag -HEV Cont.

+-+ ++ ---

Fig. 5. Surface exposure of the tag epitope on VLP-52C. Surface exposure of
the tag epitope on intact VLP-52C was examined by immunoprecipitation with
the anti-tag antibody. Antibodies used are indicated at the top of panel. None,
negative control without antibody; α-Tag, anti-tag antibody; α-HEV, anti-
HEV antibody; cont., purified VLP-52C and VLP without tag were run as con-
trols. The second row indicates either VLP with (+) or without the tag (−).
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Immune Responses to Chimeric HEV-VLPs
through Oral Administration

Since many pathogenic viruses and bacteria establish their initial infec-
tions through the mucosal surface, vaccine strategies that can stimulate
mucosal immunity have been widely studied (reviewed in Ogra et al.).19

However, there are several difficulties in oral immunization with non-
replicating molecules, such as low pH in the stomach, presence of pro-
teolytic enzymes in the digestive tract, and presence of physical as well
as biochemical barriers associated with the mucosal surface itself.19 We
previously reported that the HEV-VLP preserved original HEV con-
struction and entered the epithelial cells of the small intestine by oral
administration.20 From these findings, mice were immunized with 50 µg
of purified VLP-52C by the oral route four times at two-week intervals,
with the mice having the ability to induce mucosal and systemic epi-
tope-specific antibody responses. Specific IgG antibodies to the tag as
well as to HEV were detected in intestinal fluids as early as two wpi
(Fig. 6A). IgG levels in intestinal fluids continued to increase until the
termination of the experiments. Specific IgA to both the tag and HEV
also appeared in intestinal fluids from two wpi, paralleling the IgG lev-
els (Fig. 6B). The IgA levels also continued to increase until the termi-
nation of experiments. As expected, the control mice immunized with
VLP without the tag developed IgG and IgA only to HEV. In sera, lev-
els of a specific IgG antibody to both the tag and HEV showed slightly
higher OD values than those in non-immunized controls, but they never
reached significant levels, as occurred in the intestinal fluids (Fig. 6C).
The levels of specific IgA in sera were also low, although the OD values
were also higher than the non-immunized controls (Fig. 6D). The con-
trol mice immunized with VLP without the tag showed similarly low
OD values to HEV. The specific antibodies in the intestinal fluids were
analyzed for their isotypes at 10 wpi. At this point, average OD values
and SD for IgG and IgA in the intestinal fluids were 1.02±0.22 and
0.64±0.038, and 0.96±0.086 and 0.66±0.040, respectively, to HEV
and the tag in three mice immunized with the chimeric VLP. In the
control mice immunized with VLP without the tag, the average OD
values and SD for IgG and IgA were 0.88±0.047 and 0.64±0.027, and
0.11±0.024 and 0.084±0.013, respectively, to HEV and the tag. All
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subclasses of IgGs to HEV — except IgG3, IgM, and IgA — were evi-
dent in all mice (Fig. 7B). Both to the tag and HEV, all mice failed to
develop IgG3 above the detectable level (Figs. 7A and 7B). In the con-
trol mice immunized with VLPs without the tag, HEV-specific anti-
body reactions similar to the those with the chimeric VLPs were shown
(Fig. 7B), while no detectable level of any isotype antibody specific to
the tag was observed (Fig. 7A), as expected. 

Induction of foreign epitope-specific antibody (Ab) responses by
chimeric VLP administration is not easy compared with inducing cellu-
lar immune responses such as a cytotoxic T lymphocyte (CTL)
response.8,10,11,21,22 Moreover, our results showed Ab responses by oral
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Fig. 6. IgG (A and C) and IgA (B and D) levels in intestinal fluids (A and B)
and sera (C and D) of orally immunized mice. Circles and triangles indicate
HEV-specific and the tag epitope-specific antibody levels, respectively, in
individual mice. Two immunized mice were sacrificed at each time point
(two, four, six and eight wpi). Specific antibody levels to HEV and the tag
epitope of control mice immunized with VLP without the tag (closed circles
and closed triangles, respectively) and background levels to HEV and the tag
epitope of non-immunized mice (squares and crosses, respectively) are also
shown. Antibody levels are indicated as OD405 in ELISA when sera and
intestinal fluids were diluted at 1:100 and 1:2, respectively.
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administration to overcome the difficulties of a severe environment
through the digestive tract. It is plausible that HEV-VLPs, which are
derived from an orally transmissible virus, were incorporated into HEV-
permissive epithelial cells in the small intestine because they retained
structures and properties similar to those of HEV particles, producing
an infection similar to that induced naturally.17 It has been shown that
the VLP structure should provide resistance to severe environments in
the digestive tracts and enable specific binding to the mucosal surface if
an appropriate VLP is chosen.23 The delivery of a vaccine antigen (Ag)
for induction of mucosal immune responses is usually achieved through
the upper nasopharynx-associated lymphoid tissue (NALT), upper air-
way, salivary glands and tonsils.24,25 Despite its obvious convenience,
oral administration is rarely successful since it is quite difficult to pro-
tect vaccine Ag from the environment in the digestive tract. 

The results of immunoprecipitation and ELISA using intact
chimeric VLPs suggest that the tag epitope is exposed on the surface
of the HEV-VLP. The successful induction of antibodies to the tag
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Fig. 7. Isotypes of antibodies specific to the tag epitope (A) and HEV (B)
in intestinal fluids in orally immunized mice sacrificed at 10 wpi. Levels of
IgA (A), IgM (M), and IgG subclasses (G1, G2a, G2b and G3) were exam-
ined by ELISA using isotype-specific secondary antibodies and are shown as
end-point titers. Solid and open bars indicate antibody levels of each mouse
immunized with the chimeric VLP and VLP without the tag epitope inser-
tion, respectively.

b514_Chapter-20.qxd  12/4/2007  3:45 PM  Page 548



also supports the hypothesis that the tag is exposed on the surface,
since an internally localized B cell epitope in chimeric parvovirus-VLP
failed to induce a specific antibody response.11 Furthermore, this
hypothesis is consistent with the results of three-dimensional analysis
of the Norwalk virus-VLP particle, in which the C-terminal is exposed
to the VLP surface.26 Considering that B cell epitopes are generally
hydrophilic and most likely exposed to the VLP surface, B cell epitope
regions may not be directly involved in the protein-protein interac-
tions to form a VLP. Our unsuccessful insertions into internal sites
suggest that the integrity of internal regions must be maintained for
proper protein folding and VLP formation. To find potential internal
insertion sites, a precise three-dimensional structural map of the
HEV-VLP may be necessary.

Oral vaccination has obvious advantages for a field trial in a large-
scale public health vaccination program.27 From a practical stand-
point, oral administration is less stressful for vaccine recipients and
does not require professional skill for administration. Moreover, deliv-
ery of vaccines via the intestinal tract is considered to be inherently
safer than systemic injection. Encouraging results of phase I trials
using Norwalk virus VLPs have recently been reported.28 We also
confirmed that chimeric HEV-VLPs carrying foreign CTL and B cell
epitope at C-termini can elicit mucosal and systemic cellular immune
responses as well as humoral immune responses by oral administration
(submitted). It has become apparent that mucosal immune responses
on different mucosal surfaces were achieved simultaneously, despite
the initial stimulation of a single mucosal site.29,30 Therefore, it is
probable that oral administration of chimeric HEV-VLPs stimulates
immune responses simultaneously on distant mucosal surfaces as well.
This phenomenon significantly extends the potential use of chimeric
HEV-VLPs as an oral vaccine vehicle. 

A chimeric HEV-VLP has several advantages as an oral vaccine
vector. First, large amounts can be easily obtained from standard cul-
tivation protocols compared with amounts of other VLPs obtained.
Second, the outcome of delivery of vaccine Ag in humans can be pre-
dicted using conventional laboratory animals, since HEV naturally
infects various animals as well as humans through the same infectious
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route and target cells.6,31 Third, HEV-VLPs are stable at room tem-
perature. Fourth, anti-HEV immune responses had no effect on
boosting administration in the present study. Thus, HEV-VLPs are an
attractive vaccine vector in developing countries because these VLPs
can be preserved without the requirement of any particular equip-
ment. These findings suggest that chimeric VLPs derived from orally
transmissible viruses can be used as vaccine vectors to mucosal tissue
by oral administration for the purpose of vaccination.
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Chapter 21

Nucleocapsid Protein of Hantaviruses
(Bunyaviridae): Structure and Functions

Alexander Plyusnin*, Vibhor Kumar †, Olli Vapalahti ‡,
Peter Engelhardt §

Hantaviral N protein is a typical nucleocapsid protein of a negative-strand
virus. It is a multifunctional molecule that plays an important role in the viral
RNA encapsidation and replication, and also in the virus assembly. In this
chapter we review the current knowledge on hantaviral N protein structure
and functions. We also present new data on a 3D structure of the hantaviral
N-ptotein trimer and discuss its possible role in the viral replication cycle.
Finally, we describe the structure of the N protein oligomers and polymers.

Introduction

Hantaviruses (genus Hantavirus, family Bunyaviridae) are negative-
strand RNA viruses (NSRV) with a tripartate genome, each carried by
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a specific, chronically infected rodent host. Some hantaviruses are
human pathogens causing acute, and sometimes fatal, diseases known
as Haemorrhagic Fever with Renal Syndrome and Hantavirus (Cardio)
Pulmonary Syndrome, while others are apathogenic.1 Hantaviral
genome consists of three segments — Small (S), Medium (M) and
Large (L) — encoding respectively the nucleocapsid (N) protein, two
surface glycoproteins (Gn and Gc), and the viral polymerase (L pro-
tein). Hantaviral particles are spherical or oval in shape and approxi-
mately 80–120 nm in diameter. They have an envelope that is formed
by membrane lipids derived from a host cell and spiked with Gn-Gc
heterodimers. Three genome RNA (vRNA) segments are encapsi-
dated by the N protein and form separate, filamentous ribonucleo-
proteins (RNPs). The L protein is associated with these RNPs,
presumably via binding to panhandle-like structures formed by 3´-
and 5´-terminal stretches of nucleotides that are complementary to
each other. Bunyaviruses do not possess a membrane protein and it is
thought that the viral RNPs are attached to the inner membrane via
interaction(s) with the cytoplasmic tail of Gn protein.1

Although some details of the hantavirus replication cycle remain
unclear, the general scheme seems to be the following (Fig. 1) (for
a review, see Kukkonen et al., 20052). Replication takes place in a
cytoplasm of infected cells that hantaviruses enter, after attachment
to beta3 or beta1 integrins,3 using the clathrin-mediated pathway,4

although other receptors are also likely to be involved. In early
endosomes, an acidic environment induces a fusion of viral and
endosomal membranes and the viral RNPs are released into cyto-
plasm. For primary transcription, hantaviruses use the cap-snatching
mechanism: the L protein cleaves 7–18 nucleotide-long primers
from the 5´ termini of cellular mRNA molecules. Transcription then
continues according to the “prime-and-realign” mechanism5 with-
out polyadenylation of mRNAs. Without delay, the virus-specific
mRNAs are translated into viral proteins and, after reaching a
threshold level of these proteins in the cytoplasm, the replication
of viral genome starts. First, complementary RNA (cRNA) is syn-
thesized; this RNA is used to produce new vRNA, which, in turn,
activates secondary transcription.6 The newly synthesized cRNA
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and vRNA are immediately encapsidated by the N protein. Gn and
Gc proteins are translated from the same M mRNA, translocated
to ER, cotranslationally cleaved by signal peptidases, glycosylated,
and transported to the Golgi complex or to the plasma membrane,
the places of hantavirus maturation and budding. Three viral RNPs,
together with the L protein, become included in the budding
enveloped particles as well, and the first hantavirus particles are
released within 24 h p.i.7

Like nucleoproteins of other NSRVs, hantavirus N protein is a
multifunctional molecule with both housekeeping and ambassadorial
duties (for a review, see Kaukinen et al., 20058). It plays a crucial role
in the viral RNA replication and encapsidation and also in the virus
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Fig. 1. Hantaviral replication cycle.
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assembly. In addition, it can modulate metabolism in infected cells via
interactions with several cellular proteins, e.g. with Daxx- and
SUMO-1-pathway members. In this chapter we review the current
knowledge on hantaviral N protein structure and functions. We also
present new data on a 3D-structure of the hantaviral N-ptotein trimer
and discuss its possible role in the viral replication cycle. Finally, we
describe the structure of the N protein oligomers and polymers.

General Features of the N Protein

The N protein of hantaviruses contains 429 to 433 aa residues. The
protein sequence is well conserved within a given hantavirus type and,
to a lesser extent, among all hantaviruses. Analysis of the sequence
conservation reveals three conserved regions separated by two more
variable regions spanning aa 50–80 and 230–310.8 The central con-
served region contains a cluster of positively charged residues that
overlaps with a putative RNA-binding domain.9

Formation of RNPs, which are functional templates for transcrip-
tion and replication of the viral genome, depends on interactions of
the N protein with several partners: vRNA, other N protein molecules,
and, perhaps, the L protein. Terminal panhandle-forming regions of
the vRNA molecules seem to possess a unique binding region for
the N protein.10–12 The corresponding sequences of the cRNAs are
recognized with lower affinity. Recently solved 3D structures of the
N proteins of lyssa- and rhabdoviruses13,14 implied a conformational
change of the nucleocapsid protein molecule, which is essential for
RNA encapsidation. Most probably, this conformational change
results from interaction not only between the N protein and viral
RNA but also between two (or more) molecules of the N protein: to-
be-recruited RNA-binder and neighboring molecule(s) that have been
already engaged with RNA and have adopted a new conformation.
This model is in agreement with experimental data on in vitro binding
of recombinant GST-N-trimer to the viral RNA panhandle.12 Binding
of the N-trimer to the panhandle might have important conse-
quences. According to the model suggested by Mir and Panganiban,15

the trimer can work as an RNA chaperone causing dissociation of
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the panhandle and thus making the 3´ terminus of RNA available for
the viral polymerase.

