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ABSTRACT

Chikungunya virus is a positive-stranded RNA alphavirus. Structures of chikungunya virus-like particles in complex with
strongly neutralizing antibody Fab fragments (8B10 and 5F10) were determined using cryo-electron microscopy and X-ray crys-
tallography. By fitting the crystallographically determined structures of these Fab fragments into the cryo-electron density maps,
we show that Fab fragments of antibody 8B10 extend radially from the viral surface and block receptor binding on the E2 glyco-
protein. In contrast, Fab fragments of antibody 5F10 bind the tip of the E2 B domain and lie tangentially on the viral surface. Fab
5F10 fixes the B domain rigidly to the surface of the virus, blocking exposure of the fusion loop on glycoprotein E1 and therefore

preventing the virus from becoming fusogenic. Although Fab 5F10 can neutralize the wild-type virus, it can also bind to a mu-
tant virus without inhibiting fusion or attachment. Although the mutant virus is no longer able to propagate by extracellular
budding, it can, however, enter the next cell by traveling through junctional complexes without being intercepted by a neutraliz-
ing antibody to the wild-type virus, thus clarifying how cell-to-cell transmission can occur.

IMPORTANCE

Alphaviral infections are transmitted mainly by mosquitoes. Chikungunya virus (CHIKV), which belongs to the Alphavirus ge-
nus, has a wide distribution in the Old World that has expanded in recent years into the Americas. There are currently no vac-
cines or drugs against alphaviral infections. Therefore, a better understanding of CHIKV and its associated neutralizing antibod-

ies will aid in the development of effective treatments.

hikungunya virus (CHIKV) is the causative agent of an

emerging disease. The first outbreaks occurred in the 1950s in
Tanzania (1). The virus later reemerged in late 2005 on the Re-
union islands and, subsequently, also in several Southeast Asian
countries (2). However, by 2013 large epizootics/epidemics of
CHIKYV had spread into the Caribbean and by 2014 into South
America as well as the United States (3). CHIKV is a member of
the Togaviridae family, Alphavirus genus. Some alphaviruses, such
as Sindbis virus (SINV), generally cause only mild disease symp-
toms in humans (4). Although mortality rates from CHIKV infec-
tions are low, CHIKV and Venezuelan equine encephalitis virus
(VEEV) can be lethal or permanently disabling (2, 3). Further-
more, there are currently no treatments or vaccines for alphaviral
infections.

The structures of a number of alphaviruses have been deter-
mined to resolutions better than 10 A, including the structures
of chikungunya virus-like particles (CHIK-VLPs), which have
been determined to 5.3-A resolution (5-7), and of VEEV, de-
termined to 4.6-A resolution (6). Alphaviruses have an external
diameter of about 700 A and are icosahedral with quasi-T=4
symmetry. They have a nucleocapsid core that is completely
surrounded by a lipid envelope, derived from a host mem-
brane, into which is embedded an icosahedral array of glyco-
proteins (8). A single virus particle contains 240 copies each of
the E1 and E2 glycoproteins, which form 20 “i3” spikes situated
on the icosahedral 3-fold axes and 60 quasi-3-fold “q3” spikes
at general positions. There are 240 copies of the capsid protein
on the internal cytoplasmic side of the viral lipid membrane,
arranged as 12 pentamers about the 5-fold vertices and 30 hex-
amers about the icosahedral 2-fold vertices, consistent with the
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T=4 symmetry of the glycoprotein on the external side of the
membrane.

