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Flaviviruses are a group of human pathogens causing severe

encephalitic or hemorrhagic diseases that include West Nile,

dengue and yellow fever viruses. Here, using X-ray crystal-

lography we have defined the structure of the flavivirus

cross-reactive antibody E53 that engages the highly con-

served fusion loop of the West Nile virus envelope glycopro-

tein. Using cryo-electron microscopy, we also determined

that E53 Fab binds preferentially to spikes in noninfectious,

immature flavivirions but is unable to bind significantly to

mature virions, consistent with the limited solvent exposure

of the epitope. We conclude that the neutralizing impact of

E53 and likely similar fusion-loop-specific antibodies de-

pends on its binding to the frequently observed immature

component of flavivirus particles. Our results elucidate how

fusion-loop antibodies, which comprise a significant fraction

of the humoral response against flaviviruses, can function to

control infection without appreciably recognizing mature

virions. As these highly cross-reactive antibodies are often

weakly neutralizing they also may contribute to antibody-

dependent enhancement and flavi virus pathogenesis there-

by complicating development of safe and effective vaccines.
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Introduction

Flaviviruses are a group of human pathogenic, enveloped

RNA viruses, which include dengue (DENV), yellow fever

and West Nile viruses (WNV), and cause severe hemorrhagic

or encephalitic disease of global impact. They are composed

of an outer protein shell with 180 copies of the envelope (E)

protein and membrane (M) protein, a lipid bilayer and an

inner core that contains the infectious RNA genome and

capsid (C) protein. X-ray crystal structures (Rey et al,

1995; Modis et al, 2003; Zhang et al, 2004; Nybakken et al,

2006) have established that the E glycoprotein of flaviviruses

has three domains, DI, DII and DIII, with a flexible

‘hinge’ between DI and DII (Zhang et al, 2007). At the tip

of domain DII is the conserved ‘fusion loop’, which is

required for acid-catalysed type II fusion with the host

endosomal membrane (Allison et al, 2001; Bressanelli et al,

2004; Modis et al, 2004).

In the flavivirus life cycle, formation of immature virus

occurs in the endoplasmic reticulum. The virus matures

while being transported to the plasma membrane through

the trans-Golgi network (TGN). The low pH environment of

the TGN causes the heterodimeric complex of E with the

premembrane protein (prM) on the viral surface to reorganize

into E homodimers (Wengler and Wengler, 1989; Li et al,

2008; Yu et al, 2008). This structural rearrangement leads

to the exposure of a furin cleavage site on the prM molecule.

After cleavage, the pr molecules remain associated with

the hydrophobic fusion loop of the E proteins while still

in a low pH environment thus preventing fusion of the

virus with membranes in the host cell. As the virus is released

into the neutral pH extracellular environment, the pr

peptides disassociate from the viral surface. Subsequently,

after virus attachment and internalization through poorly

characterized cellular receptors, a series of structural transi-

tions, triggered by the low pH of the endosomes, convert the

mature virion into a fusion-competent particle that promotes

the release of the viral genome into the cytoplasm of the

host cell.

In the immature virion, the E and the prM glycoproteins

form heterodimers grouped into 60 trimeric spikes (Zhang

et al, 2003) (Figure 1A). In the mature virus, the E glycopro-

tein associates into 90 homodimers, forming a smooth viral

surface (Kuhn et al, 2002) (Figure 1B). Both immature and

mature viruses have icosahedral symmetry with an external

diameter of about 600 and 500 Å, respectively.

Although human vaccines are available for yellow fever

virus, tick-borne encephalitis virus and Japanese encephalitis

virus, at present none are approved for use against DENV or

WNV (Widman et al, 2008). Vaccine development for DENV,

which has four serologically distinct serotypes, has been

particularly problematic because of the possibility of anti-

body-dependent enhancement (ADE) in myeloid cells

expressing activating Fc-g receptors (Brandt, 1982). Poorly

neutralizing cross-reactive antibodies that are generated
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during primary infection can enhance replication of a hetero-

logous DENV strain during a subsequent secondary chal-

lenge. The majority of these antibodies are generated

against the E glycoprotein, which is the major antigenic and

immunodominant protein on the virus surface.

