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Coxsackievirus A7 (CAV7) is a rarely detected and poorly characterized serotype of the Enterovirus species Human enterovirus A
(HEV-A) within the Picornaviridae family. The CAV7-USSR strain has caused polio-like epidemics and was originally thought to
represent the fourth poliovirus type, but later evidence linked this strain to the CAV7-Parker prototype. Another isolate, CAV7-
275/58, was also serologically similar to Parker but was noninfectious in a mouse model. Sequencing of the genomic region en-
coding the capsid proteins of the USSR and 275/58 strains and subsequent comparison with the corresponding amino acid se-
quences of the Parker strain revealed that the Parker and USSR strains are nearly identical, while the 275/58 strain is more
distant. Using electron cryomicroscopy and three-dimensional image reconstruction, the structures of the CAV7-USSR virion
and empty capsid were resolved to 8.2-Å and 6.1-Å resolutions, respectively. This is one of the first detailed structural analyses of
the HEV-A species. Using homology modeling, reconstruction segmentation, and flexible fitting, we constructed a pseudoatomic
T � 1 (pseudo T � 3) model incorporating the three major capsid proteins (VP1 to VP3), addressed the conformational changes
of the capsid and its constituent viral proteins occurring during RNA release, and mapped the capsid proteins’ variable regions
to the structure. During uncoating, VP4 and RNA are released analogously to poliovirus 1, the interfaces of VP2 and VP3 are
rearranged, and VP1 rotates. Variable regions in the capsid proteins were predicted to map mainly to the surface of VP1 and are
thus likely to affect the tropism and pathogenicity of CAV7.

The Picornaviridae family contains numerous enteroviruses,
which collectively are the most prevalent, economically costly

causes of human viral infections (20). Although most enterovirus
infections are asymptomatic or result in only mild respiratory
symptoms, clinical manifestations include rash, carditis, neonatal
sepsis-like disease, and infections of the central nervous system
such as acute flaccid paralysis, meningitis, and encephalitis (12,
32, 48, 80). Enteroviruses have also been linked to chronic diseases
such as type 1 diabetes mellitus (51, 52, 59, 69).

There are over one hundred enteroviruses that infect humans,
and they are currently classified into four species, Human entero-
virus A (HEV-A) to HEV-D (73). The prevalence and clinical sig-
nificance of the members of the HEV-A species have been under-
scored by severe outbreaks during the past decade, including
significant epidemics of hand, foot, and mouth disease in Asia,
mainly caused by enterovirus 71 (EV71). EV71 has been specifi-
cally associated with neurological disease causing high mortality
in children (2, 40, 41, 92). Like EV71, coxsackievirus A7 also be-
longs to the HEV-A species (60). CAV7 (prototype CAV7-Parker)
was originally identified in the United States based on its patho-
genicity in suckling mice and its serological properties (16, 17).
Another strain, CAV7-USSR, was isolated in the former Soviet
Union from the feces of a boy suffering from acute flaccid paralysis
and was originally designated as poliovirus 4 (15, 33, 60, 79). The
CAV7-275/58 strain was recovered from a case of aseptic menin-
gitis but was nonpathogenic in newborn mice and therefore orig-
inally classified as an echovirus type in the Enterovirus genus (66).
CAV7 is one of the few picornaviruses besides poliovirus and en-
terovirus 71 (EV71) that has been associated with outbreaks of
flaccid paralysis (13, 22, 28, 30, 31, 41, 79). Several isolates were
detected in the 1950s and 1960s during paralytic and meningitis

epidemics in the United States, the former Soviet Union, and Scot-
land, but the serotype has rarely been detected since (8, 32). Al-
though the genomic sequences of all the HEV-A prototype strains
have been determined previously, the reasons why EV71 is now
very prevalent (60) and CAV7 is not are unknown. Three receptor
candidates have recently been identified for EV71, which may im-
prove our understanding of this clinically important enterovirus
species (57, 87, 90). CAV7, unlike EV71, does not use SCARB2 as
a receptor (87).

Picornaviruses consist of an �7.5-kb, single-stranded, posi-
tive-sense RNA genome enclosed by an icosahedrally symmetric,
nonenveloped capsid composed of 60 copies of each of the four
capsid proteins, VP1 to VP4 (VP1-VP4). The introduction of pi-
cornaviral genomes into the host cell cytoplasm is thought to be
facilitated by conformational changes occurring in the viral capsid
due to, for instance, receptor binding or exposure to the low pH of
the endosome (29, 76, 84, 85). These changes allow the exposure
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of membrane-active peptides that can form a fusion pore in the
endosomal membrane for release of the RNA. This phenomenon
is particularly well studied for poliovirus, where genome release is
accompanied by the exposure of the N-terminal region of VP1 and
the release of the myristoylated VP4 (14, 24, 50). Several authors
have reported that the release of the genome may lead to expan-
sion of the particles, such as the 4% expansion seen in human
rhinoviruses (HRVs) after uncoating using atomic models fitted
into rhinovirus reconstructions (38, 39). In poliovirus, these con-
formational changes related to expansion were also first explained
by comparing pseudoatomic models from reconstructions at
�22-Å resolution and later at 10-Å resolution of 160S, 135S, and
80S particles with the atomic model of the 160S particle (7, 49).
Significantly, domain movements of up to 9 Å were modeled. The
first atomic models outlining the conformational changes in the
HRV2 80S particle and between empty and mature EV71 particles
were described as this work was under review (27, 64, 81). As in
poliovirus, 4% expansions through large domain movements
were seen, disrupting the protomer interfaces to open up a pore on
the 2-fold and at the base of the canyon.