Alphaviruses have a positive-sense single-stranded RNA (ssRNA)
genome that is about 11 kb in length and codes for 9 proteins. Four
nonstructural proteins (NSP1 to -4) are coded at the 5’ end of the
genome. The 3’ end of the genome is transcribed for subsequent
translation into a polyprotein precursor containing the three
structural proteins PE2 (the precursor of E3 and E2), E1, and the
capsid protein. The E1 glycoprotein of CHIKV consists of 442
amino acids that form three B-barrel domains (I, II, and I1I). The
CHIKYV E2 glycoprotein consists of 423 amino acids arranged into
three immunoglobulin-like domains, A, B, and C. Domain A con-
tains the receptor binding site (9—12), domain B is at the distal end
of each spike protecting the fusion loop on DII of E1, and domain
Cissituated closest to the viral membrane. Domain B is connected
to domains A and Cby a 3 ribbon (Fig. 1). The crystal structures of
the E1E2 heterodimer of CHIKV (13, 14) and the E1E2 trimer of
heterodimers from SINV (14) have been determined to near-
atomic resolution.
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FIG 1 Structure of the E1E2 heterodimer of chikungunya virus (PDB 3N42). The amino and carboxy E2 $-ribbon connectors to domain B are colored brown,
and the E1 fusion loop is colored black. Red and blue spheres represent the amino acids in the Fab 8810 and 5F10 footprints, respectively. Gray spheres represent

escape mutants.

The E1 glycoprotein contains a hydrophobic fusion loop that is
responsible for membrane fusion with an endosomal membrane
when initiating infection. The E2 protein can bind to cellular re-
ceptors and protects the E1 fusion loop at neutral pH. During the
initial stages of infection, the host cellular receptor is recognized
by the surface glycoprotein E2. Once the virus has been internal-
ized, the low pH of the endosome causes the virion to undergo an
irreversible conformational change resulting in the disassociation
of E2 from El and the formation of E1 trimers (14). Upon E2
disassociation, the fusion loop then binds to and fuses with the
endosomal membrane. Finally, the viral genome is released into
the host cytoplasm, where replication of new viral particles can
begin.

Antibody neutralization of alphaviruses can occur through
various mechanisms. Most antibodies against alphaviruses target
the E2 glycoprotein, since it covers much of E1 and is therefore far
more exposed. The two most common mechanisms for neutraliz-
ing alphaviruses are by binding to the A domain of E2 and there-
fore blocking receptor attachment (9-12) and by preventing ex-
posure of the E1 fusion loop by stabilizing the E2 B domain to
cover and protect the fusion loop in the mature virus (9, 12). This
can be achieved by binding the flexible B domain to the rigid A
domain via a Fab fragment (8, 12).

The CHIKV-neutralizing antibodies 8B10 and 5F10 had been
previously isolated from CD-40-activated B cells of infected pa-
tients (15) and have been shown to protect mice from CHIKV
infection (16). However, CHIKV with a V216E or R82G mutation
on E2 were also able to propagate in the presence of antibody 5F10
(16). Similarly, CHIKV with mutations T12I or R82G on domain
A of E2 or T101M on domain IT of E1 (16) were able to propagate
in the presence of antibody 8B10. When mutant CHIKV contain-
ing these escape mutations to antibody 8B10 were propagated in
the presence of 8B10, the virus particles migrated to cellular junc-
tions (15), indicative of direct cell-to-cell transmission. Thus, an-
tibody 8B10 enhances the direct transmission of mutant CHIKV
between cells.

Here we report cryo-electron microscopy (cryo-EM) struc-
tures of CHIK-VLPs in complex with Fab fragments of monoclo-
nal antibodies (MAbs) 8B10 and 5F10. These structures suggest
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the probable mechanism of neutralization and cell-to-cell trans-
mission of the virus.

MATERIALS AND METHODS
CHIK-VLPs were produced and purified as described previously (17).
The use of CHIK-VLPs instead of the live infectious virus allowed studies
to be performed under nonbiosafety conditions.