The phenomenon of hantaviral N protein oligomerization was
discovered simultaneously by research groups from Finland16 and the
United States.17 It was found that the N protein can form stable
trimers in both viral particles and infected cells, and it was suggested
that these trimers represent intermediates in the process of N protein
oligomerization and RNP formation. An interaction between N pro-
tein monomers appeared to be non-covalent and electrostatic.16

The studies that followed have further characterized the interacting
domains and pinpointed aa residues that are crucial for the interac-
tion.18–21 The oligomerization of the hantaviral N protein was ana-
lyzed using a combination of computer modeling with the following
in vitro techniques: peptide and alanine scanning, a mammalian two-
hybrid assay, and an immunofluorescence assay. It was shown that
both termini of the molecule contribute to the N-N-interaction. The
data supported a “head-to-head, tail-to-tail” model, which suggests
that the N-N-interaction is a two-step process involving an initial
interplay between the N-terminal domains followed by a consolidat-
ing interaction between the C-terminal domains. The N-terminal
tri/oligomerization domain of the hantaviral N protein was found to
fold into a coiled-coil structure.17,21,22 The results obtained were con-
sistent with the existence of an anti-parallel coiled-coil, and several aa
residues (L44, L58 and I51), all located at the “a” positions of hep-
tad repeats, were found to be especially important for the N-N-inter-
action.21 The consolidating interaction between the C-terminal
domains were found to occur via protrusions of two alpha-helices and
the shared hydrophobic space formed by amino acid residues 380-
IILLF-384 and 413-LI-414.19 All hantaviruses seemed to have the
same, or very similar, structure of the terminal domains, which sug-
gested a genus-specific mode of the N protein tri/oligomerization.

Experiments with Hantaviral minigenomes demonstrated that
functional L and N proteins are the only viral proteins needed for repli-
cation and transcription.23 Both proteins are at least partially colocal-
ized at the Golgi compartment24 and most probably interact with each
other in determining the location of RNA synthesis of hantaviruses
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and in directing RNPs to the site of virus assembly and budding. The
tail of the Gn protein located on the cytoplasmic side of the Golgi
membrane could also determine the RNPs that are included in the
virion. It has been suggested that the cytoplasmic tail of Gn interacts
with the N protein.25 This could be an important step in virus assem-
bly, which would secure the incorporation of RNP into virus particles.

The hantaviral N protein seems to interact with a variety of cellu-
lar proteins (for a review, see Kaukinen et al., 20058), but the discus-
sion of these activities would go beyond the scope of this chapter.

3D-Structure of the N Protein

Crystallization of hantavirus N protein is pending. Purification of
even modest quantities of the protein suitable for crystallization (i.e.
water-soluble) is difficult to accomplish from purified virus particles
because hantaviruses grow to low titers in cell cultures. As for recom-
binant N protein produced in heterologous expression systems (e.g. in
the baculovirus-driven system), it appears to be “sticky” and tends to
form aggregates that can be solubilized in 6–7 M urea, for example, but
not directly in water or aquatic buffers.26 Luckily, a substantial portion
of the hantavirus N protein expressed in a baculovirus-based system
exists in the form of a stable trimer, in which monomers are covalently
linked to each other via S-S-bridges between cystein residues.16 This
trimer presented a useful model for our initial structural studies.

First, cryo-EM analysis of recombinant N protein was performed.27

It confirmed the existence of the N-trimer and suggested a curved
shape for the N protein monomers (with dimensions of approximately
8 nm by 3 nm), which resemble influenza and rabies virus N protein
monomers in the reconstructed 3D models.28,29 Importantly, contacts
on both N- and C-termini of the monomers were clearly seen. In
agreement with these data, the 3D reconstruction of the N-trimer
using EM after negative staining revealed curve-shaped monomers
attached to each other at both ends.19 These observations, together
with results of in silico docking of monomers into a trimer, were
helpful in the mapping of oligomerization domains.19,21

To reconstruct the N-protein trimer in greater detail, the single-
particle reconstruction was done assuming the symmetry of three.
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With this assumption, the reconstructed shape of the N-trimer
(Fig. 2) appeared slightly different from the previously obtained
structure,19 probably due to “averaging out” non-symmetrical parts
of the monomers. Most importantly, certain structural details that
were not seen in the earlier reconstruction became more dominant
and clear. One such detail is the whirl-like twisted structure formed
by the N-terminal domains of the monomers (Fig. 2a). The tip of this
structure is probably formed by the coiled-coil helices.21 Another
detail is the ring-like structure formed by the C-terminal alpha-helices
of the monomers (Fig. 2b). A close similarity was apparent between
this ring and a structure formed by the nucleocapsid protein of rabies
virus (cf. Fig. 4 in Schoehn et al., 2001).29 Via its hydrophobic amino
acids, the ring formation of the hantaviral N-trimer might interact
with a cellular membrane maintaining proper localization of the pro-
tein and, perhaps, might also facilitate interaction(s) with the cyto-
plasmic tail of the membrane-associated Gn protein.

It should be noted that what has been accomplished using a single
three-fold axis of rotational symmetry was an idealized reconstruction
of the N-trimer. We cannot rule out a possibility that the trimer is not
absolutely symmetrical and that the monomers could be arranged in a
slightly different way (e.g. in the slider of a zipper, one gate differs
from the other two gates). Consequently, to assure a proper func-
tioning of the N-trimer (see below), the cavities in the N-monomers
(= gates) can acquire somewhat different shapes. In-depth structural
studies of the N-trimers (using non-symmetry) are needed to clarify
this issue; an increased resolution will be crucial to perform this task.

From basic docking tests (with SITUS) we have developed some
ideas on how the N-trimer could interact with the viral RNA. These
interactions would be crucial for the suggested RNA chaperoning
activity of the N protein, i.e. for the formation and dissociation of the
RNA-panhandle.15 Figures 3 and 4 show the N-trimer with in silico
docked double-stranded RNA (ds RNA) that imitates the terminal
panhandle structure of vRNA (cRNA) and also single-stranded RNA
(ssRNA) that imitates vRNA/cRNA outside the panhandle (or of the
melted panhandle). When an inverted electron density map of N-pro-
tein trimer has been used (to represent the hollow space in and
around the trimer), ssRNA or dsRNA were docked and regularly
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Fig. 2. 3D reconstruction of the hantaviral N-protein trimer performed
using a single particle reconstruction. The reconstruction was done assum-
ing symmetry (C3), i.e. single three-fold axis of rotational symmetry. 3 µL
sample of purified recombinant Puumala virus N protein26 (0.5–1 mg/mL,
dissolved in 6 M urea, 10 mM Tris-HCl, pH 8.0) was applied to carbon
film-coated 300- or 400-mesh-Au grids (Quantifoil), diluted and washed,
i.e. floated in sequence in drops of 1% uranyl acetate and negatively stained.
Electron microscopic pictures were collected at magnification of 50,000
at 80 kV with a Jeol 1200EX microscope. Negatives were scanned at 4,000

(a) (b)

(c)
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fitted in the same three cavities in the N-trimer (Fig. 3). However,
when a non-inverted electron density map of N-trimer was used, both
RNA types preferred an area near the N-terminal domains of three
monomers (Fig. 4). Such a location might be of special importance as
it has been suggested that the N-terminus carries an RNA chaperone
domain.15 The docking of the 12 nt long ssRNA or 20 nt long dsRNA
into the trimer plainly shows that the RNA spans more than one N-
monomer. Thus the RNA chaperone activity of the N protein would
require the trimer structure since single monomers apparently cannot
wrap around the RNA-panhandle or the panhandle-forming terminal
RNA sequences due to size restrictions.

We hypothesize that the N-trimer mediates panhandle dissocia-
tion in the following way:

1. The process is started by the trimerized coil-coiled helices of the
N-terminal domain of the N protein, which recognize the dsRNA
panhandle and attach to it.

2. The N-trimer starts to move along the panhandle, thus the end
of the panhandle goes into a gap between the middle domains of
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dots per inch (Nikon LS-8000 ED). The random extensive sampling
method for indistinctive protein particles from the electron micrographs
(for the reference, see Kaukinen et al., 200419) was used for picking pro-
jections (~38,000) of the trimers. The top view (a) exposes the twisted struc-
ture presumably formed by the N-terminal coiled-coil helices of the
monomers.21 The bottom view (b) exposes a ring formation in the C-termi-
nal region of the trimer presumably formed by interacting alpha-helices,19 in
analogy with the nucleocapsid protein of rabies virus (cf. Fig. 4 in Schoehn
et al., 200129). The two images in (c) show a stereo pair of tilted side views,
showing part of three symmetrically located connected cavities. The 3D
reconstruction was done with EMAN (http://ncmi.bcm.tmc.edu/%
7Estevel/EMAN/doc/index.html) and visualized with CHIMERA (http://
www.cgl.ucsf.edu/chimera/). Note the twisted appearance of the N-monomers
and the relatively thin junction between their N- and C-terminal domains
(arrows), which parallel the X-ray crystallography data on the N proteins of
rabies and vesicular stomatitis viruses (cf. Figs. 1 and 3 in Albertini et al.,
200613 and Green et al., 2006,14 respectively).
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Fig. 3. Stereo pairs of tilted side views of the reconstructed N-trimer show-
ing the docking of three double-stranded RNA (dsRNA), each 20 nucleotides
(nt) long (a), and three-single stranded RNA (ssRNA), each 12 nt long
(b) to the three symmetrically joint cavities of the trimer. The preferred loca-
tions for dsRNA and ssRNA in the trimer were found by performing the RNA
docking with an inverted 3D electron density map of the trimer (inverted 3D
reconstructions would represent the hollow space in and around the trimer).
SITUS was used for docking (http://situs.biomachina.org/), and VMD was
used for visualization of stereo pairs of the docked RNAs with the density
maps of N-protein as suggested in SITUS.

(a)

(b)
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the monomers and further inside the internal cavity of the trimer,
as shown in Figs. 3 and 4.

3. Once entering the trimer, the dsRNA end cannot freely come
out from one of the two remaining gaps because of the steric
hindrance, which is presented by the monomer located just in
front of the entrance hole marked by arrows on Fig. 2. But,
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Fig. 4. Stereo pairs of tilted top (a) and side (b) views of docking ssRNA
and dsRNA to electron density maps of non-inverted N-trimer (using
SITUS and visualized with VMD, see Fig. 3). Note that the N-trimer is
shown as transparent.
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since the N-terminal of the trimer continues to move ahead and
push dsRNA even further inside the cavity, the steric conflict is
resolved by melting the dsRNA.

4. The 3´ terminus of the vRNA comes out of the trimer where it
is immediately engaged by the viral polymerase, while the 5´ termi-
nus remains captured by the N-trimer.