We determined the sequences coding for the capsid proteins of
CAV7-Parker, CAV7-USSR, and CAV7-275/58 strains. As there
were no atomic models available at the time for any members of
the HEV-A species, we then investigated the three-dimensional
(3D) structure of the CAV7-USSR strain and its response to heat
treatment by electron cryomicroscopy (cryoEM), 3D image re-
construction, homology modeling, and flexible fitting. Major
conformational changes occur at the interfaces of the capsid pro-
teins VP1, VP2, and VP3. Sequence comparisons and modeling
suggest potential pathogenicity and/or receptor binding sites that
may explain the differential behavior of CAV7 strains.

MATERIALS AND METHODS
Purification and stability of CAV7. Three CAV7 strains (Parker, USSR,
and 275/58) were obtained from the ATCC (ATCC VR-166, VR-319, and
VR-673 for Parker, USSR, and 275/58, respectively) (15, 33, 66). The
viruses were passaged twice through B-Vero cells (Bio-Cult Laboratories
Ltd., UK) prior to propagation on the same cell line for purification. The
infected cells were collected, freeze-thawed three times, and cleared by
centrifugation at 10,000 � g for 30 min at 4°C. The supernatant was
precipitated with 7% polyethylene glycol, 300 mM NaCl, harvested by
low-speed centrifugation, and dissolved in 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM MgCl2 (TNM), 0.3% sodium deoxycholate, 0.6% NP-40 for
30 min at 4°C followed by a short spin (1). The virus was further purified
in 10-to-40% CsCl gradients (150,000 � g, 17 h, 4°C) prepared in phos-
phate-buffered saline (PBS) buffer with 1 mM MgCl2 (46). Fractions con-
taining virus were collected and dialyzed against TNM buffer and cleared
by centrifugation for 2 min (10,000 � g, 4°C). The resulting virus prepa-
rations were concentrated to �3 mg/ml in 25 mM phosphate buffer, 0.5
mM MgCl2, pH 7.4, and stored at �80°C until required. The identity of
the purified viruses was confirmed by neutralization using CAV7-specific
World Health Organization reference antiserum (42) and sequencing of
the VP1 gene (58). Empty particles were induced by heating the gradient-
purified virus at 56°C for 30 min, while the control aliquot was kept on ice
(38). The samples were then analyzed by cryoEM for the presence of
empty particles and the specific infectivity was determined.

Sequencing of the capsid protein-encoding regions. Viral RNA was
extracted from purified viruses using a Qiagen, ViralAmp RNA purifica-
tion kit. Reverse transcription-PCR (RT-PCR) was performed using Im-
Prom RT polymerase (Promega), Phusion DNA polymerase (Finnzymes,
Finland), with the 5= primer TCCTCCGGCCCCCTGAAT (65) and the 3=
primer CCTTGGGCAGTAGTGGATGAGA. The 3-kb amplicon, cover-

ing the genes coding for the capsid proteins, was subjected to stepwise
sequencing (ABI PRISM 3130xl; Turku Centre for Biotechnology Se-
quencing Core Facility, Turku, Finland) using primers that were gener-
ated according to the CAV7-Parker nucleotide sequence (GenBank acces-
sion number AY421765). The consensus DNA sequences covering the
open reading frames were generated in BioEdit (v7.0.0). The sequence
alignments against the prototypic Parker strain (AY421765) were gen-
erated using ClustalW 1.82 with the default values (DNA gap open
penalty, 15.0; DNA gap extension penalty, 6.66) and manually ad-
justed to equal lengths using the SeaView editor (74). Phylogenetic
relationships from aligned sequences were inferred using programs
DNADIST and PROTDIST in the Phylip package (version 3.65) (19).

Preparation of vitrified samples and cryoEM. Vitrified samples of
CAV7-USSR were prepared from 3-�l aliquots of purified virus or heat-
treated virus on freshly glow-discharged Quantifoil R2/2 (Quantifoil Mi-
cro Tools GmbH, Germany) and C-Flat 224 (Electron Microscopy Sci-
ences) grids as described previously (5). The grids were held in a GATAN
626 cryoholder maintained at �180°C in an FEI Tecnai F20 microscope
(EM Unit, Institute of Biotechnology, University of Helsinki) operated at
200 kV. Images were recorded on Kodak SO163 film at a magnification of
�62,000 and scanned at 7 �m per pixel as described previously (70).