Antibody production and purification. Procedures for producing
MADbs 8B10 and 5F10 have been previously reported (15, 16). Fab frag-

TABLE 1 X-ray data and crystallographic information

Parameter (unit) Value(s)
Data collection
X-ray wavelength (&) 1.03
Space group P2,2,2,

a=402Ab=666A,c=1689A
a=p=vy=90°
2.75 (2.81-2.75)"

Cell dimensions

Resolution (A)

Rierge” 0.192 (0.692)
<I/AT> 8.67 (2.15)
Completeness (%) 95.3 (94.0)
Avg multiplicity 5.0 (4.6)
Refinement
No. of reflections 11,899
R-work/R-free 0.253 (0.291)
Average B factor 47.25
RMS? deviations
Bond length (A) 0.0053
Bond angles (degrees) 1.066

Ramachandran plot (%)¢

Favored 94.5
Allowed 5.3
QOutliers 0.2

@ Values in parentheses represent the highest-resolution shell.

bR

Journal of Virology

merge = 2hkii | L = <I(WKD> | /2003 L),
¢ According to the criteria of Molprobity (41).
4 RMS, root mean square.
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Mechanism of Chikungunya Neutralization

TABLE 2 Fitting of E-glycoprotein and Fab structures into cryo-EM reconstructions

Structure pH sumf” Clash” (%) —Den‘ (%) 0, 0, 0, ¢’ <, c,
8B10
E1E2 7.6 36.2 0.0 2.8 184.5 80.2 175.0 21.9 88.4 277.3
Fab 7.6 314 0.0 2.1 200.0 10.3 200.0 22.7 94.3 337.8
5F10
E1E2 7.6 37.2 0.0 1.9 185.0 80.5 178.0 23.6 88.7 275.7
6.0 36.8 0.0 1.5 185.8 80.0 179.2 23.9 89.2 274.1
Fab 7.6 29.7 0.0 9.6 98.0 359.3 260.8 14.3 103.2 294.8
6.0 30.3 0.0 9.8 97.1 360.5 260.7 14.0 101.4 294.3

@ Average density for all atomic positions normalized to the highest density in the map (set to 100).

b Percentage of clashes between symmetry-related atoms.
¢ Percentage of atoms positioned in negative density.

90,,0,, and 05 are the Eulerian angles (°) that rotate the coordinates from their initial to fitted positions.

° ¢, ¢, and c, (A) are the final center positions of the molecules after fitting.

ments were purified from the IgG after papain digestion using a protein A
column and then further purified over a Superdex 200 16/600 column.
Complex formation, cryo-EM data collection, and single-particle
reconstructions. CHIK-VLP particles were incubated with Fabs at room
temperature and pH 7.6 for 1 h ata 3-to-1 molar ratio of Fab to E2. For the
prefusion complexes, the pH was lowered to 6.0 by addition of a 1/10-
volume dilution with 1 M sodium citrate (pH 5.5). Aliquots of 3 pl for
each complex were flash-frozen in liquid ethane on 400-mesh Cu Holey
Carbon grids using a CP3 robotic plunger. Images of the frozen complexes
were recorded on a 4k X 4k charge-coupled device (CCD) camera using
an FEI Titan Krios electron microscope operating at 300 kV. Images were
collected at a magnification of X59,000 with an electron dose of ~25
e~ /A Particles were boxed using e2boxer in the EMAN2 software pack-
age (18). The images were corrected for the contrast transfer function
using CTFIT from the EMAN package (19). To initiate the orientation
search, a cryo-EM reconstruction of native CHIK-VLP was used. Euler
angles for each raw particle image were determined by projection match-
ing of the raw particles into classes. The class averages were then used to

generate a new three-dimensional (3D) model by using a Fourier recon-
struction routine. The 3D model was then iteratively refined until the
Fourier shell correlation no longer improved. After rejecting about 7% of
the particles, the final number of particles used for the reconstruction of
the CHIK-VLP/Fab 8B10 complex at pH 7.6 was 1,582. For the recon-
struction of the CHIK-VLP/Fab 5F10 complexes, 1,621 and 1,428 parti-
cles were finally used at pH 7.6 and 6.0, respectively. This gave final reso-
lutions of 17.6 A for the 8B10 complex at pH 7.6 and 18.1 A and 17.3 A for
Fab complexes 5F10, respectively. The resolution of the cryo-EM recon-
structions was determined as the Fourier shell correlation at a 0.5 thresh-
old (20) using the “gold standard” complete separation of two equally
sized data sets.

