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Abstract

Structural studies of polio- and closely related viruses have provided a series of snapshots along their
cell entry pathways. Based on the structures and related kinetic, biochemical, and genetic studies,
we have proposed a model for the cell entry pathway for polio- and closely related viruses. In this
model a maturation cleavage of a capsid protein precursor locks the virus in a metastable state, and
the receptor acts like a transition-state catalyst to overcome an energy barrier and release the mature
virion from the metastable state. This initiates a series of conformational changes that allow the virus
to attach to membranes, form a pore, and finally release its RNA genome into the cytoplasm. This
model has striking parallels with emerging models for the maturation and cell entry of more complex
enveloped viruses such as influenza virus and HIV.
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INTRODUCTION

In many ways simple nonenveloped viruses such as poliovirus and closely related
picornaviruses present ideal models for understanding how viruses enter cells and initiate
infection. As a result of years of study, arising first from a focus on development of poliovirus
vaccines and subsequently from their emergence as model systems, this group of viruses is
exceptionally well characterized biochemically and genetically. Receptors for a number of
these viruses have been identified, and the viruses are amenable to genetic and structural
characterization. However, despite years of characterization the mechanism that allows
poliovirus (or any nonenveloped virus) to cross a membrane and release its genome into the
cell for replication remains poorly understood. Paradoxically, this process is better understood
for enveloped viruses whose structural organization is more complex. Indeed, in many ways
the entry process for enveloped viruses is simpler. On a strictly topological basis the
nucleocapsid of an enveloped virus is already in the same compartment as the cytoplasm, and
this topological equivalence can be realized physically provided that there is a mechanism for
facilitating fusion of the viral envelope with a cell membrane. In contrast, the nucleocapsid
(virion) of a nonenveloped virus is topologically outside the cell and remains there even if it
is internalized in a cellular vesicle. At some point the entire virion, or at least the viral genome,
must cross a membrane.

SOME COMMON THEMES IN VIRAL ENTRY

Although there are significant differences in cell entry pathways among viruses, several
common themes are emerging from the study of a wide variety of viruses. These common
themes are the consequence of a central problem faced by all viruses in the passage from cell-
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to-cell or from host-to-host. Thus, in order to withstand the rigors of the extracellular
environment, the virion must be stable to a variety of insults, which may include extremes of
pH, ionic strength, and temperature, and the presence of proteases. The virion must be inert
and not adhere to surfaces or to other cells until it reaches its target tissue and encounters its
specific receptor. However, once the virion reaches its target cell and encounters the
appropriate trigger(s), it must be capable of undergoing structural changes that allow it to cross
a membrane and deliver its genome to the appropriate compartment of the cell to initiate
replication.

A Link Between Assembly and Entry

For many viruses the solution to this problem involves a link between the final stages of
assembly and the initiation of cell entry—an attractive model because it emphasizes the role
of the virion as an intermediate (linking assembly and entry) in a cycle. Thus, the final stage
of assembly for many viruses involves proteolytic processing of a structural protein (generally
a surface glycoprotein for enveloped viruses or a capsid protein of a noneveloped virus). By
first folding the structure as a precursor and subsequently introducing a covalent alteration, it
becomes possible for the lowest energy structure of the product to differ from the lowest energy
structure of the precursor. However, once the precursor has folded, the lowest energy structure
of the mature glycoprotein (for an enveloped virus) or the intact mature virus (for the
nonenveloped viruses) may not be accessible owing to energy barriers that block the pathway
between the two structural forms. The protein or virus particle is then said to be kinetically
trapped in a metastable state. When the virus encounters the appropriate trigger (either receptor
binding, acidification of an endosome, or both), the protein (or virion) is released from the
metastable state and proceeds to a lower-energy state that exposes hydrophobic sequences that
allow it to attach to membranes. In enveloped viruses the membrane attachment facilitates
fusion of the viral envelope with the cell membrane. In nonenveloped viruses the hydrophobic
sequences must either generate a pore or disrupt a cellular membrane to facilitate entry.

The Influenza Hemagglutinin as an Example

Perhaps the best-characterized model for this link between assembly and cell entry is the
influenza A virus hemagglutinin [reviewed in (100,117)]. In influenza A, the hemagglutinin
glycoprotein spike provides the site for binding to its cellular receptor (sialic acid residues on
glycoproteins and glycolipids on the cell surface) and serves as the fusion protein. The
hemagglutinin is first synthesized as a precursor HAg and is cleaved late in assembly to form
two chains, HA; and HA,. The newly generated N terminus of HA, begins with a string of
nonpolar amino acids, “the fusion peptide,” that ultimately facilitates fusion of the viral
envelope with the cell membrane. When the virus binds to its cellular receptor, it is taken up
into endosomes. Upon acidification of the endosomes, the hemagglutinin undergoes a massive
conformational change that results in the exposure of the fusion peptide, its insertion into the
membrane of the endosome, the fusion of the viral envelope with the endosome, and the release
of the nucleocapsid into the cytoplasm. Thus, for influenza the receptor plays a single role,
namely to concentrate virus at the surface of susceptible cells, and the trigger that releases the
hemagglutinin from its metastable state is acidification of the endosome. In other enveloped
viruses the receptor also serves as the trigger that induces the conformational changes required
for entry, in which case the virus envelope may fuse directly with the plasma membrane.

High-resolution structures of ectodomains of HAq (21), the mature HA (118), and of the
fusogenic form of HA,, which is produced by proteolytic removal of HA; from HA subsequent
to acidification (18), have been solved in Don Wiley's laboratory at Harvard University. The
hemagglutinin is a trimer that is held together largely by coil-coil interactions between long
helices in the HA, subunit (Figure 1). The globular head of the trimer comprises much of the
HA chain and contains the receptor-binding sites. In HAg and HA at neutral pH, the fusion
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peptide is located at the base of the molecule near the site of attachment to the viral envelope.
The fusion peptide is contained in an exposed loop in HA (Figure 1a), and upon cleavage to
produce HA the newly freed fusion peptide is inserted between the helices and is not exposed
(Figure 1b). In mature HA at neutral pH, the fusion peptide is located nearly 100A away from
the receptor-binding site (Figure 1b). Acidification induces a massive conformational
rearrangement that moves both the fusion peptide and the C terminus of the ectodomain of
HA, (which in the intact protein is anchored in the viral envelope) to a point near the top (cell-
proximal end) of the molecule (Figure 1c). At this point the fusion peptide and the cell
membrane to which it is attached, and the C terminus of HA, and the viral envelope to which
it is attached, are in close proximity, allowing fusion of the two membranes to proceed. The
detailed mechanism of induction of fusion is still poorly understood.

The Model May be General

The HA of influenza A is the only protein where both the metastable and fusogenic forms of
the glycoprotein have been characterized structurally. However, similar conformational
changes have been proposed for the envelope glycoproteins of a number of other viruses based
on structures of analogues of the fusogenic form (5,20,32,61,71,72,113,114,123). Using
poliovirus as an example, we demonstrate that similar mechanisms in which receptor binding
releases virus from a metastable state and exposes hydrophobic sequences may also occur in
nonenveloped viruses.

THE LIFE CYCLE OF POLIO- AND RELATED VIRUSES

Assembly

Poliovirus is a member of the picornavirus family, which includes a number of significant
pathogens of humans (e.g., rhinoviruses, Coxsackieviruses, echoviruses, enteroviruses, and
hepatitis A virus) and livestock (e.g., foot-and-mouth disease viruses). The viruses are small
("300A in diameter) and consist entirely of an icosahedral protein coat that encapsidates a
single-stranded plus-sense RNA genome. Despite their simple organization, the viruses have
a complex life cycle [reviewed in (92)].

