
of August 9, 2022.
This information is current as

Basis of Cross-Reactivity
Envelope Domain III Reveals the Molecular
Cross-Reactive Antibody Complexed with 
Structural Analysis of a Dengue

Screaton
R.Juthathip Mongkolsapaya, Jonathan M. Grimes and Gavin 

Jumnainsong, Wiyada Wongwiwat, Thaneeya Duangchinda,
Wanwisa Dejnirattisai, Kriangkrai Chawansuntati, Amonrat 
Claire M. Midgley, Aleksandra Flanagan, Hai Bac Tran,

http://www.jimmunol.org/content/188/10/4971
doi: 10.4049/jimmunol.1200227
April 2012;

2012; 188:4971-4979; Prepublished online 9J Immunol 

Material
Supplementary

7.DC1
http://www.jimmunol.org/content/suppl/2012/04/09/jimmunol.120022

References
http://www.jimmunol.org/content/188/10/4971.full#ref-list-1

, 26 of which you can access for free at: cites 68 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2012 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56314&adclick=true&url=https%3A%2F%2Fwww.bdbiosciences.com%2Freal%3Futm_source%3Djim%26utm_medium%3Ddigital%26utm_campaign%3Dgl-ry586launch%26utm_content%3Dpdfbanner
http://www.jimmunol.org/content/188/10/4971
http://www.jimmunol.org/content/suppl/2012/04/09/jimmunol.1200227.DC1
http://www.jimmunol.org/content/suppl/2012/04/09/jimmunol.1200227.DC1
http://www.jimmunol.org/content/188/10/4971.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


The Journal of Immunology

Structural Analysis of a Dengue Cross-Reactive Antibody

Complexed with Envelope Domain III Reveals the Molecular

Basis of Cross-Reactivity

Claire M. Midgley,*,1 Aleksandra Flanagan,†,1 Hai Bac Tran,* Wanwisa Dejnirattisai,*

Kriangkrai Chawansuntati,* Amonrat Jumnainsong,* Wiyada Wongwiwat,*

Thaneeya Duangchinda,‡ Juthathip Mongkolsapaya,*,x Jonathan M. Grimes,†,{ and

Gavin R. Screaton*

Dengue virus infections are still increasing at an alarming rate in tropical and subtropical countries, underlying the need for a den-

gue vaccine. Although it is relatively easy to generate Ab responses to dengue virus, low avidity or low concentrations of Ab may

enhance infection of FcR-bearing cells with clinical impact, posing a challenge to vaccine production. In this article, we report the

characterization of a mAb, 2H12, which is cross-reactive to all four serotypes in the dengue virus group. Crystal structures of 2H12-

Fab in complex with domain III of the envelope protein from three dengue serotypes have been determined. 2H12 binds to the highly

conserved AB loop of domain III of the envelope protein that is poorly accessible in the mature virion. 2H12 neutralization varied

between dengue serotypes and strains; in particular, dengue serotype 2 was not neutralized. Because the 2H12-binding epitope was

conserved, this variation in neutralization highlights differences between dengue serotypes and suggests that significant conforma-

tional changes in the virus must take place for Ab binding. Surprisingly, 2H12 facilitated little or no enhancement of infection. These

data provide a structural basis for understanding Ab neutralization and enhancement of infection, which is crucial for the devel-

opment of future dengue vaccines. The Journal of Immunology, 2012, 188: 4971–4979.

D
engue is a mosquito-borne infection of the tropics and
subtropics (1, 2). Some 2.5 billion people are at risk, and
50–100 million are infected annually. Most infections

are either asymptomatic or result in dengue fever, a relatively mild
illness. However, a much more severe form, dengue hemorrhagic
fever, develops in 1–5% of infections; this can be life threatening.
The incidence of dengue is increasing at an alarming rate, and
epidemics can severely disrupt healthcare systems in developing
countries (1, 2). Although treatment has reduced the mortality,
there is still an urgent need for a vaccine.
Dengue viruses have been divided into four serotypes, differing

in overall amino acid sequence by$30% (3, 4). Infection with one
serotype does not give life-long protection against the other sero-
types (5), and a hallmark of dengue infection is that dengue
hemorrhagic fever is more likely to occur following a secondary
infection with a heterotypic serotype, rather than following a pri-

