
A 3.0-Angstrom Resolution Cryo-Electron Microscopy Structure
and Antigenic Sites of Coxsackievirus A6-Like Particles

Jinhuan Chen,a,b Chao Zhang,c,d Yu Zhou,e Xiang Zhang,a,b Chaoyun Shen,e Xiaohua Ye,e Wen Jiang,f Zhong Huang,e

Yao Conga,b

aNational Center for Protein Science Shanghai, State Key Laboratory of Molecular Biology, CAS Center for
Excellence in Molecular Cell Science, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences, University of Chinese Academy of Sciences, Shanghai, China

bShanghai Science Research Center, Chinese Academy of Sciences, Shanghai, China
cJoint Center for Infection and Immunity, Guangzhou Institute of Pediatrics, Department of Gastroenterology,
Guangzhou Women and Children's Medical Center, Guangzhou, China

dJoint Center for Infection and Immunity, Institut Pasteur of Shanghai, Chinese Academy of Science, Shanghai,
China

eVaccine Research Center, CAS Key Laboratory of Molecular Virology and Immunology, Institut Pasteur of
Shanghai, Chinese Academy of Sciences, Shanghai, China

fMarkey Center for Structural Biology, Department of Biological Sciences, Purdue University, West Lafayette,
Indiana, USA

ABSTRACT Coxsackievirus A6 (CVA6) has recently emerged as one of the predomi-
nant causative agents of hand, foot, and mouth disease (HFMD). The structure of the
CVA6 mature viral particle has not been solved thus far. Our previous work shows
that recombinant virus-like particles (VLPs) of CVA6 represent a promising CVA6 vac-
cine candidate. Here, we report the first cryo-electron microscopy (cryo-EM) structure
of the CVA6 VLP at 3.0-Å resolution. The CVA6 VLP exhibits the characteristic fea-
tures of enteroviruses but presents an open channel at the 2-fold axis and an empty,
collapsed VP1 pocket, which is broadly similar to the structures of the enterovirus 71
(EV71) VLP and coxsackievirus A16 (CVA16) 135S expanded particle, indicating that
the CVA6 VLP is in an expanded conformation. Structural comparisons reveal that
two common salt bridges within protomers are maintained in the CVA6 VLP and
other viruses of the Enterovirus genus, implying that these salt bridges may play a
critical role in enteroviral protomer assembly. However, there are apparent structural
differences among the CVA6 VLP, EV71 VLP, and CVA16 135S particle in the surface-
exposed loops and C termini of subunit proteins, which are often antigenic sites for
enteroviruses. By immunological assays, we identified two CVA6-specific linear B-cell
epitopes (designated P42 and P59) located at the GH loop and the C-terminal region
of VP1, respectively, in agreement with the structure-based prediction of antigenic
sites. Our findings elucidate the structural basis and important antigenic sites of the
CVA6 VLP as a strong vaccine candidate and also provide insight into enteroviral
protomer assembly.

IMPORTANCE Coxsackievirus A6 (CVA6) is becoming one of the major pathogens
causing hand, foot, and mouth disease (HFMD), leading to significant morbidity and
mortality in children and adults. However, no vaccine is currently available to pre-
vent CVA6 infection. Our previous work shows that recombinant virus-like particles
(VLPs) of CVA6 are a promising CVA6 vaccine candidate. Here, we present a 3.0-Å
structure of the CVA6 VLP determined by cryo-electron microscopy. The overall ar-
chitecture of the CVA6 VLP is similar to those of the expanded structures of entero-
virus 71 (EV71) and coxsackievirus A16 (CVA16), but careful structural comparisons
reveal significant differences in the surface-exposed loops and C termini of each
capsid protein of these particles. In addition, we identified two CVA6-specific linear
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B-cell epitopes and mapped them to the GH loop and the C-terminal region of VP1,
respectively. Collectively, our findings provide a structural basis and important anti-
genic information for CVA6 VLP vaccine development.

