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ABSTRACT Beta-propiolactone (BPL) is an inactivating agent that is widely used in
the vaccine industry. However, its effects on vaccine protein antigens and its mecha-
nisms of action remain poorly understood. Here we present cryo-electron micros-
copy (cryo-EM) structures of BPL-treated coxsackievirus A16 (CVA16) mature virions
and procapsids at resolutions of 3.9 A and 6.5 A, respectively. Notably, both particles
were found to adopt an expanded conformation resembling the 135S-like uncoating
intermediate, with characteristic features including an opened 2-fold channel, the
externalization of the N terminus of VP1 capsid protein, and the absence of pocket
factor. However, major neutralizing epitopes are very well preserved on these parti-
cles. Further biochemical analyses revealed that BPL treatment impairs the abilities
of CVA16 particles to bind to the attachment receptor heparan sulfate and to a
conformation-dependent monoclonal antibody in a BPL dose-dependent manner, in-
dicating that BPL is able to modify surface-exposed amino acid residues. Taken
together, our results demonstrate that BPL treatment may induce alteration of the
overall structure and surface properties of a nonenveloped viral capsid, thus reveal-
ing a novel mode of action of BPL.

IMPORTANCE Beta-propiolactone (BPL) is commonly used as an inactivating reagent
to produce viral vaccines. It is recognized that BPL inactivates viral infectivity
through modification of viral nucleic acids. However, its effect on viral proteins re-
mains largely unknown. Here, we present high-resolution cryo-EM structures of BPL-
treated coxsackievirus A16 (CVA16) mature virions and procapsids, which reveals an
expanded overall conformation and characteristic features that are typical for the
135S-like uncoating intermediate. We further show that the BPL concentration af-
fects the binding of inactivated CVA16 particles to their receptor/antibody. Thus, BPL
treatment can alter the overall structure and surface properties of viral capsids,
which may lead to antigenic and immunogenic variations. Our findings provide im-
portant information for future development of BPL-inactivated vaccines.

KEYWORDS Beta-propiolactone, coxsackievirus A16, cryo-EM structure, structural
alteration, surface modification

nterovirus 71 (EV71) and coxsackievirus A16 (CVA16) are the two major causative
agents of hand, foot, and mouth disease (HFMD), which has been prevalent in
young children in the Asia-Pacific region (1). According to a recent survey, EV71 and
CVA16 were associated with 50.4% and 38.3% of the 266 laboratory-confirmed HFMD
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cases, respectively (2). Moreover, coinfection with EV71 and CVA16 may have led to the
generation of recombinant strains currently circulating in China (3, 4). It is therefore of
great importance to develop vaccines for EV71 and CVA16.

Both EV71 and CVA16 belong to the Enterovirus genus of the Picornaviridae family.
They are small nonenveloped viruses of ~30 nm in diameter with a single-stranded
positive-sense RNA genome of ~7.4 kb encapsulated in icosahedral capsids (5-8). Cell
culture-derived CVA16 particles naturally exist in two forms, the mature virions (also
termed full particles), which contain the infectious viral RNA genome, and the nonin-
fectious procapsids with intact VPO but no viral RNA (9). Mature CVA16 virions may
undergo conformational changes upon cellular attachment and receptor binding to
produce an uncoating intermediate termed the “135S-like particle,” which has been
resolved to atomic detail by X-ray crystallography (10). The key features of 135S-like
particles that differ from those of mature virions include an expanded capsid, lost
pocket factor, no evidence of VP4, an extruded VP1 N terminus, and an enlarged 2-fold
opening (10, 11). Recently, Ren et al. reported crystal structures of the unexpanded
CVA16 mature virion, the procapsid, and a recombinant virus-like particle (VLP) (12). In
addition, the structure of the insect cell-produced CVA16 VLP has been determined at
5.5 A by cryo-electron microscopy (cryo-EM) single-particle analysis (13). These studies
reveal that the capsid of CVA16 virions is similar to those of other enteroviruses, which
is an arrangement of 60 copies of protomers each consisting of 4 subunits known as
VP1, VP2, VP3, and VP4. For enteroviruses, in general VP1 to -3 share a jelly-roll-fold-like
structure and form a quasi-T=3 symmetry on the virus surface, and VP4 is a small linear
protein lying beneath the surface and interlacing with the VP1 to -3 N-terminal extensions
to surround the RNA genome. The outer surface of enterovirus capsids has some charac-
teristic features, including a mesa-like feature at the 5-fold symmetry axis, a three-blade
propeller-like feature surrounding the 3-fold symmetry axis, and a depression called a
“canyon” between the mesa and propeller (5, 6, 14-16).

