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Release of the human rhinovirus (HRV) genome into the cytoplasm of the cell involves a concerted structural
modification of the viral capsid. The intracellular adhesion molecule 1 (ICAM-1) cellular receptor of the
major-group HRVs and the low-density lipoprotein (LDL) receptor of the minor-group HRVs have different
nonoverlapping binding sites. While ICAM-1 binding catalyzes uncoating, LDL receptor binding does not.
Uncoating of minor-group HRVs is initiated by the low pH of late endosomes. We have studied the confor-
mational changes concomitant with uncoating in the major-group HRV14 and compared them with previous
results for the minor-group HRV2. The structure of empty HRV14 was determined by cryoelectron microscopy,
and the atomic structure of native HRV14 was used to examine the conformational changes of the capsid and
its constituent viral proteins. For both HRV2 and HRV14, the transformation from full to empty capsid
involves an overall 4% expansion and an iris type of movement of viral protein VP1 to open up a 10-A-diameter
channel on the fivefold axis to allow exit of the RNA genome. The 3-cylinders formed by the N termini of the
VP3 molecules inside the capsid on the fivefold axis all open up in HRV2, but we propose that only one opens
up in HRV14. The release of VP4 is less efficient in HRV14 than in HRV2, and the N termini of VP1 may exit
at different points. The N-terminal loop of VP2 is modified in both viruses, probably to detach the RNA, but

it bends only inwards in HRV2.

A key event in the life cycle of any virus is the delivery of its
genome into the appropriate compartment of the host cell for
reproduction. This involves the recognition of the cell via a
specific cell surface receptor(s) and the passage of the genome
across at least one membrane barrier. The receptor molecules
used by a number of different viruses have been identified, and
for certain viruses, the medium resolution structure of the
virus-receptor complex has been determined (9, 10, 16, 17, 20,
23, 26). The rhinoviruses are particularly interesting in that
they fall into two different groups according to their cellular
receptors; certain rhinoviruses (the major group of human
rhinoviruses [HRVs]) use intercellular adhesion molecule 1
(ICAM-1) (33), and others (the minor group of HRVs) use
members of the low-density lipoprotein (LDL) receptor family
(21). These receptor molecules bind to different sites on the
viral surface and play different roles in virus uncoating (20, 23,
31). ICAM-1 binds in a depression or canyon around each
fivefold axis, while the LDL receptors bind on a star-shaped
dome on each of the fivefold axes. ICAM-1 catalyzes the re-
lease of the single-stranded RNA genome for some major-
group HRVs (13), while the LDL receptor does not (7, 21).
Uncoating of the minor-group HRVs is triggered by the low
pH of the late endosome (27).

The rhinoviruses are members of the Picornaviridae family
and have a positive-sense RNA genome. They are the major
cause of the common cold. The capsid is composed of 60
copies each of four viral proteins (VPs), VP1, VP2, VP3, and
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VP4, on a T=1 (or pseudo T=3) lattice (29). The N-terminal
extensions of the VPs 1, 2, and 3 are each located in the
interior of the capsid. The C termini are located on the exterior
surface of the capsid. VP4, a small (8-kDa) protein which is
only partially ordered, lies entirely within the capsid (2). The N
termini interact with one another and with the cores of the
other capsid proteins to give added stability to the capsid.
Previous work on HRV2 revealed that each of these N termini
undergoes a conformational change which plays a role in the
uncoating of the virus. It is known from biochemical (36) and
mass spectroscopy (6, 25) experiments that during uncoating
VP4 is released and the N terminus of VP1 is externalized.
The assembly and uncoating of polioviruses during infection
have been more extensively studied than those of any other
picornavirus. The structure of the empty poliovirus capsid as-
sembly intermediate prior to maturation cleavage of VPO into
VP2 and VP4 is the only atomic structure of an empty picor-
navirus capsid resolved to date (4). The overall size, the outer
surface, and most of the protein shell of the empty poliovirus
capsid are practically identical to those of the mature capsid.
However, the N-terminal extension of VP1 and the segment of
VPO that becomes VP4 and the N-terminal extension of VP2,
which are disordered in the empty capsid, become ordered in
the mature capsid and interact with neighboring VPs, thus
increasing virion stability. Also, part of VP4 moves by roughly
20 A after cleavage. The structure of the empty poliovirus
capsid after uncoating, determined to 22-A resolution by cryo-
electron microscopy (cryo-EM) (5), reveals that after release
of the RNA the empty capsid expands by 4%. While each of
the capsid proteins apparently moves relative to one another,
no opening on the fivefold axis is observed. The authors pro-
posed that openings on both the pseudo threefold axis at the
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intersection of VP1, VP2, and VP3 and the fivefold axis are
involved in the exit of VP4, the N terminus of VP1, and the RNA.
This is largely similar to previously proposed models (12, 14,
24) in which the RNA is hypothesized to exit via the fivefold
axis and VP4 and the N terminus of VP1 are hypothesized to
exit via the pseudo threefold axis and/or the fivefold axis.