mary infection (6). Halstead and O’Rourke (7, 8) proposed Ab-
dependent enhancement (ADE) to explain this paradox, whereby
an acquired humoral response to the first virus could drive a more
severe clinical outcome upon a secondary exposure. There is now
good evidence that cross-reactive, poorly neutralizing Abs can
drive infection of FcR-bearing cells, such as monocytes, leading
to increased infection and virus production (7–12).
Dengue virus has three structural proteins: capsid that encloses

the positive-strand genome, and precursor membrane protein (prM)
and envelope (E), both of which are components of the virion en-
velope structure. Abs to prM are generally poorly neutralizing but
potent enhancers of infection (13, 14), whereas Abs against E show
more potent neutralizing activity (15–17). E is composed of three
domains (ED): I–III (18). EDI and EDII are formed by discon-
tinuous folds at the membrane-proximal N terminus of the protein;
EDII contains the fusion loop. Abs that target the highly con-
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served fusion loop are usually flavivirus cross-reactive (19, 20);
however, because of the epitope’s inaccessibility on infectious
virions, they mostly bind with low avidity and exhibit weak
neutralization (20). Recently, however, a flavivirus cross-reactive
mAb 2A10G6 that binds to a newly identified epitope within the
fusion loop was shown to be broadly cross-neutralizing and cross-
protective (21). EDIII is thought to be involved in host cell in-
teraction (22–24), binding to heparan sulfate (25) and/or other as-
yet-poorly-characterized receptor(s) (24). In mice, mAbs specific
to EDIII are potent neutralizers of dengue virus (26–35), and they
neutralize more strongly than do EDI- or EDII-specific Abs (33).
As a result, EDIII has been considered a potential immunogen for
new subunit vaccines (36–40). EDIII is a target of both serotype-
specific (16, 26, 27, 32–34, 41, 42) and dengue cross-reactive (28,
30–34, 43) neutralizing Abs, although the latter tend to neutralize
more weakly (28, 34).
In this article, we report a mouse mAb 2H12 that cross-reacts

with the four serotypes of the dengue group and neutralizes
Den1, Den3, and Den4. Crystal structures of 2H12 Fab with re-
combinant EDIII were determined at resolutions of 1.7, 1.8, and
3.0 Å for Den1, Den3, and Den4, respectively. They show that the
Ab has a conserved mode of binding and contacts a highly con-
served epitope in the AB loop of EDIII, which is largely buried
in the mature virion structure, implying that gross conformational
changes occur in the surface architecture of the virion upon Ab
binding. This binding is temperature dependent and different
across the serotypes, implying that the stability of the virus is a
key factor in virus neutralization.

Materials and Methods
Expression and purification of recombinant EDIII

EDIII (aa 295–401) of dengue virus serotype 1–4, strains Hawaii, 16681,
H87, and H241, were expressed in Escherichia coli and purified as de-
scribed previously (44). In brief, the EDIII proteins were expressed in
inclusion bodies and refolded in 100 mM Tris HCl, 500 mM L-arginine-
HCl, 0.2 mM EDTA, 3.7 mM cystamine, 100 mM PMSF, and 6.6 mM 2-
ME. Refolded protein was purified in PBS through a size-exclusion col-
umn (26/60 Superdex 75; GE Healthcare).

Hybridoma production

The 2H12 hybridomas were produced following standard protocols de-
scribed previously (45). BALB/c female mice were immunized with 20 mg
recombinant EDIII serotype 2 strain 16681 in CFA and boosted at fort-
nightly intervals with 20 mg protein in IFA. Three days prior to sacrifice,
the mice were immunized i.v. once more. The splenocytes were fused with
NS1 myeloma cells. After three rounds of single-cell cloning, mAb 2H12
was purified from the hybridoma supernatant by protein G affinity. This
study was carried out in strict accordance with the recommendations in
the U.K. Coordinating Committee on Cancer Research Guidelines for the
Welfare of Animals. All animal procedures were approved by the Insti-
tutional Review Committee and the Home Office U.K., under the project
title “Manipulation of immunity to transplanted normal and tumor grafts”
(70/6874).

Virus production

C6/36 cells were infected with dengue virus serotype 1 to 4 (Den1 strain
Hawaii, 02-0435 and 1-0372; Den2 strain 16681, NGC and 31-178; Den3
strain H87, 01-0017 and 2-1969-9; and Den4 strain H241, 1-0093 and
1-0544). Supernatants were collected, clarified, aliquoted, and stored at
280˚C.

