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ABSTRACT

Poliovirus infection is initiated by attachment to a receptor on the cell surface called Pvr or CD155. At physiological tempera-
tures, the receptor catalyzes an irreversible expansion of the virus to form an expanded form of the capsid called the 135S parti-
cle. This expansion results in the externalization of the myristoylated capsid protein VP4 and the N-terminal extension of the
capsid protein VP1, both of which become inserted into the cell membrane. Structures of the expanded forms of poliovirus and
of several related viruses have recently been reported. However, until now, it has been unclear how receptor binding triggers vi-
ral expansion at physiological temperature. Here, we report poliovirus in complex with an enzymatically partially deglycosylated
form of the 3-domain ectodomain of Pvr at a 4-A resolution, as determined by cryo-electron microscopy. The interaction of the
receptor with the virus in this structure is reminiscent of the interactions of Pvr with its natural ligands. At a low temperature,
the receptor induces very few changes in the structure of the virus, with the largest changes occurring within the footprint of the
receptor, and in a loop of the internal protein VP4. Changes in the vicinity of the receptor include the displacement of a natural
lipid ligand (called “pocket factor”), demonstrating that the loss of this ligand, alone, is not sufficient to induce particle expan-
sion. Finally, analogies with naturally occurring ligand binding in the nectin family suggest which specific structural rearrange-

ments in the virus-receptor complex could help to trigger the irreversible expansion of the capsid.

IMPORTANCE

The cell-surface receptor (Pvr) catalyzes a large structural change in the virus that exposes membrane-binding protein chains.
We fitted known atomic models of the virus and Pvr into three-dimensional experimental maps of the receptor-virus complex.
The molecular interactions we see between poliovirus and its receptor are reminiscent of the nectin family, by involving the
burying of otherwise-exposed hydrophobic groups. Importantly, poliovirus expansion is regulated by the binding of a lipid mol-
ecule within the viral capsid. We show that receptor binding either causes this molecule to be expelled or requires it, but that its
loss is not sufficient to trigger irreversible expansion. Based on our model, we propose testable hypotheses to explain how the
viral shell becomes destabilized, leading to RNA uncoating. These findings give us a better understanding of how poliovirus has
evolved to exploit a natural process of its host to penetrate the membrane barrier.

oliovirus is the type member of the enterovirus genus of the

Picornavirus family, and the causative agent of poliomyelitis.
The virus is comprised of 60 copies of each of four capsid proteins
(VP1, VP2, VP3, and VP4), which form an icosahedrally symmet-
ric capsid that encloses a unique positive-sense single-stranded
RNA genome (1, 2). Poliovirus infection is initiated when the
virus attaches to a specific receptor, called Pvr (poliovirus recep-
tor) or CD155. The receptor is a cellular glycoprotein with three
extracellular immunoglobulin-like domains, a transmembrane
domain, and either of two splice-variant C-terminal cytoplasmic
domains (3). The protein is nectin-like (Necl) and a member of
the nectin superfamily (2, 4). The receptor has been shown to bind
to the virus in two modes, a lower-affinity mode (K; ~ 1 uM),
which dominates at low temperature, and a higher-affinity mode
(K; ~ 0.1 uM), which dominates at ambient temperature (5).

Attachment of poliovirus to its receptor at physiological tem-
perature catalyzes a conformational alteration of the virus(6-8).
The expanded virus particle shows significant changes in its sedi-
mentation constant (135S versus 160S for the mature virion) and
its antigenicity (H antigenic versus N antigenic for the virion) (6,
7). During expansion, 60 copies of two polypeptide segments,
each about 70 residues long, move from the inner surface of the
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capsid to the virus exterior: VP4 (which is myristoylated at its N
terminus [9]) and the N-terminal extension of VP1 (which is pre-
dicted to form an amphipathic helix) (10). These polypeptides
insert into membranes, both in vitro (10, 11) and during infection
(12), and are thought to form pores in the membranes of endo-
cytic vesicles that permit the transfer of the viral RNA genome into
the cytoplasm (12-15), where replication occurs.

The structure of the virus is known at high resolution (16-18)
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FIG 1 Overview of the poliovirus capsid. (A) Surface rendering of the capsid (PDB 1HXS) (left). Darker hues show regions closer to the center of the particle.
Protomer (right) is formed of one subunit each of VP1 (blue), VP2 (yellow), VP3 (red), and VP4 (green). Icosahedral symmetry axes are labeled with numbers,
and prominent capsid features are labeled. “Mesas” are formed by five copies of VP1 with the narrow edges of the beta barrels clustered near 5-fold axes. The
narrow edge is to the left in panel B. “Propellers” are formed by three copies each of VP2 and VP3 alternating around 3-fold axes. “Canyons” are depressions
surrounding the mesas, and “saddle surfaces” cross each 2-fold axis. The quasi-3-fold axis (arrow) is the center of the 5-3-3 asymmetric triangle and the site of
Pvr binding. (B) Each of the major capsid proteins has the “jelly-roll” topology of a wedge-shaped eight-stranded antiparallel beta barrel. Beta strands are named
for the letters B to I. Loops are named using two letters designating the beta strands that the loop connect.

(Fig. 1A). The major capsid proteins (VP1, VP2, and VP3) share a
eight-stranded beta sandwich topology (Fig. 1B), but the loops
that connect the strands of the beta barrel have different lengths
and conformations, and their long N-terminal extensions fold
across the inner surface of the capsid (16). The hydrophobic core
of VP1 contains a binding site for a fatty acid-like ligand called the
“pocket factor” (17). This site also binds a family of capsid-bind-
ing drugs that stabilize the capsid, preventing the 135S particle
from forming (19-23). Pocket factor binding has been proposed
to be a key regulator of viral stability and of the receptor-induced
viral expansion that occurs during infection (17).

The outer surface of poliovirus is dominated by star-shaped
mesas at each 5-fold axis and by three-bladed propellers sur-
rounding each 3-fold axis (Fig. 1). Each 5-fold mesa is formed by
the beta barrels of VP1, and the hubs of the propellers are formed
by the beta barrels of VP2 and VP3. Each of the projecting propel-
ler tips is formed by the large EF loop of VP2 (i.e., loops that
connect the E and F strands of the VP2 beta barrel) and is sup-
ported by along GH loop of VP1 and by the C-terminal extensions
of VP1 and VP2. Neighboring mesas and propellers are separated
from one another by the deep depression (“canyon”) that sur-
rounds each mesa, and neighboring propellers are separated from
one another by the saddle-shaped depression that crosses each
2-fold axis. In mature virions, the inner surface of the protein shell
is decorated by an elaborate stabilizing network formed by the
myristoylated protein VP4 and by the intertwined N-terminal ex-
tensions of VP1, VP2, and VP3 (24, 25).

As the externalization of RNA, VP4, and the N terminus of VP1
are central to the infection mechanism their routes of exit through
the capsid are of keen interest. The structures of expanded forms
of poliovirus, and of several related viruses, have recently been
reported (26-30). These structures demonstrate that expansion of
the capsid produces large holes at the 2-fold axes and near the
quasi-3-fold axes. The high-resolution structures of 135S particles
of poliovirus (30) and coxsackievirus A16 (27) both demonstrate
that the N terminus of VP1 has become externalized at the quasi-
3-fold and that the hydrophobic core of VPI has lost its bound
“pocket factor.” In addition, low-resolution structures of poliovi-
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rus particles caught in the act of externalizing the viral genome
(both with and without membrane present) show that RNA re-
lease occurs at a site near the junction of the 2-fold and quasi-3-
fold holes (31). These findings contradicted previous models that
proposed that the viral peptides and the RNA would exit via a
channel at the particle 5-fold axes.