X-ray crystal structure of Fab 5F10. The purified Fab fragments were
concentrated to ~10 mg/ml. The concentrated Fab solution was used to
set up crystallization trials using Hampton Crystal Screen I & II and
Hampton Index HT (21). Promising crystallization conditions were op-
timized for buffer, precipitant, and pH at room temperature. The best-
formed crystals were needle-shaped (100 wm by 30 wm), grown in 10 to

330

FIG 2 Cryo-EM reconstructions of CHIK-VLP in complex with Fab fragments of neutralizing antibodies looking down a 2-fold axis. One icosahedral
asymmetric unit is outlined in white. The surface of the complex is colored according to its distance from the center of the virus as given by the inset scale in
angstroms. Thus, the Fab fragment bound to the surface of the virus is blue, since it is at a greater distance from the center of the virus.
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TABLE 3 Average density heights for Ca positions (sumf, as defined in Table 2) upon fitting the individual domains from the CHIKV E1E2
heterodimer and the Fab structures into the cryo-EM map at four quasiequivalent positions”

Avg density height upon:
Independent domain fitting T=4 fitting
Complex and domain #1 #2 #3 #4 Avg #1 #2 #3 #4 Avg
8B10 complex at pH 7.6
ElI 35.7 34.9 35.2 34.5 35.1 344 35.1 34.0 34.2 34.4
E11I 36.9 35.3 35.1 35.0 35.6 35.9 35.6 34.8 34.2 35.1
E1 III 349 35.7 35.1 34.7 35.1 34.4 35.2 35.0 34.8 349
E2A 37.4 38.1 37.2 37.1 37.5 36.8 37.3 36.6 36.3 36.8
E2B 29.7 28.9 28.4 28.0 28.8 28.2 27.9 28.5 27.2 28.0
E2C 36.0 36.7 37.1 359 36.4 35.7 36.0 35.9 35.3 35.7
FabV 31.1 30.5 30.7 30.9 30.8 30.7 29.3 29.1 29.5 29.7
Fab C 30.2 31.5 29.9 29.6 30.3 29.5 29.1 28.7 28.1 28.9
5F10 complex at pH 7.6
El1 36.2 37.1 37.4 36.0 36.7 35.7 359 34.8 345 35.2
El1I 359 36.3 35.2 349 35.6 35.1 34.7 35.8 34.3 35.0
E1III 355 35.2 34.9 34.3 35.0 35.6 35.1 35.0 34.7 35.1
E2 A 34.6 34.0 33.9 33.7 34.1 33.4 33.0 32.9 32.3 32.9
E2B 37.3 37.1 36.8 36.2 36.8 36.6 37.1 36.6 35.8 36.5
E2C 35.9 355 35.7 35.1 35.6 34.5 34.9 33.8 334 34.2
FabV 28.1 27.3 27.9 27.1 27.6 28.0 28.3 27.6 27.2 27.8
Fab C 27.0 27.7 27.0 26.9 27.2 26.7 27.0 26.1 26.0 26.5
5F10 complex at pH 6.0
ElI 37.1 36.2 36.9 36.4 36.7 36.3 35.7 35.2 35.0 35.6
E11I 35.2 35.7 35.2 34.0 35.0 34.5 34.8 34.1 34.1 34.4
E11II 35.3 36.1 35.0 349 35.3 355 35.0 34.7 344 349
E2A 35.6 34.8 34.8 34.2 34.9 36.0 36.2 36.9 35.7 36.2
E2B 38.0 38.3 37.2 37.0 37.6 37.9 37.4 38.2 37.0 37.6
E2C 35.4 35.3 35.1 35.0 35.2 34.1 34.9 33.8 34.3 34.3
FabV 26.2 26.9 25.4 25.2 26.0 29.7 30.5 30.2 28.7 29.8
Fab C 26.0 25.8 26.1 25.6 25.9 28.7 30.9 31.6 29.4 30.2

“ Fab V, Fab variable; Fab C, Fab constant.

