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West Nile virus, a member of the Flavivirus genus, causes fever that can progress to life-threatening enceph-
alitis. The major envelope glycoprotein, E, of these viruses mediates viral attachment and entry by membrane
fusion. We have determined the crystal structure of a soluble fragment of West Nile virus E. The structure
adopts the same overall fold as that of the E proteins from dengue and tick-borne encephalitis viruses.
The conformation of domain II is different from that in other prefusion E structures, however, and resembles
the conformation of domain II in postfusion E structures. The epitopes of neutralizing West Nile virus-specific
antibodies map to a region of domain III that is exposed on the viral surface and has been implicated in
receptor binding. In contrast, we show that certain recombinant therapeutic antibodies, which cross-neutralize
West Nile and dengue viruses, bind a peptide from domain I that is exposed only during the membrane fusion
transition. By revealing the details of the molecular landscape of the West Nile virus surface, our structure will

assist the design of antiviral vaccines and therapeutics.

West Nile virus (WNV), a member of the Flavivirus genus,
causes a febrile illness that can lead to fatal meningitis or
encephalitis in humans, horses, and birds (14). The ability of
West Nile virus to infect birds, and to be carried between hosts
in mosquitoes, has allowed it to spread at an alarming pace
throughout the United States, where it was first detected in
1999, to Canada, the Caribbean, Central America, and Colom-
bia (6, 16). West Nile virus is already indigenous to Africa,
Europe, and Asia (6). There are no specific treatments or
vaccines approved for clinical use against West Nile virus.
Several other closely related flaviviruses are important human
pathogens, including dengue, yellow fever, and Japanese en-
cephalitis (JE) viruses.

Flaviviruses package their positive-strand RNA genome into
particles consisting of a rigid outer protein shell and an under-
lying lipid membrane. The major envelope glycoprotein, E,
and a small membrane protein, M, form the outer shell. C-
terminal a-helical hairpins anchor E and M in the lipid mem-
brane. As the principal envelope component, E is responsible
for receptor binding. A candidate host cell receptor for West
Nile virus is « VB3 integrin (8, 19), but E may achieve initial
attachment by binding glycosaminoglycans (18) or, like dengue
virus E, by binding a carbohydrate recognition protein through
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a glycan on the viral surface (29, 37). Indeed, the C-type lectin
DC-SIGNR has recently been reported to mediate cellular
attachment of West Nile virus by specifically binding the glycan
on West Nile virus E (9).

Receptor binding directs the virion to the endocytic path-
way. Once flaviviruses reach an endosome, they must fuse their
lipid membrane with the host cell membrane in order to de-
liver the viral genome into the cytoplasm for replication. The
reduced pH of the endosome triggers a conformational rear-
rangement in E, which delivers the energy required for mem-
brane fusion by bending the two apposed membranes towards
each other, inducing them to fuse (24). Flavivirus E proteins
belong to the structurally conserved “class II” fusion proteins,
which are also found in alphaviruses. Crystal structures of
three class II fusion proteins—dengue virus E (25-27), tick-
borne encephalitis (TBE) virus E (4, 35), and Semliki Forest
virus E1 (11, 20)—before and after their fusogenic conforma-
tional rearrangements provide us with a detailed molecular
picture of the fusion mechanism of these viruses. First E (or
El) inserts a hydrophobic anchor, the so-called fusion loop,
into the outer bilayer leaflet of the host cell membrane. Sec-
ond, E folds back on itself, directing its C-terminal transmem-
brane anchor towards the fusion loop. This fold-back forces
the host cell membrane (held by the fusion loop) and the viral
membrane (held by the C-terminal transmembrane anchor)
against each other, resulting in fusion of the two membranes.
We now report the structure of a soluble fragment (residues 1
to 406) of the E protein (sE) from West Nile virus in its
prefusion conformation. The sE fragment contains all but ~50
residues of the E ectodomain.
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TABLE 1. Data collection and refinement statistics

WNV E native
data set

Parameter

Data collection
SPace Group.......ccccceiiiiiiiiiiiiiees P4,2,2
Cell dimensions

9326, 93.26, 159.32
.90, 90, 90

25.0-3.11 (3.23-3.11)
0.111 (0.721)

14.5 (2.48)
Completeness (%)" .. ..94.8 (96.4)
Redundancy”.........ccoeeneerneneceeeennecnenreeaenes 8.1(8.1)

Refinement
Resolution (A)
No. of reflections
Rwork/Rfree
No. of atoms

Protein
Ligand/ion
WALET vttt s
B factors
Protein (A%)
Glycan (A%)..

Water (A?).........