The structure of the virus-receptor complex has not yet been
solved by X-ray crystallography, but there have been a number of
reports describing the structure of the complex, as determined by
cryo-electron microscopy (cryo-EM) at low resolution (32-38).
The earliest reports used homology models for the receptor, since
no crystal structure was available for Pvr. These reconstructions
confirmed early proposals that the receptor would bind within the
canyon and demonstrated that only its N-terminal domain would
contact the virus directly. However, the use of homology models
and the low resolution of the structures prevented accurate de-
scriptions of the virus-receptor interaction in detail, and pub-
lished models had obvious problems, including serious steric
clashes between the virus and docked receptor. A later report de-
scribed the 3.5-A crystal structure of a two-domain construct of
the receptor that had been mutated to prevent glycosylation (37,
39). That model was fitted to ~9-A-resolution cryo-EM recon-
structions of the virus-receptor complex for each of the three po-
liovirus serotypes. Unfortunately, this two-domain structure was
of poor quality (high R, and improbable main chain torsions,
including seven disallowed cis peptide bonds and six nonplanar
peptides), and we never have been able to use it to derive an ac-
ceptable model in our high-resolution reconstructions of the
complex.

More recently, two high-resolution crystal structures were
published that included glycosylated versions of domain 1 (D1) of
Pvr. One structure shows the binding of D1 to the immune regu-
lator TIGIT (40). The other is a homodimer of the entire three-
domain ectodomain (41). Although the two new structures are
similar to each other, they differ from the earlier low-resolution
two-domain structure, particularly in D1 (37). The crystal struc-
tures show that Pvr displays significant flexibility in the confor-
mation of several loops that are involved in partner interactions.
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Importantly, these structures also show that the interaction of Pvr
with its natural ligands is driven by the need to bury otherwise-
exposed aromatic side chains in hydrophobic intermolecular in-
terfaces.

We describe here a cryo-EM reconstruction of a complex be-
tween poliovirus and the enzymatically partially deglycosylated
form of the Pvr ectodomain at 4-A resolution. Using this struc-
ture, we fitted and refined high-resolution atomic models of the
virus and of the three-domain structure of the ectodomain of Pvr
based on these reconstructions, and obtained a near-atomic
model for the virus-receptor interaction. This new model is con-
sistent with previous mutational data, has chemically plausible
contacts between the virus and D1 of the receptor and displays a
striking shape complementarity between the virus and D1 of the
receptor. Surprisingly, although the virion structure is minimally
changed, receptor binding results in the expulsion of the “pocket
factor.” Clear analogies can be drawn between the way that polio-
virus binds to its receptor and the way that nectins bind to one
another. The structure suggests plausible models for (i) how re-
ceptor interaction promotes the loss of pocket factor and (ii) how
receptor interaction at physiological temperature triggers expan-
sion and other subsequent structural changes that occur early in
infection.

MATERIALS AND METHODS

Virus and Pvr preparation. Poliovirus (serotype 1, Mahoney strain) was
grown in suspended HeLa cells and purified by differential centrifugation
and CsCl density-gradient fractionation, as described previously (42, 43).
Soluble, glycosylated Pvr (sPvr, sCD155), residues 1 to 337 (the ecto-
domain), with 6 additional histidine residues at the C terminus, was ex-
pressed in the 293-T human epithelial kidney cell line and purified by
chromatography with Ni-agarose and Q-Sepharose columns, as described
previously (5). sPvr was enzymatically deglycosylated using endoglyco-
sylase H, yielding sdPvr (Peter Kwong, unpublished data). The sPvr was
provided by V. Racaniello, and sdPvr was provided by V. Racaniello and P.
Kwong.

Cryo-EM and three-dimensional reconstruction. Complexes of po-
liovirus with sPvr were prepared and imaged as described previously (32).
Complexes of poliovirus with sdPvr were prepared similarly. Briefly, sam-
ples of the virus (0.9 mg/ml in phosphate-buffered saline) and sdPvr (1
mg/ml in a buffer composed of 2.5 mM Tris, 350 mM NaCl, 0.02% NaNj,,
5 mM CaCl,, and 1 mM MnCl, [pH 7.0]) were mixed at 4°C, producing a
300-fold molar excess of sdPvr. The complexes were then loaded onto
glow-discharged holey grids and plunge frozen in liquid ethane. To min-
imize aggregation, virus and receptor were mixed and plunge frozen
within 2 min.

Specimens of poliovirus-sPvr and poliovirus-sdPvr complexes were
imaged, and three-dimensional reconstructions were computed to mod-
erate resolutions as described previously (see the supplemental material).
Specimens of poliovirus-sdPvr were imaged and reconstructed to near-
atomic resolution in the following manner. On a Polara G2 (FEI, Hills-
boro, OR) equipped with a K2 Summit camera (Gatan, Pleasanton, CA)
micrographs were recorded at 300 kV in super-resolution mode, using
dose fractionation over 25 frames. The first two frames were discarded as
they showed the most drift, and the remaining 23 were aligned and
summed using “dosef” (44). A representative micrograph is shown in Fig.
S1A in the supplemental material.

The poliovirus-sdPvr particles were selected and excised using
EMAN?2 (45). An initial two-dimensional classification of the particles
was carried out using Relion (46) to remove particles of low quality. This
was followed by a three-dimensional classification procedure to sort the
particles into six different classes, using a model of poliovirus that was
Fourier filtered to 40-A resolution as a reference. Two of the six classes
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(including 9,248 particles and corresponding to 99.7% of the population)
appeared to be similar to one another and were retained and combined
into a single data set. The full parameter refinement was carried out using
GeFrealign (47), gradually extending the upper resolution limit to 4 A. In
each iteration, the refinement was restricted to include resolution shells
that showed a high Fourier shell correlation (typically, 0.7 or better).
Sections through the final 4-A map are shown in Fig. S1B to G in the
supplemental material.

The 4-A-resolution electron density map for the complex of poliovirus
with the enzymatically deglycosylated three-domain Pvr constructs was
deposited in the Electron Microscopy Data Bank (EMDB) as EMD-6147
and -6148 (reconstructions as written by GeFrealign and the sharpened
version, respectively). Previously unpublished 9-A-resolution maps for
sPvr (EMD-6242) and sdPvr (EMD-6243), which were determined before
the availability of the K2 detector used in the present study (see the sup-
plemental material), have also been deposited.

To facilitate map interpretation, the final electron density map was
“sharpened” (i.e., increasing the average Fourier amplitudes at high reso-
lution) using a B-factor of —60 A% in “embfactor” (48). For convenience,
density values in the sharpened map were then increased radially using a
hyperbolic function fit in order to make the density features near the
outside of the capsid more nearly equal to those on the inside. In practice,
this helped to resolve most of the individual polypeptide chains from one
another, which facilitated fitting of the atomic models of poliovirus and
D1 (see below). In contrast, D2 and D3 were fitted as a single rigid body to
a “dampened” version of the experimental map, which was prepared us-
ing a B-factor of 300 A”.

Model building and refinement. Atomic models were initially con-
structed to fit the 9-A sPvr and sdPvr EM density maps, starting with seven
rigid-body domains obtained from prior crystallographic studies. The
model included three independently refined domains of Pvr (D1, D2, and
D3), obtained from 4FQP.pdb (41), plus poliovirus capsid proteins VP1,
VP2, VP3, and VP4, obtained from 1HXS.pdb (49). Together, VP1, VP2,
VP3, and VP4 constitute the biological protomer. The initial model was
rigid-body refined, with all surrounding symmetry-related neighbors
generated (for a total of 26 polypeptide chains), and icosahedral symmetry
was strongly enforced. Later, individual local discrepancies between the
atomic model and the 4-A-resolution map were repaired by repeated cy-
cles of model-rebuilding (using COOT [50] and SPDBV [51]) and stereo-
chemically restrained atomic refinement (using Refmac5 [52-54]). D1,
D2, and D3 were estimated to be 0.5 occupied in the higher resolution
map (versus 1.0 in our older 9- and 22-A [32] maps).