Dot blot

EDIII protein or UV-inactivated virus supernatant was dotted onto nitro-
cellulose membrane and allowed to dry. BSAwas used as an irrelevant Ag
for the recombinant protein, and supernatant from mock-infected cells was
used as a negative control for the virus blot. The membranes were blocked
with PBS containing 0.1% Tween (PBS-T), containing an additional 5%
milk for 1 h at 37˚C. The membranes were then incubated overnight at 4˚C
with purified mAb 2H12 (5 mg/ml) in 5% milk. After washing with PBS-T,

the membranes were incubated with anti-mouse IgG-HRP–conjugated Ab
(Sigma-Aldrich) for 1 h at 37˚C. Dots were visualized using ECL Plus
(PerkinElmer).

Binding affinity of 2H12 Ab

The Kd of mAb 2H12 against EDIII was calculated as described previously
(44). In brief, recombinant EDIII protein was coated onto plates, and
a direct ELISA with various concentrations of 2H12 was performed. BSA
was used as an irrelevant Ag, and the values observed against this were
subtracted from the values detected against the EDIII. For each Ag, the
percentage of maximum OD was calculated, and the dissociation constants
were determined (Prism Software). The virus-specific Kd values were de-
termined by capture ELISA. Plates were coated with cross-reactive human
anti-dengue mAb 751.B3 (generated in our laboratory) overnight at 4˚C.
Plates were rinsed three times with PBS-T and blocked for 1 h at 37˚C with
200 ml blocking buffer (3% BSA in PBS). Plates were incubated for 1 h at
37˚C with supernatant from virus- or mock-infected C6/36 cells diluted in
dilution buffer (0.5% BSA in PBS-T), washed, and incubated with 50 ml 2-
fold serial dilutions of mAb 2H12 for 1 h at 37˚C. The plates were then
incubated for 1 h at 37˚C in 50 ml anti-mouse IgG-alkaline phosphatase-
conjugated secondary Ab (Sigma-Aldrich), followed by p-nitrophenyl
phosphate substrate (SIGMA FAST; Sigma-Aldrich). The reaction was
quenched, and the virus was inactivated by incubation with 0.4 M NaOH
for 20 min at room temperature. Background mock readings were sub-
tracted. Where a plateau was observed, the percentage of maximum OD
was calculated, and the dissociation constants were determined as the con-
centration of Ab required for 50% binding (Prism Software).

Focus reduction neutralization test

Micro-focus reduction neutralization tests (FRNTs) were conducted on
Vero cells, as described previously (46). The FRNT50 titer was defined as
the concentration of Ab that reduced the number of foci by 50%.

Temperature ELISA

Supernatants from dengue- or mock-infected C6/36 cells were captured
onto plates coated with 2H12 and incubated for 1 h at 4, 30, or 37˚C. Plates
were then incubated with pooled convalescent dengue hyperimmune serum
(hemagglutination titer $ 1/25,600) to detect bound virus, followed by al-
kaline phosphatase-conjugated anti-human IgG. The reaction was devel-
oped by the addition of p-nitrophenyl phosphate substrate and quenched
with 0.4 M NaOH for 20 min at room temperature. The absorbance was
read at 405 nm.

Ab-dependent enhancement assay

Ten-fold serial dilutions of mAb 2H12were incubated with an equal volume
of virus for 1 h at 37˚C, at a multiplicity of infection of 0.2. The anti-
envelope mAb 4G2 was used as a positive control. The Ab:virus mixture
was transferred onto U937 cells in a 24-well plate and incubated at 37˚C
for 4 d (47). Supernatants were harvested, and their viral titer was assessed
by a focus-forming assay on Vero cells. The infected culture supernatants
were serially diluted and incubated with Vero cells in a 96-well plate for
2 h at 37˚C. The monolayers were then overlaid with 1.5% carboxy-
methylcellulose, in Eagle’s MEM tissue culture medium, and incubated
at 37˚C for 3 d. Virus foci were stained with mAb 4G2, followed by
peroxidase-conjugated anti-mouse Ig, and they were visualized by the ad-
dition of diaminobenzidine substrate. The infecting fold enhancement
is calculated by dividing focus forming unit (ffu)/ml in the presence of
Ab by ffu/ml in the absence of Ab.