PROTEOLYTIC PROCESSING IS ASSOCIATED WITH ViRaL AssemsLy A brief summary of the poliovirus life cycle is shown
in Figure 2. Because the process is cyclic we may start at any point. We choose viral assembly
as our starting point to develop the parallel with the model described above. Upon release into
the cytoplasm, the viral RNA is translated in a single open reading frame to produce a
polyprotein that is processed cotranslationally by viral proteases to yield the viral proteins
(57,87). The polyprotein is myristoylated at its N terminus (22). An early cotranslational
cleavage of the polyprotein by the viral 2A protease releases a precursor protein myristoyl-P1
from the N terminus of the polyprotein. This cleavage may occur in cis. The P1 protein contains
all the capsid protein sequences. Subsequent cleavage of P1 by the viral 3CD protease produces
the capsid proteins VP1 and VVP3 and the immature capsid protein myristoyl-VPO. This
cleavage is associated with the assembly of the proteins into a pentameric assembly
intermediate, which spontaneously assembles into empty capsid containing 60 copies each of
VPO, VP3, and VP1. The empty capsids and pentamers are apparently in equilibrium within
the cell, and therefore it has not been possible to determine whether RNA is encapsidated by
pentamers or by insertion into the preformed empty capsids. Regardless, the encapsidation
appears to be tightly linked to RNA replication, as there is an absolute dependence of
encapsidation on de novo synthesis of progeny RNA (77,78). Encapsidation leads to the
formation of a precursor, called the provirion, that contains the RNA and 60 copies each of
VPO, VP3, and VP1. The processing of the immature protein myristoyl-VPO to yield myristoyl-
VP4 and VP2 is associated with encapsidation of the RNA. There is ho known protease
requirement for this cleavage, and it is thought to be autocatalytic, depending only on the capsid
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proteins themselves and perhaps the viral RNA. The cleavage of VPO to form the virion is
associated with a significant increase in the stability of the particle. The mechanism of release
of the virus from the cell is unclear.

Receptor Binding and Cell Entry

recerrors 1 he next round of replication is initiated when the virus encounters its receptor. The
receptors for a number of picornaviruses have been identified (11-14,43,51,76,98,107). The
poliovirus receptor (Pvr) is a CAM-like molecule with three extracellular 1g-like domains
(76). There is no known requirement for a coreceptor for poliovirus entry. The cellular function
for Pvr is not known, but two paralogs in humans, called Nectin-1 and Nectin-2, are
homotrophic adhesion proteins that interact with the actin skeleton through a cytoplasmic
protein called afadin (108). Mice lacking the mouse homolog of Nectin-2 show specific defects
in spermatogenesis (17). It is not clear whether Pvr plays similar roles, as it lacks sequence
motifs in its cytoplasmic domain that mediate interactions with afadin. Interestingly, Pvr,
Nectin-1, and Nectin-2 are coreceptors for alpha herpesviruses (38,99). Several lines of
evidence suggest that the first (N-terminal) domain of Pvr is responsible for poliovirus binding
and infection. (a) Cells expressing the first domain by itself or as a chimera with other Ig-like
proteins are susceptible to infection with poliovirus (58,80,96,97). This functionality is
independent of the cytoplasmic domain or the nature of the transmembrane anchor, suggesting
that intracellular signaling is not critical for Pvr's function as a receptor. Indeed, the ectodomain
fused to a GPI anchor is a functional receptor (M. Chow, personal communication). (b)
Mutations in the first 1g-like domain alter virus binding (2,15,79).

THe site oF ceLL enTry 1s amvsery Although many textbooks state that picornaviruses enter cells by
receptor-mediated endocytosis (70), the actual site and mechanism of cell entry remains
unknown. Indeed, the characterization of the entry mechanism is complicated by the relatively
high particle-to-pfu (plaque-forming-unit) ratio for polio and its relatives (ranging from 102 to
103). Thus, when virus or viral-derived particles are detected in a given compartment during
entry it is not clear whether the particles are involved in productive or nonproductive events.
As a result, classical biochemical and electron microscopic methods (which “count” particles
rather than infectious units) have led to contradictory findings. Early experiments with
monensin and lysomotrophic amines (which do measure infectious units) suggested that
poliovirus entry requires acidification (70). However, subsequent studies with bafilomycin A
demonstrated that poliovirus entry is independent of acidification of endosomes (88) and
suggested that the contradictory results of the earlier studies were an artifact of inhibition of
downstream events in infection, most likely RNA replication. Similar studies indicate that most
enteroviruses and some (8), but not all (91), rhinoviruses enter via mechanisms that do not
depend on acidification of endosomes.

Others and we have taken advantage of the recent development of dominant-negative mutants
of dynamin (28) to further probe the route of entry of poliovirus and several closely related
entero- and rhinoviruses. Dynamin is a large GTPase that plays a key role in “pinching off”
coated vesicle to form coated pits during classical clathrin-mediated endocytosis. Recent data
suggest that dynamin also is required for internalization via caveoli. DeTulleo & Kirchhausen
(30) have shown that expression of a dominant-negative dynamin mutant abrogates the ability
of rhinovirus 14 but not poliovirus to initiate infection (30). We have characterized the
dependence of several additional enteroviruses including echovirus 1, echovirus 7, Coxsackie
B3 (Nancy), Coxsackie B3 (RD), and Coxsackievirus B4 (E.S. Mittler, J.M. Bergelson & J.M.
Hogle, manuscript in preparation). These studies showed that closely related viruses differ in
their dependence on dynamin for cell entry. Thus, echovirus 1 and the RD strain Coxsackievirus
B3 were shown to be dynamin dependent, whereas echovirus 7, the Nancy strain of
Coxsackievirus B3 (which is the parent of the RD strain), and Coxsackievirus B4 were not.
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Dynamin dependence seemed to be correlated with the receptor used, but it was not correlated
with the nature of the transmembrane anchor of the receptor or the presence of known clathrin-
recruiting signals in the cytoplasmic domain of the receptor. Mittler et al. also investigated the
effect of domain truncations of ICAM-1 on the dynamin dependence of rhinovirus 14 (E.S.
Mittler, J.M. Bergelson & J.M. Hogle, manuscript in preparation). They showed that while
infection mediated by full-length (five domain) ICAM-1 was dynamin dependent, infection
mediated by mutant receptors with deletions of domain 5 (membrane proximal), domains 4
and 5 or domain 3 were not. The results suggest that dynamin dependence is not an intrinsic
property of the virus itself. Thus, the enteroviruses and rhinoviruses are not obligatorily
dependent on dynamin-requiring pathways such as endocytosis for cell entry and may be
promiscuous in their choice of pathways.

STRUCTURAL ALTERATIONS ASSOCIATED WITH CELL ENTRY FOI polioviruses, rhinoviruses, and most related
enteroviruses, binding cells expressing the receptor at physiological temperatures result in the
induction of conformational changes in the virus to produce a particle called the A particle or
135S particle (29,33). In the course of a typical experimental infection, a significant fraction
of the A particle subsequently elutes from cells in what is thought to represent an abortive
infection. However, the A particle is also the predominant cell-associated form of the virus
early in infection (within the first 20-30 min) (36). At later times (post infection) the levels of
A particles begin to decrease. The timing of the disappearance of the A particle is correlated
with the timing of the appearance of a second altered form of the virus that has lost its RNA
and now sediments at 80S. The trigger for conversion to the 80S form is not known, but it does
not require receptor.