KEYWORDS coxsackievirus A6, cryo-EM, epitope, near-atomic-resolution structure,
virus-like particle

Hand, foot, and mouth disease (HFMD) is a common contagious illness throughout
the world, particularly in the Asia-Pacific region (1). In China, continuing epidemics

of HFMD have resulted in millions of clinical cases and hundreds of deaths annually (2).
HFMD can be caused by a number of enteroviruses, including enterovirus 71 (EV71),
coxsackievirus A16 (CVA16), coxsackievirus A10 (CVA10), and coxsackievirus A6 (CVA6).
Among these viruses, EV71 and CVA16 have been the major pathogens over the last
decade (2, 3). However, the incidence of CVA6-associated HFMD has been increasing
rapidly around the world in the past 3 years; moreover, clinical surveys reveal that CVA6
has emerged as one of the predominant causative agents of HFMD (4–9). Compared
with EV71 and CVA16, CVA6 has a higher rate of infection in adults, and CVA6-infected
patients present with some unique clinical manifestations, including widespread ve-
siculobullous eruption, desquamation, onychomadesis, and epididymitis (10–12).

In general, CVA6 does not grow efficiently in cell cultures (4, 13). Cellular receptors
for CVA6 remain elusive. Like other enteroviruses, CVA6 possesses a single-stranded,
positive-sense RNA genome of around 7.4 kb (14). Although CVA6 has been visualized
as spherical particles of �30 nm in diameter by conventional electron microscopy (15),
high-resolution structural information for CVA6 mature virus remains unavailable to
date.

The increasing prevalence of CVA6 infection suggests that CVA6 should be targeted
for vaccine development (4). Indeed, efforts have been made to develop CVA6 vaccines
using the traditional inactivated whole-virus vaccine approach (15–18). Recently, our
group produced recombinant virus-like particles (VLPs) of CVA6 in insect cells and yeast
and evaluated their vaccine potential in preclinical tests (19, 20). The CVA6 VLPs
efficiently induced serum antibodies that protected mice against lethal viral challenges
(19, 20), indicating that CVA6 VLPs represent an excellent CVA6 vaccine candidate. In
the present study, we determined for the first time the atomic-resolution (3.0-Å)
structure of CVA6 VLPs by cryo-electron microscopy (cryo-EM) single-particle analysis.
In addition, we identified two CVA6-specific conserved linear B-cell epitopes within the
VP1 protein by peptide enzyme-linked immunosorbent assay (ELISA) and located these
epitopes on the outer surface of the CVA6 VLP structure. Our study elucidates the
structural basis of CVA6 VLPs as a strong vaccine candidate and also provides insight
into the assembly and stability of CVA6 protomers.

RESULTS
Overall structure of the CVA6 VLP. Purified CVA6 VLPs were subjected to cryo-EM

analysis using a Titan Krios electron microscope (FEI) equipped with a Gatan K2 Summit
camera. Cryo-EM micrographs of CVA6 VLPs revealed spherical particles of uniform size
with a diameter of about 30 nm (Fig. 1A). The thon rings could be visible beyond
�3.2-Å resolution in the two-dimensional (2D) power spectrum of the micrographs (Fig.
1B), and the majority of the data used contain high-resolution information to this level.
A total of 11,596 particles were selected from 1,037 movies and used to reconstruct the
3D structure of the CVA6 VLP using the jspr software package (21). The effective
resolution of the final reconstruction was estimated at 3.0 Å according to a Fourier shell
correlation coefficient (FSC) cutoff criterion of 0.143 (Fig. 1C). The resolution was further
confirmed by local resolution evaluation using ResMap (22), which varies between 2.6
Å for the antiparallel �-barrel core and 4.0 Å for several highly dynamic surface loops,
such as the VP1 GH loop and VP2 EF loop (Fig. 1D). No density corresponding to RNA
was present inside the capsid shell (Fig. 1E).
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Generally, enterovirus particles have two different states, the expanded state and
the native/compact state, with the radii of the former being slightly larger than those
of the latter (23–26). The radius of the CVA6 VLP is 161 Å (Fig. 2A), which is similar to
those of the expanded particles of EV71 and CVA16 (e.g., 159 Å for the EV71 procapsid,
161 Å for the EV71 VLP, and 162 Å for the CVA16 135S particle) and is slightly larger
than those of the compact particles of EV71 and CVA16 (e.g., 155 Å for the EV71 mature
virion, 156 Å for the CVA16 mature virion, and 156 Å for the CVA16 VLP) (23, 25–27),
suggesting that the CVA6 VLP is likely in an expanded state. However, since no CVA6
mature virus structure is currently available, it is impossible to directly compare the
radius of the CVA6 VLP with that of the CVA6 mature virion.