The scheme presented here has an analogy in the mode of activity
of cellular DNA topoisomerase.30 Coiled-coil helices of this enzyme
first recognize dsDNA; the protein then moves along causing dsDNA
to move down to other parts of the protein where they are opened or
chopped. Our observation on high sequence (and hence structural)
homology between the N-terminal, coiled-coil-forming region of the
hantaviral N protein and DNA topoisomerase21 is in line with this rea-
soning. There is also an example of an RNA chaperone (the L1 pro-
tein of the mammalian retrotransposon) that acts as a stable trimer
formed by means of the N-terminal coiled-coils.31

Figure 5 shows how the N protein could encapsidate RNA (in this
case, RNA from insect cells infected with a recombinant baculovirus
expressing the N protein of Puumala hantavirus). The image on the
background shows RNP complexes, which appear as dark lines sur-
rounded by bright thick boundaries on both sides. A framed part of the
RNP is shown in detail at the bottom (left) as an image pair. The dark
line represents the aligned hollow spaces formed by the middle portions
of neighboring N-monomers interacting with RNA. In the further
zoomed version at the bottom (right) two N-monomers (shown on
one of the duplicate images in red and yellow) are positioned in the
middle of the field. They appear as dumbbell shapes, with their termini
touching each other. The termini appear bright while the middle por-
tions of the neighboring N-monomers surround a darker area. The dark
line running in the middle, across the chain of these hollow spaces
between the monomers (drawn in blue), is most likely the place where
RNA is associated with the N-protein. This arrangement resembles the
models of RNPs of vesicular stomatitis and rabies viruses.13,14,29

Large round structures were found abundant in the cryo-EM
micrographs of recombinant hantaviral N protein (Fig. 6). These
coiled ring-like (sometimes, arch-like) structures are very similar, both
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in size and shape, to structures formed by recombinant N proteins of
influenza28 and rabies29 viruses and, most probably, are oligomers of
the N protein with cellular RNA wrapped. The rings of this size can
accommodate 10 to 12 monomers of the hantaviral N protein; they
are probably produced from larger structures by breaking the RNA
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Fig. 5. Fibrous RNP complexes formed by recombinant hantaviral N pro-
tein and cellular RNA. The fibrous complexes seen in the background are
interpreted as N protein associated with RNA. They are detected in samples
negatively stained with uranyl acetate (see Fig. 2). The selected region (framed
white) is shown at higher magnification in the two insertions at the bottom
left. The N-protein monomers are colored red, green, and yellow, and the pos-
sible track of underlying RNA that the N-monomers are covering is shown as
a blue line. The white frame in the insertion is shown in detail as a pair of
smaller insertions to the right; identified monomers of the N protein are col-
ored red and yellow and the suggested track of RNA is shown in blue. Our
interpretation of the arrangement of N-monomers in fibrous complexes is in
remarkable agreement with the models presented for the rabies virus nucleo-
capsid (cf. Figs. 6b and 6d in Schoehn et al., 200129).
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during preparation of samples. The monomers in these structures
appeared to be tightly packed, because no indications of cavities were
seen. Tight packaging of the twisted monomers in the N-protein
oligomers is in agreement with recent crystallographic data on RNPs
of rabies and vesicular stomatitis viruses.13,14

Concluding Remarks

A single-particle reconstruction with three-fold axis of rotational sym-
metry (C3) revealed the existence, in addition to monomers, of an
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Fig. 6. Cryo-EM preparation of purified recombinant Puumala virus
N protein (see Fig. 2). The standard cryo-EM preparative method was used
after a 3 µL sample was applied to glow-discharged holey-carbon 300- or
400-mesh-Au grids (Quantifoil) washed from urea (i.e. floated in sequence in
drops of 5 mM Tris-HCl, pH 8.0). In the cryo-EM images, rings and arches
are visible that suggest higher-order packing of RNP. In the insets, class aver-
ages of particles are shown at higher magnification. Reliable 3D reconstruc-
tions were difficult to obtain due to heterogeneities in particle sizes. The
class averages were calculated using reference-free classification with EMAN.
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N-trimer in purified preparations of recombinant hantaviral N protein
(produced in the baculovirus-driven system in insect cells). This was
not totally unexpected as the hantaviral N protein was previously
shown to form trimers.16,17,19 Our reconstruction of the hantaviral
N-monomers showed a striking similarity to structures described in the
literature: (1) earlier, low-resolution single-particle reconstructions of
the N-protein complexes of rabies virus,29 and (2) the most recent,
high-resolution crystallography data for RNA complexes of rabies and
vesicular stomatitis viruses.13,14 For example, the twisted shape char-
acteristic for hantaviral N-monomers (Fig. 2) is apparent in the tightly
formed RNP of rabies virus (see the space-filling model on Fig. 3A in
Albertini et al., 200613). A relatively thin link between N-terminal and
C-terminal domains in the nucleoproteins of rabies and vesicular
stomatitis viruses (see Fig. 1C in Albertini et al., 200613 and Fig. 1B
in Green et al., 200614) can be easily recognized in the hantaviral
N-trimer (Fig. 2C, tilted side view, marked with arrow).

Reconstruction of the N-trimer structure, together with the RNA
docking data, led to the hypothesis on the mechanism of RNA chap-
eroning by the hantaviral N-trimer. The main idea is that the vRNA
panhandle is dissociated by the trimer as a result of solving a steric
conflict presented by the fitting together of two highly specific 3D
structures formed by the interacting parties. Here it is important to
stress that single monomers cannot perform the task and it is a specific
structure, the N-trimer, which supposedly acts as a chaperone. It remains
to be seen whether N-oligomers of other NSRVs can act as RNA chap-
erones, and if so, what would be the underlying mechanism.

Striking similarities have been observed between RNP complexes
formed by the hantaviral N protein with non-specific RNA and cor-
responding structures described for the following other NSRVs:
influenza, vesicular stomatitis and rabies viruses. The ring-like struc-
tures formed by 10 to 12 N-monomers associated with RNA were most
noticeable. These findings suggest a common mechanism of forma-
tion and functioning of viral RNPs. It is also worth mentioning that,
in the higher-order RNP-structures, the hantaviral N-trimers are not
seen. This could be explained by the absence of virus-specific, pan-
handle-forming RNA sequences in the pool of encapsidated cellular
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RNA, and it points to a possibility that the N-trimer acts merely as an
intermediate during the viral RNA encapsidation.
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Chapter 22

Astrovirus Replication: An Overview

Susana Guix†, Albert Bosch*,† and Rosa M. Pintó †

Human astroviruses are important pathogens that cause gastroenteritis world-
wide. Significant progress has recently been made regarding the characteri-
zation of the RNA replication process, the apoptotic response induced in
virus-infected cells, and the formation of virus-like particles. First, a rela-
tionship between astrovirus RNA replication sites and the endoplasmic
reticulum-derived membranes has been suggested. In addition, a direct rela-
tionship between nonstructural proteins and the induction of apoptosis has
been observed, and it has been demonstrated that apoptotic host cell death
seems necessary for maturation of astrovirus particles. Finally, it has been
predicted that the VP34 capsid protein contains the RNA binding domain
at its N-terminus, responsible for packaging the viral genome, as well as an
8 β-barrel domain that may likely constitute the building subunit to form the
T = 3 icosahedral capsid. The C-terminal half of the capsid polyprotein —
highly variable between different astroviruses — is thought to form the
receptor-interaction domain.

Background for Human Astroviruses

Infections of the gastrointestinal tract cause approximately two billion
cases of diarrhea in children per year worldwide, with the majority of

*Corresponding author: Albert Bosch, Department of Microbiology, University of Barcelona,
Avda Diagonal 645, 08028 Barcelona, Spain, E-mail: abosch@ub.edu.
†Enteric Virus Group, Department of Microbiology, University of Barcelona.
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deaths occurring in developing countries.1 Diarrhea is the third lead-
ing cause of mortality worldwide. Every year, an estimated three mil-
lion pediatric deaths result from viral gastroenteritis and dehydration.2

Along with rotavirus, calicivirus, and enteric adenovirus, human astro-
viruses (HAstV) are one of the most important causes of viral pediatric
acute gastroenteritis.3–5 HAstV were first identified 30 years ago by
Appleton and Higgins6 as the cause of a gastroenteritis outbreak in a
maternity ward. Shortly thereafter, Madeley and Cosgrove7 proposed
the name “astrovirus” after observing the virus’ star-like morphology
by electron microscopy (EM) in stool samples from a pediatric diarrhea
outbreak. Despite the years that have elapsed since HAstV were dis-
covered, many aspects of their molecular biology and pathogenesis
remain still to be elucidated.

Human astroviruses are non-enveloped icosahedral viruses that
belong to the family Astroviridae with a plus-sense, single-stranded
RNA genome. According to the International Committee on Taxon-
omy of Viruses, the Astroviridae family is divided into two genera:
Mamastrovirus, which includes astroviruses that infect mammals and
primarily causes gastroenteritis, and Avastrovirus, which includes
astroviruses that infect avian species and may cause intestinal as well
as extra-intestinal illness. Presently, HAstV are divided into eight
serotypes (HAstV-1 to HAstV-8), with HAstV-1 being the most
prevalent worldwide. HAstV-1 to 7 were initially identified accord-
ing to the reactivity of the capsid proteins with reference type-specific
rabbit antibodies, while HAstV-8 was fully characterized some years
later.8–10 Over the last few years, the number of astrovirus sequences
available via Genbank has rapidly increased and the complete genome
for five HAstV isolates — including serotypes 1, 2, 3, and 8 — has
been sequenced.9,11–14 Complete capsid sequences are available for
HAstV-1 through 6 and HAstV-8, as well as for feline, porcine, ovine,
mink, and turkey astroviruses and for the avian nephritis virus. HAstV
can be isolated and propagated in human intestinal CaCo-2 contin-
uous cell line in the presence of trypsin, which is involved in the cap-
sid protein maturation.15 An infectious full-length cDNA clone is
available for HAstV-1.16 BHK-21 cells can support HAstV-1 RNA
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replication when transfected with in vitro transcribed RNA, and virions
produced in these cells can infect CaCo-2 cell monolayers in trypsin-
containing media.

Virions of HAstV contain a positive sense single-stranded 6.8 kb
RNA genome, which is polyadenylated at the 3’-end and includes a
5’-untranslated region (UTR), three overlapping open reading frames
(ORFs), and a 3’-UTR (Fig. 1). Although suggested, the presence of
a covalently linked VPg protein at the 5’-end of the genome has not
yet been biologically demonstrated.17 The fact that in vitro tran-
scribed capped RNA is infectious does not rule out the possibility that
the 5’ end of genomic RNA found within particles could be linked to
a VPg protein, and similar observations have been made with feline
calicivirus.18 ORF1a and ORF1b are linked by a ribosomal frame-
shifting signal (RFS) and code for the nonstructural proteins, includ-
ing a serine protease and an RNA-dependent RNA polymerase, while
ORF2 encodes the capsid precursor.11

Although it is considered characteristic of positive-stranded RNA
viruses with genomes larger that 6 kb to encode a helicase domain,
there was a widespread belief for many years that astroviruses did not
code for a helicase protein. However, two putative helicase conserved
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Fig. 1. Genomic organization of HAstV. Genomic and subgenomic RNA
molecules are indicated in the upper panel, and ORFs with their main func-
tional motifs are shown in rectangles. Ribosomal frame-shifting signal (RFS)
between ORF1a and ORF1b is indicated. The presence of a VPg protein at
the 5’ end of RNA has not been confirmed. Nucleotide and amino acid posi-
tions are numbered according to HAstV-1 Oxford reference strain (accession
no. L23513).
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motifs upstream from the protease coding region, which show sequence
similarity to pestivirus RNA helicase sequences, have recently been
mapped by computational tools.17

Upon infection, two large nonstructural proteins are translated
from the genomic RNA: nsP1a and nsP1a1b. These proteins mature
by proteolysis involving both the viral protease and cellular proteases,
and give rise to the viral proteins implicated in the transcription of a
full-length negative-strand RNA molecule (antigenomic RNA). It is
believed that this RNA molecule serves as a template for the tran-
scription of both the new full-length 6.8 kb-genomic and the ORF2-
containing 2.4 kb-subgenomic RNA molecule.19 Translation of this
subgenomic RNA is used to produce large amounts of structural pro-
teins for the efficient assembly of the progeny viruses.15 Both astro-
virus genome organization and replication/translation strategies have
frequently been compared to those of alphaviruses and caliciviruses
due to their similarities.

This review will focus on recent advances in the understanding of
the molecular biology, structure, and replication cycle of HAstV.
Current efforts are being undertaken to complete the characterization
of their genomic organization, to study virion assembly and morpho-
genesis, and to understand the relationships between the virus and the
host immune response. Major developments on these issues are
expected in the near future. 

Molecular Virology and Replication Cycle:
New Insights

Structural Proteins

Considerable progress has been made in understanding the basics of
HAstV genomic organization; however, capsid protein processing and
assembly, as well as genome encapsidation, are not yet clear. Translation
of the structural polyprotein from ORF2 (782 to 794 amino acids,
depending on serotype) most likely occurs from the subgenomic
RNA. The presence of a conserved RNA sequence upstream from the
ORF2 initiation codon with a possible role in the regulation of the

574 Structure-based Study of Viral Replication

FA
b514_Chapter-22.qxd  12/4/2007  3:46 PM  Page 574



capsid gene expression has been reported.20 This region has also been
identified as a hotspot for RNA recombination.21

Proteolytic Processing

As illustrated in Fig. 2, the polyprotein precursor would be cleaved
intracellularly by cellular proteases and extracellularly by trypsin to
produce three mature structural proteins of 32–34 kDa (VP34),
29–31 kDa (VP29), and 24–26 kDa (VP26), with molecular weights
and trypsin cleavage sites varying between different serotypes.8,15,22–24

In studies based on HAstV-2, it was found that the 87 kDa polypro-
tein could be assembled into particles and then cleaved into proteins
of 32, 29 and 26 kDa.24,25 Bass and Qiu suggested that assembly of
HAstV-1 particles requires an intracellular cleavage of the first 70
N-terminal amino acids of the 87 kDa precursor protein.22 The result-
ant 79 kDa protein would assemble into the viral capsid within
infected cells. In the absence of trypsin, these particles are virtually
noninfectious, but they can become infectious when trypsin cleaves
the 79 kDa protein into the final structural proteins VP34, VP29 and
VP26. This intracellular cleavage at the N-terminus was not observed
in other studies with HAstV-126 and HAstV-88 infected cells, but it
has recently been demonstrated for HAstV-1 that the 70 amino acids
at the N-terminus of the polyprotein are not essential to assemble into
virus-like particles.27

An extensive study using HAstV-8 demonstrated that the 90 kDa
polyprotein (VP90) is first cleaved intracellularly at its C-terminus,
giving rise to a 70 kDa protein (VP70) that is mainly found into puri-
fied particles.8 The VP70-containing virus is minimally infectious and
requires trypsin to enhance its infectivity. Following trypsin activation,
VP70 is processed into the three predominant smaller mature prod-
ucts. In a later study, the same authors observed that indeed the
capsid precursor VP90 is able to assemble into virions, as it had
been shown to do in other studies for HAstV-126 and HAstV-2.24,25