RMS" deviations
Bond length (A) ....ccoooovvvveeooeeeeeeeceeeeeeeeeeeee. 0.014
Bond angle (°) oo 1.676

“ Highest-resolution shell is shown in parentheses.
> RMS, root mean square.

MATERIALS AND METHODS

Expression and purification of WNV sE. Nucleotides 925 to 2142 containing
the E gene of the polyprotein of WNV strain 2741 (GenBank accession no.
AF206518) (2) were inserted into the pPSC12 baculovirus cloning vector (Pro-
tein Sciences Corporation, Meriden, CT). ExpresSF+ cells from Spodoptera
frugiperda (Protein Sciences Corporation) were infected with the recombinant
baculovirus, causing them to secrete soluble E protein (sE) into the medium. The
medium was concentrated on a Biomax 30 Pellicon XL concentrator (Millipore),
adjusted to pH 7.1 with 1 N NaOH, and loaded on a preequilibrated immuno-
affinity column. The immunoaffinity column was prepared by coupling the im-
munoglobulin G (IgG) fraction from West Nile virus sE-immunized horse serum
to N-hydroxysuccinimide-activated HiTrap columns (Amersham Biosciences).
The column was thoroughly washed with phosphate-buffered saline (PBS), and
bound sE was eluted with 100 mM glycine-HCI, pH 2.7. Similar elution condi-
tions were used to purify dengue virus sE in its prefusion conformation by
immunoaffinity chromatography (25). Eluted fractions were neutralized with 100
mM Tris-HCI, pH 8.0, and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Fractions containing sE were concentrated using an Ultra-4
ultrafiltration device (Millipore) and further purified by size-exclusion chroma-
tography in 10 mM HEPES (pH 7.5)-0.1 M NaCl-17 mM n-octyl-B-p-glucoside.
Purified sE was concentrated to 10 g liter ™! in Amicon Ultra centrifugal filters
(Millipore).

Crystallization and data collection. Crystals were grown at 20°C by hanging
drop vapor diffusion by mixing equal volumes of protein solution and the fol-
lowing reservoir solution: 15% (vol/vol) isopropanol, 0.1 M HEPES, pH 7.5, and
0.2 M sodium citrate. Crystals grew as rhomboids in space group P4,2,2 with cell
dimensions a = b = 93.26 A and ¢ = 159.32 A. The asymmetric unit contains one
molecule of sE. Crystals were transferred to a cryoprotective solution of 15%
(volfvol) isopropanol, 0.1 M HEPES, pH 7.5, 0.2 M sodium citrate, 17 mM
n-octyl-B-p-glucoside, and 15% glycerol before being frozen in liquid nitrogen.
Data were collected from a single crystal at 100 K on beamline X26C of the
National Synchrotron Light Source, Brookhaven National Laboratory, Upton,
NY. The data were processed with HKL2000 (33). Data collection statistics are
presented in Table 1.

Structure determination. The crystal structure of WNV E was determined by
molecular replacement. Each domain was placed sequentially with AMoRe (30).
Domain IIT from WNV (Protein Data Bank code 1ZTX) (31) was placed first,
domain I from dengue virus type 3 (1UZG) (27) was placed second, and domain
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II from dengue virus type 2 (10AN) (25) was placed last. The atomic coordinates
of the three domains were then refined as rigid bodies with the Crystallography
& NMR System (CNS) (5). Amino acids in the model were mutated to the West
Nile virus sequence, and the model was rebuilt with O (17) based on 2Fo — Fc
and Fo — Fc Fourier maps and density-modified maps. A sharpening B factor of
—75 was applied to the structure factors to obtain the most informative maps.
Coordinates were refined against data from 25- to 3.1-A resolution by simulated
annealing with torsion angle dynamics with CNS and then rebuilt with O in
iterative cycles. Later cycles included restrained refinement of B factors for
individual atoms and energy minimization against a maximum-likelihood target
with CNS. In the final refinement cycles, carried out with REFMACS (39), the
rigid-body motion of the protein molecules in the crystal was taken into account
in terms of three tensors: one for translation (T), one for libration (L), and one
for correlations of libration and translation (S) (39). This TLS refinement was
alternated with cycles of restrained positional and B-factor refinement against a
maximum likelihood target (see header of Protein Data Bank [PDB] entry 2169
for refined TLS parameters). The final model contains residues 1 to 403, 14 water
molecules (visible only with sharpening of the overall B factor), and one simple
N-linked glycan on residue 154. The glycan contains three ordered sugar rings:
two N-acetylglucosamines with a branched fucose. Based on the lack of side
chain electron density and on the local backbone conformation, residue 28 was
modeled as Gly instead of Asp. Refinement statistics are presented in Table 1.
Ramachandran angles are good, with favored, additional, generous, and disal-
lowed values of 81.2%, 17.7%, 1.2%, and 0%, respectively.