The density map of the CVA6 VLP revealed an icosahedral structure with surface
features typical for enteroviruses, including a prominent star-shaped plateau (mesa) at
the 5-fold-symmetry axes, a narrow depression (canyon) surrounding the mesa, and a
three-bladed propeller-like feature at the 3-fold axes (Fig. 2A). In addition, there is an
open channel at the 2-fold axes (Fig. 2A), a typical characteristic of the expanded
enteroviral particles. We then built an atomic model of the CVA6 VLP (Fig. 2B) based on
the homologous EV71 VLP crystal structure (PDB 4YVS) (27), which fits our cryo-EM map
very well after further refinement (Fig. 2C and D). According to the atomic model, the
CVA6 VLP capsid contains 60 protomers, each composed of three subunit proteins (VP0,
VP1, and VP3) (Fig. 2C). Residues 83 to 92, 99 to 115, and 121 to 321 of VP0, residues
71 to 296 of VP1, and residues 1 to 175 and 188 to 240 of VP3 were well resolved, and
almost all side chain densities of these residues were clearly visible in our atomic-
resolution cryo-EM map (Fig. 2C and D).

Structural comparison of the CVA6 VLP, EV71 VLP, and CVA16 135S particle.
We compared the structure of the CVA6 VLP with those of the EV71 VLP (PDB 4YVS) (27)
and CVA16 135S particle (PDB 4JGY) (26). In the CVA6 VLP structure, the 2-fold axis
channel is opened, flanked by two �-helices from adjacent VP2 proteins, and measured
as about 8 by 26 Å; a smaller channel at the quasi-3-fold axis (called the junction

FIG 1 Cryo-EM image of CVA6 VLP and resolution evaluation of the cryo-EM map. (A) A representative cryo-EM image of the
CVA6 VLP. Bar, 50 nm. (B) Power spectrum of the micrograph shown in panel A. The white dashed curve indicates that the
image contains a signal at 3.2-Å resolution. (C) Resolution assessment of the cryo-EM reconstruction by Fourier shell correlation
(FSC) at a criterion of 0.143. (D) Local resolution evaluation of the cryo-EM map by ResMap. The resolution color bar (in
angstroms) is also labeled. (E) Central section of the cryo-EM map visualized along the 5-fold symmetry axis.
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channel) is also evident (Fig. 3A). The two opened channels, typical features of the
expanded enteroviral particles, are also clearly seen in the structures of the EV71 VLP
and CVA16 135S particle (Fig. 3B and C). In contrast, there are no holes at the 2-fold and
quasi-3-fold axes in the structures of the native EV71 and CVA16 mature virions (PDB
3VBF and 5C4W, respectively) (23, 25).

A surface canyon surrounding each of the 12 5-fold vertices is a typical structural
feature of enteroviruses and is often the site of host cell receptor binding (28). The
canyon in the CVA6 VLP appears to be much narrower and shallower than those in the
EV71 VLP and in the CVA16 135S particle (Fig. 3D to F). However, the 5-fold plateau of
the CVA6 VLP is similar to those of the EV71 VLP and CVA16 135S particle in height (Fig.
3D to F). For all three particles, positively charged surface patches on the 5-fold
plateaus are formed; however, the patch in the CVA6 VLP is more compact and closer
to the 5-fold axis than that in the EV71 VLP, and it has much stronger positive charges
than that in the CVA16 135S particle (Fig. 3G to I).

For enteroviruses, a hydrophobic pocket, formed by the VP1 protein and located
beneath the canyon floor, often harbors a host-derived lipidic pocket factor, which
functions to stabilize virions. Upon binding cellular receptors, enteroviruses may expel
their corresponding pocket factors, leading to pocket collapse and subsequent uncoat-

FIG 2 Overall structure of the CVA6 VLP. (A) Cryo-EM density map of the CVA6 VLP viewed along the icosahedral 2-fold
symmetry axis. The map is colored radially. The color bar labels the corresponding radius from the center of the sphere (in
angstroms). The mesa, propeller, and canyon are indicated by black arrows. (B) Atomic model of the CVA6 VLP viewed along
the 2-fold axis. VP0, VP1, and VP3 are colored in green, blue, and red, respectively. The same color scheme is used throughout,
unless otherwise indicated. (C) Good fit between the model and the cryo-EM map at an icosahedral asymmetric unit of the
CVA6 VLP. The visualization location with respect to the complete CVA6 VLP map is illustrated in the upper left corner. (D)
Good fit between the segmented density (mesh in gray) and the corresponding atomic model (sticks) in the VP1, VP0, and VP3
regions. The well-resolved density for almost all the side chains demonstrates the atomic resolution of the cryo-EM map.
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ing process (23, 26, 29). Previous studies have demonstrated that the VP1 pocket is
empty in the EV71 VLP and CVA16 135S particle (26, 27), whereas it is occupied by a
pocket factor in EV71 and CVA16 mature virions (23, 25). In our CVA6 VLP structure, the
VP1 pocket is collapsed and empty, and the side chains of residues M225 and F228 of
VP1 project inward, partially occupying the potential pocket factor-binding site (Fig. 4).