Development of EV71 vaccines has advanced rapidly, with two inactivated whole-
virus vaccine candidates having completed phase 3 clinical trials and one inactivated
whole-virus vaccine approved in China (17). However, the development of inactivated
whole-virus vaccines for CVA16 has proven challenging, and contradictory results were
obtained from preclinical studies of a few experimental CVA16 vaccines developed by
different groups. For example, Chong et al. reported that formaldehyde-inactivated
CVA16 mature virions (also termed “R-particles” in that paper) was able to induce
neutralizing antibodies in mice and rabbits, whereas sera from mice immunized with
formaldehyde-treated CVA16 procapsids (also termed “P-particles” in that paper) ex-
hibited no neutralization activity at all (9). Notably, in the same study, the neutralizing
antibody titer toward CVA16 elicited by 3 doses of 2.5 ug of inactivated CVA16
“R-particles” was much lower than that against EV71 induced by the same regimen of
inactivated EV71 counterpart in mice (128 versus 2,560) and in rabbits (256 versus
32,000) (9). Another research group showed that 3 doses (400 endotoxin units [EU] per
dose) of a formaldehyde-inactivated CVA16 experimental vaccine (which contains both
mature virions and procapsids as indicated by the presence of both VPO and VP2 on
SDS-PAGE and confirmed by electron microscopy) elicited neutralizing antibodies with
relatively low titers (256 on average) in mice (18). Surprisingly, our recent study showed
that 2 doses (1 or 2 ug per dose) of beta-propiolactone (BPL)-inactivated CVA16
experimental vaccine could efficiently induce neutralizing antibodies with titers up to
4,096 (19, 20). Although the methods used for antigen quantification in these studies
are different, the apparently significant difference in immunogenicity between the
formaldehyde- and BPL-inactivated CVA16 experimental vaccines leads us to hypoth-
esize that their structures might be different.

To test this hypothesis, in this study we aimed to determine the structures of BPL-
inactivated CVA16 mature virions and procapsids by high-resolution cryo-EM single-particle
analysis. Furthermore, we examined the surface properties of the BPL-inactivated CVA16
particles by biochemical assays. Our results revealed that BPL treatment could induce
conformational changes and alter the binding capacity of CVA16 particles. These
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FIG 1 SDS-PAGE analysis, cryo-EM image, and resolution evaluation of CVA16 viral particles. (A) SDS-PAGE and Coomassie blue staining
of purified BPL-inactivated CVA16. The lanes for the inactivated CVA16 sample and the protein ladder marker on the same gel were
aligned for molecular mass estimation. (B) Representative cryo-EM micrograph of CVA16. The red and black arrowheads indicate mature
virion and empty capsid, respectively. Scale bar, 50 nm. (C) Resolution evaluation of the cryo-EM maps of the BPL-inactivated CVA16
particles by Fourier shell correlation (FSC) at a 0.143 criterion. Red and blue curves represent the FSCs of the mature virion and the empty
capsid, respectively.

findings should have strong implications for the development of inactivated whole-
virus vaccines.

RESULTS

Cryo-EM reconstructions of BPL-inactivated CVA16 particles. BPL-inactivated
CVA16 was prepared as described in Materials and Methods. As revealed by the
SDS-PAGE analysis, high-purity CVA16 was obtained (Fig. 1A). The structures of CVA16
viral particles were determined by cryo-EM single-particle analysis. Two types of viral
particles were visualized in the cryo-EM micrographs; one was the mature virion (full
particle), and the other was the procapsid (empty particle) (Fig. 1B). Separate recon-
structions of the mature virion and procapsid of CVA16 were made.

A total of 25,610 mature virions were extracted and further reconstructed to a 3.9-A
resolution cryo-EM density map, as judged by the Fourier shell correlation coefficient
(FSC) of 0.143 (Fig. 1C). The map of the CVA16 mature virion depicted the characteristic
features of picornaviruses, including a mesa at the 5-fold symmetry axis, a three blade
propeller-like feature surrounding the 3-fold symmetry axis, and a “canyon” between
the mesa and propeller (Fig. 2A to C). Surprisingly, we noticed that the 2-fold axis
channel was opened in this structure (Fig. 2B).

We also obtained the CVA16 procapsid map at a resolution of 6.5 A from 1,642
empty particles (Fig. 1C and 2D to F). The overall architecture of the procapsid (Fig. 2D
to F) is highly similar to that of the BPL-inactivated mature virion (Fig. 2A to C), except
that no density corresponding to the viral genome was observed in this density map.
The capsid portions of our two cryo-EM maps were nearly identical in terms of particle
size and the dimensions in the 2-fold and 5-fold channels.

The BPL-inactivated CVA16 mature virion structurally resembles the expanded
135S-like particle. We compared our cryo-EM density map of the BPL-inactivated
mature virion with each of the crystal structures of the formaldehyde-inactivated CVA16
mature virion (PDB 5C4W), procapsid (PDB 5C9A) (12), the CVA16 135S-like uncoating
intermediate (PDB 4JGY) (10), and the crystal structures of the EV71 (sharing about 80%
sequence identify with CVA16) mature virion (PDB 3VBS) and procapsid (PDB 3VBU) (5).
Surprisingly, among these crystal structures, the CVA16 135S-like structure and EV71
procapsid fit well into our cryo-EM map of the CVA16 mature virion, with cross
correlation scores (CC) of 0.84 and 0.74, respectively, whereas the others yielded a much
lower CC (less than 0.15) (Table 1).