20% 2-propanol, 20 to 25% polyethylene glycol (PEG) 4000, and 50 mM
HEPES buffer, pH 7.5. The exceedingly radiation-sensitive crystals were
screened at the Advanced Photon Source, GM/CA, beamline 23 ID-B.
Partial data sets were collected using an oscillation angle of 1° with an
exposure time of 3 s with reflections extending to a 2.7-A resolution (Ta-
ble 1).

The data sets were indexed and scaled using HKL.2000 (22). The crys-
tals belong to space group P2,2,2, with one Fab molecule in the asym-
metric unit. The final R, value was 19.2% with a completeness of
95.3%. Using the sequence of Fab 5F10, a BLAST search was performed
for Fab molecules in the Protein Data Bank (PDB) that had the highest
sequence homology to antibody 5F10 (patent number EP 2374816A1).
These molecules (PDB ID 3V0V, 1HZH, and 4D9L) were superimposed
and morphed together to make an initial molecular replacement search
model using the Phenix Ensembler (23). Initial phases were determined
by molecular replacement using Phaser (24). The resultant molecular re-
placement solution was refined using Phenix (25) and modeled with Coot
(26). The final working and free R values were 25 and 29%, respectively.

Homology model of Fab 8B10. Using the sequence of Fab 8B10, a
homology model was determined using the Swiss-Model server (27, 28)
together with the crystal structure of Fab 5F10 as a template.

Structural analysis of the VLP/Fab complex. The initial step in the
interpretation of the cryo-EM electron density maps of the Fab-CHIK-
VLP complexes was to fit either the homology model (8B10) or crystal
structure (5F10) of the Fab fragment as a rigid body, assuming a quasi-
T=4 icosahedral symmetry using the EMfit program (29). The approxi-
mate initial position of the Fab was given to the EMfit program. The
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program then performed a complete three-dimensional orientational
search and limited three-dimensional positional search taking into ac-
count the icosahedral symmetry of the virus and the quasi-T=4 symmetry
within the icosahedral asymmetric unit (29). The quality of each trial was
measured by maximizing the average density heights of the fitted atoms
and minimizing the clashes between symmetry-related structures as well
as minimizing the number of atoms in low or negative density. Finally, the
top 25 results were further refined with local, fine-increment, six-dimen-
sional searches. Many of these fits converged to the same best result. The
other fits were exceedingly poor based on the defined fitting criteria. All
map pixels within 3.0 A of a fitted atom were then set to zero to produce a
modified cryo-EM map of each complex.

The second step in the interpretation was to fit the crystal structure of
the E1E2 CHIKV heterodimer (PDB 3N42) into the modified cryo-EM
maps. This procedure avoids clashes between the Fab molecule and the
E1E2 glycoproteins, as the fitting maximizes the height of the average
density at all fitted atoms, thus avoiding the regions of zero density where
the Fab had been fitted (15, 16). This gave a starting position and orien-
tation to perform independent fitting of individual domains (30). Glyco-
protein E1 was split into domain I (residues 1 to 36, 132 to 168, and 273 to
293), domain II (residues 37 to 131 and 169 to 272), and domain III
(residues 294 to 393). E2 was divided into domain A (residues 16 to 134),
domain B (residues 173 to 231), domain C (residues 269 to 342), and the
B-ribbon connector (residues 7 to 15, 135 to 172, and 232 to 268) (Fig. 1).
While fitting the independent domains, the C terminus of each domain
was restrained to be within 3.8 A from the N terminus of the next domain
(Table 2).
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8B10

5F10

FIG 3 Fit of the Fab structures (yellow) into the cryo-EM density difference
maps (blue mesh) that were calculated by performing a complete three-di-
mensional orientational search and a limited three-dimensional positional
search using the program EMfit. The E1 glycoprotein is colored in red, and E2
is colored cyan.