Image processing. Micrographs were discarded if they had noticeable
drift or astigmatism or indicated the presence of crystalline ice. The defo-
cus level of each micrograph was determined using CTFFIND3 (55). Par-
ticles were automatically picked using ETHAN (44) and then manually
screened, separated into filled- and empty-particle data sets, and win-
dowed in EMAN (53). Starting models for both data sets were generated
using a random model computation procedure (88, 89) operating on 150
images selected from the furthest from focus micrographs and resulted in
initial reconstructions at �30 Å. These reconstructions then served as
starting models for full orientation and origin determination of the entire
data set using AUTO3DEM (89). Initially, the full and empty capsids were
resolved to 8.5-Å and 6.8-Å resolutions, respectively. Subsequent refine-
ment of magnification factors and defocus levels together with application
of a temperature factor of 1/200 Å2 during the orientation search to em-
phasize contributions at higher spatial frequencies led to further improve-
ment. The resolution of the empty capsid was estimated to be reliable to
6.1 Å and that of the filled capsid to 8.2 Å by Fourier shell correlation
analysis (threshold criterion of 0.5) (77). The final reconstructions were
calculated out to Nyquist frequency, the B-factors were estimated and
corrected with EM-Bfactor, and then the data were truncated to the res-
olution indicated by the Fourier shell correlation analysis (21, 67). The
segmentation of capsid proteins VP1-VP3 was done manually in Chi-
mera, rendering the density at 3 standard deviations above the mean to
allow sufficient separation of the proteins.

Modeling of CAV7 capsid proteins. Predictions of the structure of
CAV7-USSR VP1-VP4 capsid proteins were obtained by multiple-tem-
plate comparative modeling using the I-TASSER server (68, 91). For VP1,
the template structures were bovine enterovirus Protein Data Bank Iden-
tification (PDB ID):1bev (72), P1/Mahoney strain of poliovirus PDB ID:
1hxs (54), human rhinovirus 16 PDB ID:1aym (34), human rhinovirus
serotype 1A PDB ID:1r1a (43), coxsackievirus A9 PDB ID:1d4m (37), and
coxsackievirus A21 PDB ID:1z7s (84). For VP2, the template structures
were coxsackievirus A9 PDB ID:1d4m (37), Seneca Valley virus-001 PDB
ID:3cji (78), coxsackievirus B3 PDB ID:1cov (56), Mahoney poliovirus
PDB ID:1pov (6), human rhinovirus 14 PDB ID:4rhv (4), and bovine
enterovirus PDB ID:1bev (72). For VP3, the template structures used were
Mahoney poliovirus PDB ID:1pov (6), echovirus 1 PDB ID:1ev1 (23),
equine rhinitis A virus PDB ID:2xbo (26), Seneca Valley virus-001 PDB
ID:3cji (78), coxsackievirus A9 PDB ID:1d4m (37), echovirus 1 PDB ID:
1ev1 (23), human rhinovirus serotype 1A PDB ID:1r1a (43), and bovine
enterovirus PDB ID:1bev (72). For VP4, the template structures were
coxsackievirus A21 PDB ID:1z7s (84), human rhinovirus 16 PDB ID:
1aym (34), swine vesicular disease virus PDB ID:1oop (25), Mahoney
poliovirus PDB ID:1al2 (82), Holliday junction DNA helicase ruvA PDB
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ID:1ixs (86), and human rhinovirus 16 PDB ID:1c8m. Initially, each of the
models was treated as a rigid body and fitted manually into the respective
segmented densities of the CAV7 VP1-VP3 proteins from both full and
empty capsids. The fits were further improved using the fit-in-map tool
for automated rigid fitting in Chimera (63). Flexible fitting was then ap-
plied, first to each model individually and then to the whole asymmetric
unit. The flexible-fitting procedure included the identification of coarse
rigid bodies within the individual models using RIBFIND (62) and a mul-
tistage refinement protocol (62) using Flex-EM (75). First, a refinement
was performed based on the RIBFIND rigid bodies. In the second stage of
refinement, each of the secondary structure elements (�-sheets and �-he-
lices) was treated as a separate rigid body. The refined models for individ-
ual capsid proteins were then merged together into a single asymmetric
unit and further refinement was applied, in the context of the density of
the whole unit, to relieve any clashes among the different proteins (pos-
sibly occurring due to segmentation errors). Using the refined asymmetric
unit, a pseudoatomic model for the whole capsid was generated by the
oligomer generator utility in VIPERdb (71). However, clashes were ob-
served in the interfaces between the asymmetric units. The unresolved
loops causing clashes at the interface between the neighboring asymmetric
units were removed, and a further refinement was performed. The
amount of conformational change occurring in the proteins as a result of
movement from the filled particle to the empty particle was estimated by
calculating the C� root mean square deviation (RMSD) upon the super-
position of the refined models of each corresponding pair of capsid pro-
teins, using MODELLER-9v7 (18). In addition, the component place-
ment scores (62, 75) for corresponding proteins and individual secondary
structure elements between empty and full were calculated. Pairwise
three-dimensional alignment of the CAV7-USSR strain capsid proteins
VP1-VP3 (filled capsid) against other picornaviruses was calculated using
the PDBeFold server (47).