Fitting of the CVA16 135S-like crystal structure into the capsid density of our mature
virion map showed that all the main chains could be fit unambiguously (Fig. 3). VP1,
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FIG 2 Cryo-EM density maps of BPL-inactivated CVA16 particles. (A and B) The overall structure of the BPL-inactivated CVA16 mature virion viewed along the
5-fold (A) or the 2-fold (B) axis of symmetry. The locations of the mesa, canyon, and propeller are indicated by black arrows. The 2-fold opening regions are
indicated by a dashed black rectangle. (C) Central section of the cryo-EM map of BPL-inactivated CVA16 mature virion visualized along the 5-fold axis of
symmetry to show the quality of the map. (D and E) The overall structure of BPL-inactivated CVA16 empty capsid viewed along a 5-fold (D) or 2-fold (E) axis
of symmetry. The reconstructions are colored by radius as indicated by the scale bar. (F) Central section of the cryo-EM map of the BPL-inactivated CVA16 empty

capsid visualized along the 5-fold axis of symmetry.

VP2, and VP3 share an eight-strand B-barrel-like topology, and all of these strands were
separated and the distinctive bulky side chains were discerned in the cryo-EM map,
demonstrating that the resolution is indeed around 4 A. In the 135S-like crystal
structure, some residues in the VP1 to -3 GH loop are missing, including F211 to N218
in VP1, G137 to N141 in VP2, and H180 to G184 in VP3 (10). These residues were also
missing in our structure (Fig. 3), suggesting intrinsic flexibility in those regions. In
addition, the densities corresponding to T98 to Q101 and D219 to N228 of VP1, as well
as A3 to V13 and E142 to S144 of VP2, were not very well resolved in our cryo-EM map.
These residues were resolved in the crystal structure but with relative high b-factors of
more than 100 A2 (10), indicating a highly dynamic nature of these regions. It is
noteworthy that no density corresponding to VP4 and pocket factor was found in the

TABLE 1 Correlation between the BPL-inactivated CVA16 cryo-EM maps and the
corresponding crystal structures of CVA16 and EV71

Correlation coefficient for crystal structure

CVA16 EV71

Mature virion  Procapsid 135S particle  Mature virion  Procapsid
Cryo-EM map  (PDB 5C4W) (PDB 5C9A) (PDB 4JGY) (PDB 3VBS) (PDB 3VBU)
Mature virion®  0.15 0.15 0.84 0.14 0.74
Procapsid® 0.19 0.2 0.81 0.19 0.86

aCryo-EM map of the BPL-inactivated CVA16 mature virion.
bCryo-EM map of the BPL-inactivated CVA16 procapsid.
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FIG 3 Fitting of the 135S-like crystal structure into the cryo-EM map of the BPL-inactivated mature virion. (A to C) The crystal structure
of the CVA16 135S-like particle (PDB 4JGY) fits well into the corresponding density map. VP1, VP2, and VP3 are shown in blue, green, and
red, respectively. The same color scheme is followed throughout. (D to F) Expanded views of panels A to C (indicated by the dashed
rectangles), illustrating the high-resolution structure features, including separation of beta strands as well as the majority of bulky side
chains.

BPL-inactivated CVA16 mature virion. Instead, the pocket collapsed, with the pocket
factor binding site occupied by the side chains of M230 and F233 in VP1 (Fig. 4).
Previous studies have shown that some picornaviruses can “breathe,” which is
accompanied by transient reversible externalization of the capsid protein VP4 and
the N terminus of VP1 (21, 22). Upon binding to its cellular receptor, the virus
undergoes a series of irreversible conformational changes to form an expanded
135S entry intermediate with its VP1 N terminus and VP4 penetrated into cell mem-

A Cc

e N

FIG 4 Collapsed hydrophobic pocket in VP1 of BPL-inactivated CVA16. (A) In the hydrophobic pocket of the BPL-
inactivated CVA16 mature virion, the side chains of Met230 and Phe233 in VP1 partially occupy the binding position for
pocket factor. The positions of cryo-EM densities for the side chains of Met230 and Phe233 were determined according to
the fitted CVA16 135S crystal structure (PDB 4JGY) (blue). (B) The structures in panel A were superimposed with the crystal
structures of the EV71 mature virion (PDB 3VBS) (orange), the CVA16 mature virion (PDB 5C4W) (cyan), and the CVA16
empty capsid (PDB 5C9A) (pink), which all have a pocket factor, so as to illustrate where a pocket factor supposed to reside
in the pocket. (C) Panel B viewed from the back. The potential clashes between pocket factor and the side chains of Met230
and Phe233 in VP1 are indicated by black dashed ovals.
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FIG 5 Features of the cryo-EM structure of the BPL-inactivated CVA16 mature virion. (A) Externalization
of the VP1 N terminus from the base of canyon. The density for residues 62 to 70 of VP1 is rendered in
cyan. Densities for other parts of VP1, VP2, and VP3 are rendered in blue, green, and red, respectively.
(B) Expanded view of panel A. (C and D) Cross section of BPL-inactivated CVA16 virion structure that was
low-pass filtered to 10-A resolution. The capsid is rendered in transparent gray with the fitted atomic
model. The RNA shell and core are rendered in yellow. (D) Expanded view of panel C. Three contacts
between the capsid and the RNA shell are indicated by dashed rectangles, and the residues that
contributed to the contacts are labeled.

