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Binding of a neutralizing antibody to dengue virus alters
the arrangement of surface glycoproteins

Shee-Mei Lok!, Victor Kostyuchenko!, Grant E Nybakken?, Heather A Holdaway', Anthony J Battisti!,
Soila Sukupolvi—Petty3, Dagmar Sedlak!®, Daved H Fremont?, Paul R Chipman!, John T Roehrig4,
Michael S Diamond?3°, Richard ] Kuhn! & Michael G Rossmann!

The monoclonal antibody 1A1D-2 has been shown to strongly neutralize dengue virus serotypes 1, 2 and 3, primarily by
inhibiting attachment to host cells. A crystal structure of its antigen binding fragment (Fab) complexed with domain Il of the
viral envelope glycoprotein, E, showed that the epitope would be partially occluded in the known structure of the mature dengue
virus. Nevertheless, antibody could bind to the virus at 37 °C, suggesting that the virus is in dynamic motion making hidden
epitopes briefly available. A cryo-electron microscope image reconstruction of the virus:Fab complex showed large changes in the
organization of the E protein that exposed the epitopes on two of the three E molecules in each of the 60 icosahedral asymmetric
units of the virus. The changes in the structure of the viral surface are presumably responsible for inhibiting attachment to cells.

Dengue, yellow fever and West Nile viruses are major human patho-
gens that are members of the flavivirus genus of the Flaviviridae'
family. Dengue virus (DENV) is the causative agent for dengue fever
and the more severe dengue hemorrhagic fever (DHF). Although
DENV infects approximately 50-100 million people each year?, no
effective vaccine has been licensed for human use. Vaccine develop-
ment has been hampered by the potential complications following
secondary DENV infections, which can result in DHF>#, This fre-
quently occurs when the secondary infection is of a serotype different
from the first, possibly because cross-reactive non-neutralizing anti-
bodies from the first infection bind to the virus and promote
antibody-dependent enhancement (ADE) of infection in cells expres-
sing Fc-y receptors. To avoid ADE, a tetravalent vaccine would need
to elicit strongly neutralizing antibodies against all four serotypes
of DENV.

Flaviviruses consist of an icosahedrally symmetric ectodomain,
containing 180 copies of the envelope (E) glycoprotein and 180 copies
of the membrane (M) protein anchored in and surrounding a lipid
membrane®. The nucleocapsid core within the membrane consists of a
positive-sense, 11-kb RNA genome and multiple copies of the capsid
protein. In the mature virus, the E protein is arranged into 30 rafts of
three parallel dimers®. Crystal structures of the dimeric E protein®?
have been determined for DENV serotypes 2 and 3. The E-protein
monomer has three domains, E-DI, E-DII and E-DIII, of which E-DIII
is probably involved in recognition of the principal cell receptor®'2.

However, E-DII can also participate in the initial binding to an
ancillary receptor, DC-SIGN, thereby possibly enhancing the local
concentration of the primary receptor in the vicinity of the virus
required for cell entry!3.

Neutralizing epitopes are clustered at the tip of E-DII (which is also
the location of the fusion peptide®!4), the hinge region between E-DI
and E-DII, and the lateral surface of E-DIII7'>. The hinge regions,
between E-DI and E-DII and between E-DI and E-DIII, participate in
structural rearrangements that occur at low pH as the immature virus
is converted into infectious particles® and in the initial stages of
infection when the virus fuses with an endosomal membrane!®17.

Before the fusion of the virus to endosomal membranes, the
E dimers dissociate and then reassociate as trimers!8. This conforma-
tional change can be blocked in West Nile virus (WNV) infection by
the monoclonal antibody (mAb) E16 binding to E-DIII'*?°. The
postfusion, trimeric E-protein structures of tick-borne encephalitis
virus'® and DENV'7 show that E-DIII rotates by about 70° closer to
E-DI relative to its position in the dimeric prefusion structure.