Hybridoma sequencing

The sequences of the 2H12 H chain and L chain variable regions were
determined using 59-RACE (Invitrogen) (48). In brief, the mRNA was ex-
tracted from the 2H12 hybridoma cells, and cDNA was created using a
poly T primer. Gene-specific primers, complementary to the CH1 region of
each chain, were then used as 39 primers to amplify the variable regions
from the cDNA.

Crystallographic structure determination

Purified 2H12 Fab, prepared by papain digestion of mAb, was incubated
with EDIII for 1 h at room temperature, followed by purification by size-
exclusion chromatography. The protein complexes were concentrated and
set up in crystallization experiments, using the sitting vapor-diffusion
method (49). The complexes were mixed with 10% glycerol prior to
crystallization to slow nucleation and improve crystal size, because initial
crystallization trials resulted in microcrystals. All crystals used for data
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collection grew at 21˚C with 20% w/v PEG3350 used as precipitant and
various salts (0.2 M potassium thiocyanate for 2H12–EDIIID1 and 2H12–
EDIIID4, 0.2 M di-hydrogen phosphate for 2H12–EDIIID3). Protein
crystals were cryoprotected with 20% glycerol. X-ray data were collected
at 100 K at Diamond Light Source (Beamline I04), as a series of 1˚ os-
cillations. Diffraction data were processed using either HKL2000 (50) or
xia2 (51). The structures of the complexes were solved by molecular re-
placement using Phaser (52). For each Fab–Ag complex, the structure was
determined using three search models: one for the C region of Fab (CH1
and CL), one for the V region of Fab (VH and VL), and one for EDIII Ag.
The Fab was divided into two search models because of flexibility of the
elbow between variable and constant domains (53). The complex of 2H12–
EDIIID3 was solved using component coordinates (pdb code 1A3R and
1UZG [residues 296–394] for the Fab and EDIIID3, respectively). The
refined structure of 2H12–EDIIID3 was used as a search model for mo-
lecular replacement of 2H12–EDIIID1 and 2H12–EDIIID4. The complex
structure was again separated into three search models comprising the Fab
constant domains, the Fab variable domains, and EDIII.

Atomic positions and their associated B factors were refined using
Refmac 5 (54–56) and Buster (57) and were rebuilt in Coot (58). Non-
crystallographic local structure similarity restraints were used during the
refinement of all structures. The quality of the models was analyzed with
MolProbity (59), and the binding surfaces were analyzed with PISA
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) (60) (Supplemen-
tal Table III).

Results
Characterization of mAb 2H12

mAb 2H12 was produced from BALB/c mice immunized with
recombinant EDIII from dengue serotype 2 (EDIIID2) strain
16681. 2H12, an IgG2b Ab, was found to be cross-reactive against
the four dengue virus serotypes by dot blot, recognizing both the
recombinant EDIII Ag (Fig. 1A) and the whole virus (Fig. 1B).
The neutralizing effects of 2H12 were tested on three strains of

each dengue serotype. Neutralization was observed against all three
strains of serotypes 1 and 4, as well as against a single strain 01-
0017 of Den3 (Fig. 2A–D), but not against the three strains of
serotype 2. The mean (n = 2–3) concentration of Ab required for
50% neutralization was between 0.56 and 54 nM for Den1, 29 nM
for Den3 strain 01-0017, and 145 nM for Den4 strain H241. This
was somewhat weaker than the 4G2 positive control (Fig. 2E) and
weaker than a Den2-specific anti-EDIII mouse mAb 3H5 (1.2–4.6
nM) (28, 34).
In addition, Ab-dependent enhancement assays were performed

on U937 cells, a human monocytic cell line expressing FcgRII (61,

62), which binds mouse IgG2b Abs (61). In the absence of Ab,
these cells show a very low level of infection (0.01–1% infected
cells or 10–100 ffu of progeny/ml at a multiplicity of infection of
1). To our surprise, the presence of 2H12 resulted in little or no
enhancement of infection in U937 cells (Fig. 2F). In comparison,
the control mAb 4G2 exhibited enhancements of between 50- and
2500-fold (Fig. 2G).
The avidity of full-length 2H12 for EDIII was determined

by ELISAwith immobilized recombinant EDIII protein (Fig. 1C).
The binding avidity of 2H12 for EDIII of the four serotypes was
very similar, with Kd values of 0.45, 0.42, 0.47, and 0.42 nM for
EDIIID1, D2, D3, and D4, respectively.
Finally, ELISA assays were performed on whole-virus particles

for all four serotypes, using 2H12 Ab (Fig. 1D). Unlike for the
recombinant EDIII, there were differences in the measured Kd

values. The strongest binding was against serotype 1 (1.90 nM),
followed by serotype 4 (13.81 nM). The binding against serotypes
2 and 3 did not reach saturation, and so the Kd were estimated at
.125 and .62.5 nM, respectively. The similar binding affinities
of 2H12 for EDIII, as well as the differences in binding for whole-
virus particles, suggests that the differences in neutralization are
due to differences in some property of the virions.