The native-to-A particle conversion can also be induced by solubilized forms of the receptor
(40,55) and by the soluble ectodomain of the receptor in the absence of cells (3,111). The A
particle has altered sedimentation behavior (sedimenting at 135S versus 160S for the native
virion) and altered antigenicity. In contrast to the virion (which is stable to the proteases and
quite soluble), the A particle is sensitive to proteases and is hydrophobic (partitioning into
detergent micelles). The A particle has externalized myristoyl-VVP4 and the N-terminal
extension of the capsid protein VVP1 (36), both of which are in the interior of the native virion.
The receptor-induced conversion to the A particle is apparently irreversible. Interestingly,
transient and reversible exposure of VP4 and the N-terminal extension of VP1 occur when the
virus is at physiological temperatures (but not room temperature) in a process that has been
termed “breathing” (64). The breathing provides striking evidence for the dynamic nature of
the poliovirus structure and suggests that the virus is literally primed to undergo larger,
concerted, and irreversible changes associated with receptor binding. Breathing also occurs in
other nonenveloped viruses such as Flock House virus (16) and rhinoviruses (63).

NEWLY EXPOSED SEQUENCES IN THE A PARTICLE FACILITATE MEMBRANE ATTACHMENT The exposed amino-terminal extension
of VP1 (which is predicted to form an amphipathic helix in all entero- and rhinoviruses) enables
the A particle to attach to liposomes (36). Insertion of the N terminus of VP1 (and perhaps the
myristoyl group of VP4) may facilitate cell entry either by disrupting a membrane or by forming
a pore in a membrane (36). The A particle (and the virus when incubated at 37°C where
breathing is efficient) forms channels in planar bilayers (109). This observation, together with
unpublished data that show that the channels become pores in the presence of receptor (M.
Chow, personal communication), would support a model in which the inserted sequences
formed a pore in the membrane through which the RNA could be extruded into the cytoplasm.

1sTHE AParTICLE A ceLL entry INTermeiaTe: Although there is still considerable controversy concerning the
role of the two altered particles, it is generally thought that the A particle may be an intermediate
in the cell entry pathway and that the 80S empty particle is the final protein product that

accumulates after the RNA is released into the cytoplasm to initiate translation and replication.
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There are several lines of evidence that the A particle is indeed an intermediate: (a) The antiviral
activity of compounds that bind to the capsid correlates well with their ability to inhibit the
formation of the A particle in vitro (110). (b) The kinetics of appearance and disappearance of
the A particle in the cell during experimental infections at 37°C are consistent with it playing
arole in both entry and RNA release (36). (c) The ability of the A particle to attach to liposomes
provides a compelling model for membrane attachment during entry. (d) The ability of the A
particle to form channels in membranes (109) could provide a mechanism for RNA
translocation. (e) The A particle is infectious in a receptor-independent fashion (27). Although
the efficiency of infection with the A particle is nearly four orders of magnitude lower than
virions, this inefficiency is largely attributable to the lack of a receptor to bring the particle to
high concentration at the cell surface. Indeed, the efficiency can be enhanced significantly (to
within an order of magnitude of virus) by preincubating the A particles with non-neutralizing
antibodies and using these virus/antibody complexes to infect cells expressing the Fc receptor
(53).

However, the role of the A particle as a productive intermediate in the cell entry pathway has
recently been questioned based on observations that it does not accumulate in cells when cold-
adapted viruses are grown at 25°C (31). Although this observation raises an important
caveat concerning the role of the A particle, the failure to observe an intermediate in a steady-
state process in cell entry does not necessarily imply that the intermediate does not exist. In
fact, in a steady-state process, an intermediate is expected to accumulate to appreciable levels
only if a rate-limiting step in the pathway occurs downstream of the putative intermediate.
Recent experiments using a neutral red assay to follow the kinetics of RNA release at 37°C
and at 25°C for infections initiated by virions and by A particles demonstrate that RNA release
is rate-limiting at 37°C, but that A particle formation is rate-limiting at 25°C (53). Thus, the
A particle would not be expected to accumulate in infections at low temperature, and it (or
perhaps a similar particle) remains a viable candidate as a cell entry intermediate.

INVITROPRODUCTION OF ALTEREDPARTICLES T NE Native-to-A particle and A particle—to-SOS particle conversion
can also be induced in the absence of receptor by warming the particle in hypotonic buffers in
the presence of millimolar levels of calcium ions (27,115). In the absence of calcium the
reaction proceeds directly to the 80S particles, suggesting that calcium is required to stabilize
the A particle and that depletion of calcium at some stage during the normal entry process may
serve as a trigger for RNA release. Like the receptor-mediated native-to-A particle conversion,
the thermal-mediated conversion is inhibited by capsid-binding antiviral agents (110,116).

The ability to recapitulate the conformational alterations by simply warming the virion provides
a convenient means for production of large amounts of the altered particles in vitro from
purified virus. It also provides a convenient assay system for studying the kinetics of the virion-
to-A particle conversion as a function of temperature. These kinetic studies have led to several
observations that support the general model for cell entry discussed in the introduction and that
provide additional insights into the role of the receptor in mediating the virion-to-A particle
conversion.

THE VIRIoN 1s KINETICALLY TRappep T NE dependence of the native-to-A particle conversion on elevated
temperature suggests that there is a high activation energy barrier in the conversion pathway.
This would be consistent with the model in which the virus is kinetically trapped in a metastable
state. Analysis of the kinetics of both the thermal-induced and the receptor-induced virion-to-
A particle conversion as a function of temperature supports this model (110). The rate of the
thermal-induced conversion displays steep temperature dependence and is consistent with an
activation energy barrier of 140 kcal/mole (110).
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THE RECEPTOR FACILITATES CONVERSION BY LOWERING THE ACTIVATION BARRIER | € dependence of the receptor-
independent reaction on elevated temperature suggests that the receptor may facilitate the
conversion at physiological temperature by lowering the activation barrier. Analysis of the
kinetics of the receptor-mediated conversion as a function of temperature confirms that the
receptor produces a significant enhancement of the rate, such that the rate becomes biologically
relevant at physiological temperatures. The data also demonstrate that the receptor lowers the
activation barrier for the reaction by nearly 50 kcal/mole. Thus, the receptor behaves like a
classical transition-state catalyst (111).

THE CAPSID-BINDING ANTIVIRAL AGENTS STABILIZE VIRUS VIA ENTROPIC EFFECTS AS @ corollary to our original proposal that
receptor would facilitate conversion by lowering the activation barrier, we had proposed that
the capsid-binding antiviral agents that prevent receptor-mediated conversion at physiological
temperatures would stabilize the virions by raising the activation barrier of the conversion. A
model based on this prediction suggests that the antiviral agents act like a peg to rigidify the
capsid. Surprisingly, kinetic studies of the thermal-mediated transition show that the capsid-
binding antiviral agents have no effect on the activation barrier (an enthalpic term) and suggest
that the drugs act via entropic stabilization of the virion (110). These experimental studies are
consistent with computational studies of rhinovirus by Post and colleagues that show that
binding the drugs increases rather than decreases the compressibility of the virus, and stabilizes
the virus by providing a higher density of low-energy states to the virion (89,90,105).