The refinement of D1 and poliovirus in the model was well behaved,
despite the limited resolution, provided that parameter shifts were
damped to 1 to 3% of default values, and hundreds of cycles were run each
time. Lower-than-normal weights were used to penalize bad nonbonded
contacts, and higher-than-normal weights were assigned to Fourier phase
agreement, planarity, and single-bond torsion restraints. After refine-
ment, we observed that the atomic model was chemically plausible and fit
the map and that the hydrogen-bonding network of the original models
was largely preserved. D2 and D3 (whose positions are clearly indicated by
a moderate-resolution density envelope, Fig. 2C and D) were modeled as
a rigid body and assigned a high temperature factor (B = 300) in the
model, to avoid overfitting to noise.

All model refinements were carried out in reciprocal space, using the
Fourier transform of a representative portion of the reconstruction as a
reference (55) and giving Fourier phase agreement a high weight. As de-
scribed previously (30), an electron density corresponding to the 26-chain
model (with neighbors included) was copied from the reconstruction into
a rectangular box, masked with a generous model-based mask, and Fou-
rier transformed to produce the refinement standard. Steps of the refine-
ment were carried out using Unix C-shell scripts that made extensive use
of software from the Bsoft (56) and CCP4 (57) program packages. Nota-
bly, least-squares superposition was used at the beginning of each refine-
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FIG 2 Pvr bound to poliovirus. (A) The high-resolution reconstruction of the Pvr-poliovirus complex is shown as an isocontour surface and colored by radius.
Here, it was mildly Gaussian blurred and set to low contour for clarity. (B) The Fourier shell correlation curves show agreement between half-set reconstructions
to 4.2-A resolution and to 3.9-A resolution when the poorly ordered regions (RNA in poliovirus and D2 and D3 of Pvr) are masked. (C and D) Reconstructions
at 9-A resolution show that the enzymatically deglycosylated (green mesh) and glycosylated (magenta mesh) receptors bind to the virus in similar ways. (C) In
stereo, an overlay of the two maps shows excellent agreement between the two density envelopes, except at the glycosylation sites. (D) Refined atomic coordinates
of the Pvr monomer fit snugly into these lower-resolution maps. (E) In stereo, backbone traces of the refined model show how Pvr binds at the center of the 5-3-3
icosahedral triangle (at the so-called “quasi-3-fold axis,” marked with an asterisk), making contact with all three major capsid proteins. VP1, VP2, VP3, and Pvr

are shown in cyan, yellow, magenta, and white, respectively.

ment cycle to require certain portions of the atomic model to be consistent
with their rigid-body standards. Such restraints were applied to all of the
atoms, when refining to fit the 9-A-resolution sPvr and sdPvr maps (see
the supplemental material), and to all of the atoms of D2 and D3, when
fitting the 4-A-resolution sdPvr map due to the relatively poorer quality of
density in those areas.

Except as noted below, most of the main chain was correctly posi-
tioned by automatic all-atom refinement in Refmac5, while a large num-
ber of side chain rotomers, throughout the structure, required manual
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adjustment either to fit the density or to make their chemical contacts
plausible. Coordinates for the poliovirus complex with deglycosylated
receptor, at a 4-A resolution, were deposited as PDB 3J8F. For compari-
son, coordinates for the fit into the previously unpublished 9-A sPvrand
sdPvr maps have also been deposited (3J9F). Figures were prepared using
CHIMERA (58), Coot (50), and PyMOL (59).

Database depositions. The following maps have been deposited into
the EMDB: 9-A sPvr, EMD-6242; 9-A sdPvr, EMD-6243; 4-A sdPvr,
EMD-6147; and 4-A sdPvr (sharpened), EMD-6148. The corresponding
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coordinate depositions in the PDB are as follows: rigid body fit sdPvr,
3J9F; and model of the 4-A map of sdPvr, 3]8F.

RESULTS

Resolution of the reconstructions of virus-receptor complex.
The resolution of the high-resolution poliovirus-sdPvr recon-
struction (Fig. 2A and Fig. 4) was estimated by calculating a Fou-
rier shell correlation (FSC) between two halves of the data set. The
resulting FSC plots (Fig. 2B) indicated agreement between half-set
reconstructions to a resolution of 6.2 and 4.2 A&, according to the
0.5 and 0.143 correlation criteria, respectively. When the half-set
reconstructions were masked to include only the capsid and do-
main 1 of Pvr, the FSC values improved to 4.4 and 3.9 A for the 0.5
and 0.143 correlation criteria, respectively. Domains from crystal
structures of Pvr were fitted into 9-A reconstructions of both the
glycosylated and the enzymatically deglycosylated Pvr-poliovirus
complexes (Fig. 2C and D). Manual model building and re-
strained refinement were then used to achieve an optimal fit to the
4-A-resolution map (Fig. 2E).

Site of binding. As with previous reconstructions, the receptor
binds to the center of the 5-3-3 icosahedral triangle, directly over
the quasi-3-fold axis (Fig. 2A and E). The 5-3-3 triangle is the
icosahedrally unique surface with a 5-fold axis and two 3-fold axes
at its corners. It is convenient to describe regions of this “5-3-3
triangle” using compass directions, with the 5-fold corner desig-
nated “north,” and the 2-fold axis designated “south.” In the 5-3-3
asymmetric unit, VP1 and VP2 from one protomer lie on the
“west” side and a VP3 subunit from an adjacent protomer lies on
the “east” side (Fig. 2E; cf. Fig. 1A, right). Interestingly, Pvr binds
at the intersection of two protomers. As in our previous poliovi-
rus-sPvr reconstruction (32), density is clearly present for each of
the three domains of the receptor (Fig. 2A, C, and D). The best-
resolved portion of the receptor is the D1 domain, which is the
only domain to contact the virus. The positions of the carbohy-
drates on Pvr are readily apparent when partially deglycosylated
(sdPvr) and fully glycosylated (sPvr) maps are compared (Fig. 2C
and D). In our model, residues eligible for glycosylation were
found at the glycosylation sites, and this served as a check on
fitting of our model.

The contact “footprint” of the receptor on the virus surface.
Domain 1 of Pvr inserts into the canyon and forms an archway,
standing on two discrete, well-separated legs (Fig. 3A, B, D, and
E). One contact area lies along the east wall of the canyon, running
approximately in a north-south direction along the C-terminal
extension of VP1. This copy of the C-terminal extension be-
longs to the VP1 beta barrel lying outside and to the right of the
5-3-3 icosahedral triangle. Along that path, additional viral
structures are contacted, including the C terminus of VP3 (in
the northeast corner) and the knob-like insertion in the B beta
strand of VP3 (in the southeast corner) (Fig. 3A and see Fig. S4
in the supplemental material). The other, somewhat longer,
contact area lies on the western side of the binding site, running
in a north-south direction along the H beta strand and GH loop
of VP1. Along that path, additional contacts are made with the
EF loop, BC loop, and C beta strand of VP1 (on the northwest-
ern wall of the canyon). In the southwest, D1 contacts with the
GH loops of VP1 and VP3, and with the EF loop of VP2 (Fig.
3A). On the western side, all of the VP1 polypeptide segments
belong to the copy of VP1 whose beta barrel forms the North-
ern third of the 5-3-3 triangle (Fig. 3A).
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The locations of the contact areas have been apparent since the
earliest structural studies (32, 35, 38), but the detailed interactions
with receptor have become clear only recently (37). In each patch,
there are loops or terminal extensions that are known to shift,
rearrange, or disorder during the 160S-to-135S and 160S-to-80S
transitions of poliovirus and related enteroviruses (26, 29, 32, 37,
60). Such changes should either destabilize the native virus struc-
ture or facilitate Pvr release, depending on when they occur. No-
tably, the set of rearranged polypeptides includes both the long
C-terminal extension and the long GH loop of VP1, which lie
along the eastern and western binding patches, respectively. Sev-
eral of the residues that make intermolecular contacts have previ-
ously been identified as mutations that have an impact on the
uncoating process (61-64) (see Table S1 in the supplemental ma-
terial).