Protein structure accession numbers. The crystal structure of Fab
5F10 has been deposited in the Protein Data Bank (www.pdb.org) (PDB
code for the 5F10 crystal structure, 5BQ7); cryo-EM maps of CHIK-VLP
in complex with Fabs 8B10 and 5F10 have been deposited in the Electron
Microscopy Data Bank (www.emdatabank.org) (EMB codes EMD-6356
and EMD-6368, respectively).

RESULTS AND DISCUSSION

Fitting the Fab fragments into the cryo-EM densities. The
cryo-EM maps of the complexes had a resolution ranging from 17
A to 18 A (Fig. 2), consistent with similar studies of many other
viruses (e.g., dengue virus, West Nile virus [WNV], Venezuelan
equine encephalomyelitis [VEEV] EV71, HIV). The reconstruc-
tions of the CHIK-VLPs in complex with 8B10 showed that each

TABLE 4 Contacts between Fab 8B10 or 5F10 and glycoprotein E2¢

Mechanism of Chikungunya Neutralization

trimeric spike had three Fab fragments, extending radially out-
wards from the spike’s outer surface. Thus, there are four bound
8B10 Fab fragments per icosahedral asymmetric unit and, there-
fore, 240 Fab fragments per VLP. The heights of the densities of
the 8B10 Fab fragments and the virus were similar, indicating that
the 8B10 Fab binding sites were fully occupied on the virus (Table
3). The 8B10 Fab light chain complementary determining region
(CDR) loops 1 and 2 and the 8B10 Fab heavy chain CDR loop 2
were bound to the E2 A and B domains as well as the B-ribbon
connector (Fig. 3 and Table 4).

A construct containing the B domain and the B ribbon pro-
duced neutralizing antibodies in mice (31). Furthermore, a pep-
tide of domain A fused with domain B, and the  ribbon induced
potent antibodies. These observations suggest that both domains
A and B are likely involved with inhibiting attachment, consistent
with the footprint of Fab 8B10 on the virus. Thus, Fab 8B10 binds
primarily to domain A on E2, which includes residue Thr58,
which was identified to be in the putative receptor-binding region
(Fig. 4) (32-34), and neutralizes the viral activity by inhibiting
attachment of the virus to a cell.

In contrast to the radial positioning of the 8B10 Fab molecules
on the (E1E2); trimeric spikes, the 5F10 Fab molecules were
bound to the edge of the spikes and are oriented tangentially to the
virus surface and away from the receptor attachment site (Fig. 3
and 5) (32-34). This orientation gives rise to numerous steric
clashes between Fabs bound to the i3 spikes and Fabs bound to the
q3 spikes as well as clashes between Fabs bound to the g3 spikes
around the pentameric vertices. Thus, not all of the symmetry-
related sites can be occupied. Furthermore, the distribution of

Fab 5F10° Fab 8B10
Fab fit Fab residue E2 residue Fab CDR” loop Fab residue E2 residue Fab CDR" loop
1 Ser27 (L)¢ Gly205 CDRL1 Ser27 Asn7 CDRLI1
Ser206 His 62
Asn28 (L) Lys215 CDRL1 Asn28 Phe6 CDRLI
Val216 CDRLI1 Tyr9
Phe94 (L) Asn218 CDRL3 Gly29 Val8 CDRL1
Thr52 (H) Asn219 CDRH2 Lys30 Lys10 CDRL1
Thrl2
2 Ser56 Gly204 CDRH2 Tyr58 Thr58 CDRH2
Gly205 Asp59
Thr70 Ser206 CDRH3 Tyr32 Asp60 CDRL1
Ser68 Glu208 CDRH2 Tyr27 Ser61 CDRL1
Ser74 Val216 CDRH3 Trp100 Asn193 CDRL2
Thr73 1le217 CDRH3 Gly194
GIn195
3 Argl88 Lys200 CDRH2 Lys53 His232 CDRH3
Gly204 Tyr98 Lys234 CDRH3
Tyr186 Gly205 CDRH2
Glu187 Ser206 CDRH2
Asn207
Argl88 Glu208 CDRH2
Leul25 Val216 CDRH1
Thr126 Asn218 CDRH1
Glul23 Asn219 CDRH1

“ For Fab 3B4C-4, CD1 and CD2 are the Fab constant domains.
Y CDR is the complementary determining region on the Fabs.