The CAV7 homology model of VP4 from I-TASSER was aligned with
the VP4 atomic models from CBV3 (PDB: 1cov), CAV21 (red; PDB:
1z7s), PV1 (cyan; PDB: 1hxs), HRV16 (magenta; PDB: 1ayn), and HRV3
(yellow; PDB: 1rhi) using the matchmaker feature in Chimera (54, 56, 61,
63, 84, 93).

Accession numbers. The reconstructions have been deposited in
the EMDB with the accession numbers EMD-2027 and EMD-2028.
The pseudoatomic models have been deposited in the PDBe and as-
signed wwPDB ID codes 4agx and 4agy. The gene sequences coding for
the four structural proteins (VP1-VP4) of the CAV7 strains were de-
posited in the GenBank database with the following accession num-
bers: JN100649 (USSR VP1), JN100650 (Parker VP1), JN100651
(275/58 VP1), JN100652 (USSR VP2), JN100653 (Parker VP2),
JN100654 (275/58 VP2), JN100655 (USSR VP3), JN100656 (Parker
VP3), JN100657 (275/58 VP3), JN100658 (USSR VP4), JN100659
(Parker VP4), and JN100660 (275/58 VP4).

RESULTS
Sequence comparisons. Genomic RNA from CAV7-Parker,
USSR, and 275/58 strains was used in RT-PCR to generate cDNA

for cloning and sequence analysis. The resulting nucleic acid se-
quences of the genes coding for the structural proteins were com-
pared to each other (Table 1) and to those of CAV7-Parker (60).
Surprisingly, the USSR and Parker strain nucleotide sequences
were nearly identical despite the fact that the former originated
from the former Soviet Union and the latter from the United
States (Table 1). There were minor differences among the se-
quences of USSR (GenBank accession numbers JN100649,
JN100652, JN100655, and JN100658), our resequenced Parker
(GenBank accession numbers JN100650, JN100653, JN100656,
and JN100659), and CAV7-Parker (GenBank accession number
AY421765), which may be due to different RT-PCR/sequencing ap-
proaches. In contrast, the CAV7-275/58 sequences (GenBank acces-
sion numbers JN100651, JN100654, JN100657, and JN100660) were
clearly more distant from these two strains (Table 1). The nucle-
otide differences among CAV7-275/58, CAV7-USSR, and CAV7-
Parker strains in comparison to other enterovirus types are still
within the limits of the typing criteria for enteroviruses (58), i.e.,
CAV7-275/58 is an isolate of CAV7 within the HEV-A species
(58). CAV7-275/58 was also neutralized by CAV7-specific WHO
antiserum (data not shown), thereby indicating that it has similar
neutralizing antigenic sites to CAV7-Parker and CAV7-USSR
strains. Interestingly, the differences in the capsid protein
amino acid sequences among the three CAV7 strains were not
concentrated in specific linear regions but were scattered
throughout the sequences, which implies rapid evolution of the
strain (8, 32).

CryoEM images of CAV7. The purified virus preparation con-
tained both filled and empty particles of approximately 28 nm in
diameter. The images of these particles were thus manually segre-
gated during the image preprocessing (Fig. 1). To significantly in-
crease the data set size for the structure determination of the empty
capsid, we generated homogeneous samples of empty particles by
incubating CAV7 preparations at 56°C for 30 min. The heat treat-
ment of the virus preparation led to a significant drop in the infectiv-
ity of the preparation from 4.3 � 107 50% tissue culture infective
doses (TCID50)/ml to 6.7 � 103 TCID50/ml, and the fraction of
empty particles seen in cryoEM images increased from 68% to 100%.

TABLE 1 Comparison of the percentage sequence similarities among
resequenced CAV7 typesa

Comparison
strain

Similarity to CAV7-Parker in indicated genome region

VP1 VP2 VP3 VP4

nt aa nt aa nt aa nt aa

CAV7–USSR 99.5 98.6 100.0 100.0 99.4 98.3 99.5 100.0
CAV7–275/58 83.5 94.9 80.0 97.6 84.0 97.1 82.0 94.2
a Comparisons are between resequenced CAV7- Parker and CAV7-USSR and between
resequenced CAV7-Parker and CAV7-275/58 at the nucleotide (nt) and amino acid (aa)
levels for the coding sequence corresponding to the major structural proteins VP1-VP4.

FIG 1 Micrographs of CAV7 particles suspended in a layer of vitreous water
over holes in a carbon support film were recorded at a nominal magnification
of �62,000 in an FEI Tecnai F20 microscope operated at an accelerating volt-
age of 200 kV. Black and white arrows indicate filled particles and empty
capsids, respectively. This image was recorded at a 4.3-�m underfocus. Bar,
30 nm.