The mADb 1A1D-2 strongly neutralizes DENV serotypes 1, 2 and 3
(Supplementary Fig. 1 online) but does not bind to serotype 4
(ref. 21). We report here the crystal structure of the Fab fragment of
the mAb 1A1D-2 complexed with recombinant E-DIII of DENV
serotype 2. Interpretation of a cryo-electron microscopy (cryoEM)
image reconstruction of Fab 1A1D-2 complexed with DENV, made
by using this crystal structure, showed that Fab 1A1D-2 bound to only
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two of the three E proteins in each of the 60 icosahedral asymmetric
units and resulted in the rearrangement of E proteins, thus preventing
viral infection.

RESULTS

Crystal structure of the Fab-1A1D-2:E-DIII complex

The recombinant E-DIII protein of DENV serotype 2 was complexed
with Fab 1A1D-2. The structures were determined for two crystal
forms of the complex (Table 1 and Supplementary Fig. 2a online).
Both forms had one complex per crystallographic asymmetric unit.
Crystal form 1 diffracted to only 3.8-A resolution, whereas form 2
diffracted to 3.0-A resolution. The r.m.s. deviation between equivalent
Co atoms of the two structures using only the constant domain of Fab,
the variable domain of Fab or E-DIII were 1.2 A, 1.7 A and 1.2 A,
respectively. In addition, the E-DIII structure in the complex was
similar to the E-DIII structure in crystallized DENV E protein(”s,
with an r.m.s. difference of only 1.1 A between equivalent Cor atoms.
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Figure 1 Interactions of E-DIII with the Fab
1A1D-2 molecule and comparison of Fab 1A1D-2
binding to DENV E-DIII with Fab E16 binding to
WNV (Protein Data Bank accession code
1ZTW)20, (a) Stereo diagram of the interface
between E-DIII and Fab 1A1D-2 in the crystal
structure complex. Residues of Fab 1A1D-2 and
E-DIII are colored yellow and cyan, respectively.
The light (L) and heavy (H) chain of the Fab
molecule are indicated in the residue label with
subscripts. Oxygen and nitrogen atoms are
colored red and blue, respectively. Putative
hydrogen bonds are shown as dotted lines.

(b) Footprints of Fab 1A1D-2 (cyan) and E16
(pink) on E-DIII. Residues recognized by both
Fabs are colored purple. (c) Ribbon diagram of
the E molecule onto which the E-DIII components
of the Fab 1A1D-2 and E16 complex crystal
structures have been superimposed. E-DI, E-DII
and E-DIII are colored red, yellow and blue,
respectively. The Fab 1A1D-2 (cyan) and Fab
E16 (pink) molecules are shown as Ca
backbones. (d) The pseudo atomic—resolution
structure of the E-protein arrangement in mature
dengue virus (DENV)31. The E-protein molecules
at the A, B and C sites in the asymmetric unit of
the virus are shaded.

The main difference between the two crystal forms is a 20° change in
the elbow angle of the Fab molecule (Supplementary Fig. 2b),
consistent with previous observations that the hinge angle in Fab
fragments is flexible!>22,

The surface area of the interface between the Fab molecule and
E-DIII is 940 A2, typical of antibody-antigen interactions?. The
binding surface on the Fab molecule consists of five of the six
complementary determining regions L1, L2, H1, H2 and H3. The
E-DIII binding surface is predominantly on one B-strand (residues
305-312), but residues 325, 364, 388 and 390 also contact the Fab
molecule (Fig. 1a and Supplementary Table 1la online). There are
likely to be about eight hydrogen bonds, three salt bridges and some
hydrophobic interactions in the interface. The relative importance of
the residues in the contact area was examined by investigating whether
site-specific mutant forms of E-DIII (Supplementary Fig. 3 online)
could bind to mAb 1AID-2 using a yeast surface-display system.
Mutations of K305E, K307E or K310E completely abolished antibody

Figure 2 Fab 1A1D-2:DENV complex formation is temperature dependent. (a) DENV with no antibody. (b) DENV incubated with Fab 1A1D-2 at room
temperature showed few particles with bound Fab molecules. (c) DENV incubated with Fab 1A1D-2 at 37 °C showed that most particles were saturated with

Fab molecules.
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binding24, consistent with the crystal structure, which showed that
these residues participate in making salt bridges and hydrogen bonds
with the Fab molecule.

