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Zika virus (ZIKV) is a major human pathogen and member of the
Flavivirus genus in the Flaviviridae family. In contrast to most
other insect-transmitted flaviviruses, ZIKV also can be transmitted
sexually and from mother to fetus in humans. During recent out-
breaks, ZIKV infections have been linked to microcephaly, congen-
ital disease, and Guillain-Barré syndrome. Neutralizing antibodies
have potential as therapeutic agents. We report here a 4-Å-reso-
lution cryo-electron microscopy structure of the ZIKV virion in com-
plex with Fab fragments of the potently neutralizing human
monoclonal antibody ZIKV-195. The footprint of the ZIKV-195
Fab fragment expands across two adjacent envelope (E) protein
protomers. ZIKV neutralization by this antibody is presumably ac-
complished by cross-linking the E proteins, which likely prevents
formation of E protein trimers required for fusion of the viral and
cellular membranes. A single dose of ZIKV-195 administered 5 days
after virus inoculation showed marked protection against lethality
in a stringent mouse model of infection.
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Zika virus (ZIKV) belongs to the Flavivirus genus of the Fla-
viviridae family. Several other major human pathogens are

flaviviruses including dengue (DENV), West Nile (WNV), yel-
low fever (YFV), Japanese encephalitis (JEV), and tick-borne
encephalitis (TBEV) viruses (1). Although Aedes mosquitos are
the primary vectors for ZIKV transmission to humans, ZIKV
also can be acquired through sexual contact and blood trans-
fusion and from pregnant mother to fetus (2). Over the past 3 y,
local transmission has been confirmed in 68 countries and ter-
ritories with an estimation of 3–4 million cases of ZIKV infection
(3, 4). Although ZIKV infection of humans principally causes
mild febrile symptoms, the recent epidemic was linked to severe
neurological diseases, including congenital microcephaly and
Guillain-Barré syndrome in adults (5, 6). There is no licensed
vaccine or treatment currently available for ZIKV infections.
Mature ZIKV virions have similar structural features to other

flaviviruses (7–11). The ZIKV particle contains an ∼11-kilobase,
single-stranded, positive-sense genomic RNA enclosed by a
capsid core, a membrane, and an icosahedral glycoprotein shell.
The mature ZIKV virion has a diameter of ∼500 Å and consists
of 180 copies each of envelope (E) and membrane (M) proteins,
with each icosahedral asymmetric unit containing three E–M
protein heterodimers. On the surface of a smooth mature virion,
there are 30 herringbone-like rafts, with each raft formed by six
E–M protein heterodimers lying antiparallel to each other (Fig.
1A). In comparison with DENV serotype 2 (12, 13), the mature
ZIKV structure is more thermally stable (9).

The ectodomain of the E protein is divided into three do-
mains, designated DI, DII, and DIII (Fig. 1B), which are re-
sponsible for cell attachment, membrane fusion, and antigenicity
(14). The E proteins undergo multiple major conformational and
organizational changes during entry, assembly, and maturation
of the virus (15–18). Flaviviruses enter host cells through endo-
cytosis following receptor-mediated cell attachment. In the
acidic environment of endosomes, transition of the dimerized E
proteins into trimers initiates viral–host membrane fusion. After
the viral genomic RNA is released into the cytosol of host cells,
viral proteins are synthesized. The precursor M (prM) and E
proteins assemble as immature viruses in the endoplasmic re-
ticulum by forming 60 trimeric spikes of prM–E protein heter-
odimers on the viral surface (19). Maturation of viruses begins in
the trans-Golgi network and involves the furin cleavage of the
prM protein into the pr peptide and M protein, followed by the
rearrangement of the E and prM proteins into 90 dimers to form
a herringbone pattern. After secretion of prematured viruses, the
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pr peptide dissociates from the E and M proteins, resulting in the
generation of infectious, mature virions (16, 20).
Highly neutralizing, anti-ZIKV antibodies are of significant