CAV7 Structure
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3D image reconstruction and modeling of CAV7 capsid pro-
teins. Using cryoEM and 3D image reconstruction, we solved the
structure of the full CAV7 capsid to 8.2-Å resolution and that of
the empty CAV7 capsid to 6.1-Å resolution (Fig. 2 and Table 2).
The reconstructions are very similar in size: a radial profile calcu-
lated from the reconstructions showed only a 1-pixel (0.113-nm)
radial expansion in the empty particle (radius, 13.9 nm) compared
to the filled (radius, 13.8 nm). The resolutions of both the full- and
empty-capsid reconstructions were high enough to enable seg-
mentation of the capsid proteins. The intertwining strands of
neighboring VPs could not be identified, but the folding cores of
individual VPs were easily detected. Although the empty-capsid
proteins show more detail, the densities attributed to proteins VP2
and VP3 were found to be nearly identical in the full and empty
capsids. In contrast, the density attributed to protein VP1 in the
vicinity of the vertices shows obvious changes after genome re-

lease. An open channel with a diameter of roughly 12 Å was ob-
served in the 5-fold vertex of the full-capsid reconstruction (Fig.
2A and E). The channel is open all the way through the protein
layer even at 1 standard deviation above the mean. In the empty-
capsid reconstruction, the channel is blocked off at the inner sur-
face of the capsid and remains blocked even at 3 standard devia-
tions above the mean (Fig. 2B and F). In addition, holes were
observed in the capsid at the 2-fold axes in both empty and filled
capsids (black arrows in Fig. 2C to F). Deep canyons circling the
5-fold vertices were also observed in both empty and filled capsids
(white arrows in Fig. 2E and F; also see Movie S1 in the supple-
mental material).

In order to model the changes occurring in the capsid after
RNA release and to investigate protein-RNA interactions, we gen-
erated homology models of the CAV7-USSR and 275/58 capsid
proteins (VP1-VP4) using the I-TASSER server (68, 91). All of the
models were reliably predicted (I-TASSER C-scores: VP1, 0.60;
VP2, 1.08; VP3, 1.33; VP4, �0.93). As expected, the viral proteins
VP1-VP3 possess the typical �-barrel structures commonly found
in other picornaviruses. The homology models were further re-
fined by fitting them into the corresponding density segmented
from both the full and the empty-particle reconstructions in a
conservative, stepwise manner illustrated in Fig. 3 (63, 75). Ini-
tially, the position of the �-barrels was found manually and the fit
of the entire model was locally optimized by an automated rigid
fitting (Fig. 3Aa). The �-barrels are very large, distinctive features,
where the walls of the barrel and the hollow in the middle are
obvious at this resolution, even if the individual �-strands are not.
Then, the termini from the models which had very low sequence
identity and did not fit into the segmented density were trimmed
away, leaving the conserved core (e.g., removal of VP1 N termi-
nus) (Table 2; Fig. 3Ab). At this stage, even if most of the model fits
well within the electron density, often additional refinement can
improve the fit of the homology model (75). Here, to improve the
fit further, a two-stage flexible-fitting procedure was employed,
using RIBFIND (62) and Flex-EM (75) (see Materials and Meth-
ods), resulting in an optimal fit around the position defined in step
1 (Fig. 3Ac). Note that the use of the RIBFIND program helps to
avoid overfitting (62). Finally, the asymmetric unit was refined to
remove clashes at the interface, and the whole capsids were gen-
erated. These additional rounds of refinement led to further trim-
ming of loops, especially in VP1 (Table 2). The final models are
shown fitted into the asymmetric unit of both the empty and filled
capsids in Fig. 3B. A good fit was found between the EM and the
homology models with a cross-correlation score for the asymmet-
ric unit of 0.8 (calculated in the Chimera tool “fit in map”) for
both reconstructions. As a consequence of this approach, even
though the typical picornaviral annulus formed by the N terminus

TABLE 2 Statistics for the reconstructions

Parameter
Full-capsid
reconstruction

Empty-capsid
reconstruction

Electron dose (e�/Å2) 16–17 16–17
No. of micrographs 223 264
No. of particles boxed 2,152 7,849
No. of particles used in the

reconstruction
2,152 7,849

Defocus range (�m) 0.62–4.81 0.62–4.81
Resolution (Å) 8.2 6.1

FIG 2 Subtle changes in the capsid occur on release of RNA and VP4. (A and
B) Comparison of central cross-sections through the filled particle reconstruc-
tion (A) and the empty particle reconstruction (B) shows that in the empty
particle, the channel on the vertex closes, and the subunits around the 2-fold
symmetry axes move. Symmetry axes are marked 5-fold (5f), 2-fold (2f), and
3-fold (3f). Bar, 15 nm. (C and D) Radially depth-cued, isosurface representa-
tions of the interior of the CAV7 full capsid with the RNA density removed (C)
and the CAV7 empty capsid (D), shown at 2.5 standard deviations above the
mean. The nm scale for the radial depth cueing in D is similar to that in C. The
black arrow indicates an opening on a 2-fold axis of symmetry. (E and F)
Radially depth-cued, isosurface representations of a closeup of a 5-fold vertex
(filtered to 8.23-Å resolution) from the filled particle (E) and the empty par-
ticle (F). The nm scale for the radial depth cueing in F is the same as that in E.
White arrows indicate the canyon around the vertices. Black arrows indicate an
opening on a 2-fold axis of symmetry.
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of VP3 is present in both reconstructions, the model does not
extend that far due to the uncertainty of tracing an extended chain
at this resolution (see Movie S2 in the supplemental material).