The importance of the P-strand, formed by residues 305-312
(B-strand A°), to the binding of various other neutralizing antibodies
against DENV is evident in that several escape mutations to neutraliz-
ing antibodies are located within the strand?>2°. This region is also
recognized by the antibody 4E11, which cross-reacts with and neu-
tralizes all DENV serotypes?”28,

Comparison of the amino acids in the 1A1D-2 DENV2 epitope
with other serotypes (Supplementary Table 1b calculated using the
program ClustalW, http://www.ebi.ac.uk/Tools/clustalw/), indicated
that the DENV2 epitope is closely similar to DENV1 and DENV3,
but not DENV4 (similarity score of 45, 45 and 18, respectively). This is
consistent with the inability of the antibody to bind DENV4 (ref. 21).

Comparison of mAb 1A1D-2 and E16 binding sites on E-DIII
The neutralizing mAb E16 inhibits WNV infection at a step after
attachment, but before fusion2, whereas the mAb 1A1D-2 neutralizes
DENV infection of Vero cells, in part by preventing viral attachment!©,
Although both antibodies bind E-DIII, their footprints barely overlap
one another (Fig. 1b,c). Presumably, this difference, at least in part, is
likely to account for the difference in their mechanisms of neutraliza-
tion. The surface accessibility of the E16 and 1A1D-2 epitopes on
E-DIII, as determined by crystallography, are different for each of the
three E molecules in the native virus icosahedral asymmetric unit,
identified as A, B and C in Figure 1d. The epitope recognized by E16
has an area of 1,550 A2 and is fully exposed on E-DIIIB (E-DIII at
B site) and E-DIIIC (E-DIII at C site) of the mature virus, whereas
only 54% of the epitope is exposed for the potential binding site on
E-DIITIA (E-DIII at A site). This is consistent with the cryoEM
reconstruction map of Fab E16 complexed with WNV!, which
shows Fab molecules binding only to E-DIIIB and E-DIIIC, but
not to E-DIIIA.

In contrast to Fab E16, 18% of the binding surface of Fab 1A1D-2 is
buried at all three E-DIIIs in the icosahedral asymmetric unit of the
mature virus. This raises the question of how the antibody could bind
to any of the E-DIII epitopes. Temperature was found to be crucial
in the binding of the antibody (Fig. 2). Inspection of cryoEM
micrographs showed that fewer than one-third of the particles were

Figure 3 CryoEM structure of the Fab 1A1D-2:DENV complex. (a) Stereo
diagram of the cryoEM reconstruction of DENV complexed with Fab 1A1D-2
at 24-A resolution. Surface features that are greater than 240 A
(corresponding to the external radius of the uncomplexed mature virus) from
the center of the virus are colored yellow, and the remaining surface is
colored red. The black triangle represents the asymmetric unit of the virus.
(b) Stereo diagram of an asymmetric unit of the cryoEM structure showing
the E proteins at the A and C sites complexed with Fab 1A1D-2 molecules
and the uncomplexed E molecule at site B. The E molecules with bound
antibody at sites A and C have their fusion peptides pointing toward the viral
membrane. The Fab 1A1D-2 molecule, E-DI, E-DII, E-DIII and fusion tip are
colored cyan, red, yellow, blue and green, respectively.

bound by Fab 1A1D-2 when incubated for 30 min at room tempera-
ture, whereas nearly all the particles bound Fab at 37 °C. This
suggested that higher temperature promotes increased mobility of
the E proteins on the surface of the virus, thus transiently exposing the
previously hidden part of the epitope and making it available for
antibody binding.