¢ (H) and (L) represent the heavy and light chains.

4 Shaded residues are escape mutants.
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FIG 4 Stereographic projection showing a roadmap of CHIK-VLP with Fab 8B10 binding sites. The right-hand panel is a close-up of the leftmost trimeric
glycoprotein spike. The amino acid colors represent the distance from the center of the virus as defined by the color scale bar. Domains A and B and the 3-ribbon
connector are bounded by black, white, and dashed yellow lines, respectively. Blue dashes represent the boundaries of the putative receptor-binding region.
White-shaded residues represent where the Fab binds on E2. Positions on the surface of the virus can be identified by their latitude and longitude as is usual for
locations on Earth. The edges of the left-hand figure correspond to lines of latitude and longitude.

occupied sites is likely to be different for each particle. Therefore,
the resultant cryo-EM reconstruction will represent an average of
all these different structures.

Inhibition of fusion. Attempts at determining the structure of
the virus in complex with 8B10 at pH 6.0 failed because the virus
aggregated. However, the virus in complex with 5F10 did not ag-
gregate at pH 6.0, allowing the structure of this complex to be
determined at both neutral and low pH.

The structures of CHIK-VLPs and also of other alphaviruses had
shown that the B domain of glycoprotein E2 covers and protects the
fusion loop in domain II of E1 (6, 7, 12). However, the B domain is
exceedingly flexible (8, 15) as observed in the crystal structure of the
E1E2 heterodimer (14) or the (E1E2); trimer (15). This allows the
fusion loop to be exposed at low pH on the viral surface. Therefore,
the ability of the 5F10 Fab fragments to stop aggregation at low pH
implies that the B domains are rigidly fixed and prevented the expo-
sure of the fusion loops. When the 5.3-A resolution cryo-EM density
of the native VLPs was fitted with the crystal structure of the E1E2
heterodimer, the average density height of the atoms in the B domain
were about one-half of the average density in all other domains at all
four quasiequivalent positions (15). Similarly, for the VLP complex
with the 8B10 Fabs, the B domains have a significantly lower density
than the other glycoprotein domains (Table 3). However, for the VLP
complex with the 5F10 Fabs, the average density heights of the atoms
in the B domain are slightly greater than the densities in all the
other domains, demonstrating that the 5F10 Fab fragments
have rigidly fixed the B domain, preventing the exposure of the
fusion loops. Furthermore, there was no measurable difference

1174 jviasm.org

Journal of Virology

between the structures of the VLP/Fab 5F10 complexes at pH
7.0 and at pH 6.0, showing that the reduction of pH did not
cause any transition to a fusogenic conformation. The rigid B
domain in the 5F10 complex is presumably caused by the tight
packing of the 5F10 Fab molecules between the i3 and q3 spikes
(Fig. 5). To accommodate 5F10 Fab binding, the B domains
shifted 12 A and rotated 5°.

Impact of escape mutations. Locating the site of mutations on
mutant viruses that escape neutralization by specific antibodies
has been a standard and verified procedure for determining the
binding site of the antibodies on the wild-type virus (15, 35). Es-
cape mutations V216E and R82G from antibody 5F10, both in
glycoprotein E2, as well as escape mutation T101M in glycopro-
tein E1 and T12I in glycoprotein E2 from antibody 8B10, were
previously identified (15, 16). However, only mutations T121 and
V216E in glycoprotein E2 were in the footprints of the corre-
sponding antibodies (Table 4; Fig. 1 and 4). Nevertheless, the es-
cape mutation T101M is within ~20 A of the corresponding Fab
footprint. Thus, presumably this mutation causes a local confor-
mational change that propagates to the antibody-binding site,
which then abrogates antibody 8B10 binding and neutralization
of the virus. As the binding site of antibody 8B10 stretches over
both domain A and domain B, the 8B10 binding site would be
distorted and, therefore, inhibit Fab 8B10 from binding or abro-
gate cellular attachment.