THE RECEPTOR-CATALYZED REACTION PROCEEDS THROUGH AN ACTIVATED INTERMEDIATE Although the inhibition of receptor-
independent conversion of virions to A particles by capsid-binding antivirals is mediated by
strictly entropic effects, the inhibition of the receptor-mediated pathway includes both
enthalpic and entropic contributions (111). These results can only be explained if the receptor-
mediated pathway proceeds via an intermediate not present in the receptor-independent
pathway. By analogy with classic enzyme kinetic models, we propose that this intermediate
represents an activated virus-receptor complex in which the virus (and receptor?) undergoes
conformational changes and switches from an initial complex to a “tight-binding” complex.
This proposal is also consistent with the observation that soluble receptor has two affinities for
the virus, with the low-affinity mode dominating at low temperature and the high-affinity mode
becoming more prevalent as the temperature is increased (75). In classic models in
enzymology, tight-binding complexes are “slow-binding” (the result of the enzyme closing
down on the substrate), where a reduction in kg, is more than compensated for by a large
reduction in Ky In contrast, the tight-binding mode for the Pvr-poliovirus complex is
characterized by a significant increase in ko, which more than compensates for asmall increase
in Kof (75). This suggests that the tight-binding mode for the Pvr-poliovirus complex is the
result of an opening of the receptor-binding site, making it more accessible to receptor binding.

SNAPSHOTS OF THE CELL ENTRY PATHWAY

In our studies of the poliovirus cell entry pathway we have attempted to obtain structural
“snapshots” of stable intermediates and to couple the structural information with the results of
genetic, biophysical, and biochemical observations to fill in the gaps. The structural snapshots
begin with the virus structure, which has been determined at high resolution by X-ray
crystallographic methods (52), and a high-resolution structure of the empty capsid assembly
intermediate (which has not yet undergone the maturation cleavage of the immature capsid
protein precursor VP0) (7). These snapshots also include structures of the virus-receptor
complex (10,46,120), the A particle (9), and the 80S particle (9), which have been determined
at approximately 22A by image reconstruction analysis of electron micrographs of samples in
vitreous ice.
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The structures of the Mahoney strain of type 1 poliovirus (52) and of the closely related
rhinovirus 14 (94) were first reported in 1985. Since then, structures of several other
picornaviruses have been described (1,34,35,41,48,56,62,65-67,84,85,104,112,121,122). The
protein shell of the virion is composed of 60 copies of the 4 capsid proteins, VP1, VP2, VP3,
and VP4, that are arranged on an icosahedral surface. The three large capsid proteins (VP1,
VP2, and VP3) share acommon fold (an eight-stranded beta-barrel) that is also seen in anumber
of other plant, insect, and animal viruses (Figure 3a). The beta-barrel cores of the capsid
proteins are decorated with unique loops connecting the beta-strands, and with unique C-
terminal and rather long N-terminal extensions (Figure 3b-d). The beta-barrel cores of the
proteins make up the closed shell of the virus with the narrow end of VP1 packing around the
fivefold axes and the narrow end of VP2 and VVP3 alternating around the threefold axes (Figure
3e,f).

mHeouter surrace T Ne shape of the structure formed by the cores alone is similar among all
picornaviruses. The outer surface of the shell is decorated by the connecting loops and C-
terminal extensions, which confer unique surface structure to each virus. The outer surface of
the poliovirus and its closest relatives (rhinoviruses, Coxsackie A and B viruses, echoviruses,
and enteroviruses) are dominated by star-shaped mesas at the fivefold axes and by a three-
bladed propeller-like structure at the threefold axes (Figure 4). These prominent surface
features are punctuated by depressions surrounding the fivefold axes and crossing the twofold
axes. In polioviruses, related enteroviruses, and rhinoviruses the depressions surrounding the
star-shaped mesa at the fivefold axes are joined to form a moat-like canyon, which has since
been the site of receptor attachment for major group rhinoviruses (86), polioviruses (10,46,
120), and Coxsackie A (119) and B viruses (47).

anvororrosic rocket Inve1 At the base of the canyon there is an opening into a hydrophobic pocket
in the hydrophobic core of the capsid protein VP1. In poliovirus and other enteroviruses, and
in most rhinoviruses whose structures are known, the hydrophobic pocket is occupied by a
fatty acid-like ligand or “pocket factor” (34) (Figure 3f). The pocket factor has been variously
modeled as sphingosine, palmitate, or other shorter-chain fatty acids and is probably a mixture
of fatty acid-like molecules. Genetic data suggest that the pocket factor may function to regulate
the thermal stability of the virion (34,68). The hydrophobic pocket is also the binding site for
the capsid-binding antiviral agents whose antiviral activity stems from their ability to prevent
the conformational changes required for cell entry (42,102).

wrernal network THe N-terminal extensions of VP1, VP2, and VVP3 together with VP4 decorate
the inner surface of the protein shell, forming an elaborate network that contributes
substantially to the protein-protein interactions stabilizing the protein shell (Figures 5a and
6a,c). One particularly striking feature of this network is an interaction formed by five copies
of the N terminus of VP3 as they intertwine around each of the fivefold axes to form a twisted
parallel “beta-tube” (Figure 5b). This beta-tube is cradled by five copies of the myristoyl moiety
at the N terminus of VP4 and is flanked on its inner surface side by five copies of a short three-
stranded beta-sheet consisting of two strands from the N terminus of VP4 and one strand that
is believed to represent residues from the extreme N terminus of VP1. The beta-tube forms a
plug on the inner surface of the shell that blocks a solvent-filled channel (five copies of VP1
define the walls of the channel) between the five copies of VVP1 as they pack around each of
the fivefold axes.

The Empty Capsid Assembly Intermediate

THE INTERNAL NETWORK IS DISRUPTED IN THE EMPTY capsio AN intermediate Consisting of 60 Copies of VPO, VP3,
and VP1 and sedimenting at 75S accumulates to low levels in cells infected with some (but
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not all) picornaviruses. When properly isolated this particle is antigenically indistinguishable
from virus and can be completely dissociated to assembly-competent 14S pentamers by
treatment at slightly alkaline pH (pH 8.3). The 75S particles are unstable and are readily
converted to a faster sedimenting, nondissociable particle with altered antigenicity by exposure
to room temperature or extremes of ionic strength (7). Levels of the 75S empty capsid can be
increased significantly by adding millimolar levels of guanidine to cells 2-3 h post infection.
The guanidine is a specific inhibitor of RNA replication. The structure of the 75S empty capsid
intermediate was reported in 1994 (7). As expected the structure of the outer surface and the
protein shell are virtually identical to the structure of the protein shell of the virion. However,
the network formed by the VP4 and the N-terminal extensions of the other capsid proteins is
nearly completely disrupted (Figure 5a,b). Indeed, with the exception of the N-terminal
extension of VP3 (including the beta-tube) and the N terminus of VP4, the peptide segments
contributing to the internal network are either rearranged or completely disordered in the empty
capsids. The failure to form the network disrupts interactions between pentamers, accounting
for the ability to dissociate the capsids into pentamers. The disruption of the network also
eliminates extensive contacts between VP1, VP2, and VP3 within a protomer (the copies
derived from proteolysis of the capsid precursor P1) and between protomers in the pentamer.
The loss of these critical interactions may explain the decreased stability of the empty capsid
with respect to the virus.