Solvent tunnel. The receptor forms a high archway that is the
roof of a long solvent-filled tunnel that runs in a north-to-south
direction between poliovirus and Pvr. The tunnel, in front and
back views, is easily visible in the density map, when contoured at
an appropriate level (Fig. 3A and B). The existence of a solvent
channel within a protein complex is noteworthy, since solvent-
filled cavities commonly form binding sites. Indeed, we propose
that structural rearrangements that result in viral polypeptides
being inserted into this tunnel may be key to triggering viral ex-
pansion to the 135S state (see below).

Construction of the atomic model. As described in Materials
and Methods, the atomic models for poliovirus and Pvr were de-
rived starting with mature 160S poliovirions (1HXS.pdb) and
Pvr-Pvr homodimers (4FQP.pdb), respectively. After an initial
rigid body fit, manual rebuilding was repeatedly alternated with a
full atomic refinement, with 21 icosahedrally related neighbor
chains present, and stereochemical restraints applied, using the
Fourier transform of a portion of the 4-A-resolution density map
as a refinement standard. The resulting model includes VP1 (res-
idues 20 to 302), VP2 (residues 8 to 272), VP3 (residues 1 to 235),
VP4 (residues 1 to 69, including N-terminal myristoylation), D1
(residues 28 to 141), D2 (residues 142 to 242), and D3 (residues
243 to 333), plus a total of 20 sugar moieties.

Quality of fit to density. Qualitatively, the fit of the refined
atomic model to the density in the reconstructions is excellent (see
Fig. 2C and D). In the 4-A-resolution map of the sdPvr complex
(Fig. 4), the quality of the map varies by radius. In the poliovirus
capsid and in D1, the correspondence between the density and the
main chain trace is unambiguous, and the docked model is clearly
similar in shape to the density. Individual beta strands are usually
resolved from one another (Fig. 4A). This is not to imply that the
main chain could have been completely traced de novo at the pres-
ent resolution but rather that the docked model resolves all chain
tracing ambiguities and identified those few polypeptide segments
that required rebuilding (see below). Most of the large side chains
are obvious, and the density map provides an indication for the
correct choice of rotomer for many of the smaller side chains, as
well (Fig. 4B). Note, however, that the strength of the density
varies dramatically, so that no single choice of contour level works
well throughout the map. Indeed, to see that the map is similar in
shape to the model, the contour level in the higher-radius portions
of D1 needs to be reduced by a factor of ~3, relative to the inner
surface of the viral capsid, and ~1.5, relative to the outer surface.
These differences are likely to be due both to the reduced occu-
pancy of the entire receptor (which we estimate to be ~0.5) and to
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FIG 3 Contacts between the Pvr and poliovirus surfaces create a solvent-filled tunnel. In panels (A) and (B), slices through the experimental density map (mesh)
are shown superimposed on backbone traces of VP1 (cyan), VP2 (yellow), VP3 (magenta) and Pvr (white). The tunnel, which appears as a clear area in the center,
is apparent when viewed either from the 2-fold axis (B) or the 5-fold axis (A). Panels C-E are calculated from the atomic models, and are color-coded according
to contact distance: closer than 8.5 A (yellow) or 4.5 A (red). (C) is a stereo ribbon representation of the atomic model, while (D) and (E) are van der Waals
surfaces. (C) and (D) show how D1 is covered by poliovirus. (E) Poliovirus outer surface, as covered by D1. The area shown is the 5-3-3 icosahedral triangle with
5-fold axis at the top, and a quasi-3-fold at its center. In panels D and E, note that the ceiling and floor of the tunnel are each visible as a continuous yellow and

blue stripe that separates the red close-contact patches.

the greater impact of orientation errors at high radius. Neverthe-
less, the densities for poliovirus and D1 were sufficiently good that
stereochemically restrained atomic refinement behaved well.

For D2 and D3, when visualized in the desharpened map, the
location of the solvent boundary is apparent. However, in the
sharpened map, the density along the main chain is fragmented
and poorly correlated with the known structure. As a result, the
density for D2 and D3 was too poor to support atomic refinement,
so copies of domains from the crystallographic model (41) were
positioned as a rigid body, instead. Flexibility in the D1-D2 junc-
tion may have contributed to lower resolution in D2 and D3,
along with orientation uncertainties having a greater effect at
higher radius.

In the desharpened and the 9-A maps, the sites of glycosylation
are obvious (Fig. 2C). These sites, which remain partially glycosy-
lated after the enzymatic deglycosylation step, correspond almost
perfectly to the crystallographically determined positions of the
sugar moieties (as seen in 4FQP.pdb). The sole exception involves
two spatially close glycosylation sites on one side of D2 (Asn218
and Asn237), where sugars are clearly present, but positioned in a
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different way. Note that the positions and orientations of domains
2 and 3 and the location of the carbohydrate are completely con-
sistent with 9-A reconstructions of complexes of the virus with the
fully glycosylated (9.6 A) and enzymatically deglycosylated (8.8 A)
ectodomain (Fig. 2C).

Statistics of fit. The quality of the overall fit can be put on a
quantitative basis by comparing the phases from the Fourier
transform of model-based electron density to the phases from the
map. The Fourier-amplitude-weighted average of the cosine of the
phase discrepancy is analogous to a crystallographic figure-of-
merit (with 1.0 indicating perfect phase agreement and 0.0 indi-
cating a complete lack of correlation). At a 3.7-A resolution that
statistic was 0.556. That statistic demonstrated better-than-ran-
dom phase agreement in the highest resolution shell, phase im-
provement over the course of the refinement, and convergence at
the end. In the last cycle of stereochemically restrained refinement
of the 26-chain atomic model, Refmac5 reported an R-factor of
0.45 (0.54 in the outermost shell) versus 581,893 pseudoreflec-
tions in the range of 97 to 3.7 A, with a “figure-of-merit” of 0.73.
Note that these numbers are primarily intended to monitor con-
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FIG 4 Quality of the electron density map at 4-A resolution. In the capsid and D1, the position of the main chain is obvious, and there are often indications for the
positions of side chains. (A) Seven-stranded beta sheet that is formed by C, H, E, and F strands of VP3 (magenta), the amino-terminal hairpin of VP2 (yellow), and a
segment of the N-terminal extension of VP1 (cyan). (B) Side chain density is evident for beta strands G (left strand) and H (right strand), on opposite sides of the VP2

beta barrel.

vergence, since their exact values depend on the choice of masked
density that is included in the refinement standard. The final
atomic model showed an acceptable level of errors in bond lengths
and angles of 0.010 A and 2.08 degrees compared to idealized
stereochemical standards.

Interactions between poliovirus and Pvr. As noted above, D1
forms an archway, standing on two well-separated legs (Fig. 3A and
B). Within each contact patch, the receptor makes extensive contacts
with the virus surface. In the eastern patch, which lies along the east
wall of the canyon, the contacts involve residues in the CC’, C"D, and
EFloops of D1 (Fig. 3C). In the western patch, which runs in a north-
south direction along the H beta strand and GH loop of VP1, the
contacts in Pvr involve the FG, C'C”, and DE loops and C" and G beta
strands of D1. The contacts on the virus surface are consistent with
previous mutational data. A detailed description of the contact re-
gions and mutations, is presented in the supplemental material (see
Table S1 in the supplemental material).

How Pvr changes when bound to poliovirus. If the three do-
mains of Pvr crystal structure 4FQP are refined independently
into our density maps (either 9 or 4 A), the overall arrangement of
domains changes very little. (Note that this map-fitting calcula-
tion is not the same one that results in our high-resolution model,
where D2 and D3 are constrained.) Thus, least-squares superpo-
sition of the three-domain construct (using LSQKAB [65]) pro-
duces an root mean square deviation (RMSD) in alpha carbon
positions of 1.84 A. If only D1 (residues 28 to 142) is used as the
basis for comparison, the RMSD is only 1.02 A (within the error of
the refinement), with a maximum displacement of only 2.89 A
(occurring at Ser72). This occurs in the CC’ loop of D1 (residues
68 to 74). Note that when all D1 atoms are included in the calcu-
lation, the RMSD rises to 1.76 A, which suggests that much of the
conformational adaptation involves side chain movement. Shifts
in individual alpha carbon positions that are due to Pvr binding
are plotted in Fig. S2 in the supplemental material.