interest due to their prophylactic and therapeutic potential.
Panels of ZIKV neutralizing human monoclonal antibodies
(mAbs) have been isolated and studied (21–26). Several neu-
tralizing antibodies previously isolated against DENV showed
cross-reactivity against ZIKV, and some had therapeutic activity
in mice (27–32). Epitope mapping and structure determinations
showed that the majority of type-specific neutralizing epitopes
on ZIKV are located on DII and DIII of the E protein (33, 34).
Here we analyze the structure–function relationship of the neu-
tralizing human mAb ZIKV-195, which was isolated from a B
cell of a subject with a history of prior natural ZIKV infection
(22). This mAb exhibited potent neutralizing activity in vitro and
showed significant protection against ZIKV infection in a mouse
model of infection and disease. Furthermore, we determined the
cryo-electron microscopy (cryo-EM) structure of mature ZIKV
virus in complex with Fab fragments of ZIKV-195. The footprint
of ZIKV-195 included the Asn154 glycosylation loop in DI and
the distal regions of DII across two adjacent E protomers within
a dimer. Thus, ZIKV neutralization by mAb ZIKV-195 is likely
achieved by protecting the fusion loop from exposure and pre-
venting the transition of the E proteins to the fusogenic con-
formation by cross-linking the E molecules within each raft.

Results and Discussion
Neutralization and Protection Activity of the ZIKV-195 Antibody. The
ZIKV-195 mAb broadly inhibits ZIKV strains of African (Dakar
41525 and MR 766), Asian (H/PF/2013 and Malaysia P6740), and
American (Paraiba 2015) origin, with 50% half maximal inhibitory
(IC50) values in a range of 77–600 ng/mL (Fig. 2A). However,
ZIKV-195 did not show neutralizing activity against representative
strains of the DENV 1–4 serotypes when tested at a concentration
of 20 μg/mL. ZIKV-195 showed therapeutic activity in a stringent
postexposure protection model in mice against lethal infection. A
single 100-μg (5-mg/kg) dose administered at day 5 after ZIKV
inoculation significantly reduced rates of lethal infection (Fig. 2B).
This level of therapeutic protection is comparable to or better
than that observed previously with mAbs binding to the cross-
reactive E dimer epitope (EDE) or a ZIKV-specific epitope in
domain II at the interdimer interface (22, 31).

Cryo-EM Structure of ZIKV Complexed with ZIKV-195 Fab Fragments.
To understand the structural basis for its potent activity, purified
mature ZIKV strain H/PF/2013 was incubated with excess ZIKV-
195 Fab fragments (2 Fab: 1 E molar ratio) at room tempera-
ture to form complexes. The virion–Fab complexes were frozen
on grids and imaged using a Titan Krios microscope with a
Gatan K2 direct electron detector. The particles became spiky
in appearance, in contrast to the smooth surface of the native
mature unliganded ZIKV, confirming the attachment of the
ZIKV-195 Fab fragments to the virions. Similar to most flavivirus
preparations for EM studies, some heterogeneity of the parti-
cles was observed. After nonreference 2D classification, the classes

consisting of broken particles, those lacking icosahedral sym-
metry, or those lacking an intact lipid layer were discarded.
About 21% (a total of 10,687) of the particles were used for 3D
reconstruction (SI Appendix, Fig. S1A). The final cryo-EM map of
the ZIKV–Fab complex was determined to a resolution of 4.0 Å,
according to the 0.143 Fourier shell correlation criterion (SI Ap-
pendix, Fig. S1B).
The overall cryo-EM map showed good connectivity of density