AMODEL FOR AUTOCATALYTIC cLEAVAGE oF veo ONE portion of the network that is ordered in the empty capsids
but in a position that is substantially different from that observed in the virus is the region
spanning the scissile bond of VPO (corresponding to the C terminus of VP4 and the N terminus
of VP2 in the virion). In the virion the newly generated chain termini are located close together
near the threefold axes (Figure 6a), and in both poliovirus and rhinovirus 14 there is an
interaction between the hydroxyl oxygen of serine 10 of VP2 and one of the carboxylate
oxygens of the C terminus of VVP4. This led to the proposal that the autocatalytic cleavage of
VPO proceeds via a serine protease-like mechanism with hydroxyl of serine 10 serving as the
nucleophile (4). However, mutagenesis studies revealed that the substitution of an alanine at
position 10 did not affect cleavage (45). In the empty capsids the peptide segment spanning
the scissile bond is located nearly 25A away from the site occupied by the C terminus of VP4
and the N terminus of VP2 in the virion (Figure 6b). The scissile bond itself is located
immediately above a segment of VP2 that contains a stretch of residues, including His 195 of
VP2, that is highly conserved in all picornavirus sequences, leading to the proposal that the
imidazole side chain served as a base that activates a water that then serves as the nucleophile
to initiate peptide bond cleavage. Subsequent mutagenesis studies revealed that mutations of
His 195 prevent VPO cleavage and result in the production of highly unstable provirions (50).

HOW DOES VPO CLEAVAGE TRAP THE VIRUS IN A METASTABLE sTATE2 T NE residues Spanning the scissile bond pass over
the top of a depression or pocket in the inner surface of the protein shell that produces a thin
spot in the protein shell immediately below the interface between VP2 and VVP3 from a single
protomer. In this virion, this depression is filled with a loop of the N-terminal extension of
V/P1 [residues 44-56], which is covered on the inner surface by residues from the C terminus
of VP4 (Figure 6¢). Interactions of this loop of VP1 with the inner surface of VP2 and VP3
would be expected to contribute significantly to the stability of the capsid. Indeed, in the
absence of the interactions involving this loop, the interactions between VP2 and VP3 from
the protomer are restricted to a thin band of interactions at the outer edge of the interface joining
their beta-barrel cores. Mutations in this loop of VP1, together with residues on the inner surface
of the core of VP2 and residues from the C-terminal half of \VP4 that contact it, cause a wide
variety of phenotypes including alterations of thermal stability (34, 69), resistance to (and in
some cases dependence on) capsid-binding drugs (83), mouse adaptation (25, 26, 81), and
ability of the virus to grow in cells expressing mutant receptors (24). This suggests that these
residues play an important role in regulating structural transitions of the virus and in cell entry.
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In the empty capsid structure the residues spanning the scissile bond block the N terminus of
VP1 from accessing the site in the pocket that it occupies in the mature virion, suggesting that
cleavage of VPO is required for the completion of this portion of the network. This leads to a
model in which the cleavage and subsequent rearrangement of the VP4 and the N-terminal
extensions of VP1 and VP2 are responsible for locking the virus in the metastable state. The
observation that some of the last segments of the network to be put in place (namely VP4 and
the N terminus of VP1) are externalized reversibly when the virus “breathes” and irreversibly
in receptor-mediated conformational rearrangements early in the entry process suggests that
the cleavage and reorganization may also prime the virus for conformational changes required
for cell entry. Indeed, analysis of thermal-induced conformational changes in the empty capsid
demonstrates that exposure of sequences corresponding to VP4 cannot take place unless VPO
is cleaved (6). We have drawn a comparison of this process to the process of setting a
mousetrap.

The Virus-Receptor Complex

THE CAM-LIKE RECEPTORS BIND IN THE canvon T e Structures of picornavirus-receptor Complexes have been
solved at low resolution (15-25 A) by image reconstruction analysis of cryo-electron
micrographs. The complexes include complexes of rhinovirus 14 (59,86), rhinovirus 16 (59),
and Coxsackievirus A12 (119) with ICAM-1 (the receptor for the “major group” rhinoviruses),
the complex of poliovirus 1 (Mahoney) with Pvr (10,46,120), the structure of the complex of
Coxsackievirus B3 with CAR (Coxsackie adeno receptor) (47), and the structure of the complex
of rhinovirus 2 with the VLDL receptor (the receptor for the “minor group” rhinoviruses)
(49). The ectodomains of ICAM-1, Pvr, and CAR are CAM-like molecules with 5, 3, and 2
Ig-like domains in their ectodomains respectively. All three CAM-like receptors (Pvr, ICAM-1,
and CAR) bind in the canyon of their cognate viruses, but the footprints of the receptors on the
virus surface and the geometry of approach of the receptor to the virus surface differ greatly.
Only the N-terminal (membrane distal) domain of the receptor contacts the virus surface. The
area of the footprint of the Pvr on the poliovirus surface is considerably greater than the
footprint of ICAM-1 on rhinovirus, which may account in part for the observation that the
affinity of soluble Pvr for poliovirus is higher than the affinity of soluble ICAM-1 for
rhinoviruses. Because there is clear density for all three domains of Pvr in the reconstruction
of the Pvr-poliovirus complex, it has been possible to model how the complex would orient
the virus in the context of the membrane (Figure 7c). If we assume that multiple receptors
attach to the virus, the complex would result in the close approach of a particle fivefold axis
to the membrane, which might facilitate insertion of multiple copies of VP4 and the N terminus
of VP1 into the membrane upon conversion to the A particle.

The reconstructions have been used to develop pseudoatomic models for the virus-receptor
complexes by fitting the model of the virus derived from high-resolution crystallographic
studies and crystallographic (ICAM-1 and CAR) or homology (Pvr) models of the receptor to
the reconstruction density (Figure 7c). There is no evidence for significant conformational
changes in the virus upon receptor attachment for any of these viruses.

noT AL RecepToRs BIND INTHE canvon T he Structure of the rhinovirus 2-LDL receptor complex differs
significantly from the complexes with the CAM-like receptors. The LDL receptor does not
bind in the canyon. Instead, it binds to sites at the top of the star-shaped mesas at the fivefold
axes, interacting primarily with residues from the BC and the HI loop of VVP1 (49). These loops
are components of one of the major antigenic sites of rhinoviruses. Even prior to structural
studies, the canyon had been predicted to be the most probable site of receptor attachment for
rhinoviruses and poliovirus. The original rationale for the “Canyon Hypothesis” was that the
receptor-binding site of the virus needed to be inaccessible to the antigen-binding sites of
antibodies to prevent selection of mutants incapable of binding receptor under the pressure of
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a vigorous immune response (94). The underlying logic of the hypothesis has been questioned
on theoretical grounds based on the premise that RNA viruses sample all possible mutations,
but receptor-binding mutants are nonviable and could therefore never be fixed regardless of
the selective pressure. The logic had also been challenged by two earlier experimental
observations: (a) Smith and colleagues showed that the binding site of an antibody to one of
the primary antigenic sites of rhinovirus 14 overlaps extensively with the ICAM-1-binding site
(101,103). (b) Stuart and colleagues showed that both the RGD sequence that is the presumed
binding site for the integrin receptor for FMDV (1) and a site that is used by some tissue culture
adapted strains of FMDV as a binding site for cell surface heparin sulfate (37) are highly
exposed on the surface of the virus in areas that have been identified as antigenic sites.