The structures of 2H12–EDIII complexes

Fab fragments of 2H12 were mixed with EDIII from the four
serotypes and used in crystallization trials. Dengue strains Hawaii,
16681, H87, and H241 were used for serotypes 1, 2, 3, and 4, re-
spectively. Three of four 2H12–EDIII complexes yielded crystal
structures: EDIIID1, D3 and D4. Unfortunately, all diffracting
crystals of the putative 2H12–EDIIID2 complex were composed
of Fab alone, despite 2H12 forming a stable complex prior to
crystallization (data not shown).
The crystals of 2H12–EDIIID1 and 2H12–EDIIID3 diffracted to

1.7 and 1.8 Å, respectively (Fig. 3A, Table I), and each contained
one copy of the Fab–EDIII complex. The crystals of 2H12–
EDIIID4 diffracted to a lower resolution (3.0 Å) and contained
four copies of the Fab–EDIII complex. The structures of the com-
plexes were solved by molecular replacement and refined with
residuals R = 17.1, Rfree= 19.8, R = 18.4, Rfree= 21.7; and R =
19.6, Rfree= 25.2 for serotypes 1, 3, and 4, respectively (Table I).
The stereochemistry of the refined models was excellent, with

FIGURE 1. Binding properties of mAb 2H12. Dot blots against recombinant EDIII from all four serotypes (A) and UV-inactivated supernatants from C6/

36 cells mock-infected or infected with Den1, Den2, Den3, or Den4 (B). (C) 2H12 ELISA against immobilized EDIII. (D) 2H12 ELISA against live virus,

captured by immobilized cross-reactive human mAb 751.B3. Saturation levels were used to determine maximum binding and, from this, Kd values were

calculated; these are provided in the key. Graphs depict the mean OD405 of four independent Ab-dilution curves within a single experiment; error bars
represents SDs. The graphs are representative of three separate experiments.

The Journal of Immunology 4973
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residues in favored region/outliers of the Ramachandran plot:
98.3%/0.00% for 2H12–EDIIID1, 97.9%/0.21% for 2H12–
EDIIID3, and 95.4%/1.00% for 2H12–EDIIID4.
Binding of the Fab did not significantly change the overall

structure of EDIII (Fig. 3), with root mean square deviation (r.m.s.d.)
of Ca of 1.23, 0.92, and 1.58 Å for EDIIID1, EDIIID3, and
EDIIID4, respectively, compared with the published atomic models
(pdb codes 3IRC – EDIIID1, 1UZG – EDIIID3, and 2H0P –
EDIIID4). The main conformational change occurred in the AB
loop, with Gln316 shifted by 2.98, 3.00, and 3.44 Å in EDIIID1,
EDIIID3, and EDIIID4, respectively. Moreover, the structures of
the three EDIII proteins are very similar compared with each
other, with r.m.s.d. of Ca of 0.84–1.18 Å (Supplemental Table I),
despite 34–43% difference between the amino acid sequences.

However, the elbow angle of the bound Fab (the angle between
constant and variable domains) differs between the three com-
plexes and is 172, 155, and 144˚ for 2H12–EDIIID1, 2H12–EDIIID3,
and 2H12–EDIIID4, respectively (Supplemental Fig. 1A), perhaps
reflecting the different crystal packing of the three complexes. De-
spite the differences in the elbow angle, the variable (VHVL) and
constant (CH1CL) regions of the Fab structures are very similar in
the three complexes (Supplemental Table I).