(Fig. 3A and SI Appendix, Fig. S1C). However, the constant do-
mains of the Fab fragments were not well resolved in the density
map, suggesting some flexibility of the distal regions of the Fab
molecules upon binding to the virus. There were three Fab frag-
ments bound to the E proteins within each icosahedral asymmetric
unit, which extended radially from the viral surface. This finding is
equivalent to 180 copies of Fab fragments per virion and complete
saturation of all available binding sites. However, different con-
tour levels were required to visualize the bound Fab molecules (SI
Appendix, Fig. S2), suggesting different occupancy of the Fab
molecules, which was presumably associated with the chemical
differences at the three independent binding sites.
The structure of the E protein (35) was fitted independently

into each of the three E protein locations within the icosahedral
asymmetric unit of the ZIKV–Fab complex cryo-EM density map.
The resultant structure was refined against the experimental
density map in real space (SI Appendix, Table S1). The superim-
position between the E protomers of the complex structure and of
the high-resolution native ZIKV structure showed an rmsd of ∼0.9 Å
between equivalent Cα atoms. This finding showed that binding
of Fab ZIKV-195 to the virus did not induce any significant
structural change other than about 10 residues of the i–j loop in
the E protein (SI Appendix, Fig. S3).
The density map of the complex had lower density in the Fab

region than in the E proteins (SI Appendix, Table S2). Thus, the
bound Fabs did not attain full occupancy. The average density
heights of the E proteins and the variable domains of ZIKV-195
Fab were determined using sumf in the program EMfit, where
sumf is the average density height of the fitted atoms (36). The
occupancy of each Fab binding site was then estimated as the
ratio of the sumf value of the variable domain of the bound Fab
molecule to the average sumf value of the three E monomers in
an icosahedral asymmetric unit (SI Appendix, Table S2). The
occupancy of the Fab fragments closest to the icosahedral five-
fold axes was ∼62%, whereas that of the Fab fragments bound
closest to the icosahedral twofold axes or threefold axes was
∼37% or ∼23%, respectively. Because there is no obvious steric
hindrance between the bound Fab molecules, the difference of
occupancy at the three independent binding sites is most likely
accounted for by the structural difference of the environment of
these binding sites within the same icosahedral asymmetric unit.

Footprint of the ZIKV-195 Antibody. The near-atomic resolution of
the density map enabled the building of the Fab structure, espe-
cially the complementarity determining regions (CDRs) of the
Fab variable domains, which principally contribute to epitope re-
cognition. One Fab molecule of the ZIKV-195 mAb was found to

Fig. 1. Structure of mature flaviviruses. (A) Surface
view of mature ZIKV showing E proteins arranged in
a herringbone pattern. The three E protomers within
one icosahedral asymmetric unit (outlined by a black
triangle) are shown in blue, red, and green. Three E
dimers form a raft. (B) Ribbon representation of the
ZIKV E-M heterodimer. The E protein consists of DI
(red), DII (yellow), DIII (blue), and transmembrane
domain (TM; tan). The fusion loop of E protein is shown
in green. The M protein is shown in light blue.
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interact with the two E protomers that form a dimer within a raft
(Fig. 3B). The total buried area of the interface between the E
proteins and the ZIKV-195 Fab is ∼1,400 Å2. The footprint of the
ZIKV-195 Fab on one ZIKV E dimer consists of the b–d strands,
the i–j loop, and the fusion loop in DII within one E protomer (E),
as well as the Asn154 glycosylation loop in DI, the k strand, and
the hinge region of DII in the adjacent E protomer (E′) (Fig. 3C).
Most of the CDR loops of Fab ZIKV-195 interact with ZIKV E
proteins. The contact surface between the heavy (H) chain and the
E proteins is about 790 Å2, whereas the interface between the light
(L) chain and the E proteins is about 575 Å2. Hydrogen bonds and
salt bridges are formed between the CDR loops of the H and L
chains and the E protomers: (i) the L-CDR3 loop of Fab and the
Asn154 glycosylation loop of E′-DI; (ii) the L-CDR2 and H-
CDR3 loops of Fab and the b strand of E-DII; (iii) the H-CDR3
loop of Fab and the fusion loop of E-DII; and (iv) the H-CDR3,
L-CDR1, and L-CDR2 loops of Fab and the i–j loop of E-DII
(SI Appendix, Table S3).
To corroborate these structural studies and define key amino