The same approach did not work for VP4. This protein could
not be reliably identified in the presence of RNA inside the filled
capsid, as it has very little secondary structure and thus was not
clearly evident at 8.2-Å resolution for segmentation. However, it
was possible to superpose the CAV7 VP4 homology model (Fig.
4A) onto atomic models of 5 picornavirus capsids (Fig. 4B). This
gives an estimate of the probable position of VP4 in CAV7. There
is some density at this exact position in the filled-particle recon-
struction (Fig. 4C; also see Movie S2 in the supplemental mate-
rial), and it corresponds best to the C-terminal half of the model.
However, we did not include VP4 in the final homology model of
the full capsid (Fig. 3B), as some of the density could belong to
VP1, VP3, or RNA. The density attributed to VP4 is absent from

the empty-capsid reconstruction, as is the RNA. Noticeably, the
EV71 VP4 structure that has just been reported is extended in the
N-terminal 14 to 31 residues compared to what is seen for other
enteroviruses (81), but the C-terminal half is conserved in struc-
ture and position, which adds some weight to our prediction for
CAV7.

The fits of the homology models into the segmented densities
of the full and empty capsids revealed considerable changes in
protein position measured as both the RMSD of the whole pro-
teins and the component placement score of individual secondary
structure elements (Fig. 3B; Tables 2, 3, and 4). The largest change
in the orientation and position of the capsid proteins in the full
versus the empty capsid is observed for VP1, with an overall trans-
lation score of 3.5 Å and a rotational score of 12° (Table 3; Fig. 5).
VP3 also moved 2.5 Å and 7.8°. These movements are responsible
for the changes seen on the 5-fold axis (Fig. 2). Noticeably, such
large domain movements are transmitted throughout the struc-
ture, resulting in considerable changes at protein-protein inter-
faces. Some of the most noticeable interface changes occur in the
canyon with the helix at residues 116 to 125 (hereafter referred to
as helix 116 –125) (VP1), helix 172–177 (VP2), and helix 44-78

FIG 3 Refinement of the homology models of VP1 (red), VP2 (yellow), and
VP3 (green). (A) Progress from the initial rigid fit of the homology model in
Chimera (a) through RIBFIND (b) to flexible fitting within the segmented
protein density (c) of the CAV7 empty-capsid proteins VP1, VP2, and VP3
(63). (b) Clustered rigid bodies were identified using RIBFIND (62). The clus-
tered secondary structure elements and loops used in the rigid-body fitting are
in color rather than in white. (c) Flexible fitting carried out to improve the fit
using Flex-EM (75). (B) Final fit of the homology models within an asymmet-
ric unit of the CAV7 empty and filled capsids. (Aa, Ac, and B) The correlation
value for each fit is displayed below each model.

FIG 4 Modeling of VP4. (A) VP4 model generated from I-TASSER. (B) VP4
model (white) for CAV7 superimposed on VP4 structures of CBV3 (blue;
PDB: 1cov), CAV21 (red; PDB: 1z7s), PV1 (cyan; PDB: 1hxs), HRV16 (ma-
genta; PDB: 1ayn), and HRV3 (yellow; PDB: 1rhi) (54, 56, 61, 84, 93). (C) VP4
models from B shown with CAV7 filled-capsid density in the background. The
density was zoned to a radius of 12 Å in Chimera (63) by selecting the VP4
model of HRV3.

TABLE 3 Structure comparison among final models of the filled and
empty capsids

Protein name
(residue range)

No. of chains &
regions modeled

C-alpha RMSD of
empty to full (Å)

VP1 (1–296) 77–200, 223–257 4.7
VP2 (1–254) 1–254 6.0
VP3 (1–242) 41–198, 211–242 4.7
VP4 (1–69) 1–69 Not applicable
VP1–VP3 5.3
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(VP3) all moving significantly (Table 4; Fig. 5, inset). Helix 91-98
(VP2) has a symmetry-related copy on the opposite side of the
2-fold axis of symmetry, among protomers. The movement of this
helix away from the axis is responsible for the opening up of the
pore on the 2-fold axis of symmetry from the full to the empty
capsid (Fig. 2).