With the use of cryo-EM and X-ray data, it has been shown
(18) that HRV2, a minor-group HRYV, undergoes concerted
structural changes during uncoating. The transformation from
full to empty capsid involves an overall 4% expansion of the
radius with an additional outward movement on the fivefold
axes. The two proteins around the fivefold axis, VP1 and the N
terminus of VP3, make an iris type of movement to open up a
10-A-diameter channel to allow exit of the RNA genome. The
N terminus of VP1 apparently exits the capsid at the pseudo
threefold axis, and a remarkable modification occurs at the
twofold axes where the N-terminal loop of VP2 bends inwards.
It was proposed that this large movement of the N-terminal
VP2 loop is involved in the release of the RNA stacked against
Trp 2038 (residue 38 of VP2) and possibly in the expulsion of
the RNA. The conserved nature of the Trp 2038, in three
different genera of Picornaviridae, and the observation that
RNA is visibly stacked against it in eight different capsid struc-
tures, including that of HRV14, led to the prediction of similar
roles for the N-terminal VP2 loop in all these viruses. In a
more recent study using the same techniques for the major-
group HRV3 in complex with ICAM-1, Xing and colleagues
(34) also found a 4% increase in the diameter of the empty
capsid while the ICAM-1 remains bound. At 23-A resolution,
they modeled an opening on the pseudo threefold axis but did
not see any opening on the fivefold axis. They proposed that
the bound receptor maintains the capsid in an expanded state
to allow genome release.

In view of the known differences in the interactions of major-
and minor-group HRVs with their receptors and the proposed
similarity of the uncoating processes of these viruses, it is of
interest to make a more detailed comparison of the uncoating
processes of major- and minor-group HRVs. We have studied
the uncoating of the major-group HRV14 by determining
the structure of the empty HRV14 capsid by using cryo-EM
and three-dimensional reconstruction. The combination of the
cryo-EM-derived map and the atomic structure of the native
HRV14 determined by X-ray crystallography (15) allowed us
to model some of the conformational changes in the empty
HRV14 capsid. A comparison of HRV14 and HRV2 empty
capsids shows both similarities and unexpected differences.

MATERIALS AND METHODS

Preparation of frozen hydrated specimens of empty HRV14. HRV14 was
grown in Rhino-HeLa cells in suspension culture and purified as described
previously for HRV2 (20). To prepare empty HRV14 particles, a suspension of
HRV14 (~1 mg/ml) in 50 mM Tris-HCI, pH 7.4, was heated to 55°C for 30 min
immediately prior to preparation of the cryo-EM specimens.

Preparation of frozen hydrated specimens. Frozen hydrated specimens were
prepared on holey carbon grids as previously described (19). Specimens were
photographed at a temperature of close to —175°C by using an Oxford cryohold-
er CT3500 in a JEOL 2010F field emission gun operating at 200 kV. Defocus
image pairs were obtained under low-dose conditions (<10 ¢/A%) at a nominal
magnification of 40,000 times at underfocus values ranging from 1.1 to 2.4 wm.

Image analysis. Selected images were digitized on a Zeiss scanner with a pixel
size of 7 wm on the micrograph. The pixel size was internally calibrated with the
11.5-A-layer line of tobacco mosaic virus to be 1.77 A. The virus particles were
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selected and sorted visually into two different categories, one class of empty
capsids (density of the outer capsid ring was greater than the density inside) and
another class of nearly empty capsids (density of the outer capsid ring and density
inside were roughly the same). The map of empty HRV2 particles obtained in a
previous study (20) was used as a starting model for the analysis of empty HRV14
particles. All subsequent refinement of particle origin and orientation was per-
formed using the model-based polar Fourier transform programs (3). The pro-
gram CTFMIX (11) was used to correct for contrast transfer function effects, to
combine defocus pairs for orientation and origin refinement, and to complete the
final Fourier-Bessel reconstruction. In the final reconstruction of empty HRV14,
2,173 image defocus pairs from four micrographs were retained out of a total of
4,164 pairs in the combined set. Of the empty set, 1,048 particles were retained,
and 1,125 particles of the nearly empty set were retained. The resolution, esti-
mated by Fourier shell correlation of reconstructions from half data sets, was
12.5 A with the criterion of 0.5 and 9.5 A with a 0.1 criterion for the combined set.