Structure of dengue virus 2 complexed with Fab 1A1D-2

The cryoEM reconstruction of Fab 1A1D-2 complexed with DENV2
incubated at 37 °C was determined to 24-A resolution (Fig. 3).
Interpretation of the cryoEM map showed that the E glycoproteins
on the viral surface had undergone a major rearrangement (Fig. 4).
Such large quaternary structural changes are not uncommon in
flaviviruses, as occurs in the maturation of virions? and in the fusion
of virions to cell membranes!”8,

The interpretation of the cryoEM map (Fig. 3a) was initially guided
by the two large, flat features in each icosahedral asymmetric unit,
presumably representing the Fab molecules. Therefore, the first fitting
operation was to manually position the 1A1D-2:E-DIII crystal struc-
ture into the appropriate densities. This showed that the elbow angle
found in crystal 2 (Supplementary Fig. 2b) correlated better with the
cryoEM density at both of these sites. The initial manual fitting results
were optimized using the EMfit program®® (Supplementary Fig. 4
and Supplementary Table 2b online). The positions of all E-DIII
domains in the antibody complex were similar to those in the
native virus (Figs. 1d and 3b). Location of E-DI-DII at sites A and
C (Fig. 3b) in the cryoEM map were predicted by superimposing
E-DIII of the E protein as found in the mature virus’! onto the
already positioned E-DIIIs complex structure. The E-DI-DII at sites A
and C then had to be translated about 15 A and 8 A, respectively,
to satisfy the nearest densities. The remaining uninterpreted
density corresponded to the E molecule at site B (Supplementary
Table 2b).

The resultant structure had the parallel E molecules at sites A, B and
C in the mature virus (Fig. 1d) rotated counterclockwise (viewed from
outside the virus) by roughly 33°, 32° and 73°, respectively (Fig. 3b).
As a result, the epitopes on E-DIIJA and E-DIIC had become
completely exposed and their associated E-DIIs had their fusion tip
pointing toward the viral lipid envelope (Fig. 3b and Supplementary
Fig. 5a— online). The E molecules at site C seem to make dimers by
pairing across the icosahedral two-fold axes (Supplementary Fig. 5b).
The E protein at site B had its Fab binding epitope turned inwards.
Comparison of the E-protein structures at the A, B and C sites with
the structure of the E protein in the mature virus showed that the
unliganded E molecule corresponding to the B site had changed little
compared to its structure in the mature virus. However, the structure
of the other two E molecules with bound Fab molecules at sites A and
C caused a change in the position of E-DIII relative to E-DI-DII
(Supplementary Fig. 5d).
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Figure 4 The E-protein organization undergoes major rearrangement. The
figure shows only the Ca chains of E proteins of the uncomplexed mature
dengue virus (DENV; left), and the Fab complex structure (right). The black
triangle represents the asymmetric unit of the virus. E-DI, E-DII and E-DIII
are colored red, yellow and blue, respectively.

DISCUSSION

The ability to expose the partially hidden epitope at all E-DIIT sites can
be explained if it is assumed that icosahedral viruses can engage in
‘breathing’ motions. Dynamic structural changes have been demon-
strated for icosahedral nodavirus®? and rhinovirus®®. The breathing
exposes internal regions of rhinovirus structural proteins (VP1, VP2
and VP3), making them available for protease cleavage. The motion
can be inhibited by certain antiviral compounds that bind into a cavity
within VP1 (ref. 33), thereby stabilizing the virus and reducing the
extent of the breathing. Apparently, in the present case, the breathing
of DENV can expose the 18% of the hidden 1A1D-2 epitope for Fab
attachment when incubated at an elevated temperature (Fig. 2), but is
insufficient to expose 46% of the hidden surface at the WNV E-DIIIA
site to allow binding of Fab E16 (ref. 19). The ability of Fab 1A1D-2 to
bind to epitopes near the five-fold (the E-DIIIA site) and three-fold
(the E-DIIIC site) vertices, but not elsewhere on the viral surface,
suggests that the extent of the breathing motion might be greatest at
these vertices.