THe “canvon HypoTesis Revisiteo SO WY 1S it that the receptor-binding site for poliovirus and for major
group rhinovirus is located in a deep invagination in the virus surface, whereas the receptor-
binding sites for minor group rhinoviruses and for FMDV are located on highly exposed
surfaces? The answer may rest in differences in the roles played by the receptors for these
different viruses. Both rhinovirus 2 (91) and FMDV require acidification for productive cell
entry, and the receptor for these viruses seems to play only one role, namely to increase the
concentration of virus at the surface of the target cell. In contrast, in poliovirus, Coxsackie A
and B viruses, and the major group rhinoviruses, the receptor must also trigger conformational
changes that are necessary for subsequent events in entry. In order to induce the changes the
receptor binding must provide sufficient energy to overcome the Kinetic barrier that holds the
virus in its native conformation. Thus, the receptor must donate some of its binding energy to
facilitate structural rearrangements. To a first approximation the binding energy of a protein-
protein interaction is proportional to the surface area that is buried in the interface between the
proteins. Thus, one would anticipate that a virus whose receptor served the dual function of
binding protein and “lever” to facilitate conformational change would have a larger area of
contact with its receptor than a virus whose receptor served only as a binding protein. Locating
the receptor-binding site in a deep invagination in the virus surface provides an efficient
mechanism for increasing the surface area of the virus-receptor interaction and thus the binding
energy available to do the work of initiating conformational changes required for subsequent
steps in cell entry.

The A Particle and 80S Particle: Two Cell Entry Intermediates

STRUCTURES DERIVED FROM cryo-ELECTRON Microscory Although we have obtained crystals of the A particle and
the 80S empty particle, these crystals have not yet proved suitable for high-resolution studies.
However, the structures have been solved at 22-23A resolution by cryo-electron microscopy
(9). The three-dimensional reconstructions for the A particle and 80S particle differ
significantly from either a low-resolution surface generated from the high-resolution model of
the virion or a reconstruction of the virion at comparable resolution. Models for the coat protein
subunits have been docked into the resulting reconstructions and refined using methods that
are analogous to the methods used to refine high-resolution crystallographic structures (Figure
8). Due to limited resolution, the modeling and refinement have assumed that the individual
capsid proteins move as rigid bodies (a form of molecular tectonics). Despite this
approximation, the models exhibit a remarkable fit to the reconstruction density, with the
exception of several large loops (e.g., the GH loop of VP1), VP4, and the N-terminal extension
of VP1, which are reorganized or externalized in the altered particles.

THE STRUCTURAL CHANGES IN THE A PARTICLE Comparison of the models suggests that the virion-to-A particle
transition is characterized by shifts in all three major capsid proteins (VP1, VP2, and VP3). In
the model for the A particle, the subunits of VVP1 have undergone a movement similar to the
opening of an umbrella, with the tips of the subunits at the fivefold axes serving as a pivot and
the wide end of the subunit (which forms the north wall and part of the base of the canyon)
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moving radially outward (Figure 8d). This pivoting about the residues near the fivefold axes
may provide an explanation for previous observations that viruses with mutations in residues
in the BC, GH, and DE loops of VP1 often have phenotypes that include alterations in their
ability to undergo thermal- and receptor-mediated conformational changes (24, 73, 74, 116).
VP2 and VVP3 undergo a similar movement, with the narrow ends of the subunits pivoting about
the threefold axes and the wide ends pivoting outward radially. VP1, VP2, and VP3 also
undergo significant tangential reorientation (in the plane of the virus surface), with the
tangential shifts of VP2 being largest. Because of the umbrella-like motions, the base of the
canyon is moved outward appreciably, giving the A particle a more angular appearance,
especially when viewed down the twofold axes. In this view the models, the reconstructions,
and even the micrographs take on a distinctly hexagonal appearance. This is in sharp contrast
to the virion, which appears roughly spherical in all views. The movement of VP1 also results
in opening gaps at the base of the canyon between fivefold-related copies of VP1. The
separation is also apparent in the reconstructions (the density is noticeably thinner) but is not
sufficient to result in the appearance of “holes” in the density at 22A resolution.

THE STRUCTURAL CHANGES ARE PARTIALLY Reversep IN THE sos parTicLe 1N the models for the 80s particle the subunits
have undergone a partial reversal of the structural rearrangements that characterized the virion-
to-A particle transition (Figure 8c). Indeed the orientations of VP2 and VVP3 in the 80S particle
are similar to their orientations in the virion. In contrast the orientation of VP1 remains similar
to that seen in the A particle.

WHERE DO VP4 AND THE N TERMINUS OF VP1 EXIT THE Virion? Based on analogies to several other VirUSGS, Rossmann
and colleagues have proposed that during the N-to-A transition, VP4 and the N terminus of
VP1 exit the virion via channels at the fivefold axes (44,82,95). The model is attractive because
it would place five copies of the N terminus of VP1 (which is predicted to form an amphipathic
helix) in a position where they could interact and insert into the membrane to form a channel.
However, as discussed above, this channel is blocked at its base on the inside surface of the
virion by a “plug” consisting of a beta-tube formed by five copies of the N terminus of VP3
interdigitating around the fivefold axis. In all three reconstructions (virion, A particle, and 80S
particle) there is clear density for the VP3 plug occluding the channel (Figure 8a-c). More
importantly, there is simply no room in the channel in either the A particle or the 80S particle
reconstruction for five copies of the part N terminus of VP1, which must remain after the
extreme N-terminal segment has been externalized (Figure 8b,c).

An alternative model for the egress of VP4 and the N terminus of \VP1 has been proposed based
on an analogy with the expansion of several structurally related plant viruses. These viruses
undergo a significant (10%) expansion when exposed to slightly basic pH in the presence of
chelators ™ of divalent cations (54). The structure of the expanded state of TBSV has been
solved at 7A by X-ray crystallography (93), and the structure of the expanded state of CCMV
has been solved at 25A by cryo-electron microscopy (106). In both structures, expansion is
characterized by a coordinated rotation and outward movement of the subunits analogous to
the movements of VP2 and VVP3 along the threefold axes, and by a rotation and outward
movement of the subunits analogous to the movement VP1 along the fivefold axes. These
coordinated movements result in the opening of large holes at the interfaces between the capsid
protein subunits, at positions structurally analogous to the base of the canyon in the
picornaviruses. In the case of TBSV, the N-terminal domain of two of the capsid protein
subunits exits through this pore upon expansion (93). The extrusion of the N-terminal domain
is reversible if the particles are “annealed” by gradually lowering the pH, but the N terminus
is trapped outside if the particle is “quenched” by rapid acidification (39).

Mutations in the interfaces of poliovirus that are analogous to the interfaces disrupted during
expansion of the plant viruses have been shown to affect viral stability (34,69) and to alter the
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sensitivity of the virus to neutralization by soluble receptor (23). Although the capsid protein
movements are less pronounced in the virion-to-A particle transition of poliovirus than in the
expansion of the plant viruses, the umbrella-like movements of VP1, VP2, and VP3 do result
in significant gaps between the subunits at the base of the canyon in positions. These gaps are
in positions that are entirely analogous to the positions of larger openings seen in the plant
viruses. Inspection of the reconstruction density near the gaps (which are located right where
the N-terminal extension of VP1 leaves the beta-barrel core and enters the interior of the virion)
suggests that the N-terminal extensions of VP1 may exit through these gaps and proceed up
the outer surfaces of the mesas at the fivefold axes. Again this model is attractive, as it would
locate five copies of the presumed amphipathic helix at the N terminus of VP1 close together
such that they could form a fivefold helical bundle once inserted into the membrane.