acid residues important for binding, we mapped the epitope of
ZIKV-195 using alanine-scanning shotgun mutagenesis of the
prM–E genes coupled with mammalian cell expression and flow

cytometry (37). Residues D67, M68, R73, and K251 of the E
protein were critical for ZIKV-195 recognition as mutation to
alanine resulted in substantial loss-of-binding of ZIKV-195 without
disrupting the binding of other conformation-dependent MAbs
(Fig. 4A and SI Appendix, Table S4). These observations are con-
sistent with the cryo-EM results because these residues are located
within the ZIKV-195 Fab footprint (Figs. 4B and 5).
Although the overall structure of the E proteins of ZIKV in

complex with Fab ZIKV-195 is nearly identical to that of the E
proteins in the native, uncomplexed ZIKV particle, a structural
rearrangement occurs for the i–j loop, which is located in the Fab
footprint (SI Appendix, Fig. S3). The rmsd between the Cα atoms
of the i–j loop in the complex structure and in the native struc-
ture is ∼3.6 Å. The quality of the loop density is greatest for the
Fab binding sites near the icosahedral fivefold axes and worst for
the sites near the icosahedral threefold axes. Furthermore, the
quality of the density correlated with the occupancy of the Fab
molecules. The i–j loop has large structural differences between
some flaviviruses (8, 35). This finding suggests that the i–j loop
has greater mobility than other parts of the E protein structure,
consistent with its displacement on ZIKV-195 binding. The flex-
ibility of the i–j loop may be used by the ZIKV-195 Fab molecule
to create a favorable binding site.
Strand b, the Asn154 glycosylation loop, and the i–j loop of the

E protein constitute a large part of the Fab ZIKV-195 epitope.
The amino acids in these regions have considerable diversity among
flaviviruses but are mostly conserved within different ZIKV
strains, providing a basis for the specificity of ZIKV-195 and lack
of neutralization of different DENV serotypes (Fig. 2 and SI Ap-
pendix, Figs. S4 and S5). Because dengue viruses usually have an
N-linked glycosylation site at position 67 of the E protein, this glycan
would interfere with binding of ZIKV-195.
The exposed solvent accessible regions of the three non-

equivalent Fab binding sites in the icosahedral asymmetric unit
have areas of ∼1,608, ∼1,499, or ∼1,414 Å2, for the footprints close
to the icosahedral fivefold, twofold, or threefold axes, respectively.
The footprints of these three binding sites are composed of similar
amino acids but are presented slightly differently, explaining the
different occupancies of these sites (Fig. 5).

Structural Insight into the Neutralization Mechanism of ZIKV-195
mAb. Compared with other ZIKV-neutralizing antibodies with
known high-resolution structures of the Fab–ZIKV or Fab–
ZIKV E complexes (21, 30, 32), the footprint of ZIKV-195 is
fairly unique (SI Appendix, Fig. S6). The footprint of Fab ZIKV-195
includes multiple secondary structural elements on DI and DII
within an E dimer, with E-DII providing ∼89% of the interaction
surface. Fab ZIKV-195 binds to both E protomers forming di-
mers within one icosahedral asymmetric unit, thereby stabilizing
the E dimers on the mature ZIKV particle and possibly pre-
venting formation of fusogenic trimers. Furthermore, interaction
between Fab ZIKV-195 and the fusion loop of E likely would
protect against the structural transitions required for membrane
fusion. The conformational transition of the E proteins from dimers
to fusogenic trimers is an essential step during virus entry into host
cells (38). Thus, binding of ZIKV-195 to the mature ZIKV particle
might result in inhibition of membrane fusion.
The Asn154 glycosylation loop of the ZIKV E protein con-