However, these resulting particles were relatively unstable and would
disassemble during cesium chloride purification, indicating that the
cleavage that yields VP70 structurally stabilizes the viral particles.23
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Fig. 2. Schematic depiction of the ORF2 polyprotein of HAstV, and pro-
teolytic processing pathways proposed by different authors using different
serotypes (Geigenmüller et al., 2002).8,22,24 Putative RNA binding domain
(RB) at the N-terminus of the polyprotein is indicated. Inverted arrowheads
denote putative cleavage sites dependent upon caspases, other unknown cel-
lular proteases (?), and trypsin (T). Underlined regions correspond to the
main viral epitopes identified by different authors,24,37,38 being the epitopes
defined by the mAb 8E7 and 8G4 shared by all serotypes. The dotted line
indicates the two domains of the protein sequence (amino acids 1–415, well
conserved; amino acids 416–end, variable). White boxes represent interme-
diate products found within infected cells, while grey boxes represent the
final products present in infectious particles. See text for details. Amino acid
positions are numbered according to HAstV-1 Oxford reference strain
(accession no. L23513).
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Capsid Protein Maturation and Apoptosis

The fact that HAstV infection induces apoptosis on CaCo-2 cells and
that apoptotic death of host cells seems necessary for efficient human
astrovirus replication and particle maturation has been demonstrated
by different authors.23,28 Guix et al. observed that in the presence of a
caspase 8-specific inhibitor, there was a significant reduction in the
infectivity of the virus progeny, while the titer of physical virions in
cell supernatants estimated by ELISA and RT-PCR was not affected.28

Méndez et al. demonstrated that VP90-VP70 processing is mediated
by caspases, and also observed that the release of infectious viruses
to the cell supernatant was reduced in the presence of a pancaspase
inhibitor and increased by the TNF-related apoptosis-inducing lig-
and (TRAIL).23 However, inhibition of apoptosis also resulted in a
decrease in the total amount of viral protein detected in cell super-
natants, suggesting that processing of VP90 and/or the apoptotic cell
response may also affect viral release.23 Differences between the condi-
tions of infections and the techniques used to measure the amount of
released viruses could partially explain these discrepancies. For several
viruses it has been observed that some of their proteins, both struc-
tural and nonstructural, undergo caspase-mediated proteolysis within
the host cell,29–34 and in some cases such as human influenza virus or
Aleutian mink disease parvovirus, these cleavages are relevant for virus
replication and morphogenesis.30,34

Structural Studies

Very little is known about the structural features of the HAstV
capsid, and most of our current knowledge comes from structural
predictions and comparison to other related viral families (for a review
see Krishna, 2005).35 Based on the homology between different
astroviruses, the ORF2 sequence is divided into two regions. At the
N-terminus, region I spans amino acid residues 1 to 415 and is highly
conserved among all members of the Astroviridae family, while region
II at the C-terminus is extremely variable among different strains
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(Fig. 2). Wang et al. further subdivided region II into three regions
with different degrees of similarity.36 Consistent with the capsid
polyprotein domain organization, studies using antibodies revealed
that VP34 would express conserved epitopes shared by all serotypes,
while VP29 and VP26 contained the serotype-specific neutralizing
epitopes.24,37,38 Thus, it is reasonable to hypothesize that the hyper-
variable C-terminal region would be located on the surface of the viral
particle contributing to the strain-specific tropism of the virus, while
the conserved region would constitute the “assembly domain,” a
building block for capsid formation and encapsidation of the viral
genome.27,35 Interestingly, during the construction of the HAstV-1
infectious clone it was found that amino acid residue Thr227, within
region I of the capsid polyprotein, was essential for proper assembly
of viral capsids.19

Finally, within the first 70 residues of the ORF2 polyprotein,
region I includes a well-conserved domain rich in basic amino acids,
which has been associated with the viral RNA packaging process due
to its potential RNA-binding properties and its similarities to other
well-documented icosahedral RNA viruses, such as Sindbis virus and
some plant viruses.39–41 Consistent with this observation, it has been
shown that the first 70 amino acid residues of HAstV-1 are dispensa-
ble for virus-like particle formation using a recombinant baculovirus
expression system.27 Jonassen et al. also related this arginine-rich
region to gene expression regulation processes in other viruses such as
coronaviruses, papillomavirus and baculovirus.59

Detailed ultrastructure studies of trypsin-treated HAstV-2 virions
revealed icosahedral particles with an array of spikes protruding from
the surface of the virion.42 A low-resolution cryoelectron microscopy
image for trypsin-treated HAstV-1 particles showed a solid icosahedral
capsid shell 330 Å in diameter and decorated with 30 dimeric spikes
extending 50 Å from the surface.4

Using the three-dimensional position-specific scoring matrix (3D-
PSSM)43 to identify recognizable protein-folding motifs within the
astrovirus capsid proteins, meaningful structural predictions are cur-
rently providing insights into different functional aspects of the viral
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capsid biology. This approach has recently been used by two different
research groups, leading to similar conclusions.27,35 Consistently, all
significant matches for VP34 sequence from different HAstV serotypes
and other animal astroviruses correspond to coat proteins from sim-
ple, icosahedrally symmetric viruses with jelly-roll β-barrel subunits,
such as Theiler’s murine encephalomyelitis virus, bean pod mottle
virus, carnation mottle virus, and tomato bushy stunt virus. Structural
alignments of predicted structural homology comparisons between a
fragment of VP34 sequence and coat proteins from these viruses are
shown in Fig. 3. Interestingly, the putative RNA-binding domain
present at the N-terminus of VP34 was never included in positive
alignments, confirming a different biological function for these two
domains of the VP34 protein. 

The evaluation of protein-folding prediction for the variable domain
(amino acid 416 to the end of ORF2) showed significant structural
homology to virus-related proteins and receptors, as well as to some
non-viral receptor-ligand interactions.35 These results support the idea
that this capsid protein domain is responsible for the receptor-interac-
tion process, which dictates cell tropism and may vary enormously
between different astrovirus strains.35 Of interest, most significant align-
ments did not include the C-terminal region of ORF2, suggesting that
this sequence would not be included in the infectious particle, as some
of the proposed models of morphogenesis suggest.8

These prediction results would indicate that capsid proteins
from all astroviruses fold in a manner similar to that of well-studied
ssRNA icosahedral viruses with T = 3 symmetry, and that the pre-
dicted β-barrel domain found in VP34 protein could be the building
block for capsid assembly. One common feature of ssRNA viruses that
show T = 3 symmetry is that their capsids are made of a single struc-
tural building block. Assuming that 180 copies of the VP34 protein
are required to give a particle of 33 nm with T = 3 symmetry and that
the spikes are formed by VP26 and VP29 proteins would be consistent
with the structural prediction that suggests that VP34 is a structural
homolog to known icosahedral coat proteins and that the variable
domain (VP26/VP29) is involved in receptor binding.
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HAstV Virus-like Particles (VLPs)

Recently, it has been demonstrated that expression of the complete
ORF2 of HAstV serotypes 1 and 2 leads to the formation of VLPs
using the baculovirus and vaccinia virus recombinant expression
systems, respectively.25,27 Using the baculovirus system, VLPs can be
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Fig. 3. Schematic representation of the predicted eight β-barrel domain
structure within the VP34 capsid protein of HAstV and three structure-based
sequence alignments of HAstV sequence with capsid proteins from other
viruses: VP2 coat protein of Theiler’s murine encephalomyelitis virus (Protein
Data Bank 1TMF), small subunit of Bean pod mottle virus coat protein
(Protein Data Bank 1PGL), and coat protein (shell domain) of Carnation mot-
tle virus (Protein Data Bank 1OPO). E-value is the measure of confidence in
prediction of the 3D-PSSM alignment. Beta-barrel domains are indicated by
boxes, beta-strands are indicated in bold, and underlined sequences correspond
to alpha-helices. RB denotes the putative RNA binding domain. Amino acid
(aa) positions refer to HAstV-1 Oxford reference strain (accession no. L23513).
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obtained either with the expression of a complete ORF2, a truncated
form of ORF2 lacking the first 70 amino acids, or after replacing
these 70 amino acids with the green fluorescent protein (GFP).
Recombinant HAstV VLPs will provide a virtually unlimited supply of
highly purified viral capsids with many immediate applications, such
as the characterization of antigenic properties of the mature capsid
proteins and epitope mapping studies. Additionally, VLPs may also be
used to determine the HAstV atomic structure using X-ray crystallo-
graphic techniques. Another potential application of the expressed
recombinant VLPs is to study cell-virus interactions in binding assays,
which may allow the identification of the cellular receptor involved in
viral infection.

Interestingly, during the formation of HAstV VLPs in insect cells,
a smaller second type of structure consisting of 16 nm ring-like units
was observed, mostly after disassembling the 38 nm VLPs through
the addition of EDTA.27 As previously described for Norwalk virus as
well as for other T = 3 RNA plant viruses, these 16 nm VLPs could
correspond to structures that are formed when 60 units of the capsid
protein assemble into a structure with T = 1 symmetry. Depending on
factors such as trypsin digestion, the presence and size of the RNA
genome, the presence of divalent cations, the ionic strength and the
pH, capsid proteins of these viruses are able to self-assemble in vitro
into T = 3 or smaller T = 1 structures.44,45

Nonstructural Proteins

The nonstructural proteins of the virus are translated from the genomic
viral RNA as two polyproteins, one of which contains only ORF1a
(nsP1a: 101 kDa) and the other that includes ORF1a/1b (nsP1a1b:
160 kDa) and is translated via a –1 ribosomal frame-shifting event
between ORF1a and ORF1b.11 Both proteins are proteolytically
processed, giving rise to a variety of proteins. While nsP1b (59 kDa) cor-
responds to the viral RNA-dependent RNA polymerase — which can be
aligned with other polymerases of the Koonin’s supergroup I together
with picornaviruses, caliciviruses and certain plant viruses — little is
known about the role of most of the mature nsP1a products (Fig. 4).
The protease motif has features consistent with chymotrypsin-like
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proteases of other plus-stranded RNA viruses, including rabbit hem-
orrhagic disease virus and feline calicivirus,11 with the substitution of
a serine for a cysteine at the third catalytic amino acid residue (His461,
Asp489, and Ser551). Some of the amino acid residues involved in sub-
strate binding involve Thr546 and His566.

11,46

Several transmembrane helices (TM) have been identified at the
N-terminus of nsP1a. Although the exact number varies among
different studies,11,20 it is believed that these TMs are responsible for

582 Structure-based Study of Viral Replication

FA

Fig. 4. Schematic depiction of HAstV nonstructural polyproteins nsP1a
and nsP1b, and proposed proteolytic processing pathway. Predicted trans-
membrane helices (TM), nuclear localization signal (NLS), immunoreactive
epitope (IRE), coiled-coil structures (CC), predicted death domain (DD),
hyper-variable region (HVR), KKXX-like endoplasmic reticulum retention
signal (ER), protease motif, RNA polymerase motif, and putative RNA heli-
case and VPg motifs are shown. Inverted arrowheads denote putative cleav-
age sites dependent on unknown cellular proteases (?), and the viral protease
(pro). White boxes represent intermediate products, while grey boxes repre-
sent the final products. See text for details. Amino acid positions are num-
bered according to HAstV-1 Oxford reference strain (accession no. L23513).
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the anchorage of the RNA replication complex to intracellular mem-
branes. Based on the software predictions on the orientation of the
TM helices, it seems likely that the N-terminal region of the helices in
nsP1a is on the cytosolic side of a membrane. Sequence analysis has
also predicted a KKXX-like endoplasmic retention (ER) signal that
suggests an association between the viral RNA replication process and
ER-derived intracellular membranes.47 In addition, computer predic-
tion led to the identification of a bipartite nuclear localization signal
(NLS).11 Although some nsP1a-derived products have been shown to
accumulate in the nuclei of infected cells,48 the significance of a
nuclear involvement in an RNA virus lifecycle is yet to be understood.
Recently, two common motifs for astrovirus and pestivirus RNA heli-
case (GKT and VVIT) have been proposed upstream from the pro-
tease coding region. These motifs would represent motifs I and II of
the seven conserved motifs of SF2 helicases and would be function-
ally important in ATP binding.17

The presence of an immunoreactive epitope (IRE) close to the
C-terminus of nsP1a was partially characterized some years ago, indi-
cating the high immunogenicity of this region.49 In addition, a hyper-
variable region (HVR) has been identified close to this epitope by
different authors following genetic characterization of HAstV-1,
HAstV-3, HAstV-4, and HAstV-8.9,13,47,50 Variability within this HVR
has been associated with different viral RNA replication and growth
properties, as well as with different virus RNA levels in feces from chil-
dren with gastroenteritis, suggesting a relationship between certain
genotypes and some viral properties related to its pathogenic pheno-
type.51 Variability within this region consists mainly of high rates of
nucleotide and amino acid substitutions, as well as many insertions and
deletions that retain the reading frame. Interestingly, a 15-amino acid
deletion identified some years ago was related to adaptation of HAstV
to certain cell lines,50 and recently this region has been associated
with a distinctive RNA replication pattern. Although the molecular
mechanisms that regulate the efficient minus and plus RNA strands,
including the synthesis of a subgenomic RNA, remain unclear, muta-
genesis studies have demonstrated that genetic variability of the
C-terminal of nsP1a affects the virus RNA replication phenotype.51

Additionally, using antibodies against the HVR, it has been shown
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that the C-terminal protein of nsP1a colocalizes with the endoplasmic
reticulum and viral RNA in HAstV-4 CaCo-2 infected cells, suggest-
ing the involvement of this protein in the RNA replication process in
endoplasmic reticulum-derived intracellular membranes.47

Computer analysis of nsP1a has recently revealed the presence of
two coiled-coil regions (CC) common to all known human astro-
viruses, which are hypothesized to be involved in the formation of pro-
tein oligomers.20 The absence of a methyltransferase-encoding region
and the similarity of the HAstV RNA-dependent RNA polymerase
motif with primarily polymerases of VPg-containing viruses raise the
possibility that the HAstV genome, as well as the subgenomic RNA,
may be linked to a VPg protein in its 5’-end. A convincing VPg domain
has not been identified, but it may be located upstream from the pro-
tease motif, where it has been postulated that Ser420 could link the
VPg to viral RNA.11 However, based on sequence comparison between
human and animal astroviruses with some members of the Caliciviri-
dae, Picornaviridae and Potyviridae families, other authors have also
suggested that amino acid Tyr693 at the conserved TEEEY-like motif
could also display a VPg function.17,20 Indeed, one of the conserved
amino acid motifs characteristic of VPg of caliciviruses [KGK(N/T)K]52

can also be identified upstream from this Tyr693 residue at a similar
distance as it is found in the calicivirus genome. 