Measurement of scFv-Fc binding to sE peptides. A set of overlapping 20-mer
peptides spanning the entire sequence of West Nile virus sE was synthesized by
Sigma-Genosys. The mutant, randomized-sequence, and dengue virus peptides
(see Fig. 5) were synthesized at the Keck Biotechnology Resource Center at Yale
University. Binding of scFv-Fcs 11, 71, 73, 79, and 95 (13) to West Nile and
dengue virus E peptides was determined by enzyme-linked immunosorbent assay
(ELISA). Ninety-six-well microtiter plates were coated with 1 ug peptide per
well in 100 pl carbonate (pH 9.6) coating buffer, at 4°C overnight. Plates were
blocked with either 1% (wt/vol) bovine serum albumin or 0.5% (wt/vol) nonfat
dry milk in PBS containing 0.05% (vol/vol) Tween 20 (PBS-T) for 30 min at room
temperature (r.t.) after they were washed three times with PBS-T. Antibodies
were diluted in blocking solution and added to the antigen-coated plates previ-
ously blocked with the blocking solution and allowed to bind for 1 h at r.t. After
being washed three times with PBS-T, the secondary antibody, goat anti-human
1gG (1:500; Sigma), conjugated to alkaline phosphatase, was added to the plates
and incubated for 45 min at r.t. Following washing and the addition of p-
nitrophenylphosphate substrate (Sigma), color development was measured at
405 nm in a Labsystems Multiskan MS plate reader.

Protein structure accession numbers. The atomic coordinates of the West Nile
virus sE crystal structure can be downloaded from the Protein Data Bank (rcsb
.org) under accession code 2169. Atomic coordinates for generating the entire
outer glycoprotein layer of West Nile virus have been deposited under accession
code 2I7]J. Structure factors were deposited under accession code r2169sf.

RESULTS

Molecular architecture of West Nile virus sE. As expected
from the 49% sequence identity shared with dengue virus type
3 sE (the most similar E protein whose structure has been
determined), West Nile virus sE adopts the same three-domain
fold as its homologs from dengue and TBE viruses (Fig. 1).
Domain I organizes the structure, and its nine-stranded B-bar-
rel core is superimposed well onto those of other flavivirus E
structures (root mean square distance = 1.1 to 1.5 A). Two
long insertions in domain I form the elongated domain II,
which is built mostly of § strands and bears the fusion loop at
its tip. Domain III adopts a 10-stranded IgC-like fold (31) and
is thought to contain the receptor binding site (19). While the
overall flavivirus architecture is conserved in West Nile virus
sE, there are significant differences between the West Nile
virus SE structure and other flavivirus E structures. The most
striking difference is that, unlike dengue and TBE virus sE,
West Nile virus sE does not form dimers in the crystal. The
elution volume of West Nile virus sE in size-exclusion chro-
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FIG. 1. Structure of the West Nile virus sE monomer. (A) The three domains of West Nile virus E: domain I is red, domain II is yellow, and
domain III is blue. The fusion loop (FL) is in orange. A 53-residue “stem” (cyan) links the ectodomain to a two-helix C-terminal transmembrane
anchor (TM, white hatching). (B and C) The West Nile virus SE monomer, colored as in panel A, viewed in two perpendicular orientations. The
last ordered residue in the sE structure (Ser403) and the kl hairpin, which forms the putative hydrophobic ligand-binding pocket, are labeled. The
glycan at Asn154 and the six disulfide bonds are shown in ball-and-stick representation (in red and green, respectively).

matography suggests that it also does not form dimers in so-
lution, at pH 5.0 to 8.5 (data not shown). Our structure pro-
vides a likely explanation for the failure of West Nile virus sE
to dimerize. Domain II, which participates in all of the dimer
contacts in the dimeric dengue and TBE virus sE structures,
adopts a significantly different orientation relative to domains
I and III in the monomeric West Nile virus sE structure.
Surprisingly, the relative orientation of West Nile virus sE
domains I and II is nearly identical to that found in the post-
fusion conformation of dengue virus sE (26). Indeed, when the
postfusion dengue virus sE structure is superimposed onto the
West Nile virus sE structure by using the core strands of do-
main I as the reference (root mean square distance = 1.9 A),
the orientations of domain II in each structure are then sepa-
rated by a rotation of only 3°, which translates into a maximal
difference in backbone atom positions of 5 A at the fusion loop
at the tip of domain II (Fig. 2A). For comparison, the mean
backbone atom difference for domain IIT is 34.9 A. In contrast,
when the prefusion dengue virus sE and TBE virus sE struc-
tures are superimposed onto West Nile virus sE structure using
domain I as the reference, the orientations of domain II in the
sE structures are separated by a rotation of between 20° (to