The superposition of the crystallographic and cryo-EM ver-
sions of D1 onto one another, perforce, has the effect of making
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the discrepancy between D2 copies larger, and D3 copies larger
still. Once the D1 copies have been superimposed, the copies of D2
differ primarily by a 12° rotation, pivoting around the D1-D2
junction. About half of this rotation twists D2 around its 40-A-
long major axis, while the other half rotates D2 around the inter-
domain vector between residues 142 and 143. (The vector between
142 and 143 is roughly perpendicular to the page when the two D2
glycosylation sites project left and right.) The latter rotation is
primarily responsible for maximal shifts at the distal (i.e., C-ter-
minal) end of D2 of ~4 A. Notably, this rotation of D2 also brings
residues 197 and 198 (from the tip of the DE loop of D2) into close
contact with Val-115 (from the EF loop of D1), which involves a
shift of ~3 A, thereby creating a direct contact that is lacking in the
4FQP crystal structure. We surmise that forming this contact
helps to prevent the D1-D2 interface from being more flexible,
which caused D1 and D2 to appear rod-like in lower-resolution
cryo-EM reconstructions (32, 37). Because of this limited flexibil-
ity, it is especially noticeable at the present 4-A-resolution that the
D2 density becomes appreciably worse than D1. These differences
do not involve residues that are in contact with the virus and may
be a simple consequence of crystal packing forces in the crystal
structure or differences in the extent of glycosylation.

Direct comparisons between the 4FQP crystal structure and
the poliovirus-Pvr complex (see Fig. S2 in the supplemental ma-
terial) are also useful for establishing which loops of D1 are either
the most flexible, or conformationally adaptable upon ligand bind-
ing. This is potentially an important issue for a protein with multiple
binding partners. Aside from the CC’ loop of D1, which was men-
tioned above as the site of the largest change, there are concerted
localized differences that shift alpha carbon positions by as much as
1.3 to 1.8 A. These main chain shifts are seen in residues 52 to 59 (in
thelong BCloop), residues 78 to 84 (in the C'C"loop), residues 126 to
129 (in the FGloop), and in the N terminus of the construct (residues
28 to 31). All of the named polypeptide segments participate directly
in poliovirus binding (see above), except for the BC loop of D1. The
BC loop is solvent exposed in the poliovirus complex, but instead
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FIG 5 Amino acids that may be relevant to the mechanism of Pvr-catalyzed
poliovirus expansion. (A) Main chain traces from selected portions of the
poliovirus-Pvr binding site are shown as tubes and colored white (Pvr), cyan
(VP1), or magenta (VP3). The key side chains are highlighted in orange or red,
and their positions are shown relative to the VP1 doorstop (residues 233 to
236), which is dark blue, and held in a “super-up” conformation by a network
of hydrogen bonds. Note the unfilled nectin-family binding site for aromatic
side chains, which is colored orange and marked with an asterisk. Polypeptides
omitted for clarity include VP2 and the GH loop of VP1 (the truncation is
evident below the doorstop), which would both be located in the foreground.
The network (seen in more detail in panel B in stereo) includes Lys109 of VP1
(which helps to form the binding pocket for Phe128 of Pvr) and GIn178 and
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binds to the D2-D3 junction of a symmetry-related neighbor in the
4FQP crystal structure, which accounts for the difference in this
loop’s conformation.

A similar pattern of conserved structure and flexibility in D1 is
also evident when the D1 in the Pvr-Pvr homodimer is compared
to the structure of D1 in its complex with TIGIT. Thus, the D1
structure in its complex with TIGIT (40) (3UDW.pdb, chain D)
superimposes closely with D1 from the D1-D3 homodimer of Pvr
(41) (4FQP, chain A), yielding RMS differences of only 0.88 A
among alpha carbons and 1.54 A among all atoms. The largest
loop changes occur in the CC" and C"D loops (residues 80 to 82
and residues 87 to 90, respectively). The single largest main chain
difference (~3.5 A) occurs in the CC’ loop and is due to binding
contacts with TIGIT in the D1/TIGIT complex. In poliovirus, ei-
ther version of the CC’ loop could be accommodated in the model
without producing bad contacts. It is clear from the above com-
parisons that the changes in Pvr due to binding its partners are
surprisingly small but that the largest of these changes involve
direct contacts to its ligand.

How poliovirus changes when bound to Pvr. When the re-
fined poliovirus coordinates in the sdPvr complex are compared
to the starting crystal structure, the two coordinate sets agree very
closely (see Fig. S2 in the supplemental material). This is true even
though the comparison involves coordinates in the icosahedral
frame of reference, without permitting agreement to improve by
allowing individual proteins to move. In particular, the RMS dif-
ference in alpha carbon coordinates can be reduced to 0.64 A by
choosing a scale factor similar to that of the 1HXS model.

Changes in VP4. The largest differences between the models
(up t0 9.9 A in alpha carbon displacement) involves a loop of VP4
(residues 11 to 23) on the inner surface of the capsid that is not
well ordered. The 1HXS.pdb model includes this loop, built to fit
to weak density features in its electron density map, but individual
atomic temperature factors in the loop have refined to ~100 A2,
reflecting disorder. When we discovered that the original loop
conformation is inconsistent with our present cryo-EM map, we
chose to build a better-fitting alternative conformation into the
weak density in the 4-A reconstruction. Although most of the VP4
loop still occupies the same binding site, formed by VP1 and sym-
metry-related copies of VP4, one portion of the loop, including a
Tyr side chain, is now located farther from the capsid and appears
to contact the RNA.

Changes in the doorstop and EFloop of VP1. Aside from VP4,
the largest differences in the poliovirus capsid (Fig. 5A) at residues
233 to 236 of VP1, which shifts by >7 A, relative to the THXS

Asp182 of VP3 (red), which belong to the GH loop of VP3 (green). Other side
chains that help to form the Phe128-binding pocket are shown but not high-
lighted. In panel C, a close-up view, the conformation of the VP1 main chain is
shown superimposed on the actual electron density from the 4-A-resolution
map (green mesh), and on the hypothetical position of palmitate “pocket
factor” (gray). Observe that the position of the Phe-237 side chain (orange
model and red mesh) would clash with pocket factor, if it were still present. In
panel A, which provides context, note the central clear area (solvent tunnel),
which has the GH loop of VP3 (green) at its floor, and the nectin-family
aromatic-binding pocket of Pvr (orange tubes) on its ceiling. At physiological
temperatures, Pvr binding would trigger expansion of the viral capsid, and the
GH loop of VP3 (green) would rearrange to extend outward, toward the nectin
pocket. We propose that otherwise-reversible expansion could be trapped by
the binding of aromatic side chains (Phe184 and/or Tyr176 of VP3, orange).
The superscript “1,” “3,” or “R” at the end of each label denotes the chain to
which the residue belongs (1, VP1; 3, VP3; R, Pvr).
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model (a region we refer to as the “doorstop” [see below]). These
residues are located within the “canyon,” at the carboxyl end of the
GH loop of VP1, and just adjacent to the “pore,” where the hydro-
philic end of bound “pocket factor” emerges from the upper sur-
face of the VP1 beta barrel in mature poliovirions.

It should be emphasized that the conformational change in the
“doorstop” itself is not novel or remarkable, since residues 233 to
236 of VPI1 have previously been seen in an “up” conformation
(e.g., 2PLV) and a “down” conformation (e.g., IHXS), or a mix-
ture of the two, in poliovirus crystal structures in the past. Indeed,
because the “down” conformation would obstruct the “pore”
leading to the pocket factor binding site in the hydrophobic core
of VP1, it previously has been proposed that the up/open confor-
mation is required for pocket factor to exit, and the exit of pocket
factor has been proposed to be a precondition for expansion to the
135S state (28). Figure S3 in the supplemental material shows
superimposed main chain traces of VP1 residues 229 to 242 from
2PLV, 1HXS, and the poliovirus-Pvr complex. Comparison be-
tween 2PLV and 1HXS shows that the doorstop residues can or-
dinarily change position without affecting the neighboring struc-
ture significantly. In contrast, the constrained conformation of
the doorstop in the poliovirus-sdPvr complex forces the Phe237
side chain significantly more deeply into the middle of the VP1
beta barrel.