Fitting HRV14 X-ray structures of VP1, VP2, and VP3 to the cryo-EM-
reconstructed density. The atomic structure of each VP was first fitted visually to
the contrast transfer function-corrected cryo-EM map by using the program “O”
(22). VP1 minus the 62 N-terminal residues (VP1-A) was used rather than the
entire VP1 molecule since no density for these residues is present in the map.
VP1-A, VP2, and VP3 were then fitted in turn with the program EMfit (28) by
using difference maps. In order to fit VP1-A, for example, the existing best-fit
positions of VP2 and VP3 were used to calculate the 12-A-resolution map of the
entire virus (without VP1-A) by using the icosahedral symmetry operators and
the CCP4 program suite. The difference map for the cryo-EM map of the empty
capsid and the simulated capsid map of VP2 and VP3 was produced after
normalizing the standard deviations. Thus, a difference map of the density of
VP1-A only was created to fit VP1-A. A best fit for VP1-A was obtained by
maximizing the average density per atomic site for VP1-A, minimizing the num-
ber of atoms located in below-average density, and minimizing clashes of VP1
with the neighboring VP1 molecules by using EMfit. By using the difference map
with the densities of VP2 and VP3 removed, clashes with VP2 and VP3 were to
some extent also minimized. Only carbon alpha atoms were considered. This
process was repeated to convergence. In fact, on the third cycle the positions
were stable (unchanged). Figures were produced using Amira (see Fig. 1 and 2;
Indeed-Visual Concepts GmbH, Berlin, Germany) and the program “O” (see
Fig. 2 and 3).

RESULTS

Cryo-EM images of HRV14. In cryo-EM images, the empty
HRV14 particles appear as hollow spheres while the native
virions appear as solid spheres. Some of the empty HRV14
particles appear to be quite empty while others have a slightly
denser interior. The particles can easily be sorted visually into
these two categories (see Materials and Methods). The empty
HRV14 capsids showed less tendency to further disintegrate
compared with the empty HRV2 when prepared under the
same conditions (i.e., incubation for 30 min at 55°C). Increas-
ing the incubation time to 45 min and the temperature to 60°C
did not significantly increase the number of empty particles.

Comparison of the native and empty HRV14 capsids. Inter-
nal calibration of the magnification of the EM images revealed
that the empty capsid had expanded by 4%. We compared the
native HRV14 capsid, simulated from X-ray data with a reso-
lution cutoff at 12 A and a temperature factor of 500 A? and
the reconstructed empty HRV14 capsid. Since the RNA struc-
ture was not determined by X-ray crystallography, it was not
included in the simulated map of the native HRV14 capsid,
which therefore appears completely empty. The native and
empty capsids had the same general features: a star-shaped
dome on the fivefold axes surrounded by a depression or can-
yon with a triangular plateau centered on each of the threefold
axes (Fig. 1A and C). On the exterior surface, the major
change was that the dome on the fivefold axes had become
enlarged and swiveled around in a manner very reminiscent of
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FIG. 1. Surface representations of the X-ray map of native HRV14 (blue) and of the reconstructed cryo-EM map of the nearly empty HRV14

(gold). One icosahedral asymmetric unit is indicated by triangles in panel A. The map of the native HRV14 capsid is limited to 12-

resolution

with a temperature factor of 500 A2 and was calculated without the RNA, VP4, and the 62 N-terminal residues of VP1. (A and C) Whole virus. (B and
D) Interior of the capsid with the front half cut away. (E and F) Close-up views down a fivefold axis. (G) Comparison between the native and nearly empty
capsids with a section removed near the apex of the fivefold axis of native HRV14. A clockwise rotation of the dome of the empty capsid is
apparent. (H and I) Close-up views of the threefold axes (indicated by arrowheads) from inside the capsid (side view with the same orientation
as that in panels A and C). The interiors of the nearly empty (J) and empty (K) capsid reconstructions at the fivefold axes show marked differences.

the HRV2 empty capsid (Fig. 1E, F, and G). In the interior of
the capsid, differences were evident on each of the symmetry
axes (Fig. 1B, D, H, and I). Interestingly, the comparison of the
interiors of the empty capsids of HRV2 and HRV14 also
revealed considerable differences on each of the axes.