TBE virus sE, PDB entry 1SVB; Fig. 2B) and 13° (to dengue
virus sE, PDB entry 10KE; data not shown). The rotation is
centered about a hinge point near Ile196 of West Nile virus E,
at the interface between domains I and II (Fig. 2B). The
altered domain orientation translates into a difference in back-
bone atom positions of 16 to 23 A at the fusion loop. Domain
III, however, adopts a nearly identical relative orientation rel-
ative to domain I in West Nile virus sE as in the prefusion virus
TBE and dengue virus sE structures (Fig. 2B and data not
shown). In summary, the rotation that relates domain II in
West Nile virus sE to domain II in other prefusion flavivirus sE
structures closely resembles the rotation undergone by domain
II of dengue (26) and TBE (4) virus E, in what is believed to
be one of the first steps of the fusogenic conformational rear-
rangement. Because the West Nile virus sE structure does not
contain more hydrogen bonds or buried surface area at the
domain I-domain II interface than the dengue or TBE virus
prefusion sE structures, the rotation of domain II in West Nile
virus sE from a prefusion-like to a postfusion-like conforma-
tion is not expected to contribute to the overall irreversibility
of the fusion transition (which requires a lipid membrane and
is driven by trimer formation [26]).
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FIG. 2. Comparison of West Nile virus sE to other flavivirus sE structures. (A) Structure of dengue virus type 2 sE in the postfusion
conformation (PDB entry 10KS, in shades of gray) superimposed on West Nile virus sE (colored as in Fig. 1), using domain I as the reference.
The C termini (in domain III) of the structures are 40 A apart, while the fusion loops (in domain II) are less than 5 A apart. The view is rotated
25° relative to panel B and Fig. 1B to show domain III of dengue virus SE more clearly. (B) Structure of the TBE virus sE dimer in the prefusion
conformation (PDB entry 1SVB, in shades of gray) superimposed on West Nile virus sE, using domain I as the reference. Domains III of the
structures are superimposed well, but the orientations of domain II are separated by a 20° rotation about a point near residue 196 (marked with
a black and yellow star). This rotation translates into a 23-A displacement of the fusion loop.

The similarities between the structures of domain II in West
Nile virus sE and in postfusion dengue virus sE extend beyond
their relative orientations to domain I. Indeed, the last two
strands of domain II, which form the so-called kl hairpin, are
separated at the base of the hairpin in West Nile virus sE, just
as they are in the postfusion sE structures. Also, the B-sheet
hydrogen-bonding pattern formed by the | strand has the same
register as in the postfusion dengue virus sE structure (26) but
is shifted by two residues relative to the prefusion sE struc-
tures.

The postfusion-like conformation of domain I in West Nile
virus sE results in a more elongated overall conformation of
sE, which is incompatible with the mode of dimerization ob-
served in dengue virus sE and TBE virus sE, as is evident in
Fig. 2B. Thus, we propose that the preference for a postfusion-
like orientation of domain II in West Nile virus sE is the
principal reason why this sE protein does not form dimers in
solution or in the crystal. Two additional factors could poten-
tially prevent dimerization of West Nile virus sE: (i) the con-
formation of the glycan on Asn154 is incompatible with the
formation of dimer contacts (unlike the homologous glycan in
TBE virus, which forms dimer contacts), and (ii) one of the few

residues that form a strong hydrogen bond at the dimer inter-
face in the unliganded dengue virus type 2 sE structure (25),
GIn316, is not conserved in West Nile virus, which instead has
Gly319. The postfusion-like conformation of domain II in
West Nile virus sE is also incompatible with structures of West
Nile and dengue virus particles derived from electron cryomi-
croscopy (cryoEM) reconstructions (see Discussion).