To explore the mechanisms of VLP assembly and stability, we analyzed interactions
among the subunit proteins of CVA6 VLP by using the PISA server (30). The results
showed that protein-protein interactions exist mainly within, but not between, protom-
ers (data not shown). Apart from numerous hydrogen bonds, four salt bridges are
formed between charged amino acids at protein-protein interfaces within a protomer.
Specifically, D201 of VP1 interacts with K150 of VP0, R249 of VP1 with D18 of VP3, D284
of VP1 with R66 of VP3, and E106 of VP0 with H35 of VP3 (Fig. 5A and D). It is worth

FIG 3 Surface features of the CVA6 VLP compared to those of the EV71 VLP and CVA16 135S particle. (A) A map and model
overlay viewed along the 2-fold symmetry axis (marked as a black ellipse) for the CVA6 VLP. The position of the junction
channel is indicated by a black triangle. The density map is shown in transparent gray. (B and C) Atomic models of the outer
surfaces of the EV71 VLP (PDB 4YVS) (B) and the CVA16 135S particle (PDB 4JGY) (C) viewed in the same direction as in panel
A. (D to F) Surface representation of the pentameric structures of the CVA6 VLP (D), EV71 VLP (E), and CVA16 135S particle (F)
viewed along the 5-fold symmetry axis. The surface is radially colored. The color bar labels the corresponding radius from the
center of the particle (in angstroms). (G to I) Electrostatic surfaces of pentamers of the CVA6 VLP (G), EV71 VLP (H), and CVA16
135S particle (I). The electrostatic potential was calculated by utilizing PyMOL; the positively and negatively charged areas are
shown in blue and red, respectively. The black dashed circle indicates the 5-fold positively charged patch.
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noting that except for the salt bridge between D284 of VP1 and R66 of VP3, the salt
bridges are common among the CVA6 VLP, EV71 VLP, and CVA16 135S particle (Fig. 5),
as well as mature virions of EV71 and CVA16 (PDB 3VBF and 5C4W, respectively) (23, 25)
(data not shown). This finding is consistent with the substantial sequence conservation
of these salt bridge-forming residues among the three viruses (data not shown).

FIG 4 Structural comparison of hydrophobic pockets among the CVA6 VLP, EV71 VLP, CVA16 135S particle, and EV71 mature
virion. (A) The hydrophobic pocket in VP1 of the CVA6 VLP, with density in transparent gray and model in blue ribbon and stick.
(B and C) Superposition of the VP1 pocket regions of the CVA6 VLP (blue), EV71 VLP (pink), CVA16 135S particle (cyan), and EV71
mature virion (PDB 3VBF) (orange) viewed from the front (B) and back (C). The pocket factor in the EV71 mature virion is shown
as orange sticks. Shown also are residues M225 and F228 in the CVA6 VLP, whose side chains partially occupy the potential binding
site for pocket factor.

FIG 5 Salt bridges within the protomers of the CVA6 VLP, EV71 VLP, and CVA16 135S particle. (A to C) Salt bridge locations within the
protomers of the CVA6 VLP (A), EV71 VLP (B), and CVA16 135S particle (C). Salt bridge-forming residues within VP1, VP0/VP2 (VP0 for the
CVA6 VLP and EV71 VLP and VP2 for the CVA16 135S particle), and VP3 are colored in blue, green, and red, respectively, while the other
portions of the proteins are in gray. (D to F) Zoom-in view of the salt bridge regions enlarged from panels A, B, and C, respectively. The
three common salt bridges observed in the CVA6 VLP, EV71 VLP, and CVA16 135S particle are indicated by oval dashed lines.
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In general, the structures of entire protomers and individual VP1, VP0, and VP3
proteins are similar among the CVA6 VLP, EV71 VLP, and CVA16 135S particle, and each
capsid protein consists of an eight-stranded antiparallel �-barrel core (Fig. 6). The
overall C� root mean square deviation (RMSD) values for VP1, VP0 (VP2), and VP3
among the CVA6 VLP, EV71 VLP, and CVA16 135S particle are all less than 1.40 Å, which
were calculated by optimizing the overlay of each VP1 of the three structures, opti-
mizing the overlay of each VP0 (VP2) of the three structures, and optimizing the overlay
of each VP3 of the three structures separately. It is noteworthy that the main structural
differences among the three particles were found in the loop regions and the C termini
of subunit proteins, including the BC, DE, and EF loops (near the 5-fold axis), the GH
loop (near the pseudo-3-fold junction), and the C terminus of VP1, the EF loop (near the
Southern edge of canyon) of VP0 (VP2), and the GH loop (near the pseudo-3-fold