tains an N-linked glycosylation site at residue Asn154, which is
conserved among ZIKV, DENV, WNV, and JEV. The Asn154
glycan was reported to be associated with ZIKV virulence and
pathogenesis (39, 40). Glycosylation of the E protein at various
sites was found to contribute to cell attachment of DENV (41)
and pathogenesis of WNV (42). Thus, binding of Fab ZIKV-195
to the Asn154 glycosylation loop of the ZIKV E protein may also
hamper infectivity and pathogenicity of the virus.
Antibody-dependent enhancement (ADE) is a potential prob-

lem for vaccines or antibody-based therapies that combat infection
by flaviviruses (43). In this case, antibodies can enhance viral in-
fection by increasing virion uptake through cellular Fcγ-receptors.
Therefore, some E protein antibodies that cross-neutralize ZIKV

Fig. 2. Functional activity of ZIKV-195. (A) Breadth of neutralization activity of
ZIKV-195. Indicated ZIKV strains were incubated with increasing concentrations
of ZIKV-195 for 1 h at 37 °C before inoculation of Vero cell monolayers. Sub-
sequently, a focus reduction neutralization test was performed. The results are
representative of two independent experiments, each performed in triplicate.
Error bars indicate SEM. (B) Protective, therapeutic activity of ZIKV-195 in adult
male mice. Wild-type male 4- to 5-wk-old mice were treated with 1 mg of anti-
Ifnar1 mAb followed by s.c. inoculation with 105 FFU of ZIKV-Dakar 41525. Mice
were treated with a single 100-μg dose of isotype control mAb (hCHK-152) or
ZIKV-195 on D + 5 (n = 10 per group from two independent experiments).
Significance was analyzed by the log-rank test (**P < 0.01).
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and DENV could increase the risk for ADE (44), if the concentration
of antibody were to fall below the stoichiometric threshold required
for neutralization (45). ZIKV-195 mAb, because of its specificity,
is less likely to enhance infection of heterologous flaviviruses.
Thus, the potent neutralizing ZIKV-195 mAb could have ther-
apeutic potential against ZIKV infection with probably low risk
of ADE for DENV.

Methods
Viruses. ZIKV strain H/PF/2013 (French Polynesia, 2013) was obtained from X.
de Lamballerie (Aix Marseille Université, Marseille, France). ZIKV Brazil Par-
aiba 2015 was provided by S. Whitehead (National Institutes of Health,
Bethesda, MD). ZIKV MR 766 (Uganda, 1947), Malaysia P6740 (1966), and
Dakar 41525 (Senegal, 1982) were provided by the World Reference Center
for Emerging Viruses and Arboviruses (R. Tesh, University of Texas Medical
Branch, Galveston, TX). Both virus stocks of ZIKV and DENV were propa-
gated in Vero cell monolayer cultures. For in vivo studies, ZIKV Dakar 41525
was adapted in mice (46). Virus stocks were titrated by a focus-forming assay
on Vero cell monolayer cultures, as described previously (47).

Zika Virus Neutralization Assay. Serial dilutions of mAbs were incubated with
∼102 FFU of different ZIKV strains for 1 h at 37 °C. The mAb–virus complexes
were added to Vero cell monolayers in 96-well plates for 90 min at 37 °C.
Subsequently, cells were overlaid with 1% (wt/vol) methylcellulose in MEM
supplemented with 4% heat-inactivated FBS. Plates were fixed 40 h later
with 1% PFA in PBS for 1 h at room temperature. The plates were incubated
sequentially with 500 ng/mL mouse anti-ZIKV (ZV-13) (33) and horseradish-
peroxidase–conjugated goat anti-mouse IgG in PBS supplemented with
0.1% (wt/vol) saponin (Sigma) and 0.1% BSA. ZIKV-infected cell foci were
visualized using TrueBlue peroxidase substrate (KPL) and quantitated on an
ImmunoSpot 5.0.37 macroanalyzer (Cellular Technologies).