It is instructive to compare the native HRV14 capsid, sim-
ulated from X-ray data, and the reconstructed empty HRV14
capsid reduced in size by 4% so that it has practically the same
size as the native capsid (Fig. 2). Differences on the inside of
the capsid were quite remarkable. There was density lining the
inside of the native capsid that was missing from the empty
capsid (Fig. 2A, B, C, and D). This missing density corresponds
to the ~62 N-terminal residues of VP1 and the 39 residues of
VP4 identified in the X-ray structure and demonstrates that
these chains were absent, or at least disordered. A simulation
of the native capsid without the 62 N-terminal residues of VP1
and the 39 residues of VP4 agreed much better with the inte-
rior of the empty capsid (Fig. 2A and B). The bubble of low
(solvent) density, which we attribute to the pocket in VP1, was
also rotated clockwise and was reduced in size (Fig. 2F). The
bubble of low density located on the pseudo threefold axis, i.e.,
at the intersection of VP1, VP2, and VP3, was essentially
unchanged (Fig. 2F). This differs from the empty HRV2 cap-

sid, where the filling of this bubble was interpreted to result
from the exiting of the N terminus of VP1 at this location.
On the fivefold axis, the density from the B-cylinder formed
by the N termini of VP3 was apparently still in place and an
additional density below the B-cylinder was also apparent. This
density was comparable to the average density in the capsid. It
had diminished in the empty capsid compared with that in the
nearly empty capsids and was the only really significant change
between these categories of capsids (Fig. 1J and K). We at-
tribute this extra density to the 28 N-terminal residues of each
VP4 molecule not resolved in the X-ray structure due to the
residues’ lack of order. It is remarkable that the 39 residues of
VP4 resolved by X-ray crystallography were seen to be “at-
tached” to the density on the fivefold axis (Fig. 2E and F).
Additional density on the threefold axes at the inner surface
of the empty capsid extended from the N termini of the three
surrounding VP2 molecules and linked these molecules to-
gether (Fig. 1H and I and 2G). We attribute this finding to the
seven N-terminal residues of VP2 not resolved in the X-ray
structure. On the twofold axes, a redistribution of the density
had occurred, opening up a gap on the inside surface of the
capsid (Fig. 2A, B, and F and 3B). However, there was no large
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FIG. 2. Sections of the X-ray map of native HRV14 and of the reconstructed cryo-EM map of the nearly empty HRV14 reduced in size by 4%
for comparison. The two-, three-, and five-fold axes are indicated as appropriate. Asterisks and closed arrowheads indicate the positions of
additional density inside the empty capsid on the three- and fivefold axes, respectively. (A and B) Fifteen-A-thick sections of the scaled HRV14
empty capsid (gold) and the native HRV14 capsid simulated with (red) and without (blue) VP4 and the N terminus of VP1. Open arrowheads
indicate the positions of VP4 and the N terminus of VP1. In the absence of these chains, the two structures match much better on the inner surface
(B). (C and D) Central sections of the X-ray map of native HRV14 minus VP4 and the N terminus of VP1 (C) and of the reconstructed cryo-EM
map of the size-matched empty HRV14 (D). (E, F, and G) Sections of the size-matched HRV14 nearly empty capsid (pink) and the native HRV14
capsid simulated without VP4 and the N terminus of VP1 (dark blue). C, backbones of the known X-ray structures of VP1, VP2, VP3, and VP4
are depicted in blue, green, red, and yellow, respectively, in their positions in the native capsid. In panels E and F, the VP4 molecules are seen
to be attached to the additional density on the fivefold axis. Panel F demonstrates missing density inside the empty capsid on the twofold axis
compared with the density in the native capsid. The bubble of low density on the pseudo threefold axis is unchanged, and the pocket in VP1 is
visible in the native capsid but is not visible in the empty capsid in this section as it is displaced and smaller. (G) The N terminus of VP2 is seen
to point into the additional density on the threefold axis, which is sufficient to accommodate the seven disordered N-terminal residues of VP2.

movement of density inwards at the twofold axes, unlike that
observed in the case of HRV2.

the capsid and was also not well positioned as it clashed with
VP3. This is not surprising for a single strand which easily

Modeling the empty HRV14 capsid. After removal of the 62
residues of the N terminus of VP1 to give VP1-A, each of the
capsid proteins VP1-A, VP2, and VP3 were fitted first visually
to the correctly scaled cryo-EM map of the nearly empty par-
ticles. This first fit was then refined using EMfit (28) (Table 1).