brane, which are postulated to facilitate viral entry by anchoring the entry intermediate
to the cell membrane and forming a translocation pore for viral RNA (10, 11, 23, 24). In
our cryo-EM map, the VP1 N terminus appeared to extrude from the base of the canyon
at the VP1-VP3 interface, with the density corresponding to N62 to L70 traversing
across the capsid (Fig. 5A and B), whereas the N-terminal 61 residues of VP1 were not
resolved in our structure (Fig. 5A and B), probably due to high dynamics. These
observations are in line with the finding for the 135S-like crystal structure (10).

Apart from the capsid in the CVA16 mature virion map, we were also enabled to
visualize the density beneath attributed to viral RNA. Low-pass filtering of this map to
10-A resolution revealed a condensed RNA core surrounded by a looser RNA shell (Fig.
5C and D). The gaps between the capsid and the outer RNA shell and between the
outer RNA shell and the inner RNA core were about 13 A and 15 A, respectively. Three
contacts between the capsid and the RNA shell were clearly seen at the locations of VP1
T75, VP3 134, and VP2 131 (Fig. 5C and D).

We should point out that the direct observation of extrusion of the VP1 N terminus,
the absence of VP4 and pocket factor, and the presence of RNA genome in the map of
the BPL-treated mature virion strongly suggest that BPL had triggered formation of the
135S-like particle.

The BPL-treated CVA16 procapsid is expanded and broadly similar to the
135S-like particle. The crystal structure of the CVA16 135S-like particle also fits into
our cryo-EM density map of BPL-treated procapsid (CC = 0.81) better than the crystal
structure of the formaldehyde-inactivated CVA16 procapsid or mature virion (CC = 0.2
and 0.19, respectively) (Table 1). Comparison of the BPL-treated procapsid cryo-EM map
with the CVA16 135S-like crystal structure showed that the densities for the N terminus
of VP1 (residues 1 to 72) and the N terminus of VPO (residues 1 to 98) were missing
beneath the capsid in our map. Interestingly, extra density corresponding to the VP1
GH loop (residues 210 to 220), which was missing in the crystal structures, was resolved
in our map (Fig. 6A).

April 2017 Volume 91 Issue 8 e00038-17

Journal of Virology

jviasm.org 6


http://jvi.asm.org

Cryo-EM Structures of BPL-Inactivated CVA16

A VDFF modeling of VP1 GH loop B MDFF modeling of VP3 GH loop
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FIG 6 Structure comparison. (A) Extra density corresponding to the VP1 GH loop was found in our cryo-EM
map of the BPL-treated CVA16 procapsid. Using molecular dynamics flexible fitting (MDFF) software, we
built residues 216 to 220 of this loop (extra purple model portion compared to the green model), which is
missing in the crystal structure of the CVA16 135S-like particle (PDB 4JGY) (green). (B) The VP3 GH loop in
our map of the CVA16 procapsid adopts a different conformation than in the crystal structures of the EV71
procapsid (PDB 3VBU) (cyan) and CVA16 135S-like particle (PDB 4JGY) (green). Using MDFF software, we
built part of this loop against the density of our CVA16 procapsid map (purple).

In addition, the crystal structures of EV71 procapsid (PDB 3VBU) but not the mature
virion (PDB 3VBS) (5) could fit into our CVA16 procapsid map reasonably well (CC =
0.86) (Table 1). Most parts of the crystal structures of the CVA16 135S-like particle and
EV71 procapsid matched our CVA16 procapsid map, except for the VP3 GH loop region
(residues T175 to T191) (Fig. 6B). The significant conformational changes of the VP3 GH
loop have been previously reported in expanded particles of EV71 and CVA16 (5, 10),
which indicates that it may play a significant role in the viral entry process, such as
receptor binding or virus uncoating. Overall, the cryo-EM density map of the BPL-
treated procapsid is nearly identical to that of the BPL-treated mature virion, with only
a few differences attributed to the VPO N-terminal and VP1 N-terminal regions as well
as the VP1 and VP3 GH loops (data not shown).