Although, presumably, breathing exposes the epitopes required for
1A1D-2 binding to DENV, breathing also implies that, in the absence
of antibody, the E proteins return to their original positions in the
mature virus. Once a Fab molecule has bound, the virus would
probably not be able to return to its previous range of dynamic
motions because of steric hindrance between the bound Fab molecules
and neighboring E proteins. Thus, the Fab molecules may capture
transient viral intermediate conformations. However, there is a pro-
blem with this concept. If the observed structure were in the normal
dynamic range of the viral conformations, then E16 should have
captured the same state, as its epitope on E-DIII near the five-fold
vertices is completely exposed in the cryoEM structure of the 1A1D-2:
virus complex. However, E16 Fabs did not bind to these sites, even at
37 °C (B. Kaufmann, Purdue University, unpublished data). Thus,
possibly, once a 1A1D-2 Fab molecule has bound to a transient
intermediate conformation, the E proteins plus bound Fab molecules
move to positions that do not occur during the normal breathing of
the native virus to relieve the steric stress. One caveat is that this
analysis assumes that DENV and WNV have the same breathing
motion, because E16 binds to WNV and not to DENV. Another
possibility is that, once E16 has bound to the fully available B and C
sites, then breathing might be diminished or altered, making binding
of E16 to any other normally partially hidden epitope impossible.
Thus, the structure of the 1A1D-2:virus complex might be a trapped
form of a breathing mode rather than a dead-end conformation.

ARTICLES

If it is assumed that the particle will tend to conserve its icosahedral
symmetry during breathing, then as soon as one antibody has bound,
the rest of the virus alters its structure to the antibody-bound
conformation. Thus, the binding of one or only a few 1AID-2
mAbs will make all other E proteins more accessible for antibody
binding. Hence, a low concentration of antibody would be sufficient
to alter the surface structure of the virus. This cascade mechanism is
supported by the observation that some particles seen on micrographs
of DENV incubated with Fab 1A1D-2 at room temperature were
covered by Fab molecules, whereas others had none (Fig. 2).

The mAb 1A1D-2 probably inhibits DENV attachment by several
different mechanisms. One block to infection could be the result
of the antibody altering the spatial distances between the glycans on
the E proteins and, therefore, inhibiting the interaction of the
virus with its ancillary attachment receptor, DC-SIGN'>34, Another
block to infection may be that the antibody binding to DIII of
the E glycoproteins prevents binding of the virus to its primary
entry receptor”!?,

An understanding of the mechanism of neutralization of an anti-
body could elucidate its likelihood for promoting ADE at a given
concentration. All neutralizing antibodies can promote ADE in vitro at
subneutralizing concentrations>>~3, Recent stoichiometric analysis of
flavivirus antibody binding to virus suggests that there is a threshold
occupancy required for neutralization®®. Concentrations of antibody
that fall below this threshold or antibodies that never reach this
threshold, even at maximal binding, will enhance infection in vitro in
cells expressing Fc-y receptors. The mechanism of antibody neutrali-
zation may determine the occupancy requirement for inhibition of
infection and, therefore, influence the range of concentration that
promotes ADE. Antibodies that neutralize solely by sterically blocking
receptor attachment may require higher concentrations for complete
neutralization and, therefore, have a greater range of concentration for
sustaining ADE. Indeed, this was recently observed with DII-specific
mADbs against WNV!™, In contrast, mAbs such as 1A1D-2 that
promote a cascade of E-protein rearrangements on DENV may have
lower occupancy requirements for neutralization. Vaccines that consist
of an epitope recognized by mAb 1A1D-2 may thus elicit an antibody
response with greater inhibitory activity and less possibility of enhan-
cing infection over a wider range of antibody concentration.