ARe THERE ApDITIONAL INTERMEDIATES? ONE Of the more notable features of the reconstructions of the A
particle and the 80S particle is the lack of openings in the viral surface that would be sufficiently
large to allow the facile extrusion of VP4 and the N-terminal extension of VP1 in the N-to-A
particle transition or the RNA in the A particle-to-80S particle transition. Indeed, the relatively
small extent of the expansion that occurs during the N-to-A particle transition was a surprise.
Given the rather large shift in sedimentation coefficient (135S for the A particle versus 160S
for the virion), we had anticipated a more significant expansion (on the order of 10%-15%).
We therefore postulate that there are additional, as yet undetected, intermediates in the pathway
located between the virion and the A particle and the A particle and the 80S particle. In these
intermediates we propose that the particles would be sufficiently expanded to create openings
for the release of the VP4 and the N terminus of VP1 in the N-to-A particle transition and of
RNA in the A particle-to-80S particle transition. The failure to detect these intermediates to
date may indicate that they are transient. The additional intermediate in the N-to-A pathway
would then be analogous to the expanded form of the plant virus, and the A particle itself would
correspond to the quenched form of the expanded plant virus in which the N-terminal arm is
trapped outside the particle. The transient and reversible externalization of the N terminus of
VP1 that occurs when the virus breathes may indicate a reversible equilibrium between the
virion and the new intermediate that is analogous to the expansion and slow acidification
transition that returns the N-terminal arm to the inside of the particle in the plant viruses. Efforts
to identify conditions that would allow these putative additional intermediates to be isolated
and characterized are in progress.

How DoESTHERNAEXITTHEVIRION? T e Nature of the intermediate Ilnklng the A particle and the 80S particle
is less clear. Indeed, there are significant questions that remain to be answered concerning how
the viral RNA is released from the particle. Nonetheless, it is clear that some factor must dictate
that the RNA be released from a unique site in an otherwise icosahedrally symmetric particle,
lestthe RNA and protein shell be tied in an inextricable knot. In the course of a natural infection,
one factor that could influence which site is chosen for RNA release could be the presence of
membrane near one surface of the virus. However, the presence of membrane is not a necessary
factor because the RNA is efficiently released in the absence of membrane in the in vitro
(thermal-mediated) conversion. Other factors that could regulate which site is used, among the
many otherwise equivalent sites, could include steric factors (e.g., the proximity of a specific
structure in the viral RNA, including perhaps the genome-linked protein VVPg) or kinetic factors
(e.g., a slow initiation, followed by rapid release at the first initiation site that is established).
Because the structures observed to date are symmetric, they can tell us little about the site of
release. Indeed, the only clues from the structures that may indicate the site of release are
differences in the density of the RNA in the reconstructions of the virion and the A particle.
The density in the interior region of the virion provides a view of the icosahedrally averaged
structure of the linear genome. The appearance of the average RNA structure differs
significantly in the virion and the A particle, with the RNA making a significantly closer
approach to the fivefold axes in the A particle.
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A WORKING MODEL FOR POLIOVIRUS CELL ENTRY

Based on a combination of the structural, genetic, and biochemical evidence available to date
we propose a working model for the cell entry of poliovirus, related enteroviruses, and major
group rhinoviruses (Figure 9). The first step in the entry pathway is the formation of an initial
binding complex with the receptor (Figure 9a). The formation would require no significant
conformational alterations in either the virus or the receptor and would be the predominant
form of the complex at low temperatures. We would propose that the published structures of
the complexes represent this form of the complex. At more physiological temperatures the
formation of this initial complex induces conformational changes in the virus (and perhaps the
receptor) to form a tight-binding complex (Figure 9b).

Rossmann et al. (95) have proposed a model for the tight-binding complex in which the receptor
is initially bound with most of the contacts between virus and receptor involving the “south
wall” of the canyon. Subsequent structural changes in the virus cause the VP1 to move away
from the fivefold axes, pinching the canyon such that the receptor makes bridging contacts
with both the north and south walls of the canyon. In this model the pinching motion results
in the opening of the channels at the fivefold axes. However, because the conformational
alteration results in more extensive contacts with the receptor in a more “closed contact,” this
model would predict that the tight-binding complex be characterized by a slower on-rate and
a much slower off-rate for the receptor. This prediction is contradicted by kinetic data for both
poliovirus/Pvr and rhinovirus/ICAM-1 binding, which show that the tight-binding complex is
characterized instead by a faster off-rate, and a much faster on-rate (19,75,120). The Rossmann
model also predicts that VP4 and the N terminus of VVP1 are released through the newly opened
fivefold channel, which is inconsistent with the structure of the A particle.

We propose an alternative model in which the transition from the initial binding complex to
the tight-binding complex is characterized by movements of VVP1, VP2, and VP3 that mimic
the umbrella-like movements of the virion-to-A particle transition (Figure 9b). Consistent with
the kinetic data, this would open the receptor-binding site, providing for a faster association
rate for binding additional receptors. This tight-binding state is detectable at room temperature,
but it may be transient at physiological temperature. At physiological temperatures binding of
multiple receptors destabilizes the particles, resulting in the release of the pocket factor as the
particle begins to expand to form the first transient state. This expansion permits the
externalization of VP1 and the N terminus of VVP4. Once these peptide segments are
externalized, the particle undergoes a partial reversal of the expansion to form the A particle.
At some time in this process, five copies of the N terminus of VP1 insert into the membrane
by a mechanism that may be facilitated by the myristoyl group at the N terminus of VP4 (Figure
9c). The membrane-associated portions of VP1 then associate to form a channel composed of
five amphipathic helices, each with its hydrophobic surface facing the membrane and its
hydrophilic surface facing the interior of the channel (Figure 9c). At some point later in the
entry process, some as yet unknown trigger results in a second round of expansion and RNA
release. We would suggest that in this expansion the wide ends of VP1, VP2, and VP3 may
serve as the pivot points for an umbrella-like movement of VP1 away from the fivefold axes.
These movements would be coupled with a rotation of the five amphipathic helices, and a
movement of the internal plug formed by the N termini of VP3 to form a large channel through
which RNA is released (Figure 9d). Because the A particle does not have an appreciable affinity
for the receptor, we feel that it is unlikely that the receptor plays any specific role in triggering
this expansion. Although the trigger has not yet been identified, the observation that the 135S
particle spontaneously converts to 80S particles in the absence of millimolar levels of calcium
(115) suggests that changes in calcium concentration may play a role in triggering expansion
and RNA release. After the RNA has been released, the VP3 plug is reinserted, the pore closes,
and the particle shrinks to form the 80S structure.
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Figure 1.

Structural changes on maturation and acidification of the influenza A virus hemagglutinin. The
hemagglutinin is a homotrimer. (a) The monomer is initially synthesized as a single chain
HA.(b)HA, is subsequently processed late in assembly to form two chains, HA; (blue) and
HA, (red). (c) Upon acidification in early endosomes during entry, HA undergoes a significant
conformational alteration to a fusogenic form. The newly generated amino terminus of HA,
(yellow) facilitates fusion and is called the fusion peptide. In HAq the fusion peptide is in an
exposed loop near the base of the molecule (indicated by the 1 in Figure 1a). (b) In the mature
HA the fusion peptide is buried. The fusion peptide is located near the bottom of the molecule,
which would be close to the viral membrane, and some 100A away from the receptor-binding
site (indicated by 2 in Figure 1b). In the fusogenic form (c) the fusion peptide and the C terminus
of HA, (which anchors the molecule in the viral membrane) and the fusion peptide (which is
believed to insert into the cell membrane) are both near the top of the molecule. This would
bring the viral membrane and cell membrane into close proximity. Figure reproduced from
Skehel & Wiley (100), with permission.
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Figure 2.