We identified mutations on the capsid surface that might ex-
plain the differential pathogenic properties of the strains by map-
ping the amino acid differences of the 275/58 or the resequenced
Parker strain relative to the USSR strain homology models in or-
der to identify surface-exposed residues. Three mutations are ap-
parently exposed on the capsid outer surface in the Parker strain
(VP1, E142G; VP3, C83G, A84P), compared to 10 275/58 muta-
tions (VP1, V91F, K103E, G109E, T163S, R164K, C224W; VP2,
T156A; VP3, G83C, P84A, T236S, A238S). Apparently, no muta-
tions are exposed on the capsid inner surface in the Parker strain,
in contrast to what is seen for two 275/58 mutations (VP2, H141L,
N143D).

Comparison of the CAV7 to other picornaviruses. Compari-
son of the structure of CAV7 (VP1-VP3) to that of other picorna-
viruses was quantified using structural alignment with the
PDBeFold server (47), which takes into account both the number
of residues aligned and the C� RMSD. The CAV7 quaternary
structure was found to closely resemble those of the coxsackievi-
ruses and rhinoviruses such as CBV3 and HRV16 (Fig. 6; also see
Table S1 in the supplemental material). We could also compare
the conformational changes that occur on genome release to those
reported for poliovirus, HRV2, and EV71 (7, 27, 81). The expan-
sion that we see is smaller than the �4% increase in the size re-
ported for poliovirus, EV71, and HRV2 going from the mature
virus to the empty particle, where the shells become thinner. In
HRV2, this thinning is mainly explained by a hinge movement in
VP1, where the C-terminal domain moves away from the �-bar-
rel. In EV71, the 5-fold proximal end of the VP1 �-barrel moves
upwards and rotates. In poliovirus, the thinning has been explained
by rigid-body rotation of the individual capsid proteins, likened to
tectonic plate movement. The helix movements that we see at the
interfaces were not reported for poliovirus, where rigid-body fitting
has been carried out. In HRV2 and EV71, the observed pore that
opens on the 2-fold axis of symmetry is due to the separation of the
�A helices in adjacent VP2 molecules. We observed a similar move-
ment in the CAV7 VP2 helix 91–98 (Table 5).

DISCUSSION

In this study, we investigated the sequences and structure of an
enterovirus within the HEV-A species in order to investigate its
relationship to other picornaviruses, the release of RNA, and pos-
sible strain-specific sequence differences that affect cell tropism.
This is one of the first structural models of a virus from the HEV-A
species, which includes many major enteroviral pathogens. The
cryoEM structures of empty and filled CAV7 capsids revealed fea-

tures very typical for picornaviruses. CAV7 follows the T � 1
(pseudo T � 3) symmetry, which is common to the Picornaviri-
dae. Segmentation of the CAV7 reconstruction was possible due to
the subnanometer resolution of the reconstructions and revealed
the position of the major capsid proteins and provided further
evidence of the typical picornavirus structure. The closest struc-
tural similarity based on the alignment of the C� backbones of
VP1-VP3 (see Table S1 in the supplemental material) is to CBV3
(HEV-B) and rhinoviruses (HRV-A). However, not unexpect-
edly, poliovirus, CAV21 and HRV3 from the other species can also
be aligned. As this paper was in review, two groups published
structures of EV71, showing that it is closest in structure to bovine
enterovirus, which was also used as a template in our modeling of
all four capsid proteins (64, 81). The three-dimensional structure
of CAV7 is thus more conserved than the genome or the epitopes
used commonly in serotyping and classification.

In polioviruses, VP4 release is linked to the penetration of the
endosome and the release of RNA (3). The role of VP4 in CAV7 is
unknown, but we show that its removal coincided with the release
of RNA after heat treatment. Hence, VP4 could well be involved in
RNA release in CAV7, and this should be further explored. Cur-
rently, it is not known if receptor binding plays a role in this
process in vivo.

The conformational changes in the CAV7 capsid that are seen

TABLE 4 Component placement scores for the individual proteins
between empty and filled capsids (75)

Protein name (residue range) Translation (Å) Rotation (°)