The hydrophobic pocket. Two structures of dengue virus
type 2 sE revealed the presence of a pocket capable of binding
hydrophobic ligands, such as the detergent n-octyl-B-p-glu-
coside (25). The pocket forms under a B-hairpin, the so-called
kl hairpin, at the interface between domains I and II. Since
significant rearrangements occur around the kl hairpin during
the fusion transition, ligands that bind in the hydrophobic
pocket could prove effective as inhibitors of membrane fusion
and hence of viral entry (25, 26). To determine whether West
Nile virus E would be capable of forming a similar hydrophobic
pocket, we compared the 12 hydrophobic residues that line the
pocket in dengue virus sE along with their West Nile virus
homologs (Fig. 3). All of the hydrophobic residues either are
identical in the two viruses or have hydrophobic side chains of
similar lengths. We conclude that West Nile virus sE should be
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FIG. 3. Structure-based alignment of the amino acid sequences of E proteins from West Nile virus (wn) strain 2741 (2), Japanese encephalitis
virus (je) strain JaOArS982, dengue virus type 2 (d2) strain S1, and tick-borne encephalitis virus (tbe) strain Neudorfl. Dots indicate amino acid
identities; dashes show gaps. The domains are indicated by a colored bar as in Fig. 1. The sequences are truncated at the last residue (406) of the
soluble fragment (SE) of West Nile virus E, which we crystallized. The conserved glycosylation site in domain I is indicated by a red asterisk and
red lettering. Residues lining the hydrophobic pocket in sE are shaded in gray. Residues that are exposed on the viral surface and are conserved
in West Nile virus strains but not in other flaviviruses are shaded in magenta. Residues that are exposed on the viral surface and are conserved

in wn, je, d2, and tbe viruses are shaded in orange.

capable of forming a hydrophobic pocket similar to that of
dengue virus sE. However, potential ligands can be expected to
bind E only in mature West Nile virions. Indeed, once the
initial step of the fusion transition has been initiated (and
possibly also in immature virions), domain II will adopt its
preferred postfusion-like conformation (Fig. 1 and 2), which is
not capable of forming a hydrophobic pocket because the base
of the kl hairpin is splayed open.

Unique surface features of West Nile virus. The individual
domains of West Nile virus sE have a high degree of structural
similarity to other flavivirus sE structures (25, 27, 31, 35, 42).
Several loops in West Nile virus sE diverge in conformation.
These include the loops in domain III that are exposed on the
viral surface, in particular the DE (365 to 368) and FG (389 to
391) loops, and the glycosylated E\F, loop (145 to 162) in
domain I. Surface-exposed residues determine receptor spec-
ificity, vector preference, host range, and tropism of West Nile
virus. A surprisingly small number of residues are responsible
for all of these characteristics. Indeed, only 57 residues are
conserved in West Nile virus strains but not conserved across
flaviviruses (including JE virus). Of these residues, only 38 are
exposed on the viral surface (Fig. 4).

The loop bearing the only glycan of the outer protein shell of
the mature West Nile virion is the most distinct from other sE
structures. The N-linked glycosylation site is conserved in all
flaviviruses except yellow fever virus and is located at Asn154,
in a loop between the fifth and sixth strands of domain I, the
so-called E,, and F, strands. The E,F, loop is several residues

longer in West Nile virus E than in most other flaviviruses.
Loss of the glycosylation site at position 154 in certain West
Nile virus strains leads to strong attenuation, loss of neuroin-
vasiveness, and lower stability at mildly acidic pH (3). A similar
phenotype is observed when the homologous glycan is lost in
dengue virus (15). The glycosylated E,F, loops in the dengue
and TBE virus sE structures lack secondary structure and share
no significant sequence identity with West Nile virus E. In
contrast, in the West Nile virus sE structure, the E,F, loop
forms a compact fold around an a-helix (residues 154 to 162).
The loop packs onto strand F,, and onto the N terminus, which
adopts a slightly different conformation than in the dengue and
TBE virus sE structures. The position of the glycan also shifts
by5to7 A (radially outward relative to the dengue virus glycan
and along the surface and away from the dimer interface rel-
ative to the TBE virus glycan). Despite this shift, the orienta-
tion of these glycans in dengue and West Nile virus E is such
that they largely overlap and therefore localize to the same
positions on the surface (Fig. 4C and D) (41). The slight
differences between the dengue and West Nile virus cryoEM
structures in the E\F, loop region (28) are therefore most
likely due to the additional bulk of the loop and its a-helix,
rather than to the shift in the position of the glycan. We have
modeled the glycan as a branched trisaccharide consisting of
two N-acetylglucosamines with a fucose on the first N-acetyl-
glucosamine [Asn—GIcNAc(Fucal6)B1-4GlcNAc]; however,
the glycan contains additional, poorly ordered sugars. We note
that the E\F, loop of JE virus is likely to adopt a structure
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FIG. 4. Distribution of West Nile virus-specific residues on sE. (A and B) Two perpendicular views of West Nile virus sE, with residues that
are conserved in West Nile virus strains but not in other flaviviruses shown in space-filling representation. Residues that are exposed on the surface
of the mature virus are in magenta; residues that are not exposed are in gray. The I,-strand peptide recognized by recombinant antibodies scFv-Fc
11, 71, and 73 (residues 281 to 300) is shown in green, with the two essential basic residues (Lys287 and Lys291) in space-filling representation.
Most West Nile virus-specific neutralizing antibodies bind an epitope that includes Thr330 (21, 31, 36). The view in panel B is perpendicular to
the viral surface, such that the outside of the virion is up. The views are the same as in Fig. 1B and C. (C) Atomic model of the West Nile virus
outer protein shell based on the 9.5-A-resolution electron cryomicroscopic reconstruction of dengue virus (41). E assembles into dimers in mature
virions. The glycan of West Nile virus E is shown in red, residues lining the putative hydrophobic pocket in dark gray, residues 281 to 300 (a partial
epitope of scFv-Fes 11, 71, and 73) in green, and the epitope of therapeutic antibody E16 (32) in blue. The fusion loop is in orange. A black triangle
connects the icosahedral symmetry axes. (D) Close-up of panel C, with the two-, three-, and fivefold icosahedral symmetry axes labeled. A single
sE monomer is circled with a semitransparent gray line. The minimum separation between glycans (red) is ~50 A.