Antibodies that recognize the conserved flavivirus fusion

loop are generally cross-reactive and comprise a significant

fraction of the humoral response to WNV in humans

(Oliphant et al, 2007; Roberson et al, 2007), although they

have weak neutralizing activity (Crill and Chang, 2004;

Oliphant et al, 2006, 2007; Stiasny et al, 2006). Mapping studies

have shown that the monoclonal antibody (MAb) E53 recog-

nizes an epitope within the fusion loop of the WNV E glyco-

protein. Initial functional studies showed that MAb E53 protects

mice from lethal WNV infection when administered prophylac-

tically (Oliphant et al, 2006) and blocks Vero cell infection

primarily by inhibiting cellular attachment (Nybakken et al,

2005). Subsequent investigations showed that E53 had de-

creased inhibitory activity when pr was completely cleaved off

the virus particle, showing that the neutralizing activity is

dependent on the maturation state of the virion (Nelson et al,

2008). The E53 epitope was mapped by yeast surface display to

include residues in the fusion loop and adjacent bc-loop in

domain II of E (Oliphant et al, 2006) (Figure 1).

Here, using X-ray crystallography of the E53–WNV E glyco-

protein complex and cryo-electron microscopic (cryoEM) recon-

structions of WNVand DENV complexed with Fab fragments, we

show that the E53 epitope is largely inaccessible in mature

virions and the antibody binds preferentially to the spike in

immature virions. The structural description of an antibody that

neutralizes infectivity by binding to an immature virus particle

strongly supports the earlier hypothesis (Nelson et al, 2008) that

hybrid mature/immature particles contribute to virus infectivity

and pathogenesis.

Results

Crystal structure of the E53 Fab fragment in complex

with WNV E glycoprotein

The structure of E53 Fab in complex with the WNV E

ectodomain was determined crystallographically to 3.0 Å

resolution (see Materials and methods and Supplementary

Table I), showing that E53 engages 12 residues within the

fusion loop (E residues G104, C105, G106, L107, G109 and

K110) and the disulphide-linked bc-loop (E residues C74, P75,

T76, M77, G78 and E79) (Figure 2). Yeast epitope mapping

had correctly identified four of these contact residues (P75,

T76, G106 and L107). Epitope recognition is primarily facili-

tated by the three complementarity-determining regions

(CDRs) of the E53 heavy chain. CDR3 is used predominantly

as it projects out of the combining site to intimately contact

both E protein loops. Only one light chain residue makes

contact in the antibody–antigen interface (Supplementary

Table II). Four potential hydrogen bonds form in the interface,

Figure 1 Organization of the E glycoprotein on the surface of (A) immature and (B) mature virus. E monomers are shown as a Ca backbone
with DI, DII and DIII in red, yellow and blue, respectively. The black triangle represents an icosahedral asymmetric unit. Green spheres mark
the E53 epitope residues (75, 76, 99, 106 and 107) determined by yeast surface display.

Figure 2 Crystal structure of E53 Fab in complex with the WNV
envelope glycoprotein. On the left, ribbon diagram of the complex,
with DII of E depicted in yellow, DI in red, the antibody heavy chain
in purple and the light chain in cyan. The structurally defined
epitope is displayed in magenta. On the right, close-up view of the
E53 epitope, with the side chains of contacted residues coloured
using magenta for carbon, red for oxygen, green for sulphur and
blue for nitrogen atoms (o4.0 Å distance).
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three of which involve exposed backbone oxygen and nitro-

gen atoms of the E protein fusion loop. The binding interface

has a low degree of shape complementarity (Sc¼ 0.49)

(Sundberg and Mariuzza, 2002) and occludes approximately

800 Å2 of surface area. The entire sequence of the E53 epitope

is conserved between WNV and all four DENV serotypes with

the exception of residue M77, which is a glutamine in DENV.

This difference might explain the stronger binding and neu-

tralization activity of this antibody against WNV (DH

Fremont and MS Diamond, unpublished data).