VP1. VP1-A had moved more than any of the other proteins.
It had been cantilevered up and rotated around the fivefold
axis to open a 10-A channel. The bubble of low density, which
we identify as the pocket, was much smaller than in the native
capsid and was not well positioned in VP1. The poor fit about
the pocket suggests that the pocket collapsed and VP1 made a
hinge-type movement (Fig. 3A) as proposed previously (23).
The C terminus of VP1 lay over VP3 on the outside surface of

moves around. Unlike the case of the empty HRV2 capsid,
there was no evidence that this N terminus of VP1 exits the

TABLE 1. Results of fitting atomic structures of VPs to the
cryo-EM map of empty HRV14 using EMfit” (28)

Protein Sumf Clash Den
VPI1-A 59.2 0.0 1.8
VP2 62.6 0.0 2.2
VP3 59.5 0.0 2.6

“ Sumf is the average density at the atomic positions as a percentage of the
maximum density. Clash is the percentage of atoms per VP that have a steric
clash with other examples of the same VP. Den is the percentage of atoms per
VP in negative density.
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FIG. 3. Fit of VPs in the empty capsid of HRV14 at the correct size (gold) showing the C, backbones of VP1-A (blue), VP2 (green), and VP3
(red). (A) Overall view with the two-, three-, and fivefold axes marked. The C terminus of VP3 that lies outside the density of the empty capsid
is indicated with an open arrowhead. (B and C) Views of the two- and threefold axes. The N-terminal loop of VP2 encroaches on the region of low
density at the twofold axis (indicated by arrowheads in panels A and B), so the N-terminal loop of VP2 has most probably been modified. In panel
B, the grey lines represent the map simulated from the best-fit positions. The position of the N terminus of VP2 is marked by an N in panels A
and C. The VPs on one icosahedral pentamer are shown in panel D for the native capsid and in panels E and F for the best-fit empty capsid. In
panel F, the 20 N-terminal residues of VP3 have been removed to show that this would allow exit of the N terminus of VP1 as indicated in black.
In three VP1 molecules, the 62nd residue is marked with an asterisk. (G and H) Schematic diagrams of the reorganization of the HRV14 capsid
during release of the RNA. In the native capsid (G), the RNA is bound to Trp 2038 of VP2 and the pocket is filled with a pocket factor. The cellular
receptor ICAM-1 binds in the canyon in a two-step process which expels the pocket factor and induces a hinge-type movement of VP1 (23) as the
capsid undergoes a 4% expansion (H). Each VP1 protein is cantilevered up and away from the fivefold axis while it swivels around to open a 10-
A-diameter channel. The B-cylinders formed by the N termini of VP3 on each fivefold axis mostly remain in place. We postulate that at least one
such B-cylinder must be modified to allow exit of the VP4 molecules, the N termini of VP1, and the RNA. We propose that the N termini of the
VP1 molecules exit the capsid along channels which open up between neighboring VP1 molecules and become anchored in the membrane to retain the
HRV14 close to the membrane. In association with VP4, which probably exits via the fivefold axis, they destroy the endosomal membrane and thereby
releases the RNA into the cytosol (31). The N-terminal loop of VP2 is modified to detach the RNA bound to the conserved Trp 2038.

capsid at the pseudo threefold axis at the junction of VP1, VP2, unfilled density between the neighboring VP1 molecules. This
and VP3, since the bubble of low density on the pseudo three- channel was blocked by the N terminus of VP3 which we
fold axis was essentially unchanged (Fig. 2F). We have located suppose must be displaced to allow passage of the VP1 N
another possible exit site (Fig. 3F). There was a channel of  terminus (Fig. 3D, E, and F). The additional density on the
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fivefold axis on the outer viral surface is difficult to interpret
(Fig. 2D and F). It may be due to strands of VP4 attached to
the surface of the channel formed by VP1. This agrees with our
observation that 80S particles obtained upon incubation of the
virus at 55°C followed by ultracentrifugation were not com-
pletely devoid of VP4.