similar to that of West Nile virus E, since the E\F, loop
sequence is 71% identical in these two viruses. While the E F,,
loop may be largely protected from immune recognition by its
glycan, its structure extends far enough from the glycan in
West Nile virus that the E,F,, loop may constitute an attractive
target for West Nile virus-specific neutralizing antibodies.
Recombinant antibody partial epitope mapping. We re-
cently used a phage display selection method to generate a
panel of human single-chain variable region antibody frag-
ments fused to an IgG1 Fc domain (scFv-Fcs). A similar ap-
proach has been used to generate cross-neutralizing recombi-
nant antibodies against dengue virus (12, 22). Our recombinant
antibodies neutralize both West Nile and dengue viruses by
binding conserved epitopes in domains I and II (13). To map
the epitopes of the scFv-Fcs more precisely, we measured the
ability of five neutralizing scFv-Fcs to bind overlapping 20-mer
peptides spanning the entire sequence of West Nile virus sE,
by ELISA. Although this method does not allow conforma-
tional epitopes to be identified, we found that three of the
scFv-Fcs with the best therapeutic properties (13), scFv-Fcs
11, 71, and 73, recognized a peptide spanning residues 281
to 300. The scFv-Fcs also recognize the homologous E pep-
tide from dengue virus type 2 but not a peptide composed of

the same amino acids in a randomized sequence (Fig. 5).
Furthermore, scFv-Fc binding was critically dependent on
positively charged side chains (Lys or Arg) at positions 287
and 291 of West Nile virus E.

DISCUSSION

Implications for viral assembly. Structures of the mature
West Nile (28) and dengue (41) virions have been determined
by cryoEM image reconstruction, at 17-A and 9.5-A resolution,
respectively. The two structures show that the structural as-
sembly of E in the outer protein shell is very similar in the two
viruses. The dengue virus cryoEM structure is of sufficient
resolution to allow a highly accurate fitting of the atomic co-
ordinates of the dengue virus sE crystal structure into the
cryoEM structure (41). By superimposing our West Nile virus
sE structure onto the cryoEM-fitted dengue virus sE atomic
coordinates and applying icosahedral symmetry, we generated
a pseudoatomic model of the entire outer protein shell of the
West Nile virion (Fig. 4C and D). Interestingly, it is impossible
to achieve a good fit for the 180 subunits of E in the cryopEM
structures while avoiding steric clashes, with domain II in the
same orientation relative to domain I as in our crystal struc-
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FIG. 5. Partial epitope mapping of therapeutic recombinant antibodies previously selected by phage display (13). To map linear peptide
sequences of scFv-Fcs 11, 71, 73, 79, and 95, we measured scFv-Fc binding to a set of overlapping 20-mer peptides spanning the entire sequence
of West Nile virus sE by ELISA. scFv-Fcs 11, 71, and 73 bind a peptide consisting of West Nile virus residues 281 to 300. All three scFv-Fcs also
recognize the homologous E peptide from dengue virus type 2 (DEN2) but not a peptide composed of the same amino acids in a randomized
sequence. Furthermore, scFv-Fc binding was critically dependent on positively charged side chains (Lys or Arg) at positions 287 and 291 of West

Nile virus E.

ture. This suggests that the interface between domains I and 11
must be flexible in prefusion sE. This is consistent with ob-
served variations of up to 10° in the relative orientations of
domains I and II in dengue virus sE, despite the additional
constraint of dimer formation in these dengue virus E proteins.
However, in contrast to West Nile virus sE, these rotations in
domain II of dengue virus sE are about an axis that is orthog-
onal to the axis of rotation of the fusion transition.