FIG 6 Structural comparison of the protomers and individual capsid proteins of the CVA6 VLP, EV71 VLP, and CVA16 135S particle. (A) Superposition of the
protomers of the CVA6 VLP (different capsid proteins in different colors) and EV71 VLP (gray). The black oval, triangle, and pentagon represent the 2-fold, 3-fold,
and 5-fold axes, respectively. (B) Superposition of the protomers of the CVA6 VLP and CVA16 135S particle (gray). VP1, VP0, and VP3 of CVA6 VLP are in blue,
green, and red, respectively. (C to E) Superposition of individual capsid protein structures of the CVA6 VLP (blue), EV71 VLP (pink), and CVA16 135S particle
(cyan). (C) Superposition of VP1. (D) Superposition of VP0/VP2 (VP0 for the CVA6 VLP and EV71 VLP and VP2 for the CVA16 135S particle). (E) Superposition of
VP3. The major structural differences of subunit proteins among the CVA6 VLP, EV71 VLP, and CVA16 135S particle are indicated by black arrows. The dashed
rectangle indicates the disordered region of the VP3 GH loop.
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junction), the knob (residues 55 to 69 of VP3, VP3/VP0 interface), and the C terminus
(VP3/VP1 interface) of VP3 (Fig. 6). Obvious structural differences in these regions were
also observed when the CVA6 VLP was compared to the EV71 and CVA16 mature
virions (PDB 3VBF and 5C4W, respectively) (23, 25) (data not shown). It is worth noting
that these regions are all surface exposed, and most of them were experimentally
determined antigenic sites of EV71 or CVA16 (31–37).

Mapping of CVA6-specific linear B-cell epitopes within the VP1 protein. CVA6
VLPs are able to potently elicit protective antibodies in mice (19, 20). To identify linear
B-cell epitopes, a panel of 59 synthetic peptides (designated P1 to P59) covering the
entire VP1 region of CVA6 was tested for reaction with the anti-CVA6 VLP mouse serum
by ELISA. As shown in Fig. 7A, only the peptides P42 and P59, which correspond to
residues 206 to 220 and 291 to 305 of VP1, respectively, exhibited significant reactivity,

FIG 7 Identification and mapping of linear B-cell epitopes within the VP1 protein of CVA6. (A) Reactivity of the anti-CVA6 VLP
mouse serum to VP1 peptides determined by peptide ELISA. A set of 59 synthetic peptides covering the entire VP1 region of
CVA6 were used as the coating antigens. Mouse anti-CVA6 VLP serum was diluted 1:40 and used in ELISA. (B to D)
Cross-reactivities of peptides P42 (B), P59 (C), and CVA6 VLP (D) with mouse polyclonal antibodies against the EV71 VLP or
CVA16 VLP determined by ELISA. Anti-CVA6 VLP and anti-PBS mouse sera were used as positive and negative controls,
respectively. The antisera were diluted 1:40 (B and C) and 1:100 (D) and used in ELISA. (E) Sequence alignment of VP1 from
some representative strains of CVA6, EV71, and CVA16, showing the amino acid sequence variations in the corresponding P42
and P59 regions. The secondary-structure elements for the CVA6 VLP are shown at the top. (F) Locations of the P42 and P59
epitopes on the protomer of the CVA6 VLP. The P42 and P59 epitopes are colored in yellow and cyan, respectively. To better
show the densities of P42 and P59, the map was low-pass filtered to 3.5-Å resolution. The electron densities of the nine
C-terminal amino acids of P59 remain missing.