VP2. The case of VP2 is particularly interesting. Inside the
capsid on the threefold axis, there was density not present on
the X-ray-derived map. However, the seven N-terminal resi-
dues of VP2 were not resolved in the X-ray structure presum-
ably because they were not sufficiently well ordered. The three
N-terminal strands of VP2, up to residue 2008, pointed to-
wards this extra density, and three 7-amino-acid strands were
the correct size to account for it (Fig. 2G and 3C). Thus, we
attribute this additional density on the threefold axes to these
amino acid residues missing in the X-ray structure. In the
empty capsid, both VP2 and VP3 had not moved away from
the threefold axis by more than about 1 A, though VP2 and
VP3 had moved outwards radially by roughly 6 A. While there
is not sufficient information to model these three strands of the
N termini of VP2, our results suggest that they remain linked
together, thus helping to maintain the integrity of the capsid
while it expands. This is reminiscent of several plant viruses,
which have VP extensions linked on the icosahedral axes that
serve the same purpose (32). A reinspection of the cryo-EM
map of native and empty HRV2 revealed a similar phenome-
non with the difference that, sincell residues were missing, the
strands were less well ordered and so of lower density.

The rigid body fit of VP2 was not good on the twofold axis
(Fig. 3B). There was a gap which had opened up on the inside
of the capsid which was not accounted for with a rigid body fit.
The N-terminal loop of VP2 (amino acids 2036 to 2063) en-
croached on the gap, and there was a small region of unoccu-
pied density at the tip of the N-terminal loop of VP2. Unlike
that in the empty HRV2 capsid, there was no evidence of a
large-scale movement of the N-terminal loop of VP2. There-
fore, these results imply that the N-terminal loop of VP2 had
undergone a plastic deformation. Since the N-terminal loops of
VP2, which face each other across the twofold axis, are an-
chored at two different threefold axes, they must be subjected
to some strain as the capsid expands.

VP3. The fit of the core of VP3 was in general very good
(Fig. 2G). The six residues of the C termini of VP3, which nor-
mally lie above VP1 on the outer surface of the virus, were found
outside the density (Fig. 3A). They were apparently disor-
dered. The 40-residue-long N terminus of VP3 wended its way
on the inner surface of the capsid to the fivefold axis, where it
formed a B-cylinder with four other VP3 N termini (Fig. 3A).
This cylinder was apparently unchanged and still in place. The
fit of this long chain was imperfect, which was to be expected
since it must be modified during expansion of the capsid to
adapt to the increased size and other changes of the capsid.

DISCUSSION

Processes of uncoating of HRV2 and HRV14 showed many
similarities. Both involved a cooperative movement of all the
capsid proteins, leading to a 4% expansion of the capsid as
seen for other picornaviruses (5, 34). The five copies of VP1
surrounding each fivefold axis were cantilevered up and swiv-
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eled around to open up a 10-A channel on each axis. The 60 or
so N-terminal residues of VP1 and the ordered C-terminal part
of VP4 were not visible in the cryo-EM density map. However,
in all other modifications of the VPs, there were differences
between these major- and minor-group viruses. For HRV2, a
density increase at the pseudo threefold axis upon expansion
suggested that this axis was the point of exit of the N terminus
of VPI1. In contrast, the low density at the pseudo threefold
axis of HRV14 remained unchanged, indicating that this was
not the exit pathway for HRV14. Since the pseudo threefold
axis lies within the footprint of the ICAM-1 receptor molecule,
the N terminus of VP1 will not be able to exit at this point if a
receptor molecule is bound. Another possible exit path has
been identified between two neighboring copies of VP1 on the
north rim of the canyon (Fig. 3F). There was strong evidence
that the N-terminal loop of VP2 in HRV14 had changed its
conformation but it had not also made a large inwards move-
ment as in HRV2. This conformational change may be in-
volved in the release of the RNA from Trp 2038, though
probably not in the expulsion of the RNA. Most striking was
the difference on the fivefold axis where the VP3 B-cylinder
was enlarged in HRV2 but was still present and apparently
unchanged in HRV14. While there was no sign of clearly
localized density corresponding to VP4 in HRV2, there was
very strong density inside the empty HRV14 on the fivefold
axis that we attributed to the N-terminal half of VP4, which
was disordered in the X-ray structure. This is in accord with the
structural results for HRV16, where the N-terminal part of
VP4 was better ordered and was seen to be located at the
fivefold axis. In cryo-EM reconstructions of native HRVs,
there is also a density at this location (18).