Finally, it has recently been reported that products derived from
nsP1a lead to apoptosis of the host cell, resulting in efficient virus
replication and particle release.23,28 The analysis of the secondary struc-
ture of the whole astrovirus protein sequence revealed the presence of
an optimal six α-helix structure of 95 amino acids close to the C-ter-
minus of nsP1a, which displays homology to the death domain super-
family.28 The presence of a putative death domain in nsP1a suggests a
direct link between this polyprotein and the apoptotic pathway.

Proteolytic Processing

The proteolytic processing of the HAstV nsP1a polyprotein (920–935
amino acids, depending on serotype) has been only partially charac-
terized, and some of the reported data are still conflicting.40,46,48,53,54
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Data obtained with in vitro studies with HAstV-1 suggest that it is
cleaved at Gln567/Thr568 in a process that is dependent on the viral
3C-like serine protease, resulting in an N-terminal p64 fragment that
includes the protease motif and a C-terminal p38 product that
includes the NLS and the IRE.46 However, using a similar approach
with a different serotype, Gibson et al. could not identify any prote-
olytic activity,53 suggesting that the viral protease may require some
cellular factors.

A later work performed on transfected BHK-21 cells suggested a
proteolytic cleavage site close to amino acid 170 of nsP1a, which
would generate an N-terminal product of approximately 20 kDa, and
two cleavages sites around amino acid 410 and 655, which would
result in a 27 kDa protein containing the protease motif. The viral
protease would be responsible for only the two latter cleavages.40

Performing pulse chase experiments on HAstV-8 infected CaCo-
2 cells, Méndez et al. identified polypeptides of 88 and 75 kDa, and
polypeptides of 145 and 85 kDa as intermediate products of nsP1a
and nsP1a1b proteolytic processing, respectively.54 As final products,
they reported two proteins of 19 and 20 kDa (N-terminal product),
two proteins of approximately 27 kDa (protease), and a protein of
57 kDa (RNA polymerase). Results from kinetic experiments were
consistent with the idea that a cotranslational processing at the N-ter-
minus of nsP1a and nsP1a1b polyproteins occurs during infection in
a process that is independent of the viral protease activity. Based on
sequence homology with bovine viral diarrhea virus, the authors
suggested that cleavage would occur after the conserved sequence
GGYA, between amino acid residues 171 and 174 of nsP1a. Using
transient expression experiments on BHK-21 cells, the authors could
detect an additional protein of 20 kDa that would correspond to the
C-terminal product of nsP1a. Willcocks et al. detected products of 75,
34, 20, 6.5, and 5.5 kDa in HAstV-1 infected CaCo-2 cell extracts
using antibodies against the 30% C-terminal end of nsP1a, as well as
a protein of 59 kDa using antibodies to nsP1b.48 Using computer
predictions, after mapping the VPg domain downstream the protease
domain, Al-Mutairy et al. suggested potential cleavage sites for the
VPg protein.17 The authors hypothesized that the N-terminal cleavage
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site for astrovirus VPg would be located immediately upstream from
the KGK(N/T)K motif, and that its C-terminal cleavage site might be
found between 92–143 amino acid residues downstream from the N-
terminal cleavage site. However, the actual occurrence of a VPg pro-
tein within this region, as well as its boundaries, is yet to be
experimentally confirmed.

Finally, immunoprecipitation studies on HAstV-4 infected CaCo-
2 cells with an antibody against a synthetic peptide corresponding to
the HVR sequence close to the C-terminus of nsP1a led to the detec-
tion of five proteins in the range of 21–27 kDa, and at least one of
them could be post-translationally modified by phosphorylation on its
serine and/or threonine residues.47 In addition, after finding proteins
larger than expected in nuclear extracts from recombinant baculovirus-
infected cells expressing amino acids 643–940 of nsP1a, Willcocks
et al. also hypothesized post-translational modifications.48 Since many
proteins destined for the nucleus are heavily glycosylated, the authors
suggested that nsP1a proteins are modified by glycosylation.

Structural Computational Predictions

Although it is thought that all nonstructural proteins would form the
RNA replication complex and that the transmembrane helices present
on nsP1a would anchor the complex to intracellular membranes, the
functional properties of most of the individual proteins of HAstV
have been poorly characterized. Results obtained after making func-
tional predictions using the 3D-PSSM server for each of the different
HAstV uncharacterized non-structural proteins are shown in Table 1.
The previously identified sequence with homology to a death domain
structure is also included.28 All matches found, except the protease
and the polymerase motifs, displayed just a moderate degree of cer-
tainty, and the only region that did not display any significant match
corresponded to the N-terminal product, which is rich in transmem-
brane helices. Amino acids 191–353 showed structural homology
to the DNA-protecting protein under starved conditions (DPS pro-
tein), a ferritin homolog that unspecifically binds and protects DNA55;
amino acids 596–739 matched a sarcoplasmic calcium-binding
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Table 1. Top Protein Fold Matches for HAstV Nonstructural Proteins using 3D-PSSM Web Server

Template Sequence 
HAstV Regiona Result Superfamily Length (aa) Identity (%) E-value

nsP1a
191–353 Dodecameric ferritin DNA protecting protein 159 10 0.562

homolog DPS during starvation (DPS); 
Ferritin-like

370–655 DegP (HtrA) Heat shock protease HtrA 299 13 2.68e-10
596–739 Sarcoplasmic calcium- EF-hand, calmoduline-like 174 9 0.686

binding protein
607–737 Human Fas Death domain 127 22 8.52
718–897 Tumor suppressor bin1 Myc box dependent 213 18 1.71

(amphiphysin II) interacting protein 1; 
endocytosis/exocytosis

nsP1b
44–515 Rabbit hemorrhagic RNA-directed RNA 493 13 0.149e-3

disease virus RNA-2 polymerase
dependent RNA
polymerase

aAmino acid (aa) positions are numbered according to HAstV-1 Oxford reference strain (accession no. L23513).
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protein, a protein with an EF-hand calmoduline motif; and amino acids
718–897 displayed homology to the tumor suppressor bin1
(amphiphysin II), which belongs to a family of adapter proteins that
have been implicated in a variety of different cellular processes, includ-
ing endocytosis, actin cytoskeletal organization, transcription, and stress
responses.56 Although the sequence corresponding to the HAstV pro-
tease showed structural relationship to the protease motif of the heat
shock protein DegP (Htra) of Escherichia coli, the NCBI conserved
domain search identified homology to the Equine arterivirus serine
endopeptidase S32 (pfam 05579). Although not contained within the
significant alignment, both proteases contain a C-terminal extension
domain that may play a role in mediating protein-protein interactions,
which may be a novel way of regulating its proteolytic activity.57,58

Using similar approaches, an extensive proteomic computational
analysis was performed for HAstV-4 nsP1a C-terminal product.47 This
analysis indicated that the proportion of residues that were not
assigned to a particular secondary structure was higher within this
region of nsP1a than in other regions of the genome, revealing the
high degree of structural flexibility that this region may have. Accord-
ingly, analysis of genetic variability revealed that this region was the
most variable region of the whole nonstructural coding region, show-
ing a high degree of tolerance to insertions and deletions. The authors
also suggested a higher occurrence of post-translational modifica-
tion motifs, such as phosphorylation and O-glycosylation. Although
sequence homology searches only displayed proteins with a moderate
degree of similarity, the most significant results involved nonstructural
proteins from single-stranded RNA viral families involved in the for-
mation of the RNA replicase complexes and/or in the regulation of
both viral and cellular transcription processes, and at the superfamily
level, the protein was assigned to the “winged-helix” DNA-binding
domain superfamily (SSF46785).

HAstV Replication Cycle

Replication of genomes of all well-characterized positive-strand RNA
viruses — including plant, animal, and insect viruses — occurs in large
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replication complexes associated with intracellular membranes. For
HAstV, it has been suggested that RNA replication is associated to
membranes derived from the endoplasmic reticulum, at the perinu-
clear region, and ultrastructural analysis has revealed the presence of
viral aggregates close to the nuclear periphery surrounded by a high
number of double-membrane vacuoles.47 Although the exact compo-
sition of these replication complexes is not known, it is likely that all
nonstructural proteins are required and that the temporary regulation
of protein processing of the replicase complex may play a role in the
regulation of the minus- and plus-strand RNA synthesis processes. Of
interest, variability within the protein encoded at the C-terminal
region of ORF1a has been shown to affect the RNA replication pat-
tern, and a certain functional effect of phosphorylation of the protein
has been suggested.51 Although some nonstructural proteins have
been detected by immunofluorescence within the nucleus of infected
cells,48 the involvement of the nuclear phase in the replication cycle of
HAstV is not fully understood. 

On the other hand, the coordination of genome packaging into
maturing particles has not yet been defined, but the structural deter-
minants for particle assembly seem to be carried out by the structural
proteins alone, since it is possible to make VLPs even without the first
70 amino acids of the capsid polyprotein. The fact that structural
proteins colocalize with nonstructural proteins suggests the possibility
that the membranes might form a scaffold for packaging of the viral
RNA into assembling capsids.

Finally, transient expression experiments showed a direct link
between HAstV ORF1a encoded proteins and apoptosis induction.28

It seems that astrovirus replication is tightly linked to an apoptotic
host cell response, since cellular caspases seem to be responsible
for the first step of capsid maturation, before the trypsin cleavages
that occur extracellularly.23 While a premature apoptotic response
usually impairs viral infectivity, when enough virus progeny has been
generated, apoptosis may facilitate the release of virus to bystander
cells, evading the inflammatory response. Kinetic analysis of viral
replication, indicated by the synthesis of structural proteins from the
subgenomic RNA, and onset of apoptosis showed that host cell
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apoptosis would be triggered subsequent to viral replication,28

suggesting that the apoptotic process is a late event in the replication
cycle of HAstV.

Future Challenges

Although HAstV infectious particles were discovered almost 30 years
ago, limited information is still available on the molecular character-
istics of the virus, and its genome organization has not been com-
pletely clarified. However, the availability of molecular techniques to
study epidemiological features of viral infection has resulted in an
extensive database of sequence information, with more than 400
entries in the Genbank, and we are beginning to understand its bur-
den in gastroenteritis worldwide, the extent of its variability, and the
main characteristics of immunologic responses to infection. Aside
from the use of some cell-adapted HAstV strains that replicate in
CaCo-2 cells to high titers, the construction of an infectious full-
length clone with serotype 1 has been a critical step in development
of genetic systems for study of HAstV.16 Not only may it be useful for
identifying the cleavage sites of both nonstructural polyproteins and
the capsid precursor, as well as its biological functions, but it also
offers promise as a paradigm for understanding the interactions
between viral and host cellular processes. Studies on HAstV capsid
structure will provide new insights into the understanding of HAstV
genetic and antigenic diversity, as well as the characterization of the
immune response, two key steps before the generation of potential
vaccines.
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Chapter 23

DNA Vaccines against Viruses

Britta Wahren† and Margaret A. Liu*,†,‡

Rationale for Gene-based Vaccines

The administration of genes encoding antigens, either via viral or
bacterial vectors, or as plasmid DNA, may be the next generation of
vaccines and therapeutics to arise from recombinant DNA technol-
ogy. Although vaccines have been amazingly effective for a variety of
diseases, other diseases have been less amenable to prevention or
control through traditional vaccine approaches. The rationale for
using genes rather than proteins or forms of the pathogens them-
selves arose from a variety of immunologic, manufacturing and safety
challenges unique to the pathogens (such as HIV and malaria) or the
disease (such as cancer, autoimmune diseases, or allergy). The partic-
ular characteristics of DNA plasmids in terms of the immune responses
that are generated against the antigens encoded by the DNA, and the
features of DNA as a product, relative to other biologicals, have led
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to their widespread development and testing for prevention and
treatment of a variety of diseases.