The 2H12 epitope

Two structures of Fabs complexed to EDIII of flaviviruses have
been solved. E16 is a murine mAb that binds to the so-called
“lateral ridge epitope” of West Nile virus (WNV) EDIII, defined
by four discontinuous regions, including the N-terminal linker

FIGURE 2. Functional properties of mAb 2H12. Neutralization assays of 2H12 on three dengue strains from Den1 (A), Den2 (B), Den3 (C), or Den4 (D),

expressed as FRNTon infected Vero cells; mAb 4G2, which cross-reacts against the envelope of all four serotypes, was used as a positive control (E). (F and

G) Ab-dependent enhancement assays on U937 cells. Four days postinfection, the U937 supernatants were harvested, and their viral titer was assessed by

a focus-forming assay on Vero cells. The fold increase in infection compared with the level observed in the absence of Ab was calculated; mAb 4G2 was
used as a positive control. The graphs depict the mean of two or three experiments; error bars represent SEs. (H) Temperature sensitivity of 2H12 binding.

ELISA plates were coated with 2H12 and incubated with the indicated viral serotypes for 1 h at 4, 30, and 37˚C. Virus binding was revealed by dengue

immune serum, followed by AP-conjugated anti-human IgG. The binding unit was calculated by OD405 value at 37˚C

4974 CRYSTAL STRUCTURE OF A DENGUE CROSS-REACTIVE Ab
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region (residues 302–309) and three strand-connecting loops: BC
(residues 330–333), DE (residues 365–368), and FG (residues
389–391) (Fig. 4A) (63, 64). It is thought to be prototypic for
a number of high-avidity and potently neutralizing Abs to both
dengue virus and WNV. Ab 1A1D-2, specific for dengue serotypes
1–3, binds to an epitope on the A strand of EDIII (30, 34). The
2H12 epitope footprints on the EDIII proteins are presented as
a gradient of buried surface area of residues in Fig. 3B. Between
these three serotypes, the mode of engagement of 2H12 Fab is
very similar, with only minor differences in the contact surface
area. For the 2H12–EDIIID1, 2H12–EDIIID3, and 2H12–
EDIIID4 complexes, the surface area of interaction of EDIII was
549, 567, and 521 Å2, respectively, and the surface area of in-
teraction of 2H12 was 652, 448, and 394 Å2. This interface area is
significantly smaller than that observed for 1A1D-2 (30) and E16
(64) (905 and 782 Å2, respectively).
EDIII binds to 2H12 Fab predominantly via the AB loop (res-

idues 314–317), which is inserted into a groove formed between
the H chain and L chain of Fab. Residues from strands A and E
and the D-Dx loop are also involved in contacts with the CDR of
2H12 (Fig. 4A). Ab–Ag binding is mediated by hydrogen bonds
and van der Waals interactions formed between seven fully con-
served residues (Fig. 4A, Supplemental Table II), Lys310, Glu314,
Thr315, Gln316, His317, Ile352, and Glu368, and four CDRs, three

from the H chain (residues 33–35, 57–59, and 100–101) and one
from the L chain (residues 94–96). An example of the interface
between EDIIID1 (Gln316/His317) and 2H12 is presented in Sup-
plemental Fig. 1B. In addition, the structures of 2H12–EDIIID1
and 2H12–EDIIID3 determined at higher resolutions also indicate
possible water-mediated hydrogen bonds engaging Val312, Gln/
Lys323, and Asn366 and van der Waals interactions mediated by
Ala/Ser313, Val/Leu321, and Ala/Ser354 (Supplemental Table II).
However, the relatively large distances between these residues
(.3.5 Å) suggests that their contribution to the energy of binding
may be limited; furthermore, because the avidity of 2H12 to EDIII
is very similar across all four serotypes (Fig. 1C), differences in
these water-mediated interactions is unlikely to differentially
modulate the strength of the interaction.
Although 2H12 has an epitope distinct from 1A1D-2 (Fig. 4),

their epitopes overlap by one residue: Lys310 (30, 34). The residue
has been shared by several anti-EDIII mAbs that recognize the
strand A, such as 1A1D-2, 9D12, and 4E11 (17, 28, 32, 34, 43,
65). This residue forms a hydrogen bond, via the ε-NH3(+) group,
with the carbonyl oxygen of Val58 of 2H12 H chain and the car-
bonyl oxygen of Lys30 or Asp52 of 1A1D-2 H chain (30).
When modeled onto the structure of mature dengue virions, the

epitope footprint of 2H12 revealed the likely basis for its poor
neutralization. The epitope is not accessible on the surface of the