Neutralizing epitopes are well preserved in BPL-treated CVA16 particles. Six
linear neutralizing epitopes of CVA16, namely, PEP32, PEP37, PEP55, PEP63, PEP71, and
PEP91, have been previously identified (25). We located these epitopes on our cryo-EM
maps of the BPL-treated CVA16 mature virion and procapsid. All of these epitopes were
distributed around the canyon (Fig. 7), suggesting that the canyon region is a predom-
inant site targeted by neutralizing antibodies. Our cryo-EM maps assigned PEP32,
PEP37, PEP55, and PEP71 to the surface-exposed BC, CD, EF, and GH loops of VP1,
respectively (Fig. 7B and D). Part of PEP55 (T98 to T103) and most of PEP71 (F211 to
C225) were missing in the cryo-EM map of the mature virion, likely due to a high degree
of dynamics in these regions. PEP91 (orange), which resides in the C-terminal loop of
VP1, appeared to be surface exposed as well, whereas PEP63 (light green) was less
exposed than the other five epitopes on both particles (Fig. 7). Taken together, these
data demonstrate that the important linear neutralizing epitopes are well preserved in
the BPL-treated CVA16 particles. In addition, we showed that BPL-treated CVA16
particles could be recognized by the conformation-dependent neutralizing monoclonal
antibody 9B5 (Fig. 8), suggesting the presence of conformational neutralizing epitopes
on the surface of these particles.

BPL treatment alters surface property of CVA16 particles in a dose-dependent
manner. Our structural study described above corroborated that BPL inactivation can
induce conformational changes of CVA16 particles. We further investigated whether
the surface properties of CVA16 could be affected by the BPL treatment. CVA16 was
treated with different concentrations of BPL, and then the treated samples were
measured for infectivity. Figure 8A shows that the inactivation of CVA16 infectivity was
BPL dose dependent. Heparan sulfate glycosaminoglycans (HSPGs) are identified at-
tachment receptors for EV71 (26). HSPGs also serve as attachment receptors for CVA16,
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FIG 7 Epitope location on the cryo-EM structures of BPL-inactivated CVA16 capsids. (A) A single
asymmetric unit of our cryo-EM map of the BPL-treated CVA16 mature virion. Densities for VP1, VP2, and
VP3 are rendered in blue, green, and red, respectively. (B) Previously identified linear neutralizing
epitopes of CVA16 in the asymmetric unit shown in panel A. (C) A single asymmetric unit of our cryo-EM
map of the BPL-treated CVA16 procapsid. (D) Previously identified linear neutralizing epitopes of CVA16
in the asymmetric unit shown in panel C. Epitopes are colored as follows: PEP32, residues 94 to 108 of
VP1, pink; PEP37, residues 109 to 123 of VP1, cyan; PEP55, residues 163 to 177 of VP1, magenta; PEP63,
residues 187 to 201 of VP1, light green; PEP71, residues 211 to 225 of VP1, yellow; PEP91, residues 271
to 285 of VP1, orange.

and the virus could interact with heparin in vitro and be pulled down by heparin-
conjugated agarose (our unpublished data). We then performed pulldown assays to
examine the binding of inactivated CVA16 to heparin. As shown in Fig. 8B, CVA16
samples treated with higher concentrations of BPL exhibited reduced heparin binding
activities. We further determined the binding of BPL-inactivated CVA16 on RD cells
(which are HSPG positive) with or without heparinase lll treatment by attachment assay.
As shown in Fig. 8C, CVA16 samples inactivated by higher concentrations of BPL
exhibited reduced amounts of attached virus on RD cells, and the attached virus on RD
cells treated with heparinase Il generated a reduced overall signal compared to that of
RD cells without treatment. We then analyzed the ability of BPL-treated CVA16 to bind
to a conformation-dependent monoclonal antibody, 9B5, by enzyme-linked immu-
nosorbent assay (ELISA). As shown in Fig. 8D, the binding of BPL-treated CVA16 samples
to the monoclonal antibody was impaired in a BPL concentration-dependent manner;
in contrast, as a control, the reactivity of anti-CVA16 polyclonal antibodies to treated
CVA16 was not significantly affected by corresponding BPL concentrations (Fig. 8E).
These results suggest that some specific conformations or surface accessibility of the
CVA16 particles was altered following BPL treatment.