In contrast, escape mutation R82G in E2 is more than 45 A
away from the binding site of antibody 5F10 and therefore un-
likely to have a direct impact on 5F10 binding (Fig. 1). However,
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FIG 5 Stereographic projection showing a roadmap of CHIK-VLP with Fab 5F10 binding sites. The right-hand panel is a close-up of the leftmost trimeric
glycoprotein spike. The amino acid colors represent the distance from the center of the virus as defined by the color scale bar. Domains A and B and the B-ribbon
connector are bounded by black, white, and dashed yellow lines, respectively. Blue dashes represent the boundaries of the putative receptor-binding region.

White-shaded residues represent where the Fab binds on E2.

the R82G escape mutation is situated in the central cavity of the
trimeric spike (E1E2); and is about 10 A from the two other 3-fold
related arginine residues (Fig. 6). Thus, replacing this residue with
a glycine would remove the repulsive forces between the 3-fold
related arginine residues in the structure of the trimeric spikes.
This will relieve crowding of the bound 5F10 Fab molecules and
allow domain B to have greater freedom of movement, abrogating

the strong inhibition of fusion that Fab 5F10 has on the wild-type
virus (36). Thus, although Fab 5F10 could still bind to the mutant
virus, there would be less restriction on the movement of the B
domain than in the wild-type virus. In contrast, the other escape
mutation to Fab 5F10 (V216E in E2) is in the footprint of the Fab
and therefore inhibits binding of 5F10, thereby rendering the an-
tibody ineffective.

FIG 6 Overview of a single trimeric spike showing positions of residue Arg82 (red spheres). Each E1E2 heterodimer is colored separately for clarity.
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Cell-to-cell transmission of the virus. Certain mutations can
render a virus incapable of budding from the plasma membrane,
preventing the infection of another cell. The escape mutation
R82G in domain A of E2 was generated under the neutralizing
pressure of MADb 5F10 and was previously shown to promote the
transmission of CHIKV isolates by direct cell-to-cell transfer of
the virus (16). Although cell-to-cell transmission of viruses has
been observed for many lipid-enveloped viruses (36-38), little is
known about the exact mechanism. Nevertheless, it is known that
cell-to-cell transmission is often accompanied by the increased
concentration of molecules that can act as receptors (for instance,
decay-accelerating factor) (39) for the free virus near cell junc-
tions (39). Hence, presumably cell-to-cell transmission can occur
when the virus buds near a cell junction and can then recognize
receptor molecules on the neighboring cell. In the case of 5F10, the
escape mutation abrogates the ability of the antibody to inhibit
fusion, yet the antibody can still bind to the virus (16). As the
location of the 5F10 binding site is on the edge of the B domain, far
from the normal cellular receptor-binding site, the virus remains
free to enter another cell at a cell-to-cell junction. In brief, al-
though Fab 5F10 can neutralize the wild-type virus, it can also
bind to the mutant virus without inhibiting fusion or attachment.
Thus, the mutant virus would then be able to enter the next cell
without being intercepted by what would be a neutralizing anti-
body to the wild-type virus.

Conclusions. The two neutralizing anti-CHIKV antibodies
8B10 and 5F10 function very differently. The former primarily
inhibits attachment, while the latter inhibits fusion. MAb 8B10
binds to the outside of the virus, whereas MADb 5F10 lies on the
surface of the virus. The former inhibits by covering the cellular
receptor-binding site, and the latter inhibits by crowding around
and restricting the movement of the B domain, but leaving the
cellular receptor binding site vacant for use in cell-to-cell trans-
mission. Although the requirements of cell-to-cell transmission
are roughly known for quite a few membrane-enveloped viruses
(36-38, 40), this currently is the most detailed knowledge of the
mechanism of this process.
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