Chen et al. Journal of Virology

January 2018 Volume 92 Issue 2 e01257-17 jvi.asm.org 8

http://www.rcsb.org/pdb/explore/explore.do?structureId=3VBF
http://www.rcsb.org/pdb/explore/explore.do?structureId=5C4W
http://jvi.asm.org


suggesting that P42 and P59 contain linear B-cell epitopes. We next examined whether
P42 and P59 could cross-react with the anti-EV71 VLP or anti-CVA16 VLP mouse serum
generated in a previous study (38). The ELISA results clearly showed that P42 and P59
reacted with the anti-CVA6 VLP but not the anti-EV71 VLP or anti-CVA16 VLP serum (Fig.
7B and C), indicating that the P42 and P59 epitopes are CVA6 specific. As the control
binding antigen, CVA6 VLP exhibited different degrees of cross-reactivity with anti-EV71
VLP or anti-CVA16 VLP serum (Fig. 7D), suggesting that there might be common
epitopes for CVA6, EV71, and CVA16.

Alignment of the VP1 sequences from representative strains of CVA6, EV71, and
CVA16 revealed that the P59 region is uniquely present in CVA6 but absent in EV71 and
CVA16 (Fig. 7E). In addition, the P42 regions from the three CVA6 strains are identical,
while they differ from the counterparts in EV71 and CVA16 by at least four residue
variations (Fig. 7E). Based on our structure, P42 is located in the VP1 GH loop at the
edge of the canyon and is well exposed on the surface of the CVA6 VLP (Fig. 7F). In
addition, P59, which resides in the C terminus of VP1, is also surface exposed (Fig. 7F).
Taken together, the above results demonstrate that P42 and P59 represent two
CVA6-specific surface-exposed linear B-cell epitopes.

DISCUSSION

CVA6 has recently emerged as one of the predominant pathogens of HFMD (4–9).
However, thus far, no vaccine is available for CVA6, and its mature virus structure has
not been reported yet. We now alleviate these problems by providing the first atomic-
resolution structure of the CVA6 VLP, which has been shown to provide protection
against lethal CVA6 infection in preclinical studies (19, 20).

In this study, we found that the overall structure of CVA6 VLP is very similar to those
of the expanded EV71 VLP and CVA16 135S particle but differs from those of the
native/compact EV71 and CVA16 mature virions in two major aspects. First, the 2-fold
axis channel and the junction channel are opened in the CVA6 VLP, EV71 VLP, and
CVA16 135S particle (Fig. 3A to C) but closed in EV71 and CVA16 mature virions (23, 25).
Second, the VP1 pocket is empty and collapsed in the CVA6 VLP, EV71 VLP, and CVA16
135S particle but is occupied by a pocket factor in EV71 and CVA16 mature virions (Fig.
4) (23, 25). Enlargement of the 2-fold axis channel and loss of the pocket factor are
considered two characteristic features of particle expansion which occurs during the
mature virion-to-uncoating intermediate transition (26, 39). In addition, the radius of
the CVA6 VLP (Fig. 2A) is similar to those of the EV71 VLP and CVA16 135S particle and
is slightly larger than those of EV71 and CVA16 mature virions (23, 25–27). Taken
together, these findings indicate that the CVA6 VLP most probably adopts an expanded
conformation compared to its mature virion.

The present study reveals that the CVA6 VLP consists of 60 protomers, each of
which is composed of VP0 (the precursor of VP2 and VP4), VP1, and VP3 subunits.
Similar findings have been reported for mature virions, procapsids, and VLPs of
other enteroviruses (e.g., EV71 and CVA16) (23, 25, 27, 40). However, the mecha-
nisms underlying the assembly of protomers and particles of enteroviruses remain
unclear. A few studies have revealed the critical contributions of salt bridges to
particle assembly and/or stability in bacteriophages, influenza virus, HIV-1, and
Mason-Pfizer monkey virus (41–46). In this study, four salt bridges located at
protein-protein interfaces were identified within each protomer of the CVA6 VLP
(Fig. 5A and D). It is worth noting that two of them (salt bridges between R249 of
VP1 and D18 of VP3 and between E106 of VP0 and H35 of VP3) also exist inside
protomers of other representative viruses from the four species (A, B, C and D) of
human enteroviruses, such as EV71 (PDB 3VBF, species A), CVA16 (PDB 5C4W, species
A), coxsackievirus B3 (CVB3) (PDB 1COV, species B), poliovirus type 1 (PDB 1VBD, species
C), poliovirus type 2 (PDB 1EAH, species C), poliovirus type 3 (PDB 1PVC, species C), and
enterovirus D68 (EVD68) (PDB 4WM8, species D) (data not shown), implying that the
two highly conserved salt bridges may play a critical role in the assembly and stability
of enteroviral protomers.
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Although the CVA6 VLP, EV71 VLP, and CVA16 135S particle share a broadly similar
overall architecture, there are apparent structural differences in the surface-exposed
loops and C termini of their subunit proteins (Fig. 6). Significant structural differences
were also found in these regions when the CVA6 VLP structure was compared with
those of EV71 and CVA16 mature virions (data not shown). It is noteworthy that some
of these regions are experimentally determined antigenic sites of EV71 or CVA16
(31–36). Particularly, the EF and GH loops of VP1, the EF loop of VP2, and the knob and
GH loop of VP3 in EV71 were identified to be neutralizing epitopes (31–34), whereas the
BC, EF, and GH loops of VP1 are neutralizing epitopes for CVA16 (35). It is reasonable
for us to assume that most, if not all, of these regions are also antigenic sites for CVA6.
Thus, the differences in these antigenic sites may partially explain the lack of cross-
protection by inactivated EV71, CVA16, or CVA6 monovalent vaccines in preclinical
trials (17).