DNA vaccines were a surprising development from efforts to for-
mulate bacterial plasmid DNA for uptake by cells in vivo. Because
viruses have evolved complex structures and mechanisms in order to
deliver their genetic material into cells, it was long thought that so-
called “naked,” unformulated DNA would not be useful as a means
to directly deliver genes into cells in vivo. Thus the observation by
Felgner and colleagues that bacterial plasmid DNA suspended simply
in saline could result in the uptake of the DNA (albeit relatively inef-
ficiently) by muscle cells in vivo — with the subsequent transcription
and translation of the encoded genes — came as a surprise.1 Just as
unexpected was the ability of the DNA to result in the generation of
a cytotoxic T lymphocyte response that was effective at protecting
against a viral challenge,2 because myocytes are not professional
antigen-presenting cells (APC), and presentation of antigen by a non-
professional APC usually results in tolerance or non-response rather
than activated cytolytic T cells. The effectiveness of the DNA for the
induction of immune responses was striking because the DNA was able
to induce both antibodies and T cells against the encoded antigen. And
as noted above, the cellular immune response was potent enough to
protect against death (but not disease) from a viral challenge.
Moreover, the challenge virus was of a strain different from the strain
from which the antigen gene had been cloned (i.e. it was heterosub-
typic). This type of cross-strain immunity is one of the great chal-
lenges of vaccine development for diseases such as influenza and HIV
where the virus mutates frequently and easily enough such that anti-
body responses against one strain are ineffective against another
strain. In the case of influenza this means that the vaccine must con-
tain several different strains of virus, and the vaccine composition
must be made new each year to provide the strains that are judged to
be the currently circulating strains. In the case of HIV, the tremen-
dous variability of the virus is one of the major reasons that no vac-
cine has been made to date.

A number of other rationales exist for delivery of proteins in the form
of genes rather than as proteins. For example, cytokine administration
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has been one of the great successes of recombinant DNA technology,
such as the use of recombinant cytokines for the treatment of cancers
and chronic viral infections. Yet it is clear that administering the gene
rather than the protein could have numerous advantages: proteins
synthesized in situ could avoid the toxicities associated with systemic
administration; administration of genes could mean that the protein
expression could persist for longer periods of time (compared to the
short half-lives of the recombinant proteins); and a protein synthe-
sized in situ would have appropriately mammalian post-translational
modifications, thus circumventing one of the major challenges that
can occur when producing recombinant proteins in non-mammalian
host cells.

DNA vaccines have further potential advantages as a product,
besides the immunologic and clinical issues noted above. The manu-
facturing process is relatively generic compared to either small mol-
ecule drugs or other biologicals such as either recombinant proteins
or live viral vaccines. DNA vaccines are bacterial plasmids, with the
differences generally being simply the gene insert and a promoter. So
the production process of growth in bacterial hosts and the subse-
quent purification of the plasmids is reasonably similar for different
vaccines or therapies, and the plasmids are easier to purify than
recombinant proteins. Moreover, DNA vaccines are more stable than
live viruses. Current embodiments of DNA vaccine include formula-
tions and delivery systems that may make them more complicated as
products,3,4 but the generic nature of the entity remains a compelling
attribute.

Pre-Clinical Proof of Concept

The demonstration that DNA vaccines could work pre-clinically in vivo
was done using a simple plasmid of DNA coding for a protein from
the influenza virus. That study showed that the DNA could result
in the generation of both cytotoxic T lymphocytes and antibodies,
and more importantly, could protect from an otherwise lethal chal-
lenge with a strain of influenza different from the strain from which
the gene had been cloned.2 The ability to protect the animals in a
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cross-strain manner raised considerable interest because it offered a
potential means to design vaccines for diseases such as HIV, influenza,
and hepatitis C, whose multiple and/or evolving strains pose such a
challenge for vaccinologists. While the current influenza vaccine can-
not protect against a virus of the same subtype that has drifted even a
minor amount, the DNA vaccine protected against a challenge from
a completely different subtype. This raised hopes that DNA vaccines
would provide a new means for making vaccines that would be
broadly effective against a variety of strains, thereby helping to pre-
vent the types of global epidemics such as the 1919 influenza pan-
demic that killed about 20 million people, or be a foundation for a
rapidly produced component against bird influenza, H5N1. The hope
was also that the DNA vaccines would be a means to make vaccines
not only against other viral diseases such as HIV, but also against
other viruses whose sequellae included cancer (such as papilloma
virus5 and hepatitis C) and infectious diseases such as malaria that
would benefit from the cytotoxic T cell response.

During the last few years, progress has been made in the area
of protection against both viral and bacterial diseases. Recent
expression analysis has shown that DNA antigens may act as
endogenous immune activators in specific species.6,7 Also, the enve-
lope antigens of two acute RNA viruses (rhabdo and filo) have
been shown to confer protective capacity after vaccination with
their DNA homologs. The single DNA representing the G protein
of rhabdovirus was shown early to protect mice. Envelope genes
representing glycoproteins of the Ebola virus strains from central
Africa (Zaire and Sudan), together with the conserved nucle-
oprotein gene induced antibody in all the healthy subjects, while
one third of the immunized persons obtained cytolytic T-cell reac-
tivity.8 Antibody is assumed to be the most important protective
entity for acute RNA viruses, while cell-mediated immunity is nec-
essary for infections establishing persistent infections. Plasmid DNA
encoding HIV proteins incorporated in a prime-boost schedule
predicted the potent and broad immunogenicity subsequently
found in humans.3
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Additional studies in a variety of pre-clinical models of various dis-
eases rapidly demonstrated the broad applicability of the DNA vaccine
technology. Perhaps just as importantly, the ease with which the vari-
ous laboratories used off-the-shelf plasmids and bacterial lines for
production of the DNA vaccines demonstrated the robustness of the
technology. The models in which DNA vaccines were utilized for
inducing immune responses or pre-clinical efficacy included a variety
of infectious diseases caused by viruses, bacteria and parasites. Other
types of disease such as cancer, autoimmune diseases and allergy9,10

were also shown to be amenable to DNA vaccine prophylaxis or ther-
apy in pre-clinical models. The applications for allergies (asthma)11 and
autoimmune diseases (such as diabetes)12 are based upon the ability of
the DNA to not simply generate cellular immunity, but to alter the
type of T cell helper response for the particular protein antigen. This
shift in the Th1 and Th2 responses and other data demonstrate that
the role of the DNA is not simply to function as a carrier of the gene
encoding the antigen, but that the DNA itself also has immune effects
and/or that the method of generation of the immune response is
different from the means by which the abnormal autoimmune aller-
gic response against a given antigen occur.

A number of applications have moved the field forward regarding
the influence on allergic diseases, autoimmune diseases and cancer. One
of the most interesting properties of a DNA vaccine, is its ability to not
only induce Th1 responses, but to also divert the immune response
away from antibody production. Thus, allergic responses by IgE have
been redirected by small doses of DNA encoding endogenous enzymes,
such as the beta-galactosidase. The anti-allergic properties of the DNA
plasmid were attributed both to an induction of Th1 response, as well
as a non-induction of IgE antibodies, which induce allergy in this
preclinical mouse model.13 The balance between allergic disease and
autoimmunity is fine, however, and in some diseases an autoimmune
reactivity is instead desirable. This approach involves the induction by
DNA of immune responses against slightly heterologous substances.

Studies have addressed the means by which the DNA is able to
generate cytolytic T cell responses despite the concern that protein
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expression in the non-antigen presenting cells (i.e. the myocyte) would
result in immune tolerance or non-responsiveness. Several groups
have demonstrated that antigen produced in the muscle can be
transferred into professional antigen-presenting cells by a method
known as cross-priming such that cytolytic T cells are generated.14–16

Additional studies revealed that the vector backbone of the plasmid,
because it is bacterial DNA with a different methylation pattern than
mammalian DNA, stimulates the innate immune system via a Toll-Like
Receptor, thus potentially affecting the immunogenicity of the DNA
vaccine and increasing its potency.17

Nevertheless, despite these novel mechanisms contributing to the
immunogenicity of the DNA vaccines, it became apparent that, while
robust in a variety of animal models, DNA vaccines require larger
doses or different adjuvants in non-human primates and humans at
least partly since their innate sensors are different.4,5,9,10,18,19 These
observations have resulted in a variety of modifications to make the
DNA vaccines more potent.

Licensed Vèterinary DNA Vaccines

In 2005, the first veterinary DNA-based vaccines were licensed, for
salmon against infectious hematopioetic necrosis virus (Apex-IHN,
Novartis) and for horses against West Nile virus infection (Fort Dodge
Laboratories).

A first licensed DNA cancer vaccine for melanoma in dogs encodes
molecules from the tyrosine kinase family. Immunization with foreign
TYR DNA improved survival and even cured dogs with progressing
melanoma. In this case, the heterogenous tyrosinase was able to break
tolerance against the endogenous enzyme.20 Antibodies appeared to
be the major effector molecules occurring in parallel with tumor
rejection. A similar approach has been initiated for human melanoma.
Patients with melanoma in stages 3–4 have received the murine tyrosi-
nase DNA followed by human TYR DNA. Half of the patients have
developed cytolytic CD8+ cells directed against a TYR peptide. The
median survival time has not yet been reached, indicating a prolonged
survival.21
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Clinical Trials

DNA vaccines encoding antigens from pathogens and tumors have been
tested in early phase human trials. The initial studies were focused on
demonstrating the safety of this new class of vaccine. Although older,
widely utilized vaccines in some cases contained bacterial DNA
(for example, the earlier version of the pertussis vaccine, which was
made of killed pertussis), the use of recombinant DNA — although
highly purified with a known sequence of the DNA — required exten-
sive pre-clinical safety testing as well as the usual phase I clinical safety
studies. In various studies for diseases ranging from HIV and influenza
to the parasite malaria, the clinical trials generally demonstrated weak
but real immune responses, both antibodies and cellular immune
responses.22,23 The low level of the responses was disappointing given
the ease with which potent immunity had been demonstrated in such
a large number of animal models. Yet certain interesting observations
have emerged. For example, certain HIV patients who had had long
exposures to high levels of viral antigens (due to their high viral loads),
yet who had not made cytolytic T cell responses against a particular
viral antigen, mounted cytolytic T cell responses against epitopes of
that protein following the DNA immunization.22–24 Thus, by some
mechanism, the DNA resulted in the generation of immune responses
not evoked by the virus. This provided evidence that different meth-
ods of immunization (if infection with the virus to induce immune
responses may be called immunization) can have different outcomes
in terms of immune responses.

New Generation DNA Vaccines

Efforts have focused on ways to increase the potency of DNA vaccines.
One early and continuing approach has been to redesign the plasmids
to enable them to produce more protein antigen.25,26 As data from
early clinical trials demonstrated the safety of administering DNA
vaccines to humans, increased doses of DNA have been used in clini-
cal trials, increasing to as much as 1–8 milligram doses per vaccine.27,28

Other efforts have been directed at formulating the DNA in order to
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increase its cellular uptake, or to enable it to withstand extracellular
degradation for longer. Encapsulating the DNA into29 or adhering the
DNA onto30 microparticles likewise appears to increase the potency
of DNA vaccines by either protecting the DNA from degradation or
increasing its uptake by antigen processing cells, or both. Variants of
DNA have been incorporated into the sequences, such as the nt
sequence for anticipated drug mutations.31

Genes encoding immune-stimulating molecules such as cytokines
have been added to the plasmids, in essence adding adjuvants to the
genes encoded by the DNA.32 As noted above, the bacterial origin of
the plasmids means that the sequence and hence the methylation pat-
tern of the DNA enables it to activate Toll-like receptors, potentially
engaging the innate immune system in the process of stimulating cog-
nate immunity.33

Different delivery devices or routes have also been employed in
efforts to increase the potency of the DNA vaccines, to stimulate spe-
cific types of immunity (such as mucosal immune responses), or to facil-
itate delivery for patient compliance or for resource-poor settings. The
initial demonstration of a DNA vaccine that could stimulate antibody
responses employed a “gene gun” to shoot DNA-coated gold beads
into the skin.34 Such “particle-mediated” injection has been used in
clinical trials to generate antibodies against Hepatitis B surface antigen35

using DNA encoding the antigen. Although the DNA immunizations
resulted in lower titers and utilized more immunizations that with the
licensed protein vaccine, they still showed the ability of DNA immu-
nized via the gold beads to clinically produce the desired immune
response. In a further study, patients who had not responded well to the
licensed (recombinant protein) hepatitis vaccine made antibodies fol-
lowing immunization with the DNA vaccine36 given by gene gun.

DNA transfer by apoptotic cells appears to induce a receptor-
independent immune response. The DNA, present in the apoptotic
bodies from transfection by plasmids or by the infectious agent, is
taken up by antigen presenting cells and appears to induce good
immune responses.37

Devices other than traditional syringes are being tested to directly
propel the DNA vaccine into the skin (for example, the Biojector)3,38
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or mucosa (for example the Syriject).39 Another approach has been to
couple the usual injection with subsequent in vivo electroporation
(resulting in an increase in the amount of transfection of the DNA
into cells).4,40,41

Trials in non-human primates and humans are evaluating the novel
and promising concept of using the DNA vaccine as a prime to be fol-
lowed by immunization with viral vectors encoding the same antigen
or a recombinant protein version of the antigen.42–46 This approach has
been termed the “prime-boost” concept. The immunologic mecha-
nism for the potency of these sequences is not known, but a variety of
vectors used as the boost appear to be useful. Of note, the immune
responses are most potent when the DNA vaccine is the priming agent.