CryoEM studies of E53 antibody Fab fragment

in complex with WNV and DENV

CryoEM experiments failed to form complexes of E53 Fab

fragments with mature WNV, although it is possible that a

low occupancy of potential E53 binding sites would not

become evident in the icosahedral averaging procedure re-

quired for the image reconstruction. In contrast, when E53

Fab was incubated with immature WNV or DENV particles, it

formed stable icosahedral complexes. The cryoEM recon-

structions of immature WNV and DENV complexed with

E53 Fab were determined to 15 and 23 Å resolution, respec-

tively. These showed the anticipated trimeric E protein spikes

(molecules A, B and C in Figure 1A) as observed in studies of

the uncomplexed immature viruses (Zhang et al, 2003, 2007)

(Figure 3; Supplementary Figure 1). The separation of the

lipid membrane from the nucleocapsid core, a measure of the

quality of the cryoEM reconstruction, was seen only in the

DENV complex (Supplementary Figure 1). Fitting of the

atomic structures of E and pr into the electron density of

the complex required only minor movement of the individual

E and pr molecules, compared with the known icosahedral

arrangement in immature virions (Supplementary Tables III

and IV). In both reconstructions, density representing the

bound E53 Fab molecules was associated with the fusion

loops on molecules A and B, but not with molecule C (Figure

3B and C). Indeed, in immature flavivirus particles, the fusion

loops on molecules A and B (Figure 1A) are marginally

accessible to water (accessible surface areas (Hubbard and

Thornton, 1993) are 678 and 596 Å2, respectively), but the

fusion loop on molecule C is completely covered by the pr

peptide and neighbouring E proteins.

Fitting of the E53 crystal structure into the cryoEM maps

The atomic coordinates of the E53 Fab and E glycoprotein

were fitted separately into the cryoEM densities (Figure 4).

The resultant complex of molecule A and the variable domain

of E53 in the cryoEM map was the same, within experimental

error, as observed in the crystal structure of the E53 Fab–

WNV E complex. Furthermore, the epitope of E53 on the E

protein as determined crystallographically and by cryoEM is

consistent with the yeast display epitope mapping data

(Oliphant et al, 2006).

When the E53 Fab–E glycoprotein crystal structure was

superimposed onto the B molecule fitted into the EM map,

clashes occurred between the three-fold symmetry-related

Fab molecules. Fitting of the E53 Fab variable domain into

the density adjacent to the fusion loop of the B molecule

showed that the E53 variable domain had rotated by about

351 compared with that observed in the crystal structure, to

avoid steric conflicts between the symmetry-related Fabs.

Presumably, the loops containing the epitope residues have

twisted to follow the limited motion of the Fab molecule,

necessitating a small (1.6–5.3 Å), almost unidirectional

movement of these residues. Comparison of cryoEM density

heights showed B75% occupancy of the Fab molecules

bound to the A molecules and 50% occupancy to the B

molecules (see Materials and methods). Similar results

were obtained when the atomic coordinates of E53 Fab and

DENV E were fitted into the cryoEM density of the immature

DENV–E53 Fab complex (Supplementary Table III).

In the mature virus, only about 45, 30 and 35% of the area

of the E53 epitope is accessible to water in molecules A’, B’

and C’, respectively. Furthermore, E53 Fabs bound to the

mature virus would be expected to cause severe clashes with

neighbouring E molecules (Figure 5). An earlier study (Lok

et al, 2008) showed that Fab fragments can bind to epitopes

that are partially occluded in mature DENV. In doing so, the

Fab fragments lock the virus into a conformation that is

presumably present transiently while the virus is in contin-

uous dynamic motion about a mean ‘mature’ conformation.

Thus, if E53 Fabs occasionally bind to mature virus as might

perhaps be possible, parts of the virus may become locked

into the immature conformation. In summary, E53 Fabs do

not bind efficiently to mature infectious virus, consistent with

earlier functional observations (Nelson et al, 2008), raising

the question how E53 and similar fusion-loop-specific anti-

bodies can neutralize flavivirus infection.

Discussion

CryoEM images show that preparations of WNV or DENV

contain a mixture of smooth mature, spiky immature and

‘partially mature’ particles, most likely due to incomplete

processing by furin during virus maturation (Figure 6). E53

has almost no neutralizing effect on fully mature WNV

produced in cells overexpressing furin (Nelson et al, 2008),

presumably because it binds poorly, if at all, to mature virus.