METHODS

Neutralization assay. To determine the concentration of mAb required to
reduce the number of plaques on BHK-21 cells, increasing concentrations of
mAb 1A1D-2 were added to 50 plaque-forming units (p.f.u.) of DENV and
incubated at 37 °C for 1 h. We then added 300 pl of the mixture to a monolayer
of BHK-21 cells in a 6-well plate and incubated for 1 h at 37 °C. Supernatant
was removed and 3 ml of 1.0% (w/v) carboxyl methyl cellulose in MEM plus
5% (v/v) FCS was layered onto the infected cells. After further incubation at
34 °C for 8 d, the wells were stained with 0.5% (w/v) crystal violet dissolved in
25% (v/v) formaldehyde to visualize the plaques. Percentage of plaque reduc-
tion was calculated as:

. plaque number when incubated with mAb
Percent plaque reduction = 100 — %100

plaque number without mAb

1A1D-2 neutralized DENV serotypes 1, 2 and 3, although DENV3 was least
sensitive to this antibody (Supplementary Fig. 1).

Crystallization of the 1A1D-2 Fab:E-DIII complex. A two-fold molar excess
of E-DIII (Supplementary Methods online) was added to 1A1D-2 Fab
(Supplementary Methods) and incubated at room temperature for 2 h. The
complex was purified with a Superdex 75 column (GE Healthcare) in 20 mM
HEPES, pH 7.5, 150 mM NaCl and 0.01% (w/v) sodium azide, and concen-
trated to 2 mg ml™'. Successful crystallization conditions were 0.1 M MES
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Table 1 Data collection, processing and refinement statistics

Crystal form 1 Crystal form 2

Data collection

Space group c2 c2
Cell dimensions
a b, c (A 164.78, 66.89, 79.41 168.12, 58.65, 78.20
o, B,y (°) 90, 113.1, 90 90, 114.4, 90
Resolution (A) 3.8 3.0
Rmerge 0.118 (0.198) 0.107 (0.28)
I/ ol 6 (3) 11 (3.5)
Completeness (%) 74.35 (54.3) 98.5 (90.1)
Redundancy 2.3(1.7) 3.4 (2.8)
Refinement
Resolution (A) 20-3.8 20-3.0
No. reflections 5,817 (509) 13,829 (1,553)
Ruork / Riree 31/36 26/32
No. atoms
Protein 3,888 3,980
Water 0 254
B-factors
Protein 20.0? 39
Water 20.08 34
r.m.s. deviations
Bond lengths (A) 0.01 0.01
Bond angles (°) 2.69 2.27

Values in parentheses are for highest-resolution shell.
aB-factor value is set to 20 and not refined because of low-resolution data.

pH 5.8, 12% (w/v) PEG 3350 and 0.1 M MES, pH 5.4 and 11-13% (w/v) PEG
2000. Both kinds of crystals were needle-shaped with maximum dimensions of
100 x 30 x 30 um. The crystals were frozen using 25-28% (w/v) PEG 400 as a
cryoprotectant in addition to the mother liquor.

Crystallographic structure determination. Diffraction data of both crystal
forms were collected using a wavelength of 0.979 A at 100 K on beamline 231D
at the Advanced Photon Source. The data were indexed and scaled using
HKL2000 (ref. 39; Table 1). Both crystal forms belong to space group C2,
differing primarily in only a 10% change of the monoclinic b axis. The
structures of both crystal forms were solved by molecular replacement using
the program MOLREP#. Several immunoglobulin structures were used as
search models before a good solution was attained for each of the crystal forms
(PDB code 1A3R and 1BBD for crystal forms 1 and 2, respectively). The trial
structures were initially refined as rigid bodies using the CNS program
system*!. Electron density corresponding to E-DIII was found to be adjacent
to the hypervariable region, as expected. The E-DIII and Fab 1A1D-2 molecules
(Supplementary Methods) were modeled into the electron density using the
program O*2. Coordinates were refined with the program CNS*' using
reflections between 20-A and 3.8-A spacing for crystal form 1 and between
20-A and 3.0-A spacing for crystal form 2 (Table 1).