DISCUSSION

Formaldehyde and BPL are the two most commonly used inactivating reagents in
the production of inactivated viral vaccines. It is generally recognized that formalde-
hyde inactivates viruses through cross-linking of viral surface proteins (27, 28), whereas
BPL modifies mainly viral DNA or RNA through acylation or alkylation for virus inacti-
vation (29-31). Hence, BPL-inactivated viruses may maintain a more authentic surface
structure and higher immunogenicity than those treated with formaldehyde/formalin
(32). However, a few recent studies show that BPL can also react with peptides or
proteins (33, 34), resulting in altered function of key viral proteins, such as reduced
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FIG 8 BPL treatment alters surface properties of CVA16 particles. CVA16 was treated with different concentrations of BPL as
indicated for virus inactivation. (A) Inactivation rates were determined as the percentage of the TCID,, of BPL-treated samples
in comparison to that of CVA16 without BPL treatment. (B) The interaction of BPL-treated CVA16 with heparin-conjugated
agarose was determined by pulled down assay. (C) The attachment of BPL-treated CVA16 to RD cells with or without
heparinase Il treatment was determined as described in Materials and Methods. B-Actin served as and internal control. The
virus was detected with rabbit anti-VP1 polyclonal antibodies by Western blotting assay. The positive control (P.C) was purified
CVAT16. (D and E) The reactivities of BPL-treated CVA16 with monoclonal antibody 9B5 (D) and anti-CVA16 VLP polyclonal
antibodies (E) were determined by ELISA and compared to that of CVA16 without BPL treatment. The ELISA results are shown
as means * standard deviations of optical densities at 450 nm (OD,s,) for triplicate wells. The dotted line indicates signal
generated from virus without BPL treatment. Representative results from two independent experiments are shown. Statistical
significance between BPL-treated and nontreated virus was determined by the Student t test using GraphPad Prism version
4 and is indicated as follows: n.s., P > 0.05; *, P < 0.05; **, P < 0.01.

membrane fusion activity of influenza virus hemagglutinin (HA) protein (35). In the
present study, for the first time we provide evidence that BPL treatment can negatively
affect binding of CVA16 particles. Specifically, the abilities of CVA16 particles to bind
heparan sulfate and the target cells as well as a conformation-dependent antibody
were impaired by BPL treatment in a dose-dependent manner (Fig. 8). This functional
alteration is likely due to chemical modification of the surface-exposed residues on
CVA16 particles by BPL. It has been demonstrated that BPL can react strongly with
cysteine, methionine, and histidine and, to a lesser degree, with aspartic acid, glutamic
acid, tyrosine, lysine, serine, and threonine (arginine was not tested in the study),
yielding alkylated and acylated products with extended side chains (33). The exact
residues of BPL modification on CVA16 particles remain to be determined.

The most striking finding in the present study is the overall structural alteration of
CVA16 capsids following BPL inactivation. Our high-resolution (up to 3.9 A) cryo-EM
maps of the BPL-inactivated CVA16 particles reveal that both the BPL-inactivated
CVA16 mature virion and procapsid adopt an expanded conformation resembling that
of the uncoating intermediate 135S-like particle. Expanded forms of procapsid have
been reported for a number of enteroviruses. For example, poliovirus procapsid could
convert into an expanded form (which was termed H-antigenic procapsids) at pH 8.4 or
8.5 (36). In addition, the EV71 procapsid was found to be expanded and to possess
different antigenic properties than the mature virion (5, 37). Several characteristics of
the 135S-like particle were evident in our cryo-EM structure of CVA16 mature virion,
including the opening of the 2-fold channel, the externalization of N-terminal VP1
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protein, and the lack of pocket factor. These findings are vastly different from the
structural features of formaldehyde-inactivated CVA16 mature virions and procapsids,
both of which manifested as unexpanded forms (12). The specific mechanism under-
lying the BPL-induced conformational shift of CVA16 capsids from their native unex-
panded forms to the expanded 135S-like uncoating intermediate remains unclear.
Usually, expulsion of a lipid pocket factor, which lies at the bottom of the “canyon” on
enterovirus capsids, is the prelude to conformation shift of virions from 160S to 135S (38,
39). It has been shown that pocket factors play an important role in stabilizing enteroviruses
in the native state (40). In our study, we did not observe density corresponding to the
pocket factor at its expected binding site, indicating the loss of pocket factor in the
BPL-treated CVA16 particles either with or without genomes. In contrast, it was recently
reported that both formaldehyde-inactivated CVA16 mature virion and procapsid
contain a sphingosine-like pocket factor (12). Therefore, it is likely that BPL may directly
or indirectly deplete the pocket factor, thus triggering the conformational shift for both
the mature virion and procapsid. Further experimentation is required to verify this
hypothesis and unravel the underlying mechanism.

It is believed that acylation or alkylation of the viral genome is the primary (if not
the sole) mechanism for BPL-mediated inactivation of CVA16. In the present study,
we demonstrate that the overall structure and heparan sulfate binding capacity of
CVA16 particles were altered following BPL treatment. It is possible that these
changes might have influenced viral infectivity. Previous studies showed that the
expanded uncoating intermediates (also termed “A-particles”) of some picornaviruses
cannot infect cells efficiently because they have lost the ability to bind the receptor
(23, 41, 42). Therefore, the structural and functional alterations of CVA16 particles
observed in the present study might also contribute to virus inactivation, likely due
to a decrease or even loss of receptor binding ability. Interestingly, preclinical
studies from us and other groups showed that BPL-inactivated CVA16 vaccines are
more immunogenic than the formaldehyde-inactivated ones with regard to neutraliz-
ing antibody titers (9, 18-20). Current results suggest that the 135S-like uncoating
intermediate represents a form of antigen superior to native viral particles for the
development of CVA16 vaccine as well as vaccines for other related enteroviruses.