We and other research groups have shown that the EV71 procapsid, EV71 VLP, and
CVA6 VLP, all of which are in the expanded state (23, 27), could potently elicit the
production of neutralizing/protective antibodies in mice and/or monkeys (19, 20,
47–49). These observations are in contrast to previous results that the expanded
particles (C or H antigen) of polioviruses could not efficiently induce neutralizing
antibody responses in mice (50, 51). It is possible that, unlike in polioviruses, the
expanded forms of EV71 and CVA6 may retain their respective immunodominant
neutralization epitopes (47).

By screening of a panel of peptides covering the entire VP1 region for reactivity with
the anti-CVA6 VLP serum, we identified two CVA6-specific linear B-cell epitopes,
represented by the peptides P42 and P59, respectively (Fig. 7A). The P42 and P59
epitopes are located at the GH loop and the C terminus of the CVA6 VP1, respectively
(Fig. 7), in agreement with the structure-based epitope prediction. Notably, the P42
epitope (residues 206 to 220) overlaps the EV71 neutralizing epitope SP70 (residues 208
to 222) (31) and the CVA16 neutralizing epitope PEP71 (residues 211 to 225) (35). Thus,
it is very likely that P42 also constitutes a neutralizing epitope for CVA6. Another
interesting finding is that the P59 region is present in CVA6 but is absent in EV71 and
CVA16. Whether P42 and P59 are capable of inducing neutralizing and/or protective
antibodies remains to be determined. Nonetheless, the identification of P42 and P59 as
CVA6-specific epitopes should have important implications for development of diag-
nostics and vaccines. For example, the epitopes can be used to design and generate
reagents (either antigen or antibody) for assembly of diagnostic kits and for quality
control in CVA6 vaccine development.

In summary, our study unravels the structure and unique antigenic sites of the CVA6
VLP, thereby greatly facilitating the development of VLP-based CVA6 vaccines and also
enhancing our understanding of the protomer assembly of enteroviruses.

MATERIALS AND METHODS
Expression and purification of CVA6 VLPs. CVA6 VLPs were produced by infecting Sf9 insect cells

with a recombinant baculovirus (Bac-CVA6-P1/3CD) coexpressing P1 (structural protein precursor) and
3CD (protease) derived from the prototype CVA6 strain Gdula (GenBank accession no. AY421764) as
described previously (19). The VLP purification was performed as described previously (19).

Cryo-EM imaging. A 2-�l drop of freshly prepared CVA6 VLP sample was placed onto a glow-
discharged Quantifoil holey carbon grid (R1.2x1.3, 200 mesh; Quantifoil Micro Tools). The grid was
blotted briefly (1 to 2 s) with filter paper and then quickly plunge-frozen in liquid nitrogen-cooled liquid
ethane using an FEI Mark IV Vitrobot. The frozen-hydrated sample was subsequently imaged in an FEI
Titan Krios transmission electron microscope operated at 300 kV and equipped with a Cs corrector.
Images were collected by using a Gatan K2 Summit direct electron detector in superresolution mode
with a pixel size of 0.41 Å. Each movie was dose fractioned into 42 frames. The exposure time was set
to be 5.04 s with 0.12 s for each frame, producing a total dose of �42 e�/Å2. Defocus values for this data
set varied from �0.7 to �1.5 �m. All the images were collected by utilizing the SerialEM automated data
collection software package (52).