Mapping of mAb 1AID-2 epitope by yeast surface display. We expressed
DENV?2 (strain 16681) E-DIII (residues 296-415) of E in yeast'> by engineering
BamHI and Xhol restriction enzyme sites at the 5" and 3" ends of the E-DIII
gene, using PCR amplification from an infectious cDNA clone*. This fragment
was cloned into the BamHI and Xhol sites of the pYD1 vector (Invitrogen) and
expressed in the Saccharomyces cerevisiae strain EBY100. Single point mutations
at residues Thr303, Lys305, Lys307, Lys310 and Asn390 were made using the
QuikChange mutagenesis kit (Stratagene). Yeast that expressed mutant serotype
2 DENV E proteins was incubated with 50 pl of mAb (25 pg mI™) on ice for
30 min. The yeast was washed three times with PBS supplemented with
1 mg ml™! BSA, incubated with a 1:500 dilution of a goat anti-mouse IgG
that had been conjugated to Alexa Fluor 647 (Invitrogen), and analyzed using a
Becton Dickinson FACSCaliber flow cytometer.

Cryo-electron microscopy image reconstruction. DENV2 New Guinea
C strain was mixed with Fab 1A1D-2 at a concentration of one molecule of
Fab for every E protein on the surface of the virus. The complex was incubated
for 30 min either at room temperature or at 37 °C, followed by 2 h at 4 °C.
Nearly all the particles incubated at 37 °C retained their ‘spikey-rough’
appearance after the temperature had been lowered to 4 °C, showing that
the antibody was still bound. In contrast, only about one-third of the particles
had a spikey-rough appearance when incubated at room temperature and then
kept at 4 °C. Thus, the presence of antibody complexed with the virus at 37 °C
on most of the particles showed that only a few or no particles had reverted to
their original conformation when the temperature was lowered back to 4 °C.
Preincubation at 4 °C before freezing might have improved the homogeneity of
the sample by reducing the ‘breathing’ motion.

The virus:FAb complex suspension was flash frozen on holey carbon grids in
liquid ethane. Micrographs of the frozen complex were made with a CM200
FEG transmission electron microscope (Philips) using a calibrated magnifica-
tion of 51,040 and an electron dose of approximately 25 e per A2 The
micrographs were digitized with a Zeiss SCAI scanner with a 2.74-A separation
between pixels. Particles were boxed and normalized using the program
EMAN#, The micrographs were underfocused by 2.8-3.6 pum. Phases, but
not amplitudes, were corrected by an appropriate calculation of the contrast
transfer function. Uncomplexed West Nile virus was used as a starting model
for image reconstruction. The orientations of the particles were determined
using the program SPIDER*. The three-dimensional electron density map was
calculated using the program XMIPP#®, which had been modified to handle
icosahedral symmetry. Out of a total of 2,885 boxed particles, 2,186 were used
for the reconstruction of the 37 °C data to achieve a resolution of 24 A,
determined by dividing the particles into two equal sets and noting the
resolution at which the Fourier shell correlation coefficient fell below 0.5
(Fig. 3a and Supplementary Table 2a, data set 3). The two leaflets of the lipid
bilayers in the viral membrane were not resolved from each other, suggesting
some heterogeneity in the sample.

To verify the validity of the reconstruction, a cryoEM density map generated
from 532 particles using the sample incubated at room temperature
(Supplementary Table 2a, data set 1) was compared with a reconstruction
using a 540-particle subset of the 37 °C data (Supplementary Table 2a,
data set 2). These two maps showed similar density distributions corres-
ponding to a Fourier shell correlation greater than 0.5 at a resolution
of 38 A, similar to the resolution for both ~ 500 particle data sets (Supple-
mentary Table 2a).

Accession codes. Coordinates for crystal forms 1 and 2 of the Fab 1A1D2:
E-DIII complexes have the PDB accession codes 2R69 and 2R29, respectively.
The cryoEM map of the Fab complexed with native DENV has been deposited
with The European Bioinformatics Institute and has the accession code
EMD-1418. The coordinate for the fitted Fab and E molecules into the cryoEM
map has the PDB accession code 2R6P.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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