Pocket factor is missing. It should be noted that the confor-
mation of the doorstop in the virus receptor complex is an exag-
gerated version of the previously observed “up” conformation.
This “super up” conformation results in a pronounced inward
shift of residues 236 to 237 by 1.2 to 1.4 A. As the density map
makes clear (Fig. 5C), this shift “ratchets” the side chain of Phe237
into the center of the VP1 beta barrel into a position that would
conflict with the “pocket factor” molecule (palmitic acid, in the
case of 1HXS.pdb), if it were present. Simultaneously, residues
203 to 205, from the G beta strand, close to the amino end of the
GH loop, are also shifted by almost 1 A, with the side chain of
Tyr205 moving into a position that would conflict with “pocket
factor.”

Recent crystal structures of the 135S particle of CAV16 (27) and of
80S particles from EV71 (28) and rhinovirus (26) showed that pocket
factor is missing from the middle of the VP1 beta barrel in expanded
virus. What was not known until now was the stage at which pocket
factor loss occurs. When present, pocket factor is thought to stabilize
the virus, thus regulating the 160S-to-135S transition (17, 23, 66).
Lack of pocket factor in 80S particles apparently caused the two beta
sheets of the VP1 beta barrel to move closer together than they are in
mature virus (28), which plausibly could weaken the lateral associa-
tion between capsid proteins.

The changes in the doorstop are also correlated with localized
changes in the EF loop of VP1, particularly around residues 162 to
165 (which move by up to 2 A) and residues 174 to 177 (which
move by up to 1.4 A). The importance of the EF loop being able to
move is also suggested by mutational studies (61, 67) showing that
the mutation of Vall60 of VP1 to Ile compensates for receptor
defects. This residue is located well below the virus surface, deeply
buried in the interface between the EF loop and the CHEF sheet
that it is attached to. Given the buried location of Val160, it was
postulated that this residue was likely to occur at the site of
changes in intramolecular contacts during uncoating (67). The
changes that we now see in the EF loop of VP1 upon Pvr binding
are consistent with that proposal. Collectively, these structural
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changes convince us that, contrary to our expectations, the bind-
ing of Pvr to poliovirus, even at low temperatures, is sufficient to
result in the loss of pocket factor but not sufficient to trigger viral
expansion. We depict the changes that occur from an energetic
perspective using a schematic of the reaction coordinate (Fig. 6).

Changes near the 5-fold axis. The other relatively large
changes that we see in VP1 involve residues 145 to 148 (up to 1.6
A) and 248 (1.1 A), which are involved in the contacts of VP1 with
its 5-fold-related neighbors, close to the 5-fold axis. Although sub-
tle, these changes may be precursor to the large umbrella-like
changes in the expanded 135S particle that cause the VP1 beta
barrels to rise, flatten, and separate from one another upon Pvr-
triggered viral expansion (29, 30, 68). Although most of the con-
formational changes in VP1 that were noted in this section are
small (1 to 2 A), they should be understood in the context that
typical changes are much smaller. Once we exclude the residues of
VP1 that are named above, the RMS change in alpha carbon co-
ordinates in VP1 is reduced to only 0.57 A, which is comparable to
0.57 and 0.46 A for VP2 and VP3.

Changes in VP2. In VP2, the largest changes are seen in the
large VP2 EF loop at its uppermost tip (residues 166 to 168, 1.3 to
1.5 &) and in the HI loop (residues 240 to 243, up to 1.9 &), which
is exposed on the outer surface of the virus, very close to the 3-fold
axis. In the 135S structure (30), conformational changes were re-
ported at both of these sites, including extensive disordering of the
EF loop after its supporting structures had moved away.

Strained peptide bond. Smaller changes are seen in one por-
tion of the VP2 EF loop, at residues 140 to 143 (up to ~1 A). The
peptide bond between residues Thr140 and Met141 is notable for
being in a strained conformation, with a highly unfavorable left-
handed helical conformation. This arrangement is stabilized by
hydrogen bonding to a conserved Asp285 side chain from the
C-terminal extension of VP1. Evidence for the existence of the
strained bond is strong, as it was observed in the icosahedrally
averaged 2.2-A-resolution poliovirus map of type 1 poliovirus
(1HXS.pdb), and it has independently been observed in the crystal
structures of type 2 and type 3 poliovirus (1IEAH [18] and 1PVC
[17], respectively). The importance of the strained polypeptide
conformation in VP2 is further suggested by the fact that muta-
tions in residues 140, 142, and 144 (which lie along the edge of the
receptor footprint) all affected receptor function (61, 63).

In the poliovirus-Pvr complex, the strained peptide bond is
located between two neighboring (5-fold-related) Pvr binding
sites. Residues on either side of the strained peptide bond (Thr138
and His142) are hydrogen bonded to backbone oxygens from the
DE loop of D1 (at Gly100 and Leu99, respectively). We postulate
that the unusual strained peptide bond is a likely site for eventual
conformational changes during the 160S-to-135S expansion (in-
cluding the disordering of parts of the VP2 EF loop and VP1 C
terminus), since its conformation looks precarious and easy to
destabilize.

DISCUSSION

Reciprocal hydrophobic interactions in nectin-ligand com-
plexes. As elegantly demonstrated by Harrison et al. (41), Pvr and
its nectin family share a characteristic mode of binding during
homodimerization. Thus, each copy of the receptor has a project-
ing FG loop at one corner of its beta sheet, with an exposed Phe-
Pro motif at its tip (residues 128 to 129 in Pvr) (Fig. 5B). The
solvent exposure of the aromatic residues in (hypothetical) iso-
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FIG 6 Mechanism of receptor-induced poliovirus expansion. The triggering mechanism that we envision may be clearer in the context of the energy landscape
that governs the conversion of mature 160S poliovirions into expanded empty capsids and is mediated by a nectin-like binding interaction (inset). (A) In the
absence of receptor, the hydrophobic core of the VP1 beta barrel is usually occupied by pocket factor, and the energy barrier to conversion is large: 145 kcal/mol
(8). The GH loop of VP3, represented by the downward facing Phe residue, is coiled. The vacant four-sided orange pleat and the orange pocket containing the
blue molecule are hydrophobic sites for nectin binding and pocket factor, respectively. Elevating the temperature to the melting temperature of RNA is required
to trigger expansion, to externalize the internal polypeptide segments, and to allow RNA to exit the capsid. (B) In contrast, the initial attachment of Pvr to
poliovirus stabilizes an arrangement in which pocket factor is precluded from remaining bound, and the doorstop is held in the “super up” position. At low
temperatures, this initial binding mode is stable and corresponds to the complex that we have reconstructed (see Fig. 3 to 5). Phe-128 of Pvr (left downward
protruding residue) is buried in a pocket that is formed on the virus surface, which is typical of the natural binding interactions of the nectin family (41)
(represented here by the Pvr dimer), but the aromatic-binding pocket of Pvr is uncharacteristically empty. After formation of this initial complex, only 95
kcal/mol is required to trigger expansion (8). (C) Hypothetically, at physiological temperature, the empty Pvr pocket becomes occupied by the rearranged GH
loop of VP3. This action promotes the icosahedrally symmetric expansion of the capsid and opens holes at the quasi-3-fold axes, which facilitates the exiting of
internal polypeptide segments and creates favorable binding sites for the 60 exposed N termini of VP1 (as seen in the structures of 135S particles [27, 30]).
Collectively, these structural changes would reduce the activation barrier to formation of 135S particles. In the presence of membranes (or the absence of divalent

cations), 135S particles are unstable, leading to spontaneous loss of RNA and the formation of 80S empty capsids (energy landscape, right).

lated monomers obviously would be unfavorable, so there is a
strong tendency for the projecting aromatic side chain to become
buried in a hydrophobic pocket (see the inset in Fig. 6). In the
nectin dimers (including the Pvr homodimer) this exposed aro-
matic side chain is buried deeply a hydrophobic pocket (or pleat)
on an outward-facing side of the C, C’, and C" beta strands, in-
volving residues 63 to 65, residues 77 to 79, and residues 82 to 85,
respectively. The leading edge of the phenyl group contacts the
main chain of the beta strands, while the sides of the aromatic side
chain are surrounded by contacts with the aliphatic portions of
those same residues (Fig. 5A).