Mouse Experiments. This study was carried out in accordance with the rec-
ommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (48). The protocols were approved by
the Institutional Animal Care and Use Committee at the Washington
University School of Medicine (assurance number A3381-01). Inoculations
were performed under anesthesia induced and maintained with ketamine
hydrochloride and xylazine, and all efforts were made to minimize animal
suffering. The experiments were not randomized, and the investigators
were not blinded to allocation during experiments and outcome assessment.

C57BL/6 male mice (4–5 wk old; Jackson Laboratories) were inoculated
with 105 FFU of ZIKV Dakar 41525 by a s.c. route in the footpad. One day
before infection, mice were treated with 1 mg of anti-Ifnar1 mAb (MAR1-5A3;
Leinco Technologies) by i.p. injection. ZIKV-specific human mAb (ZIKV-195)
or an isotype control (humanized CHK-152) (49) was administered as a single
dose at day +5 (100 μg) after infection through an i.p. route.

Cryo-EM Sample Preparation, Data Collection, and 3D Reconstruction. The virus
and Fab were prepared following the procedures described previously (7, 22).
The ZIKV-195 Fab was mixed with 1 mg/mL of purified mature ZIKV particles
at a molar ratio of two Fab fragments per E molecule. The complex was

incubated at room temperature for 30 min and transferred on ice before
freezing. A 3-μL aliquot of sample was flash frozen on the lacey carbon grid
in liquid ethane using a Gatan CP3 plunger. Cryo-EM datasets were collected
in multiple sessions using an FEI Titan Krios electron microscope equipped
with a Gatan K2 Summit detector. A total of 1,691 micrographs were
recorded using the automated software Leginon (50) at 18,000× magnifi-
cation in the direct counting mode, resulting in a pixel size of 1.62 Å with

Fig. 4. Alanine scanning epitope mapping of mAb ZIKV-195. (A) The mAb
reactivity for each alanine mutant of ZIKV prM–E was tested and normalized
to reactivity for the wild-type prM–E. Mutants with reactivity less than 30%
were identified as critical for mAb binding. The unrelated ZIKV-15, ZIKV-116,
and ZIKV-117 mAbs were used as internal controls. Bars were calculated
from at least two replicates of independent experiments. (B) Comparison of
the cryo-EM and alanine mutagenesis mapping for the ZIKV-195 epitopes.
Surface top view of the ZIKV E dimer is shown with DI, DII, DIII, and fusion
loop colored in red, yellow, blue, and green, respectively. Epitopes identified
in the ZIKV-Fab cryo-EM structure are shown in gray, among which critical
residues from alanine mutagenesis epitope mapping are shown in magenta.

Fig. 3. Structure of ZIKV in complex with Fab ZIKV-195. (A) Cryo-EM map of the ZIKV-Fab complex at a contour level of 1.5σ. The map is radially colored. The
icosahedral asymmetric unit is outlined by a black triangle. (B) Fab variable domain (heavy chain in magenta and light chain in cyan) bound to one E dimer (DI
in red, DII in yellow, DIII in blue, and transmembrane domain in tan). Only one Fab of the two Fabs bound to an E dimer is shown for clarity. (C) The binding
interface, outlined by a rectangle in B, is enlarged.
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total electron dosage of ∼30 e−/Å2. The frames of each image were aligned
using MotionCorr 2 (51). The contrast transfer function (CTF) of the micro-
graphs was estimated using CTFFIND4 (52). A total of 51,836 particles were
boxed using the template-based automatic picking tool in Appion (53).
Nonreference 2D classification was performed using RELION (54) and 10,687
“good” particles were selected for 3D reconstruction. The program jspr (55,
56) was used for initial model generation, iterative refinement of center and

orientation, and refinement of defocus and astigmatism. According to the
gold standard, two independent reconstructions were obtained assuming
icosahedral symmetry from two half datasets that were split from the start
of the procedure. The final reconstruction was generated by combining the
two half datasets after the refinement had converged. The overall resolu-
tion was 4.1 Å (unmasked) and 4.0 Å (masked by removing the internal
nucleic acid region and the external background region), using the Fourier
shell correlation criterion of 0.143 (57). The resulting cryo-EM map was
sharpened further using the postprocess procedure in RELION.