Conclusions

DNA vaccines hold promise as a means to generate the types of immu-
nity needed for a variety of diseases, including either via the induction
of cross-strain cellular immune responses or the modulation of the
type of immunity such as the type of T cell help. In addition, even
though modifications of DNA vaccines by the addition of formula-
tions or delivery devices have made DNA vaccines more complex than
their originally envisioned simple plasmid in saline, the vaccine still
holds appeal because the relatively generic nature of the plasmid. But
the most compelling rationale for DNA vaccines is to offer the
potential for making vaccines and therapeutics directed against dis-
eases that to date have not been effectively addressed by earlier tech-
nologies, including chronic infections, diseases due to immunological
aberrations, and tumors.
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Chapter 24

Life Cycles of Polyomaviridae —
DNA Tumor Virus

Masaaki Kawano,† Hiroshi Handa‡ and
R. Holland Cheng*,†

Simian virus 40 (SV40) is a non-enveloped DNA virus. It is known to have
been accidentally introduced to a large segment of the human population
during the mid-20th century through tainted polio vaccines produced in the
kidney cells of African green monkeys and rhesusu monkeys. Studies have
indicated that when the virus invades certain mammalian cells, its reproduc-
tion is often hindered, but the virus may produce T-antigen and incite onco-
genic transformation in the host. SV40 has been shown to incite tumor
growth in rodents and may be linked to the development of mesothelioma
and certain other kinds of cancer in humans. Therefore, SV40 has been well
analyzed as a tumor model. Recently, the host cell receptors for SV40
have been identified and it has been shown to pass from surface caveolae
to the endoplasmic reticulum in apparently novel infectious entry pathway.
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†Molecular and Cellular Biology, University of California, Davis CA 95616, USA.
‡Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503,
Japan.

Abbreviations: Simian virus 40; SV40; Virus-like particles; VLPs; polyomavirus; JC; BK;
minichromosome; Nuclear localization signals; NLSs; Sp1; hsc70; DnaK; J-domain; large
T-antigen; hsp70; the major histocompatibility complex; MHC; human lymphocyte antigen;
HLA; integrin; neuraminidase; gangliosides; GD1a; GT1b; GM1; GD1b; endocytosis; caveolae;
endoplasmic reticulum; ER; EGTA; dithiothreitol; DTT; (PDI)-like protein; ERp29; gene
transfer; Propidium iodide; PI; human dendritic cells; DC; vaccination.
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Virus-like particles (VLPs) of polyomavirus has been shown to enter into
cells in the same way as polyomavirus virion, suggesting the possibility that
VLPs can be used as the carrier of drug delivery system through the use of
the polyomavirus infectious pathway.

Virion Structure

The capsid of SV40, like those of other small double-stranded DNA
viruses in the polyomavirus family (polyomavirus, JC, and BK), is com-
posed of major capsid proteins, VP1, arranged on a T = 7d icosahedral
lattice (about 500 Å in diameter).1–3 They can induce tumors in labo-
ratory animals and transform cells in culture. The virus particles deliver
a minichromosome from the nucleus of one cell to the nucleus of
another. They have been studied crystallographically, and they are
icosahedrally symmetrical particles, containing 360 copies of a major
structural protein, VP1, arranged as 72 VP1-pentameric building
blocks on the viral surface (Figs. 1A and 1B). Twelve VP1-pentamers
lie on the twelve 5-fold rotation axes of the icosahedron, each sur-
rounded by five other VP1-pentamers (Fig. 2A, light blue). The
remaining 60 VP1-pentamers do not lie on the symmetry axes, and
they are surrounded by six other VP1-pentamers (Fig. 2A, white).
Long C-terminal arms of the VP1 molecule tie the VP1-pentamers
together; they extend from one VP1-pentamer and fit into binding
sites on adjacent VP1-pentamers. The 5- and 6-coordinated VP1-
pentamers lead to just three kinds of interpentamer contacts: an
approximate 3-fold axis relating to subunits α, α′ and α′′ (Fig. 2B);
an approximate 2-fold axis relating to β and β ′ (Fig. 2C); and a strict
icosahedral 2-fold axis relating to γ (Fig. 2D). The study of the in vitro
particle formation of the polyomavirus major structural VP1 protein
purified after expression of the recombinant gene in E. coli showed the
association of the capsid-like assemblies and polymorphic aggregates at
high ionic strength.4 SV40 VP1-pentamers prepared from VLPs pro-
duced in Sf 9 cells selectively formed capsid-like assemblies in the
pressence of DNA in physiologically conditions in vitro. These non-
equivalent assemblies related VP1 subunits of the penta- and hexavalent
capsomers, therefore, must spontaneously switch their bonding speci-
ficity during assembly. VP1 can switch inter VP1 bonding specificity in
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different symmetry locations on the particle with intrinsic activity of
the VP1. The capsid of SV40 also contains two internal proteins, VP2
and VP3, where VP3 is an amino terminally truncated form of VP2
(Fig. 3). Low resolution (25 Å ) crystallographic studies of polyoma
have shown that a part of VP2/3 inserts into the inward-facing cavity
along the 5-fold axis of a VP1-pentamer.5 In vitro binding studies have
confirmed that the VP1-pentamer interacts tightly with VP2/3; that a
sequence near the common C-terminus of VP2/3 is necessary and
sufficient for complex formation6; and that VP3 residues 155 to 190
bind to VP1-pentamers.7 Thus, the C-terminus of VP2/3 polypeptide
chain binds in one of five equally probable orientations to its pentameric
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Fig. 1. Structures of the SV40 virion, SV40 VP1-pentamer, and sialy-
loligosaccharide receptor fragments binding to murine polyomavirus VP1-
pentamer. (A) C-α backbone drawing of SV40 virion reconstructed from
the structural unit of the SV40 VP1 capsid (1SVA) using VIPER. (B) Each
SV40 VP1 protein in one VP1-pentamer is highlighted with different colors.
(C) sialyloligosaccharide receptor fragments binding to murine polyomavirus
VP1-pentamer (1SID) are highlighted with red.
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VP1-partner. X-ray crystallographic data of the C-terminal portion of
the polyomavirus VP2 (residues 269–296) showed that the C-terminus
of VP2/3 associates with VP1-pentamer tightly and specifically through
hydrophobic interactions.8 The larger N-terminal part of the internal
protein is flexible and sensitive to gentle proteolysis. At the center of the
virion, it locates the virus genome as minichromosome arranged with
histones electron density at the center of the SV40 is smeared, suggest-
ing that the minichromosome is not organized with icosahedral sym-
metry matching the capsid symmetry (Fig. 3).9
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Fig. 2. Structures of the carboxyl-terminal regions in VP1-pentamer.
(A) C-α backbone drawing of SV40 virion reconstructed from the structural
unit of the SV40 VP1 capsid (1SVA) using VIPER. Pentavalent VP1-pen-
tamers (VP1-pentamers surrounded by five VP1-pentamers) are marked in
light blue. The C-terminal arm regions, VP1(301–312), (313–329), (330–
344) and (345–361), are colored in red, green, yellow, and purple, respec-
tively. The positions of three distinct interaction-types of the C-terminal arm
in the SV40 particle are shown in (B) (α–α′–α′′), (C) (β–β ′), and (D) (γ–γ).
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Virion Assembly

One VP1-pentamer associates with one VP2 or the amino terminally
truncated form VP3 soon after their synthesis in the cytoplasm
(Fig. 4). It is because both capsid proteins harbor resident nuclear
localization signals (NLSs),10,11 that an NLS-defective SV40 VP3 can
localize in the nucleus if wild-type VP1 with a functional NLS is
coexpressed in the same cell, suggesting that VP1 and VP3 form a
complex in the cytoplasm prior to nuclear entry. Also, regardless of
the amount of capsid protein synthesized in the cytoplasm, a con-
stant ratio of VP1 and VP3 that reflects the ratio in the mature virion
is found in the nucleus,12 implying that the stoichiometry of VP1 and
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VP1-pentamer

VP2

VP3

Minichromosome

50 nm

30 nm

Fig. 3. Components of the SV40 virion. SV40 minor capsid protein VP2
or VP3 bind to one VP1-pentamer from inside the particle. SV40 virus
genome arranges minichromosome with histone and is located at the center
of the particle. Minichromosome inside the particle is thought to take on a
spherical, 30 nm structure in diameter, without histone HI molecule.
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VP3 in the nucleus is predetermined by formation of the complex in
the cytoplasm. After formation of the VP1-pentamer-VP2 or -VP3
complex, the latter enters into the nucleus to enclose viral genome
that complex with histone, termed minichromosome for the SV40
capsid assembly. From the isolated SV40 minichromosome structural
analysis, it has been shown that minichromosome contains all five his-
tones, including histone HI that exists in solution under approxi-
mately physiological ionic conditions as a compact roughly spherical
particle approximately 300 Å in diameter in nucleus.13 The in vitro
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Caveolae-mediated endocytosis

Caveosome
Smooth ER

Golgi

SV40 particle

VP1-pentamer-VP2 or VP3
complex

minichromosome

Virus infection pathway

Virus production and secretion pathway

Fig. 4. Schematic representation of SV40 virus infection and secretion
pathway. Upper figure. 1. SV40 virus first binds to the cell surface. 2. SV40
virus is endocytosed in caveolin 1 containing vesicles and delivered to caveo-
somes. 3. SV40 virus leaves for smooth endoplasmic reticulum. 4. SV40 viral
proteins and host proteins may transport virus genome called minichro-
mosme into nucleus. Lower figure, 1. SV40 VP1-pentamer binds to one minor
capsid protein VP2 or VP3 in cytoplasm. 2. VP1-pentamer-VP2 or -VP3
complex transport into nucleus. 3. VP1-pentamer-VP2 or -VP3 complex
select virus genome called minichromosome from the replicating and tran-
scribing pools to be encapsidated. 4. Complete SV40 virion escapes from
host cell with or without cell lysis.
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binding studies have suggested that all three capsid proteins bind
DNA nonspecifically, raising the dilemma of how they attain speci-
ficity to the SV40 minichromosome in the presence of a large excess
of genomic DNA.14–18 VP3 has been shown to repress transcription
from the viral early promoter in vitro, and that it cooperated with Sp1
through the Sp1 binding site on viral genome.19–21 Therefore, Sp1
might recruit the VP1-pentamer-VP2/3 complex to minichromo-
some, conferring upon them specific DNA recognition. After associ-
ation of VP1-pentamer to minichromosome, the carboxy terminus of
VP1 responsible for the non-equivalent association of capsomeres
interacts with the adjacent VP1-pentamer to form SV40 capsid.22

During viral infection, the 72 KDa cellular chaperone heat shock
cognate protein (hsc70) binds VP1 post-translation and colocalizes
with VP1 to the nucleus.23 Recombinant VP1 C-terminal domain
from E. coli was copurified with the prokaryotic hsp70 chaperone
DnaK. A member of the 70 kDa family of the cellular stress pro-
teins assist in protein folding by preventing inappropriate intra- and
intermolecular interactions during normal protein synthesis and trans-
port and when the cells are exposed to a variety of environmental
stresses. This suggests a role of the 70 kDa heat shock protein (hsp70)
for the chaperones to regulate the quality and location of capsid assem-
bly. In particle formation in vitro, particle assembly was promoted by
the eukaryotic hsc70 protein, in combination with the J-domain func-
tion of the SV40 large T-antigen protein.24 Thus, polyomavirus cap-
sid assembly can be recapitulated with high-fidelity in vitro, using
either prokaryotic or eukaryotic hsp70 chaperone systems, thereby
supporting a role of cellular chaperones in the in vivo regulation of
virion assembly. It also revealed that VP2 allowed particle assembly
of VP1-pentamers into spherical particles in a pH range of 7.0 to 4.0
in vitro.25 A region common to VP2 and VP3 (amino acids 119–272)
was required to promote the VP1-pentamer assembly. These results
are relevant to the control of recombinant capsid formation by minor
capsid proteins. After particle formation, virions escape from the
infected cells with cell lysis26–30 or without cell lysis from apical cell
surface.31
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Host Cell Recognition and Entry

Class I major histocompatibility complex proteins have appeared to
be the major cell surface receptors for SV40 (Fig. 5).32,33 The class I
molecules encoded by the major histocompatibility complex (MHC)
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Fig. 5. Schematic reproduction of SV40 calcium binding site mutant parti-
cle phenotype in virus infectious pathway. E330K site 1 calcium binding site
mutant is deficient in the host cell attachment and endocytosis. Another
E157K site 2 calcium binding site mutant is deficient in virus genome trans-
fer into nucleus inside host cell.
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present endogenously synthesized antigenic peptide fragments to
cytotoxic T lymphocytes. SV40 binding to cells can be blocked by two
monoclonal antibodies against class I human lymphocyte antigen
(HLA) proteins but not by monoclonal antibodies specific for other
cell surface proteins. Also, SV40 does not bind to cells of two differ-
ent human lymphoblastoid cell lines which do not express surface
class I MHC proteins because of genetic defects in the β2-microglob-
ulin gene in one line and in the HLA complex in the other. Transfection
of these cell lines with cloned genes for β2-microglobulin and HLA-
B8, respectively, restored expression of their surface class I MHC pro-
teins and resulted in concomitant SV40 binding. Finally, SV40 binds
to purified HLA proteins in vitro and selectively binds to class I MHC
proteins in a surface extract. These proteins are an essential compo-
nent of the cell surface receptor for SV40. For the polyomavirus
receptor molecules, it has been shown that infectivity of the poly-
omavirus A2 strain in mouse Swiss 3T3 fibroblasts, is significantly
reduced only in the presence of natural integrin ligands carrying an
LDV motif or antibodies directed against the alpha4 and beta1 inte-
grin subunit in the alpha4-deficient BALB/c 3T3 cells, increases viral
infectivity.34 Addition of alpha4 function-blocking antibodies, prior to
or after virus adsorption, blocks this increased infectivity without
affecting virus binding to cells. These data indicate that expression of
alpha4 integrin enhances permissivity to polyomavirus, probably by
acting as one of the post-attachment receptors.