Moreover, completely immature particles are poorly or not

infectious regardless of E53 binding, because they enter target

cells less efficiently and/or are unable to undergo the pH-

dependent structural transition required for endosomal fu-

sion (Guirakhoo et al, 1991; Stadler et al, 1997; Elshuber et al,

2003). In contrast, E53 reduces infectivity of WNV prepara-

tions that contain virions with both mature and immature

patches on the same particle surface (Nelson et al, 2008). The

structural data support the functional experiments that sug-

gested that the neutralizing activity of E53 is associated with

its binding to partially immature heterogeneous virions.

During cell entry, partially mature particles should en-

counter the low pH environment of the endosome, inducing

a conformational rearrangement of the E protein in the

immature portion of the virion, similar to the structural

changes described for virus maturation during viral egress

(Yu et al, 2008). Even though furin is present in the endosome

and could cleave prM, dissociation of the pr peptide would be

unlikely because of the mildly acidic environment (Li et al,

2008; Yu et al, 2008). Conversely, the mature part of the virus

lacks bound pr and thus, in the low pH environment of the

endosome, can change its conformation to form fusogenic

trimeric spikes. Thus, fusion of the low-pH form of the

partially mature particle with the endosomal membrane

might occur despite the presence of pr/prM on parts of the

virion. Presumably, as long as E molecules on the immature

Fab—immature flavivirus complex structures
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part of the virus have adopted a mature conformation at low

pH, a cooperative formation of a fusion active state initiated

from the mature portion of the particle should be possible.

However, E53-decorated E molecules on the immature spikes

of the partially mature virus would be inhibited from adopt-

ing the mature conformation and thus, interfere with the

cooperative transition required to form fusion active trimers.

Highly cross-reactive fusion-loop antibodies, such as E53,

bind to a conserved region of the flavivirus E protein and are

generally weakly neutralizing. Because of their cross-reactiv-

ity, fusion-loop antibodies generated during a primary DENV

infection should bind to partially or mostly immature viruses

produced during a secondary infection. Therefore, these

fusion-loop antibodies may promote ADE of infection by

augmenting attachment and/or entry of partially immature

virions. Indeed, it has been shown recently that fusion-loop-

specific MAbs promote ADE in animals (Goncalvez et al,

2007).

Figure 3 CryoEM reconstruction of immature WNV in complex with Fab fragments of the anti-fusion-loop antibody E53. (A) Stereoview
showing the immature WNV–E53 Fab complex at 15 Å resolution. The density is coloured according to radius (red: 190 Å; yellow: 220 Å; green:
235 Å; light blue: 260 Å; blue: 305 Å). The black triangle shows an icosahedral asymmetric unit. The dashed circles mark the positions where
the E53 Fab is bound to the fusion loop of molecules A and B, respectively. The scale bar represents 100 Å. Similar results were obtained for
immature DENV in complex with E53 Fab (Supplementary Figure 1). (B) Stereoview showing the difference density between the immature
WNV–E53 Fab complex and immature WNV (blue) superpositioned onto the surface of immature WNV (gold) at 24 Å resolution. The black
triangle marks an icosahedral asymmetric unit. The scale bar represents 100 Å. (C) The difference density (blue mesh) is shown relative to the
immature E protein structure coloured as in Figure 1.
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Although E53 is capable of inhibiting viral attachment to

some cells (Nybakken et al, 2005), our data strongly suggest

that E53 also has the capacity to block the transition from an

immature to a mature structure by steric hindrance. Many

animal viruses undergo structural reorganization during both

viral egress and entry (Steven et al, 2005). Novel information

about these conformational transitions during the viral life

cycle might be acquired by finding antibodies that block these

processes and might, therefore, allow identification of new

antiviral targets for drug development. Indeed, we have

Figure 4 Stereoview showing E53 Fab, pr and E as fitted into the cryoEM reconstruction of the immature WNV–E53 Fab complex (grey mesh).
Shown is the fit into the density associated with molecule A. Domain DII of the E protein and the fusion loop are coloured in yellow and green,
respectively. The E53 Fab variable and constant domains are coloured in light and dark magenta, respectively. The pr molecules are coloured in
orange.