Analogously, in the Pvr interaction with TIGIT (40) a quasidi-
meric interaction is seen, wherein TIGIT provides a Tyr-Pro motif
(residues 113 to 114), instead of Phe-Pro, in the FG loop at one corner
of the binding site. To complete the analogy, TIGIT provides a fold in
the beta sheet, including residues 68 to 70 and residues 73 to 76, as a
binding site for Phe128 of Pvr. Clearly, significant binding energy
comes from burying these aromatic side chains that otherwise would
be solvent exposed in a hypothetical monomer.

Role of nectin-like interactions in poliovirus binding. The
burying of aromatic side chains plays an important role in the
natural binding interactions of the nectin family (40, 41). Given
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that fact, we pay close attention to what the corresponding resi-
dues do in the poliovirus complex with Pvr. Just as in the Pvr-Pvr
dimer and the Pvr-TIGIT complex, Phe128 from the FG loop of
D1 plays a key role in the binding of poliovirus. In the complex
with poliovirus, Phel28 lies in contact with the C strand of the
VP1 beta barrel, close to the position of Trp108 of VP1. The role of
VP1 Lys109 is noteworthy, as the aliphatic portion of the lysine
side chain wraps around Phel28 to protect it. At the same time,
the epsilon-amino group of lysine is hydrogen bonded either to
the Asn235 side chain carboxamide group or to the main chain
oxygen of Leu234 in the “doorstop,” depending on the rotomer
(Fig. 5B). Either hydrogen bond would help to stabilize a “super
up” arrangement of the doorstop. As discussed above, this ar-
rangement differs somewhat from either the “up” or the “down”
conformation seen in native virus (in 2PLV and 1HXS, respec-
tively) when pocket factor is present. Notably, these changes in the
“doorstop” move the side chain of VP1 Phe237 into a position that
is normally occupied by the pocket factor and is clearly inconsis-
tent with the presence of ligand in the pocket. (Indeed, the most
convincing proof that pocket factor is missing in the Pvr-virus
complex is the positions of the side chains of Phe237 and Tyr205
in the VP1 hydrophobic pocket.)
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Conceivably, receptor binding could induce the release of
pocket factor. Alternatively, pocket factor release may occur spon-
taneously and reversibly in the time frame of receptor binding,
and receptor binding then traps the virus in a state that prevents
pocket factor from returning. In this regard it may be worth not-
ing that some rhinoviruses appear to have lost pocket factor dur-
ing purification (which is consistent with the reversible binding of
pocket factor) (69, 70). In addition, in some rhinoviruses (71-73)
(and for poliovirus binding at low temperature [74]), capsid-sta-
bilizing ligands that displace pocket factor can block receptor
binding (consistent with the idea that pocket occupancy and re-
ceptor binding are mutually exclusive). Thus, the release of pocket
factor must either be a consequence of receptor binding or a pre-
condition for it.

It had long been postulated that release of pocket factor is re-
quired for receptor-induced conformational changes during viral
entry (17,75, 76), a postulate supported by hints in our previously
published low-resolution map, and recently it has been shown
that pocket factor is missing in 135S (poliovirus, CAV16) (27, 30)
and 80S (EV71, HRV?2) (26, 28) particles. Nevertheless, the lack of
pocket factor in the virus-receptor complex comes as somewhat of
a surprise, since it had generally been thought that release of
pocket factor serves as a trigger for the virus-to-135S transition. In
contrast, our result demonstrates that pocket factor loss is not
sufficient to trigger the 135S rearrangement at a low temperature
(even though it might prime the virus for subsequent rearrange-
ments).

What virus residues bind to the hydrophobic pleat in D1? In
the Pvr-poliovirus complex, the hydrophobic site in D1 lies on the
under surface of D1, facing the outer surface of poliovirus, but not
touching it, held aloft in an arch (Fig. 5A). Importantly, the hy-
drophobic binding site and the viral surface are separated by a
solvent-filled tunnel, which is evident in the density map, starting
near the 2-fold hole and running northward toward the 5-fold axis
(Fig. 3A). The hydrophobic (aromatic-binding) site of D1 forms
the roof of this tunnel. In protein complexes, such cavities are
often binding sites, and we postulate that the filling of this cavity
will eventually serve as the trigger for expansion (Fig. 6C).

Interestingly, the floor of the tunnel, just below the nectin-
specific hydrophobic binding site, is formed by the GH loop of
VP3, in its native conformation (see Fig. S4A in the supplemental
material). Thus, in mature virus, the GH loop winds around itself,
lying roughly parallel to the surface, and forming a plug that
blocks what would otherwise be a hole at the quasi-3-fold (the
place where VP1, VP2, and VP3 meet at the center of the 5-3-3
triangle [16—18]). In all known high-resolution structures of ex-
panded picornavirus particles (i.e., 80S particles from EV71 [28]
and 135S particles from coxsackievirus A16 [27] and poliovirus
[30]), the stem of the GH loop of VP3 rearranges to form an
extended two-stranded beta sheet and reorients to project in a
more nearly radial direction away from the viral surface. Together
with shifts in the beta barrels, this conformational change in the
GH loop of VP3 opens the quasi-3-fold hole, thereby creating a
passageway for the membrane-binding N terminus of VP1 to exit
from the virus particle interior. Eventually, the exposed VP1 N
terminus will anchor against the GH loop of VP3 (27), and its
exposure will permit the virus to interact with membranes (10—
12), which is an essential precondition for endocytosis (11, 15)
and for RNA delivery (77). It should be noted that the transition
from the native state to the extended conformation of the GH loop
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of VP3 would require at least local conformational rearrange-
ments of neighboring portions of the structure.

Amino acids in the virus that might bind in the nectin pocket.
In the poliovirus-Pvr complex, the GH loop of VP3, which rear-
ranges during viral expansion, includes two aromatic side chains
(Phel84 and Tyr176). Phel84 belongs to a well-conserved Asp-x-
Phe/Tyr-Thr/Ser sequence motif, which is common to almost all
enteroviruses. Similarly, Tyr176 belongs to a conserved Thr/Ser-
x-Tyr/Phe-Arg motif, where “x” is usually polar. In all of the po-
lioviruses, these two sequence motifs are separated by exactly four
amino acids, although a spacer in the loop of as many as 10 amino
acids is seen in other picornaviruses that do not use Pvr.

Of these two choices, we favor Phe184 as the more likely can-
didate for nectin-like binding. This is because the Tyr176 side
chain faces away from the nectin pocket in native virus, as well as
in the extended GH loop conformations seen in expanded virus
(27, 28). However, Tyr176 cannot be ruled out entirely, since a
rotation of the extended GH loop around its long axis could allow
the Tyr176 side chain to face the pocket. Similarly, Phe237 of VP1
cannot be ruled out entirely as the pocket occupant, though a
massive (and previously unseen) shift and reorganization of the
VP1 doorstop region would be required to bring it into position.