Implications for membrane fusion. A possible explanation
for the inability of West Nile virus sE to form dimers in solu-
tion is that domain II prefers the postfusion-like orientation
observed in the crystal structure over the prefusion-like orien-
tation observed in the mature virion. The physical strain im-
posed on sE by the icosahedral assembly might serve to
“spring-load” sE, allowing some of the energy required for
membrane fusion to be stored in the metastable mature virus
particle. However, we cannot rule out that the acidic condi-
tions used to elute sE from our immunoaffinity column (see
Materials and Methods) have irreversibly altered the native
prefusion structure of sE, causing it to adopt a more postfu-
sion-like monomeric structure.

Since the pH threshold of membrane fusion is approximately
6.5 in all flaviviruses including West Nile virus (1, 3, 26), we
conclude that spring-loading of sE, if it exists, is not coupled to
the low-pH trigger that initiates the fusion transition. It is not
known precisely how E senses low pH. Two conserved histi-
dines at the interface between domains I and III have been
proposed to form part of the pH sensor of sE in all flaviviruses
(4). Protonation of these histidines at pH < 6.5 is likely to be
an important factor in the destabilization of the domain I-do-
main III interface. This could be the initial low-pH trigger that
allows domains I and II to rotate out of the viral surface and
expose the fusion loop. In West Nile virus sE, the two histi-

dines (His144 and His320) form similar interactions with
domain I as in TBE virus (35), supporting the notion that
the low-pH trigger mechanism for the fusion transition is
conserved across flaviviruses. However, domain II, which
packs on top of the single nontransmembrane a-helix of the
minor envelope protein, M (41), may also contain a pH-
sensing element.

Implications for immune recognition. Our atomic model of
the outer glycoprotein layer of the West Nile virus particle
reveals the location on the viral surface of potential receptor
binding sites and of the epitopes of several previously de-
scribed neutralizing antibodies. As expected, the epitope of
therapeutic antibody E16 maps to a patch on domain III that
is fully exposed on the viral surface (and also on the postfusion
form of E) (31). Remarkably, the epitopes of all other strongly
neutralizing West Nile virus-specific antibodies localize to the
same patch on domain III (32, 36, 38). Indeed, most neutral-
izing antibodies against dengue and JE viruses also map to this
region and are also serotype or strain specific. Within this
epitope, the N-terminal loop of domain III (residues 302 to
309) and the BC loop (330 to 333) have a dominant role in
flavivirus neutralization (21, 31, 32, 36, 38, 40). From the data
presented above, we conclude that binding of West Nile virus-
specific antibodies is likely to involve a subset of the 38 West
Nile virus-specific residues that are exposed on the viral sur-
face (Fig. 4). Of these residues, eight are in domain III (all in
the dominant epitope described above), and five have in fact
already been shown to bind neutralizing antibodies directly
(residues 306, 308, 330, 366, and 391) (31, 36). The remaining
27 West Nile virus-specific residues are distributed fairly evenly
throughout domains I and II, although there are none in the
area around the fusion loop, which is highly conserved across
flaviviruses (Fig. 3).
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While neutralizing antibodies raised against West Nile virus
particles invariably bind variable epitopes in domain III, our
recombinant scFv-Fc neutralizing antibodies bind conserved
epitopes in domains I and II (13). Thus, unlike conventional
antibodies, some of our scFv-Fcs cross-neutralize dengue virus
type 2 (36). Since the scFv-Fcs were selected for their ability to
bind monomeric sE, their epitopes are not necessarily exposed
on the viral surface. Three of the scFv-Fcs with the best ther-
apeutic properties, scFv-Fcs 11, 71, and 73 (13), recognize a
peptide spanning residues 281 to 300 and the homologous
peptide from dengue virus type 2 (Fig. 5). This peptide se-
quence localizes mostly to a B-strand in domain I, strand I,,.
While the full epitope is likely to extend into neighboring
strands, the entire B-sheet containing strand I, is buried in the
mature virion (Fig. 4). Most of the B-sheet, including strand I,
is also buried in the trimeric postfusion conformation of sE
(26), so the strand will be exposed only briefly, during the
fusogenic conformational rearrangement. Based on the loca-
tion and conserved structure of this partial epitope, we con-
clude that a likely mechanism of neutralization for the cross-
neutralizing scFv-Fcs is inhibition of the membrane fusion
transition.