Figure 5 Stereoviews showing that E53 Fab cannot bind to the mature virus. (A) The crystal structure of the E53 Fab–E complex was
superpositioned onto DII of molecule A’ to show that severe clashes would occur between the Fab and the E molecules. The Fab is shown in
grey. Each protein is shown as a Ca backbone. Domains DI, DII and DIII of the E protein are coloured in red, yellow and blue, respectively. The
fusion loop is coloured in green. (B) Side view of structure. The direction of view is indicated in (A) by a cartoon eye.

Fab—immature flavivirus complex structures
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recently identified a new intermediate in the fusion process

by using an anti-WNV antibody that blocks pH-dependent

structural transitions (B Kaufmann et al, in preparation).

The structural and biochemical observations regarding the

interaction of WNV or DENV with E53 MAb show that

partially immature virions, which are the result of incomplete

processing and/or subunit rearrangements, are infectious.

Therefore, partially immature particles expand the pool of

infectious virus and likely contribute to the pathogenesis of

flavivirus infection. Exposing mature and immature surface

features on the same particle may be important for evading

recognition by some antibodies or other immune system

recognition molecules (e.g. lectins). Moreover, because of

the variable number of epitopes on mixed particles, it may

be difficult for antibodies such as E53 to reach a stoichio-

metric threshold for neutralization, setting the stage for

possible antibody enhancement of infection. Thus, antibo-

dies, such as E53, that recognize epitopes on immature and

partially immature virions may in some cases control infec-

tion yet in others contribute to enhanced infection and

disease pathogenesis. This balance should be considered

during development and evaluation of flavivirus vaccines.

Materials and methods

Protein production and purification
E53 Fab was generated and purified as described earlier (Oliphant
et al, 2006).

WNV E (residues 1–415) was expressed in DE3 CodonPlus (RIL)
bacteria as an insoluble aggregate. After isolation of the inclusion
bodies, E was solubilized and then refolded oxidatively by dilution.
E was then purified over a Superdex 75 (16/60) gel filtration
column, pre-equilibrated in 20 mM HEPES (pH 7.5) containing
150 mM NaCl and 0.01% sodium azide. Antibody/antigen com-
plexes were formed at room temperature by mixing E53 Fab with E
and then purified by gel filtration chromatography. The purified
complex was buffer exchanged into 25 mM HEPES (pH 7.4) and
0.01% sodium azide. Crystals were obtained using the hanging drop
vapour diffusion technique. Aliquots of protein solution were mixed
with an equal volume of reservoir solution (30% PEG 300, 0.1 M
MES, pH 6.5) before equilibration against reservoir solution at 201C.
Crystals were rapidly cooled in liquid nitrogen for data collection.

Crystallographic structure determination
Data were collected at the Advanced Light Source beamline 4.2.2
(Lawrence Berkeley Laboratories, Berkeley, CA) by the oscillation

method at a wavelength of 1.24 Å at 100 K and recorded with a CCD
detector. Data were processed, scaled and merged with d*trek
(Pflugrath, 1999). The crystals belong to space group P21212
with unit cell dimensions of a¼ 146.41 Å, b¼ 160.14 Å and
c¼ 43.88 Å, containing one E53 Fab–E complex per asymmetric
unit. Initial phases were obtained by molecular replacement
(Collaborative Computational Project, 1994) using the coordinates
of WNV E (PDB accession code 2HG0) and an IgG1 Fab (PDB
accession code 2IGF). An atomic model was iteratively built in O
(Jones et al, 1991) and refined with CNS (Brunger et al, 1998) and
Phenix (Adams et al, 2002) and contains residues 7–144, 163–297 of
E, 1–208 of the E53 light chain, 1–127 and 136–211 of the E53 heavy
chain, and no solvent molecules. The electron density for the Fab
variable domains and DII of the E protein including the fusion and
AB-loop epitope were of good quality, while significant regions of
the Fab constant domains and E protein DI and DII regions distal
from the combining site were of very poor quality. Electron density
corresponding to DIII was highly ambiguous and no coordinates for
this region have been incorporated. The final 3.0-Å resolution
model was refined using six translation-libration-screw domains
(two per chain) with the program Phenix (Adams et al, 2002) to an
Rwork¼ 24.7% and Rfree¼ 34.4% for all F40 (Supplementary Table I).
Procheck analysis of the coordinates indicates that 98.9% of residues
are located in favoured and additionally allowed regions of a
Ramachandran plot.