The cooperative movement of the VP1 molecules around
the fivefold axis to open up a channel make it the most prob-
able exit site for the RNA. However, the rearrangement of
VP2 at the twofold axis also presents a possible point of exit.
The location of the VP4 on the fivefold axis and the anchorage
point of the N terminus of VP1 near the fivefold axis favor an
exit site closer to the fivefold axis than the twofold axis.

It is clear from the cryo-EM map that the N terminus of VP1
and the C-terminal half of VP4 were detached from the inte-
rior of the capsid but that many of the VP4 molecules re-
mained attached at the fivefold axes. The detached part of VP4
must be spatially and/or temporally disordered and so will
account for a proportion of the material seen in the not-quite-
empty capsids. Some of the detached N termini of VP1 may
also remain inside the capsid. The externalization of VP4 is
apparently progressive. It is probable that VP4 can exit the
capsid only via the fivefold axis when the VP3 B-cylinder is
displaced. This observation is in accord with results of Casas-
novas and Springer (8), who found that the empty HRV3
capsids, i.e., the 80S particles, are heterogeneous and retain
from 68 to 26% of their VP4.

In the empty capsid, VP1 opened to form a channel capable
of allowing the passage of the RNA, but the VP3 B-cylinder
apparently remained largely unchanged even when most if not
all of the RNA had been ejected. So how does the RNA exit
the capsid? We note that the cryo-EM map is averaged over all
icosahedral symmetry-related positions, so a difference at just
one position will not be easily detected. Thus, it is possible that
just one B-cylinder moves to allow passage of the associated
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VP4 and the RNA. Such a movement may be temporary or
permanent. Thus, while in general all the VPs make a con-
certed cooperative movement in uncoating, we suggest that the
VP3 N terminus is an exception to this rule. Somehow an
asymmetry may be introduced, possibly by the position of the
VPg on the 5’ end of the RNA or the location of bound
receptor molecules. In a cryo-EM study of the uncoating of
poliovirus, density was also observed on the fivefold axis of the
80S particle and interpreted as the VP3 B-cylinder (5). Re-
garding the behavior of the VP3 B-cylinder, poliovirus and
HRV14 appear to be similar, while HRV2 shows a different
comportment. However, regarding movement of the N-termi-
nal loop of VP2, poliovirus resembles HRV2 rather than
HRV14 (5, 18). We note that in both of the cryo-EM studies of
poliovirus (5) and HRV3 (35), no channel on the fivefold axis
was detected. However, as both of these studies were limited to
roughly 22-A resolution, it is possible that higher resolution
may reveal a channel. Xing and colleagues proposed that the
bound receptor maintains the capsid in an expanded state to
allow genome release (35). However, this does not appear to
be the case for HRV14 empty capsids since they are in an
expanded state even in the absence of ICAM-1. HRV14 and
HRV3 belong to genus B, whereas most of the other HRVs,
including HRV2, are genus A; this classification is based on
phylogeny but correlates well with sensitivity towards distinct
classes of antiviral agents, which is reflected in the geometry of
the hydrophobic pocket accommodating the drugs (1, 30).
Therefore, not all members of the major or minor groups of
HRVs will necessarily have the same characteristics.

Our results indicate that the uncoating of HRV14 follows
similar lines as that of HRV2 even though it is triggered by
different means and follows different kinetics. As proposed by
Kolatkar and colleagues (23), we suppose that ICAM-1 binds
to the major-group HRVs in a two-step process involving ex-
pulsion of the natural pocket factor and a hinge-type move-
ment of VP1 about the pocket away from the fivefold axis, thus
opening a channel for the RNA to exit. This proposed role of
the pocket factor in uncoating, and even its presence in native
HRV14, does, however, require verification. The N terminus
of VP1 exits most probably between neighboring VP1 mole-
cules on the star-shaped dome to be inserted into the cellular
membrane. Only one or two of the VP3 B-cylinders on the
fivefold axes are modified to allow passage of the underlying
VP4, the VP1 N terminus, and the RNA. The hydrophobic
VP4 and the N termini of VP1 must then be inserted into the
cellular membrane to facilitate the passage of the RNA across
the membrane or to disrupt the membrane altogether (31).
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