The important role of sialic acid in the adsorption of polyoma-
virus to cells was first demonstrated by the abolition of viral-
mediated hemagglutination upon treatment of erythorocytes with
neuraminidase.35–37 Neuraminidase has also been used successfully to
prevent polyomavirus infection of cultured mouse embryo cells. These
observations provide evidence for sialic acid as an integral component
of the cell surface receptors for polyoma virus. The crystal structure of
a recombinant polyomavirus VP1 pentamer (residues 32–320), in
complex with a branched disialylated hexasaccharide receptor
fragment, extends our understanding of oligosaccharide receptor
recognition (Fig. 1C).38,39 The model presented here offers a much
more refined view of the interactions that determine carbohydrate
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recognition and allows us to assign additional specific contacts, in par-
ticular those involving the (α2,6)-linked, branching sialic acid. The
structure of the unliganded VP1-pentamer, determined independ-
ently, shows that the oligosaccharide fits into a preformed groove and
induces no measurable structural rearrangements. A comparison with
assembled VP1 in the virus capsid reveals a rearrangemnt of residues
32–45 at the base of the pentamer. This segment may help prevent
the formation of incorrectly assembled particles by reducing the like-
lihood that the C-terminal arm will fold back into its pentamer of
origin. Biochemical assay improved the notion for polyomavirus bind-
ing to oligosaccharide receptor recognition. Binding and flotation
assays showed that addition of gangliosides to the phospholipids vesi-
cles allowed specific binding of the respective viruses. Specific gan-
gliosides can serve as plasma membrane receptors, GD1a and GT1b
for polyomavirus, GM1 for SV40,40 and GD1b and GT1b for BK.41

After host cell surface binding through cell surface proteins and
gangliosides, it has been suggested that the local structure of virion
changes during endocytosis42 and this change is involved with its cal-
cium binding sites.43,44 Several lines of evidence have suggested that
this inter VP1-pentamer interaction is strengthened by calcium ion
chelation and disulfide bonding. Structural refinement on SV40, in
which divalent calcium ions were replaced with trivalent gadolinium
ions, has identified two probable sites, termed site-1 and site-2, of
calcium ion coordination per VP1 monomer on the capsid (Fig. 5).
Site-1 consists of the Glu 216 side chain and Ser 213 of one VP1
monomer, the Glu 46 and Glu 48 side chains of a second VP1 monomer
from the same pentamer, and the Glu 330 side chain (C-terminal
arm) of a third VP1 monomer from a neighboring pentamer. Site-2
consists of the Glu 157, Glu 160, and Glu 216 side chains and Lys
214 carbonyl oxygen of the first VP1 monomer and the Asp 345 side
chain (C-terminal arm) of the third monomer. Each pair of calcium
ions is expected to tie together two different VP1 pentamers by inter-
acting with mostly acidic amino acid residues contributed by three
VP1 chains. The point mutant E330K VLPs of SV40, site-1 calcium
mutant, turned out to be defective in adsorbing to cells.43 Conceivably,
the salt bridges in place of calcium ion at site-1 could have prevented
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the E330K VLP from undergoing the calcium-dependent structural
shift necessary for binding to the cell receptor, the major histocom-
patibility complex (MHC) class I molecule, leading to the adsorption
defect. Analyzing the structural difference between the mutant E330K
VLP and the wild-type virion could help delineate the virus site or
epitope responsible for attachment to MHC class I. Another point
mutant E157K, the site-2 calcium mutant, about 10% larger in diam-
eter than the wild type, was able to enter cells, but this did not lead
to T-antigen expression.44 Cell-internalized E157K DNA effectively
coimmunoprecipitated with anti-VP1 antibody, but little of the DNA
did so with anti-VP3 antibody, and none was detected in anti-importins
immunoprecipitate. Yet a substantial amount of VP3 was present in
anti-VP1 immune complexes, suggesting that internalized E157K
particles are ineffective at exposing VP3. These results show that
mutant E157K infection is blocked at a stage prior to the interaction
of VP3 nuclear localization signal with importins, consistent with a
role for calcium-binding site-2 in post-entry steps leading to the nuclear
import of the infecting SV40.

Virion Disassembly and Viral Genome
Entrance into the Nucleus

SV40 is unusual among animal viruses in that it enters cells through
caveolae, and the internalized virus accumulates in a smooth endo-
plasmic reticulum (ER) compartment (Figs. 4 and 5). After associating
with caveolae, SV40 leaves the plasma membrane in small, caveolin-
1-containing vesicles.45–47 It then enters larger, peripheral organelles
with a non-acidic pH. Although rich in caveolin-1, these organelles
do not contain markers for endosomes, lysosomes, ER or Golgi, nor
do they acquire ligands of clathrin-coated vesicle endocytosis. After
several hours in these organelles, SV40 is sorted into tubular, cave-
olin-free membrane vesicles that move rapidly along microtubules,
and is deposited in perinuclear, syntaxin 17-positive, smooth ER
organelles. There exists a two-step transport pathway from the plasma-
membrane caveolar, through an intermediate organelle termed the
caveosome, to the ER. This pathway bypasses endosomes and the
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Golgi complex, and is part of the productive infectious route used by
SV40. There is no SV40 in the cell nucleus after a 16-hour infection.48

It is assumed that SV40 in ER dissociated into VP1-pentamers to
release minichromosome.

There has been suggested that treatment of polyoma virions with
EGTA and dithiothreitol (DTT) resulted in the dissociation of the
virions into a DNA-protein complex and individual structural cap-
somere subunits in vitro.49,50 It is interesting to presume that this arti-
ficial dissociation partially reflect the actual biological event of SV40
in ER. Recently, a protein disulfide isomerase (PDI)-like protein,
ERp29, exposes the C-terminal arm of polyomavirus VP1 protein,
leading to formation of a hydrophobic particle that binds to a lipid
bilayer; this reaction likely mimics initiation of polyomavirus penetra-
tion across the ER membrane.51 These results thus identify an ER fac-
tor that mediates membrane penetration of a nonenveloped virus and
suggest that PDI family members are generally involved in ER remod-
eling reactions. Although not essential, the reducing agent DTT and
the calcium-chelator EGTA stimulated the ER-induced polyomavirus
conformational change. It is possible that DTT and EGTA partially
destabilized polyomavirus structure, enabling ERp29 to subsequently
expose VP1’s C-terminal arm efficiently. This explanation is supported
by previous biochemical and X-ray structural studies that showed that
disulfide bridges and calcium ions provide critical structural support
for polyomavirus.2,50 Because the disulfide bond in polyomavirus viri-
ons is in the proximity of the N terminus of VP1, its reduction may
enable ERp29 to also expose the VP1 N terminus. DTT and EGTA
likely mimicked the action of ER reductases (e.g. PDI) and calcium
binding proteins (e.g. calnexin and calreticulin) that would normally
act on the virus. It has been suggested that VP2 and VP3 are involved
in the transport of minichromosome into the nucleus. It has been
shown that VP2 and VP3 nuclear localization signals have important
roles in nuclear transport of minichromosome with importins.52 VP2
and VP3 NLS were partially exposed outside of the virion in ER, then
after detachment of partially dissociated virion associates with importins
and transport minichromosome into nucleus through nuclear pore com-
plex. It has also been suggested that capsid disassembly within the ER
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lumen, VP3 and perhaps VP2, oligomerize and integrate into the ER
membrane or nuclear matrix, potentially creating a viroporin that aids
in viral DNA transport.53

Encapsulation of Exogenous DNA, Chemicals,
Proteins for Agent Delivery into Cells

SV40 is an attractive potential vector with high-efficiency gene transfer
into a wide variety of human tissues, a critical target organ for the cure
of many diseases (Fig. 6). It has been shown that the VP1 proteins of
SV4024,54–59 and closely related viruses such as JC,60,61 BK,62–64 and
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the particle when co-expressed in insect cells or by using in vitro packaging
systems. These exogenous packaged virus-like particles can be used for pro-
tein transfer into normal cells and for vaccination into dendritic cells.
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murine polyomavirus65–68 form virus-like particles (VLPs) when
expressed in insect cells from baculoviral vectors. Electron and con-
forcal microscopy have revealed the entry and the movement of
polyomavirus virions and artificial virus-like particles (VP1 pseudo-
capsids) in mouse fibroblasts and epithelial cells.69 There are no visible
difference in adsorption and VP1 pseudocapsid (“empty” or con-
taining DNA). Viral particles entered cells internalized in smooth
monopinocytic vesicles, often in the proximity of larger, caveola-like
invaginations. Both the “empty” vesicles derived from caveolae and the
vesicles containing viral particles were stained with the anti-caveolin-1
antibody, and the two types of vesicles often fused in the cytoplasm.
By 3 hour postinfection, a strong signal of the VP1 (but no viral par-
ticles) had accumulated in the proximity of the nuclei, around the
outer nuclear membrane. The vast majority of VP1 pseudocapsids did
not enter the nuclei as seen in SV40 virions.48 These results provide
important information for the use of VLPs as a tool of drug delivery
carrier. We can assume that VLPs can enter into cells in the same way
same as virions. Nuclear extracts containing the three proteins of
SV40 (VP1, VP2, and VP3) were allowed to interact with purified
SV40 DNA, or with plasmid DNA.59 These mixtures can deliver
DNAs into the cells. Polyomavirus VP1 capsid particles expressed in
E. coli and Sf 9 were also packed in vitro with anti-sense oligo-
nucleotides70 and plasmid DNA.71 Furthermore, JC virus pseudocap-
sids prepared from E. coli were also able to deliver exogenous DNA
into human fetal kidney epithelial cells.72 These results indicate that
recombinant JC virus VP1 is able to self-assemble into capsid-like par-
ticles and to package DNA in the absence of the minor capsid proteins,
VP2 and VP3. These prokaryotic assembly systems may facilitate the
investigation of maturation mechanism(s) of polyomaviruses.
Furthermore, capsid-like particles of these VP1 proteins in poly-
omaviridae could potentially be used as a human gene transfer vector.

Not only plasmid DNA but also encapsulation of chemicals was
accomplished with human polyomavirus JC virus (JCV).73 Propidium
iodide (PI) was packaged into VP1–VLP as a reporter molecule. The
fluorescence intensity of the VP1–VLP depended strongly on the ini-
tial PI concentration. This packaging method is easy to handle and is
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applicable to viruses and VP1–VLP which can be dissociated and reas-
sociated chemically. It is potentially useful for the introduction of
encapsulated chemicals into ER.

Exogenous protein encapsulation into VLPs was accomplished by
using the VP1 binding motif of minor capsid proteins. Co-expression
of EGFP fused with the VP1 binding motif of minor capsid proteins
and VP1 in Sf 9 cells produce EGFP containing VLPs. EGFP-VLPs
were analyzed for their ability to be internalized and processed by
mouse cells and to activate mouse and human dendritic cells (DC) in
vitro.74 EGFP–VLPs entered the mouse epithelial cells, fibroblasts
and human and mouse DC efficiently and were processed by both,
as well as lysosomes and proteasomes. These results provide the basis
for the preparation of mouse polyomavirus capsid-like particles for
transfer of foreign peptides or proteins into cells. The use of foreign
peptide fused with VP2 containing VLPs for vaccination has been
shown. Murine polyomavirus (MPyV), VLPs, containing a fusion
protein between MPyV VP2 and the extracellular and transmem-
brane domain of HER-2/neu (Her2),75 Her2 1-683 PyVLPs, were
tested for their ability to vaccinate against Her2-expressing tumors in
two different in vivo models. Protection was assessed both against a
lethal challenge with a BALB/c mammary carcinoma transfected
with human Her2 (D2F2/E2) and against the outgrowth of
autochthonous mammary carcinomas in BALB-neuT mice, trans-
genic for the activated rat Her2 oncogene. A single injection of Her2
1-683 PyVLPs before tumor inoculation induced a complete rejec-
tion of D2F2/E2 tumor cells in BALB/c mice. Similarly, a single
injection of Her2 1-683 PyVLPs at six weeks of age protected the
BALB/neuT mice with atypical hyperplasia from a later outgrowth
of mammary carcinomas; all the controls developed palpable tumors
in all their mammary glands. VLPs containing only VP1 and VP2 did
not induce protection. The protection elicited by Her2 1-683 PyVLPs
vaccination was most likely due to a cellular immune response,
whereas antibodies against Her2 were not detected in both the two
models. The results show it is feasible to use MPyV-VLPs carrying
Her2 fusion proteins as safe and efficient vaccines against Her2-
expressing tumors.
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