In summary, by high-resolution cryo-EM single-particle analysis coupled with bio-
chemical assays, we demonstrated that BPL treatment could induce structural altera-
tion and surface modification of CVA16 capsids. These findings provide new insight into
the working mechanism of BPL as a widely used inactivating agent and therefore may
have broad implication for the development of inactivated whole-virus vaccines.

MATERIALS AND METHODS

Cells, virus, and antibodies. RD and Vero cells were maintained as previously described (8).
CVA16-SZ05 (GenBank accession number EU262658) was grown on Vero cells. Rabbit polyclonal anti-
bodies against the CVA16 VP1 protein were described previously (8). CVA16 VLP was produced as
described previously (43). To generate rabbit polyclonal antibodies against CVA16 VLP, a rabbit was
subcutaneously immunized with 100 ng of CVA16 VLP emulsified in complete Freund’s adjuvant (Sigma)
and boosted twice with 50 ug of VLP plus incomplete Freund’s adjuvant (Sigma) at 3 and 6 weeks
postpriming. At 2 weeks after the last immunization, sera were collected from the immunized rabbit,
titrated, and served as the stock of anti-CVA16 polyclonal antibodies. The animal studies were approved
by the Institutional Animal Care and Use Committee at the Institut Pasteur of Shanghai, and the animals
were cared for in accordance with the institutional guidelines. The 9B5 anti-CVA16 monoclonal antibod-
ies were generated in-house from mice immunized with inactivated CVA16 as described previously (44).

CVA16 preparation. Inactivated CVA16 was as prepared as described previously (20) with minor
modifications. Briefly, the CVA16/5SZ05 strain was amplified in Vero cells and inactivated with BPL. The
inactivated virus was first purified by 20% sucrose cushion and 10 to 50% sucrose gradient ultracentrif-
ugation and then further purified by size exclusion chromatography with a Sephacryl S500 column (GE
Healthcare) in phosphate-buffered saline (PBS). The purified virus was concentrated to 3.22 mg/ml by
ultrafiltration with a filter with a 100-kDa cutoff (Millipore). The purified samples were subjected to
SDS-PAGE and Coomassie blue staining.

Cryo-EM imaging. An aliquot of 2 ul of sample was deposited onto a glow-discharged holey carbon
Quantifoil Cu grid (R1.2x1.3, 200 mesh; Quantifoil), which was covered with a thin layer of homemade
continuous carbon film. After 2 s of blotting to remove extra sample, the grid was plunge-frozen into
liquid ethane using an FEI Mark IV Vitrobot. Specimens were examined under low-dose conditions at 300
kV with an FEI Titan Krios transmission electron microscope equipped with a Cs corrector. Images were
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recorded on a Falcon Il direct electron detector in the 18-frame movie mode. The electron dose rate was
set to ~25 e /A2 - 5, and the exposure time was 1.1 s. All the images were recorded at a nominal
magnification of 57,000, corresponding to a pixel size of 1.1 A/pixel, and with the defocus ranging from
1.5to 2.5 um.

Cryo-EM single-particle and 3D reconstruction. To correct the drift and beam-induced motion, the
18 frames in each movie were aligned and averaged to a single micrograph using Motioncorr (45).
Particles were boxed semiautomated using e2boxer.py from EMAN2.1 (46). CTF fitting was automatically
performed using the fitctf2.py program in jspr (47) and then visually adjusted using the EMAN1.9 ctfit
program (48). After CTF correction, the particles were separated into two halves, and on each half of the
data we performed the reference-free two-dimensional (2D) analysis and initial model building utilizing
EMAN2.1. In the following 3D reconstruction process, the gold standard procedure was followed using
the jspr package (49). The further refinements of defocus, astigmatism, and magnification were all carried
out in jspr (49). The map resolutions were assessed using gold standard criteria of a 0.143 FSC cutoff.

Structure analysis. After reconstruction, the cryo-EM density maps were sharpened with structure
factors to boost the density map Fourier amplitudes and then low-pass filtered to the assessed resolution
using e2proc3d.py in EMAN2.1 (46). The central section image along the 5-fold symmetrical axis was
generated using EMANT1.9 (48). To calculate the correlation coefficient between our cryo-EM density
maps and the related crystal structures, we first fitted the crystal structures (including formaldehyde-
inactivated CVA16 mature virion [PDB 5C4W], procapsid [PDB 5C9A] [12], and 135S-like uncoating
intermediate [PDB 4JGY] [10], as well as native EV71 mature virion [PDB 3VBS] and procapsid [PDB 3VBU]
[5]) into our cryo-EM maps using the fit in map module in UCSF Chimera (50). The fitted crystal structure
was then converted into a density map in the same resolution as our cryo-EM map using the pdb2mrc
program in EMAN1.9 (48). Afterwards, the correlation coefficient for the generated map and our cryo-EM
map was calculated using the fit in map module in UCSF Chimera (50).