Structure Fitting, Refinement, and Analysis. An initial model of the variable
domain of ZIKV-195 mAb was predicted based on the known protein se-
quence using the program PIGS (58). The bound Fab that was closest to the
icosahedral fivefold vertex had the best quality of density and thus was used
for manual model rebuilding of the variable domain using the graphics
computer program COOT (59) and the real space refinement feature in the
computer program PHENIX (60). The coordinates of the E proteins obtained
from a 3.1-Å-resolution cryo-EM map of ZIKV [Protein Data Bank (PDB) ID:
6CO8] (35) were fitted into the map and refined in real space using PHENIX.
The structures were analyzed with the Chimera (61) and PyMOL (https://
pymol.org/2/) programs. The molecular contacts were analyzed using the
programs NCONT in CCP4 (59) and PISA (62). The superimpositions of
structures were performed using the program HOMOLOGY (63). All rmsd
values were calculated using the Cα atom coordinates. Roadmaps of the Fab
footprints were plotted using the program RIVEM (64).

Determination of Fab Occupancy. Fab occupancy was estimated by comparison
of density height using the program EMfit (36). The sumf values (the nor-
malized mean density of the fitted atoms) of E and Fab variable domains
were calculated using EMfit. The sumfE value represents full occupancy.
Thus, the ratio of sumfFab to sumfE represents the occupancy of Fab.

Alanine Scanning Epitope Mapping. Epitope mapping by alanine-scanning
mutagenesis was performed as described previously (22, 37). A ZIKV prM–E
protein expression construct (strain SPH2015) was subjected to high-
throughput alanine scanning mutagenesis to generate a comprehensive mu-
tation library. Each residue within prM–E was mutated to alanine, except for
alanines, which were mutated to serines. In total, 672 ZIKV prM–E mutants
were generated and expressed transiently in HEK293T cells for 22 h in 384-
well plates. Cells expressing the protein mutants were fixed in 4% (vol/vol)
paraformaldehyde (Electron Microscopy Sciences) and permeabilized with
0.1% (wt/vol) saponin (Sigma-Aldrich) in PBS plus calcium and magnesium
(PBS++) buffer. Cells were sequentially incubated with 2.0 μg/mL purified
ZIKV-195 mAb and 3.75 μg/mL of Alexa Fluor 488-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories), which were diluted in
PBS++, 10% normal goat serum (Sigma), and 0.1% saponin. After cells were
washed three times with PBS++/0.1% saponin and additionally twice with
PBS, mean cellular fluorescence was recorded using a high-throughput flow
cytometer (Intellicyt). Antibody reactivity against each prM–E mutant rela-
tive to the wild-type protein was calculated by subtracting the signal from
mock-transfected controls and normalizing to the signal from wild-type
prM–E-transfected controls.

Statistical Analysis. All virological data were analyzed with GraphPad Prism
software. Kaplan–Meier survival curves were analyzed by the log rank test.
P < 0.05 indicated statistically significant differences.

Protein Sequence Alignment and Annotation. Protein sequence alignments
were conducted using the program CLUSTALW of the web server Network
Protein Sequence analysis (NPS@) (https://npsa-prabi.ibcp.fr). The alignment
figures were prepared using the web server ESPript (65). The ZIKV E ecto-
domain consists of DI (residues 1–52, 131–192, and 287–305), DII (residues
53–130 and 193–286), and DIII (residues 306–404). The fusion loop of E consists
of residues 98–109.
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