Key residues that connect the GH loop of VP3 to the “door-
stop.” Pursuing an analogy with the natural binding of nectins, we
have focused on D1 Phel28 (whose binding stabilizes a “super-
up” conformation in the “doorstop”) and Phe184 and Tyr 176 of
the VP3 GH loop (which appear poised to bind the aromatic-
binding pocket on the underside of D1). Given the potential im-
portance of these two sites, attention should be drawn to two key
side chains that clearly tie the VP3 GH loop to the VP1 “door-
stop,” in its unusual “super-up” conformation. Thus (see Fig. 5B),
the side chain carboxylate of VP3 Asp182 binds to the main chain
nitrogen in the VP1 Ser233-Leu234 peptide bond. At the same
time, the side chain carboxamide group of VP3 GIn178 binds to
the main chain oxygen in the Asn235-Asp236 peptide bond. In
contrast, in native virus (1HXS.pdb), the “down” conformation is
stabilized, with Asp182 and GIn178 binding to the Ser233 and
Asp236 side chains, rather than the main chain. Clearly, it is rele-
vant that the GIn178 mutation previously has been shown to affect
both virus stability (17, 78) and receptor binding (62) and likely
plays a role in regulating the 135S transition. These interactions
(seen at low temperature) are clearly involved in stabilizing the
receptor-bound conformation and (at higher temperatures)
might also connect the rearrangement of the VP3 GH loop to the
disordering of the VP1 GH loop.

What protects VP3-Phel84 from solvent in the 1608 struc-
ture? The availability of an aromatic binding pocket could be cat-
alytic for the 160S-to-135S transition only if the aromatic side
chain (i) would be exposed to solvent, in the absence of Pvr, and
(ii) would be sheltered from solvent in the mature virion. Indeed,
this would help to explain why native virus is so resistant to un-
coating when Pvr is not present. In mature virus, and in the pres-
ent complex, VP3-Phel84 is protected from solvent exposure
by the two stems of the GH loop of VP1 (Fig. 5A). Thus, the
Phel84 side chain abuts laterally against the Tyr209 and Ser213
side chains of VP1 (which belong to the amino end of the GH
loop), and it is covered by the Ala231-Ala232-Ser233 main
chain (which belongs to the carboxyl end). In contrast, once
the 135S transition is complete, the GH loop of VP3 has been
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extended, portions of the GH loop of VP1 have rearranged, and
Phel84 is no longer protected (30).

Conceivably, the transition between the two states could begin
with the rearrangement of the GH loop of VP1. Indeed, it could be
relevant that the Ala-Ala-Ser (VP1 231-233) sequence is a direct
contact site for D1 in the poliovirus-Pvr complex (Fig. 5 and see
Table S1 in the supplemental material), along with numerous
other residues in the GH loop (as described above). However, it is
not obvious how those contacts could help the GH loop to rear-
range, since the low-temperature poliovirus-Pvr complex appears
to be quite stable.

Alternatively, “breathing” motions of the capsid at physiolog-
ical temperature could cause the transient separation of beta bar-
rels. Then, the rearrangement of the GH loops of VP1 and VP3
might be the effects, rather than the cause, of virus expansion.
Such motions could be completely reversible, unless the C-C'-C"
pleat of D1 happened to be waiting to trap them.

Receptor binding and energy. The action of poliovirus recep-
tor as a catalyst for conformational change is perhaps best under-
stood by examining the energies required for viral expansion (see
Fig. 6). In the absence of Pvr, the activation energy for conversion
to the 135S state is 145 kcal/mol (8). Adding Pvr to the mixture
results in an activation energy of 95 kcal/mol—a decrease of 50
kcal/mol in the energy of the activated complex (8). This present
cryo-EM structure represents a semistable state at higher energy
than the 80S particle, but the low temperature at which the exper-
iments were carried out does not provide enough thermal energy
to surmount the activation energy barrier leading to expansion.
Under physiological conditions, however, we hypothesize that
further rearrangements of the capsid, stabilized by the underside
of the receptor, lead to the irreversible change to the 135S particle.

Breathing and trapping. It is well established that native po-
liovirus, above room temperature (but not at low temperatures)
undergoes a reversible “breathing” motion that causes the tran-
sient externalization of VP4 and of the N-terminal extension of
VP1. During these breathing motions, both VP4 and the N termi-
nus of VP1 can become “trapped” on the outside of the virus,
using specific antibodies or Fabs (79), and the resulting complexes
can be visualized as EM reconstructions (80). Importantly, these
reconstructions are icosahedrally symmetric, showing that trap-
ping a few polypeptides in transit through holes in the capsid
suffices to keep the entire virion in an expanded state. Just as
important, viral expansion was reversible, once the trapping Fab
molecules were released (79).

By analogy we propose a model in which physiological
“breathing” motions result in the transient expansion of the cap-
sid and the uncoiling of the GH loop of VP3 (Fig. 6). In the polio-
virus-Pvr complex, we see the key hydrophobic residue of the
receptor, Phel28, interacting with VP1, but the VP3-GH loop
remains coiled (Fig. 6B). At physiological temperatures, however,
the exposed VP3-GH loop would permit the insertion of Phe184
(or Tyr176) into the hydrophobic binding site in the roof of the
tunnel (Fig. 3A and 5A), lowering the activation energy for the
transition state for the 160S-to-135S conformational change (Fig.
6C). The thermal energy available at physiological temperatures
drives the irreversible expansion of the particle, resulting in the
displacement of the receptor and the externalization of VP4 and
the N terminus of VP1. Interactions of the N-terminal extension
of VP1 with the GH loops of VP3 and VP1 then lock the particle
into the expanded state, making the process irreversible. Thus, the
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receptor would catalyze the 160S-to-135S conversion in a two-
step process: first, locking the “doorstop” in the “super-up” con-
formation and displacing pocket factor (which primes the particle
for additional changes but is not sufficient to trigger irreversible
expansion), and second, stabilizing an otherwise transient state in
which the particle is expanded and the GH loop of VP3 is exposed.

Kinetics of Pvr binding by poliovirus. As reported previously
(5), the receptor has been shown to bind to the virus in two modes:
alower-affinity mode (K,; ~ 1 uM), which dominates at low tem-
peratures, and a higher-affinity mode (K,; ~ 0.1 uM), which dom-
inates at ambient temperatures. In the past, we and others have
postulated that the two binding modes are structurally distinct,
with one representing a weak-binding complex and the other rep-
resenting a tight-binding complex. However, the current struc-
ture (together with a consideration of the on-rates and off-rates
for each binding mode) suggests an alternative model. Thus, for
the low-affinity mode, k,, is 3.6 X 10°/Ms and k,is 2.4 X 107 %/s.
For the high-affinity mode, k,, is 3.2 X 10*/Ms and k. is 3.3 X
107°/s. Neither on-rate approaches the diffusion limit, but the
on-rate at higher temperatures is 10-fold faster than it is at lower
temperatures. Slow on-rates are generally thought to indicate that
a slow conformational change is required for binding. In this case,
the conformational changes that are associated with pocket factor
release are plausible candidates for the kinetic slow step. Corre-
spondingly, the observed temperature dependence of binding af-
finity may solely be due to an increase in the speed of pocket factor
dissociation (and its associated structural changes) as the temper-
ature rises. If this is the case, then the two binding modes may be
structurally indistinguishable.

Generality of the model. Finally, it should be noted that many
aspects of the models we have presented here may be generally
relevant to other enteroviruses. Thus, two distinct binding modes
have also been observed in rhinoviruses (38) and for coxsackievi-
rus B3 (81) (both of which also use canyon-binding immunoglob-
ulin superfamily members as their receptors). The doorstop re-
gion has been identified as a key area for initiating structural
transitions in the “trigger-effector” model proposed for the initi-
ation of expansion of EV71, and there are striking similarities
between the structures of the products of receptor-induced ex-
pansion in a wide range of enteroviruses. These include poliovirus
(30) and rhinoviruses (26) (both species C enteroviruses), EV71
(28) and CAV16 (27) (both species A enteroviruses), and cox-
sackie B3 virus (82) (a species B enterovirus). The similarities
include rearrangements of the GH loop of VP1 that expose previ-
ously buried aromatic residues, changes in the doorstop, loss of
pocket factor, and separation of the EF loop of VP1 from the
remainder of the VP1 beta barrel. These similarities strongly sug-
gest that several distinct species of the enterovirus genus share a
machinery for inducing the conformational changes that are as-
sociated with genome release and membrane translocation. It re-
mains to be seen whether these similarities extend to more dis-
tantly related members of the picornavirus family.
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