The linear neutralizing epitopes of CVA16 were identified as described previously (25). The location
of the epitope in our cryo-EM map of mature CVA16 was determined according to the fitted crystal
structure of the CVA16 135S particle (PDB 4JGY), and the epitope residues were chosen and colored. After
that, the cryo-EM density within 3.5 A of the epitope residues was depicted using the color zone module
in UCSF Chimera. A similar procedure was adopted to determine the location of the epitope in our
cryo-EM map of the CVA16 procapsid, other than that the crystal structure of the native EV71 procapsid
(PDB 3VBU) was used as the reference.

Flexible fitting on the models of residues 216 to 220 in the VP1 GH loop (missing in the crystal
structure of the CVA16 135S-like particle), as well as part of the VP3 GH loop (resolved in our CVA16
empty-capsid cryo-EM map but in a conformation different from that of the crystal structures of the EV71
E-particle [PDB 3VBS] and the CVA16 135S-like particle [PDB: 4JGY]) was carried out with the restraint of
the cryo-EM density map of the BPL-treated CVA16 procapsid, using molecular dynamics flexible fitting
(MDFF) (51).

Infectivity assay. CVA16/SZ05 (3.89 X 108 50% tissue culture infective doses [TCID,,)/ml) was
incubated with BPL (Wako, Japan) at different final concentrations (143, 28.6, 5.72, 1.14, 0.23, and 0.046
mM) overnight at 4°C. The virus was then incubated for 2 h at 37°C to hydrolyze the remaining BPL. Virus
without added BPL served as a control. The pH of inactivated virus was adjusted to 7.0 to match that of
the control, and then the infectivity of inactivated virus was titrated by TCID,, assay on RD cells as
described previously (8). To determine the inactivation rates with different BPL treatments, their
corresponding TCID,, values were normalized to that of the control sample without BPL addition.

Pulldown assay. Pulldown assays were performed to determine the influence of BPL inactivation on
the virus interacting with heparin. Briefly, 200 ul of the viruses inactivated by different concentrations of
BPL were incubated with 20 ul of heparin-conjugated agarose (Sigma) and 200 ul of Dulbecco modified
Eagle medium (DMEM) containing 2% fetal bovine serum (FBS) and incubated overnight at 4°C with
rotation. The mixtures were subjected to centrifugation at 3,000 rpm for 3 min. The supernatants were
carefully removed, and the beads were washed three times with DMEM. Virus without BPL inactivation
and DMEM containing 2% FBS served as controls. The virus-bound beads were analyzed by SDS-PAGE
and Western blotting with rabbit polyclonal antibodies against the VP1 protein of CVA16.

Virus attachment assay. RD cells were seeded into 24-well plates (1 X 10° cells/well) 1 day before
the experiment. The cells were treated with or without 0.0125 1U/ml of heparinase Ill (Yuanye Biotech,
Shanghai) in PBS at 37°C for 1 h. The plate was washed with cold PBS to remove heparinase and
incubated with 250 ul/well of BPL-treated CVA16 or medium at 4°C for 1 h for virus attachment. The plate
was washed three times to remove unattached virus, and then the cells were collected and subjected to
Western blot assay. Purified CVA16 served as a positive control. The virus was detected with rabbit
anti-VP1 polyclonal antibodies. B-Actin was detected using an anti-B-actin monoclonal antibody (Sigma)
and served as an internal control.

ELISA. The antigenicity of BPL-inactivated CVA16 was assessed by sandwich ELISA. Briefly, ELISA
plates were coated overnight at 4°C with 50 ul/well of 1/5,000-diluted rabbit anti-CVA16 VLP serum and
blocked with 5% nonfat milk in PBS-Tween 20 (PBST) for 2 h at 37°C. The BPL-treated virus samples were
added to the plate and incubated at 37°C for 2 h. Virus without BPL treatment and DMEM containing 2%
FBS served as controls. The plate was then incubated with 50 ul/well of 9B5 monoclonal antibody (0.2
ng/ml) or 1/1,000-diluted anti-CVA16 VLP polyclonal antibodies at 37°C for 2 h, followed by incubation
with a horseradish peroxidase-conjugated secondary antibody for 1 h. All the samples were diluted with
PBST plus 1% nonfat milk. After each incubation step, the plates were washed five times with PBST. After
color development, the absorbance at 450 nm was determined on a 96-well plate reader.
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Accession number(s). The cryo-EM density maps of the CVA16 mature virion and premature

procapsid have been deposited in the Electron Microscopy Data Bank under accession codes EMD-8324
and EMD-8325, respectively. The structures of the VP1 and VP3 subunits were deposited in PDB under
accession numbers 5TSK and 5TSL, respectively.
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