The life cycle of poliovirus and related picornaviruses. Infection is initiated by attachment to
receptor, which induces conformational changes in the virus that facilitate translocation of the
viral RNA into the cytoplasm where it is replicated to yield progeny RNAs and translated to
yield viral proteins. Translation produces a long polyprotein that is processed by viral proteases.
Assembly of the virus is linked to processing of the polyprotein and proceeds through a series
of intermediates including a protomer, a pentamer, an empty capsid, a provirion, and ultimately
the virus. Adapted from Principles of Virology, (S.J. Flint, V.R. Racaniello, L.W. Enquist,
A.M. Skalka, & R.M. Krug) with permission.
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Figure 3.

The structure of poliovirus. The virion is composed of 60 copies of 4 proteins, VP1, VP2, VP3|
and VP4, arranged on an icosahedral surface. (a) A cartoon representation of the core structure
eight-stranded beta-sandwich that is shared by VP1, VP2, and VP3 and the capsid proteins of
a number of other icosahedral viruses. (b-d) Ribbon diagrams of VP1, VP2, and VP3 showing
the common beta-sandwich core and the unique loops and terminal extensions of each of the
subunits. The N-terminal extensions of VP1 and VVP3 have been truncated for clarity. (€) An
icosahedral framework showing the organization of VP1, VP2, and VP3 with respect to the
symmetry axes of the particle. (f) A ribbon diagram representation of a single protomer
arranged on a portion of the icosahedral framework, showing VVP1 (blue), VP2 (yellow), VP3
(red), and VP4 (green). A fatty acid-like molecule, here modeled as a sphingosine (magenta),
binds in the hydrophobic core of VP1.
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Figure 4.

Radial depth cued view of the surface of poliovirus. The virus has been colored based on the
distance of individual atoms from the center of the particle, with atoms closest to the center
being dark and those furthest from the center being white. Note the star-shaped mesas at the
fivefold axes, the three-bladed propellers at the threefold axes, and the deep canyon that
separates the star-shaped mesas from the nearest blades of the propellers.

Annu Rev Microbiol. Author manuscript; available in PMC 2006 July 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hogle Page 25

Figure 5.

Network formed by the interaction of VP4 and the N-terminal extensions of VP1, VP2, and
VP3 on the inner surface of the protein shell. (a) The network is viewed from the inside looking
out. Only the VP4 (green) and N-terminal extensions of VVP1 (blue), VP2 (yellow), and VP3
(red) are shown. Note the extensive interactions linking all portions of the structure. (b) A
cutaway closeup of a plug formed by the N terminus of VP3 (red) and the N terminus of VP4
(green) that blocks otherwise open channels at the fivefold axes of the viral particle. In this
view the inside of the virus is down and the outside is up. Two copies of VP1 flanking one
such channel are shown in blue.
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Figure 6.

Changes on the inner network that occur upon cleavage of VVPO. In these panels the view is
from the inside of the particle. VP4 (green) and the N-terminal extensions of VP1 (blue), VP2
(yellow), and VVP3 (red) are shown as tubes with the bodies of the subunits shown as either
(a, b) opaque surfaces or (c) translucent surfaces. (a) The network in the mature virion. The N
terminus of VP2 and the C terminus of VP4 (generated by the cleavage of VPO0) are indicated
by an arrow. (b) The network in the 75S particle prior to VPO cleavage. The entire N-terminal
extension of VP1 and the C terminus of VP4 are disordered, and the N-terminal extension of
VP2 is either disordered or rearranged. Only the N-terminal extension of VP3 is intact. The
peptide containing the scissile bond of VPO (green) runs across the bottom center of the panel.
The scissile bond is indicated by the arrow. Note that this peptide blocks access of the N-
terminal extension of VVP1 and the C terminus of VP4 from the site they occupy in the mature
virion, and thus prevents the formation of the mature network. (c) A stereo view of the pocket
in the inner surface where critical portions of the N terminus of VP1 and the C terminus of
VP4 bind in the mature virus. Mutations in these residues suggest that the formation of this
portion of the network (which extends otherwise tenuous interactions between VP2 and VP3
within a protomer) is important to viral stability.
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Figure 7.

The virus-receptor complex. (a) Image reconstruction of the complex between poliovirus and
its receptor Pvr. The portion of the reconstruction belonging to the virus is colored red, the
remaining surface, which represents the receptor, is blue. There is compelling density for all
three 1g-like domains of the receptor. Prominent arms on the density of the middle domain
correspond to glycosylation sites. (b) A “roadmap” representation of the footprint of Pvr on
the viral surface. A single icosahedral asymmetric unit is shown. The roadmap is color-coded
by the distance of residues from the center of the particle with residues closest to the center in
blue and those farthest from the center in red. The footprint is in white.(c) A cartoon showing
how receptor binding would orient the virus with respect to the cell membrane. Note that the
geometry of receptor binding observed in the complex would bring a particle fivefold axis
(line with pentagon) in close proximity to the cell membrane. (d) A homology model for Pvr
and the atomic model for the virus have been fit to the image reconstruction. Note the good fit
to the density, including the fit of a model for glycosylation sites on the second domain to the
prominent arms of the receptor reconstruction.
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Figure 8.

The structures of cell entry intermediates. (a) Models for the virus, (b) the A or 135S particle,
and (c) the 80S empty particle have been fit to the reconstruction density, by treating the cores
of VVP1 (blue), VP2 (yellow), and VVP3 (red) as rigid bodies. Note that all three reconstructions
contain clear density for the plug formed by the VVP3 beta-tube (red, indicated by red arrow).
The particle fivefold axes (line with pentagon) and threefold axes (line with triangle) are
indicated in each panel. (d) Stereo representations of simplified models for VP1, VP2, and VP3
in the virion (purple), the A particle (green), and the 80S particle (magenta), showing the
movement of the proteins during the structural transitions. Umbrella-like motions of the
subunits with VP1 pivoting about the fivefold axes and VP2 and VP3 pivoting about the
threefold axes produce a flattened appearance of the model in the A or (b) 135S particle. This
flattening results in a more angular appearance to the A particle than is readily apparent in
reconstruction and in the original micrographs. Reproduced from (9) with permission.
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Figure 9.

A cartoon representation of a working model for the cell entry mechanism of polio- and related
viruses. (a) The virus attaches to the receptor on the membrane of a cell to form an initial
complex. The three domains of the receptor are shown in pink with the transmembrane helices
(black) anchored in the membrane. The body of the virus is in blue, with the pocket factor in
black. The N-terminal extension of VVP1is cyan, the VP3 plug is red, VP4 is green, the myristate
is black, and the viral RNA is orange. (b) At physiological temperatures the receptor induces
a subtle conformational change that opens the receptor-binding site and presumably displaces
the pocket factor to produce a tight-binding complex. (¢) The virus undergoes conformational
rearrangements that result in the insertion of the amphipathic helices of the N terminus of VP1
(black spirals) and the myristate group of VP4 into the membrane to form a channel. (d) A
trigger (perhaps fluxes in Ca*2 concentration) results in the expansion of the particle, the
expansion of the pore to form a channel, the temporary removal of the VP3 plug, and the release
of the viral RNA into the cell.
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