Cryo-EM single-particle 3D reconstruction. All 42 frames for each movie were aligned and
summed into a single micrograph using Motioncorr (53). A total of 11,596 CVA6 VLPs were
semiautomatically selected using the e2boxer.py program in EMAN2.1 (54). Contrast transfer func-
tion (CTF) parameters were determined using the fitctf2.py program in the jspr package (21) and
then manually adjusted using the EMAN1.9 ctfit program (55). The whole data set was randomly
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divided into two halves, and each part was independently subjected to reference-free 2D analysis
and initial model building using the e2initialmodel.py program in EMAN2.1 (54), and then, the
gold-standard 3D reconstruction was performed using jspr (21), including refinements on euler/
center, defocus/scale, astigmatism, beamtilt, and anisoscale (56). The effective resolution of our
density map was determined using the gold-standard FSC 0.143 cutoff criterion (57). The local
resolution was further assessed using ResMap (22).

Model building. The X-ray crystal structure of the VLP of EV71 (PDB 4YVS), homologous to that of
CVA6, was used to build the homology model of the CVA6 VLP through the SWISS-MODEL webserver
(58). The well-resolved side chain densities throughout our CVA6 VLP map enabled us to amend and
refine the entire atomic model using COOT (59), followed by further refinement using the phenix.real-
_space_refine program in Phenix (60). The final atomic model was validated using phenix.molprobity (61)
and phenix.emringer (62). The validation statistics for the CVA6 VLP atomic model are summarized in
Table 1. Figures were generated with either UCSF Chimera (63) or PyMOL (http://www.pymol.org).

ELISA. A set of 59 peptides spanning the entire amino acid sequence of the VP1 protein of the
prototype CVA6 strain Gdula was synthesized by GL Biochem (Shanghai, China). Each peptide was
composed of 15 amino acid residues, with 10 residues overlapping with the adjacent peptides. ELISA
plates were coated with 400 ng/well of individual peptide in phosphate-buffered saline (PBS) and
incubated overnight at 4°C. After three washes with PBS-Tween (PBST), plates were blocked with PBST
containing 5% milk at 37°C for 1 h; after washes, 50 �l/well of mouse anti-CVA6 VLP serum (19) (1:40
dilution) was added and incubated at 37°C for 2 h; and after another washing step, horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (1:5,000 dilution; Sigma) was added and incubated at
37°C for 1 h. After color development, the absorbance was measured at 450 nm with a microtiter plate
reader. Two selected VP1 peptides were further tested for cross-reactivities with anti-EV71 VLP and
anti-CVA16 VLP mouse sera (38) by ELISA as described above except that anti-EV71 VLP and anti-CVA16
VLP mouse sera were used as the primary detection antibodies. In addition, CVA6 VLPs (19) were tested
for cross-reactivities with anti-EV71 VLP and anti-CVA16 VLP mouse sera by ELISA as described above
except that ELISA plates were coated with CVA6 VLPs (30 ng/well) and anti-EV71 VLP and anti-CVA16 VLP
mouse sera were diluted 1:100.

TABLE 1 Cryo-EM data collection and refinement statistics

Parameter Value for CVA6 VLP

Data collection
EM equipment Titan Krios
Voltage (kV) 300
Detector K2 Summit
Pixel size (Å) 0.41
Electron dose (e�/Å2) 42
Exposure time (s) 5.04
Frames (no.) 42
Defocus range (�m) �0.7 to �1.5

Reconstruction
Software jspr
Raw micrographs (no.) 1,037
Final particles (no.) 11,596
Final resolution (Å) 3.0

Atomic modeling
Software Phenix and COOT
Phenix real-space refinement

Map CC
Whole unit cell 0.578
Around atoms 0.849

Avg B factor (Å2) �126.35
MolProbity

Ramachandran plot (%)
Favored 94.03
Allowed 5.67
Outliers 0.30

Rotamer outliers (%) 0.0
C� deviations 0
Clashscore 10.66
RMSD

Bonds 0.0096
Angles 1.22

MolProbity score 1.92
EMRinger score 5.40
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Sequence alignment. The enterovirus strains used in the analysis were CVA6 Gdula (GenBank
accession no. AY421764), CVA6/SZc173/13 (KF682362), CVA6/141 (KR706309), EV71/G082 (64), and
CVA16/SZ05 (EU262658). The VP1 protein sequences of these strains were aligned using ESPript (65).

Accession number(s). The final cryo-EM density map of the CVA6 VLP has been deposited in the
Electron Microscopy Data Bank (EMDB) under accession code EMD-6829. The atomic model of CVA6 VLP
has been deposited in the Protein Data Bank (PDB) under accession code 5YHQ.
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ADDENDUM
While our paper was under review, the structures of the CVA6 procapsid and A

particle were published (66).
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