VP1 (77–200, 223–257) 3.5 12.1
VP2 (1–254) 2.5 2.7
VP3 (41–198, 211–242) 2.5 7.8

FIG 5 Movements associated with the transition from the filled to the empty
particle. Superposition of the modeled asymmetric units shows major confor-
mational changes in the capsid proteins. The modeled asymmetric units from
the filled (magenta) and empty (cyan) particles are shown as ribbon models.
The largest change is seen in VP1 where the whole protein undergoes an �12°
rotation and a translation of 3.5 Å The inset shows the conformational changes
detected at the interface of VP1, VP2, and VP3 (75). The helices with the
greatest movement at the interfaces are labeled in the inset helix 116 –125
(VP1), helix 172–177 (VP2), and helix 44 –78 (VP3).
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after the release of RNA are the result of an orchestrated series of
conformational changes occurring at the interfaces of the three
major capsid proteins. The comparison raises the question of how
the RNA actually escapes the capsid. Previous studies on poliovi-
rus indicated that release could take place through the 5-fold ver-
tices, and indeed we see major conformational changes in VP1,
which result in the closing of a 12-Å-diameter channel at the
CAV7 vertices (10, 11, 38, 45). However, recently, PV1 in the act of
RNA uncoating has been revisited using electron tomography,
and the footprint of RNA on the capsid outer surface was located
about 20 Å from a 2-fold axis of symmetry (9, 49). This would
suggest that conformational changes in VP2 and VP3 should oc-
cur, along with the obvious loss of VP4. Interestingly, not only
does the CAV7 structure have holes on the 2-fold axis of symme-
try, but the helices responsible for the opening of that pore in the
empty capsid are similar to those reported in HRV2 80S particles
and EV71 expanded particles (27, 81). We also recognized confor-
mational changes in the interfaces among VP1, VP2, and VP3 that
affect the canyon structure (Fig. 5, inset) around the N terminus of
VP1 (although the VP1 model starts only at residue 77) (Table 3).
Similar, more detailed observations of changes in the canyon have
also been made for EV71 and noticeably were linked to the shrink-
ing of the lipid-binding pocket in VP1 and the initiation of un-
coating (81). Hence, although the scale of the conformational
changes that occur on RNA release in CAV7 do not result in as
large a capsid expansion as those seen in HRV2 and EV71, the
movements seen are still in line with externalizing the VP1 N
terminus through the canyon floor and RNA release from a hole in
the capsid on a 2-fold axis of symmetry. Thus, in terms of virus
entry into the cell, similar dissociation steps are predicted for
HRV2, poliovirus, EV71, and CAV7.

In this study, we also analyzed the sequences of three CAV7
strains: Parker, USSR, and 275/58. While the Parker and USSR
strains are practically identical, 275/58 is more distant. The Parker

TABLE 5 Component placement scores for individual secondary
structure elements between filled and empty capsids (75)

Protein
name Residue range

Secondary
structure
element
type

Translation
(Å)

Rotation
(°)

VP1 79–84 �–Helix 5.6 6.9
100–103 �–Helix 2.4 4.7
116–125 �–Helix 5.9 7.2
87–93, 132–139, 188–

191, 244–254
�–Sheet 3.4 8.2

105–110, 149–155,
177–181, 230–236

�–Sheet 2.8 13.5

VP2 57–60 �–Helix 2.9 17.6
82–89 �–Helix 2.8 13.5
91–98 �–Helix 4 56.2
172–177 �–Helix 12.0 103.8
16–18, 21–23 �–Sheet 2.4 22.9
32–33, 64–65, 105–111,

190–194, 235–241
�–Sheet 2.2 7.3

78–81, 121–128, 180–
184, 212–218

�–Sheet 2.1 3.2

VP3 44–48 �–Helix 4.2 34.4
60–63 �–Helix 0.6 46.1
94–97 �–Helix 4.5 33.5
100–105 �–Helix 2.7 8.2
146–151 �–Helix 0.9 16.2
51–53, 115–121, 164–

169, 214–220
�–Sheet 1.8 6.0

82–87, 130–135, 154–
158, 193–197

�–Sheet 1.8 14.6

110–112, 178–179,
225–227

�–Sheet 3.4 11.2

FIG 6 Comparison of the empty CAV7 capsid cryoreconstruction with representative enterovirus atomic models from coxsackievirus B3 (CBV3; PDB 1cov),
coxsackievirus A21 (CAV21; PDB 1z7s), poliovirus 1 (PV1; 1hxs), human rhinovirus 16 (HRV16; PDB 1ayn), and human rhinovirus 3 (HRV3; PDB 1rhi) (54,
56, 61, 84, 93). The models were calculated to 6.1-Å resolution in CCP4 with a temperature factor of 100 Å2 (83), displayed as isosurface presentations 2 standard
deviations above the mean and radially depth cued in Chimera (63). The view is down an icosahedral 2-fold axis of symmetry.
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and USSR strains cause flaccid paralysis in a mouse model, typical
for members of the HEV-A species, while 275/58 is nonpatho-
genic. Despite this difference in pathogenicity, all three strains can
be typed by CAV7-specific neutralizing antibodies. Mapping of
the point mutations of the Parker and 275/58 capsid proteins onto
the USSR homology models revealed that a significant fraction of
these mutations in VP1 are probably surface exposed, close to
reported receptor binding sites of PV1, CAV21, and CBV3 (35, 36,
84). Hence, it is possible that the point mutations in 275/58, pre-
dicted to be on the surface, could explain the observed differences
in CAV7 275/58 strain pathogenesis and tropism by affecting re-
ceptor selection and binding. Thus, we now have a set of potential
sites to mutate to see directly whether or not they affect cell tro-
pism.

In conclusion, we show that CAV7 has the typical structure of
a picornavirus in which the interfaces of the protomer (VP1, VP2,
VP3) undergo significant conformational changes in order to
progress from a filled form of the capsid to an empty one. A num-
ber of surface residues that could be responsible for observed dif-
ferences in pathogenicity were identified by comparison of differ-
ent strains, which could shed light on the progression of disease
caused by species A enteroviruses.
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