WNV and DENV propagation and purification
Mature and immature WNV was produced and purified from Vero
cells as described earlier (Kaufmann et al, 2006; Zhang et al, 2007).
For immature DENV, C6/36 Aedes albopictus mosquito cells were
grown in MEM supplemented with 10% fetal bovine serum (FBS)
following standard cell culture procedures. Confluent cells were
infected with DENV-2 at a multiplicity of infection of 0.2 in the
presence of 5% FBS. Medium was replaced 24 h after infection with
MEM containing 20 mM NH4Cl. Cell culture supernatant was
harvested 3 days after infection and virus was purified as described
for WNV.

Complex formation, cryoEM and 3D image reconstructions
Purified WNV particles were incubated with E53 Fab in the presence
of 100 mM NaCl at 41C overnight, using a ratio of about five Fab
fragments per E protein. Purified immature DENV particles were
incubated with Fab at 371C for 30 min and then at 41C for 2 h, using
a ratio of about two Fab fragments per E protein. Micrographs of the
frozen-hydrated sample were recorded on Kodak (Rochester, NY)
SO-163 films with a CM300 FEG transmission electron microscope
(Philips, Eindhoven, The Netherlands). Images were taken at a
nominal magnification of � 47000 and a total electron dose of
12–15 e�/Å2. The cryoEM micrographs were digitized on a Nikon
9000 scanner (Tokyo, Japan) with a 6.35-mm step size, and
subsequently sets of four pixels were averaged to sample the
specimen at 2.69 Å intervals. The program RobEM (Baker, 2004)
was used to select a total of 4143 particles from 84 micrographs for

Figure 6 CryoEM images of two different WNV samples. Some immature (red arrows) and partially immature particles (green arrows) are
frequently found in preparations of mature virus. Fully mature particles are marked with blue arrows. The same type of partially immature
virus is usually also present in mature DENV samples. The scale bars represent 500 Å.
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the immature WNV–E53 Fab complex and a total of 2741 particles
from 23 micrographs for the complex of immature DENV with E53
Fab. The defocus level was determined by fitting the theoretical
microscope contrast transfer functions (CTFs) to the incoherent
sum of the Fourier transforms of all particle images from
each micrograph. The 3D reconstruction was computed using CTF
phase-corrected images. The reconstruction was initiated by using a
cryoEM density map of immature WNV as a model. The particle
orientations were determined with SPIDER (Frank et al, 1996),
and the 3D electron density map was calculated with a modified
version of XMIPP (Sorzano et al, 2004) assuming icosahedral
symmetry. Only 3927 and 2741 particles of the WNV and
DENV complex, respectively, were selected to calculate the final
3D electron density maps. Selection was based on correlation
with the model projections and stability of the particle centre
position used. The resolution of the resultant map was estimated
by comparing structure factors for the virus shell computed
from two independent half-data sets. The estimated resolution
was based on determining the spacing frequency at which
the correlation between the two independent data sets became less
than 0.5.

One measure of the map quality is the resolution of the lipid
leaflets. The above procedure did not give a good representation of
the lipid bilayer in the immature WNV–E53 Fab reconstruction
(Supplementary Figure 1). Thus, as an alternative reconstruction
technique, the Polar Fourier Transform (PFT) (Baker and Cheng,
1996) reciprocal space procedure was used for both WNV and
DENV. This gave considerably better representations of the
membrane region of these viruses, but the quality of the density
representing the glycoprotein was reduced. This might suggest that
the PFT method is the better procedure indicating that the
interpretation of the Fab density in the XMIPP reconstruction could
be inaccurate. However, the excellent agreement of the cryoEM
density of the E53 Fab–virus complex with the crystal structure of
the soluble E ectodomain in complex with E53 Fab showed that the
reconstruction based on the modified XMIPP procedure was
accurate. Thus, the lack of a clear separation of the lipid bilayers
in the membrane of the reconstructions is not the result of disorder
in the lipid due to the E53 binding, but a limitation of the
reconstruction techniques.