Implications for receptor binding. There is preliminary ev-
idence that « VB3 integrin may serve as the host cell receptor
for West Nile virus, by binding a region in domain III (8, 19).
VB3 integrin binds ligands with RGD/E sequences. West Nile
virus sE contains an RGE motif in domain III (residues 388 to
390), which is exposed on the viral surface and also forms part
of the dominant neutralizing antibody epitope. The RGE motif
does not, however, appear to be essential for « VB3 integrin
binding (8). Given the limited area of domain III that is ex-
posed on the viral surface, we expect that high-affinity a V3
integrin binding would preclude binding by all or most neu-
tralizing West Nile virus-specific antibodies, and vice versa.
Thus, inhibition of receptor binding is the most likely mecha-
nism of neutralization for these antibodies. Since antibody E16
is protective even when administered after cellular attachment
has occurred (31), the virus may achieve initial attachment by
binding glycosaminoglycans (18) or, like dengue virus E, by
binding a carbohydrate recognition protein through a glycan
on the viral surface (37). The latter forms of initial cellular
attachment may not be sufficient for infection, and they would
probably not interfere with the binding neutralizing antibodies
such as E16, because both the glycan and a conserved residue
cluster proposed to bind glycosaminoglycans in dengue virus
are located in domain I (7).

The tetrameric C-type lectin DC-SIGNR has recently been
reported to mediate cellular attachment of West Nile virus by
specifically binding the high-mannose N-linked glycan on West
Nile virus E (9). A related lectin, DC-SIGN, performs a similar
function for dengue virus (29, 37). Although DC-SIGN is gen-
erally able to bind a broader range of glycans than DC-SIGNR,
the former does not facilitate attachment of West Nile virus
(9). This may be because DC-SIGN appears to require two
adjacent glycans approximately 18 A apart for optimal binding,
as illustrated by the binding pattern of DC-SIGN on dengue
virus particles (34). West Nile virus lacks the second glycosy-
lation site that mediates DC-SIGN binding in dengue virus.
Based on our structure, the spacing between glycans on the
surface of West Nile virus is 50 A around the fivefold icosa-
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hedral symmetry axis and 49 A around the threefold axis (Fig.
4C and D). This is close to the 54-A separation between car-
bohydrate recognition domains in the crystal structure of the
DC-SIGNR tetramer (10), suggesting that the lectin could
bind multiple (two to four) viral glycans simultaneously. While
the reason for the apparent preference of West Nile virus for
DC-SIGNR is still unclear, the spacing between glycans, as
well as their precise composition, could favor binding to DC-
SIGNR over DC-SIGN. Indeed, the specificity of carbohydrate
recognition of the two lectins depends largely on whether gly-
cans can bind all four carbohydrate recognition domains simul-
taneously (10, 23).

Conclusions. We find, unexpectedly, that the West Nile virus
sE structure shares similarities in the relative orientation of its
three domains with both pre- and postfusion structures of
dengue and TBE virus sE. It is still unclear whether the West
Nile virus sE structure represents a true mechanistic interme-
diate in the membrane fusion transition, but the incompatibil-
ity of the structure with image reconstructions of intact viruses
suggests that E may not be in its preferred conformation in the
environment of a mature virion. Does the resulting mechanical
energy stored in the outer protein shell, as we propose, serve to
drive early steps of membrane fusion in the endosome? The
answer to this question will require careful measurements of
kinetic and energetic parameters of flavivirus membrane fusion
and assembly. As anticipated, the known epitopes of West Nile
virus-specific neutralizing antibodies map to an area of domain
IIT that is exposed on the viral surface. West Nile virus may
achieve initial cellular attachment through its evenly spaced
domain I glycans (9); however, domain III is believed to me-
diate binding to a “true receptor” (possibly a VB3 integrin [8,
18]), which determines cell tropism and targets the virus to the
endocytic pathway. Antibodies against domain III would pre-
vent binding of this type of receptor. In contrast, we show here
that our recombinant antibodies recognize an epitope in do-
main I, which is only briefly exposed during the fusion transi-
tion and is at least partly conserved in dengue virus. We there-
fore expect that our recombinant antibodies act by inhibiting
the fusion transition. Our analysis of the domain organization
of West Nile virus sE and of the molecular landscape of the
viral surface offers new insight into the membrane fusion
mechanism, into likely modes of receptor binding, and into
mechanisms of antibody neutralization. The detailed under-
standing of specific mechanisms of the viral life cycle gained
from our structure provides a framework for the rational de-
sign of antiviral vaccines and therapeutics.
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