Fitting of X-ray coordinates into the cryoEM electron density
The fitting of the E and E53 Fab atomic coordinates to the immature
virusFab complexes followed earlier procedures (Kaufmann et al,
2006) using the program EMfit (Rossmann et al, 2001). First, the E
glycoprotein (PDB codes 3C6D (Li et al, 2008) and 2OF6 (Zhang
et al, 2007) of DENV and WNV, respectively) and pr (PDB code
3C5X (Li et al, 2008) for DENV and a model for the pr of WNV
generated by SWISS-MODEL (Arnold et al, 2006)) were fitted
independently into the cryoEM density (Supplementary Table III).
Each E molecule was divided into two rigid bodies, DIþDIII
(residues 1–51þ133–196þ 281–400 for WNV and residues 1–
49þ132–192þ 280–395 for DENV) and DIIþpr. The position and
orientation of each rigid body was determined one at a time by
making a complete 3D angular search, followed by rotational and
translational refinement. The density corresponding to the best fit
was set to zero before fitting the next rigid body. Domain DIþDIII
was fitted by using a maximum distance restraint of 10 Å between
the termini of strands connecting DI and DII. The results showed
that the general arrangement of the E ectodomain and pr in the
virus–E53 Fab complexes did not significantly change in compar-
ison to the structure of the unliganded immature virus.

Similarly, the atomic coordinates of E53 Fab, extracted from the
crystal structure of the E53 Fab–WNV E protein complex, were
fitted into the cryoEM density of the complex. For independent
fitting, the Fab was divided into two rigid bodies, the variable
domain (residues 1–121 chain H and 1–107 chain L) and the
constant domain (residues 122–221 chain H and 108–213 chain L).
Although the variable domain fitted well into the density associated
with molecule A (Figure 1A), the constant domain required some
adjustment, accounting for a small change of the elbow angle from
1441 to 1531 compared with the crystal structure (Figure 4).
Furthermore, a good fit of the E53 variable domain into the cryoEM
density was obtained when DII and the Fab variable domain of the
crystal structure were fitted as one rigid body, verifying the

conservation of the mode of binding between the E protein and
the variable domain of E53.

However, fitting of the E53 Fab variable domain into the
difference density adjacent to the B molecule fusion loop showed
that the E53 variable domain had rotated by about 35º relative to
the E protein in comparison with the crystal structure. When the
crystal structure of the E53 Fab–E complex was superpositioned
onto the B molecule in the EM map there were clashes between the
three-fold symmetry-related Fab molecules. Thus, the immature
WNV structure, the complex of E53 Fab with the B molecule, is
slightly different than that observed in the crystal structure and with
molecule A. Moreover, to avoid steric hindrance, the elbow angle
of the Fab associated with the B molecule changed from 1441 to
1711.

A rough measure of the Fab occupancies was obtained by
comparing the average height of the densities (‘sumf’ (Rossmann
et al, 2001)) between the DIIþpr and the Fab variable domain. The
height of density associated with the Fab molecules was lower
compared with the density of DII of E (73 and 57% of the variable
domain density for molecules A and B, respectively). This is most
likely due to incomplete occupancy of the binding sites by the Fab
molecules. The Fab bound to the B molecule has a lower occupancy
compared with molecule A, probably as a result of steric hindrance.
The height of the density for the more distant Fab constant
domains is even further diminished (61 and 83% of the variable
domain density in the A and B molecules, respectively). This
suggests that either the elbow angle in the Fab molecule is
somewhat flexible.

The elbow angle between Fab variable and constant domains
was calculated using the program Elbow Angle Calculation (http://
proteinmodel.org/AS2TS/RBOW/index.html).

Data deposition
Atomic coordinates and structure factors for the reported crystal
structure have been deposited with the Protein Data Bank under
accession code 3I50 (rcsb053971). The cryoEM density maps were
deposited in the EM databank under accession number EMD-5103
(immature WNV–E53 Fab) and EMD-5102 (immature DENV–E53
Fab). The fitted complex structures were deposited in the Protein
Data Bank under accession codes 3IXX (for WNV–E53 Fab) and
3IXY (for DENV–E53 Fab).

Figure preparation
Figures were created using the programs PYMOL (DeLano, 2002)
and CHIMERA (Pettersen et al, 2004).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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