FIGURE 3. Crystal structure of the 2H12 Fab complexed with EDIII. (A) Representations of 2H12 Fab complexed with EDIIID1, EDIIID3, and
EDIIID4. L chain variable and constant domains are shown in olive, H chain variable and first constant domain are shown in orange, and EDIII is shown in

blue. (B) 2H12 epitope footprint in complexes 2H12–EDIIID1, 2H12–EDIIID3, and 2H12–EDIIID4. Surface buried residues are depicted as a gradient of

red (fully buried) and white (not buried). 2H12 paratope is shown as dark gray and light gray representing H chain and L chain residues involved in Ag

binding. In this view, the front of EDIII is facing EDI, whereas the bottom faces the viral membrane. Water-mediated hydrogen bonds were excluded from
this model.
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virus but forms the dimer interface between EDI and EDIII (Fig.
5A, 5B, Supplemental Table III). Only a small area of the epitope
is exposed on the model of the prefusion mature virion (Fig. 5C,

5D). Furthermore, the residues involved in the core AB loop
epitope, which are buried in the mature virus, are not solvent
accessible on the trimeric prM-E spikes of the immature virus

Table I. Data collection and refinement for the 2H12–EDIII complexes

2H12–EIIID1 2H12–EIIID3 2H12–EIIID4

Data collection
No. of images 360 360 180
Space group P1 P21 P1
Cell dimensions
a, b, c (Å) 40.4, 60.6, 62.8 40.6, 126.0, 53.0 69.9, 92.8, 96.6
a, b, g (˚) 93.3, 102.1, 101.5 90 ,95.7, 90 118.6, 90.3, 104.1

Resolution 50.00–1.55 (1.58–1.55) 38.46-1.84 (1.88–1.84) 55.83-3.02 (3.1–3.02)
Rmerge

a 0.056 (0.487) 0.101 (0.795) 0.112 (0.475)
I/s 39.7 (3.3) 15.0 (2.0) 8.1 (1.8)
Completeness (%) 96.9 (95.9) 96.8 (80.3) 96.1 (96.2)
Redundancy 7.1 (5.2) 7.3 (6.3) 2.0 (2.0)

Refinement
Resolution Range (Å) 30.0–1.7 20.0–1.8 55.7–3.0
No. reflections 65,066 44,332 38,469
Rxpct

b/Rfree
c 17.0/19.8 18.4/21.7 19.6/25.2

Molecules per a.s.u. 1 1 4
No. atoms
Protein 3,990 3,817 15,830
Water 649 446 0

B-factors
Protein 30.6 30.8 44.7
Water 40.19 37.95 0

r.m.s.d.
Bond length (Å) 0.011 0.011 0.010
Bond angles (˚) 1.1 1.2 1.3

Numbers in parentheses refer to the relevant outer resolution shell.
a
Rmerge 5 Shkl Si|I(hkl;i) – ,I(hkl).|/Shkl SiI(hkl;i), where I(hkl;i) is the intensity of an individual measurement and

,I(hkl). is the average intensity from multiple observations.
b
Rxpct 5 Shkl‖Fobs| – |Fxpct‖/Shkl |Fobs|, where |Fobs| and |Fxpct| are the observed structure factor amplitude and the expectation

of the model structure factor amplitude, respectively
cRfree equals the Rxpct of the test set as calculated above but using against 5% of the data removed prior to refinement.
a.s.u., Asymmetric unit.

FIGURE 4. Epitope mapping of the
2H12 Fab complexed with EDIII. (A)

Sequence alignment of four dengue

serotypes EDIII and WNV EDIII. The
sequences of EDIII from Den1 (strain

Hawaii), Den2 (strain 16681), Den3

(strain H87), Den4 (strain H241), and

WNV (strain NY99) are shown. Sec-
ondary structure elements of Den1

EDIII from the 2H12–EDIIID1 com-

plex [assigned with dssp (74)] are

shown with arrows (b-strands) and are
labeled according to Rey et al. (75).

The epitopes identified in Fab–EDIII

complex crystals are highlighted. Cross-

reactive Ab 2H12 recognizes residues
highlighted in orange in all four den-

gue virus serotypes. Subcomplex-spe-

cific 1A1D-2 mAb (pdb code 2R29,
complex with EDIIID2) binds residues

in blue. Type-specific E16 (pdb code

1ZTX, complex with WNV EDIII)

binds residues in green. The over-
lapping residues between 1A1D-2 and

E16 epitope are shown in red, and those

between 1A1D-2 and 2H12 are shown

in magenta. Asterisks denote hydrogen
bonds. (B) mAbs E16, 1A1D-2, and

2H12 epitopes were mapped onto

EDIIID1 structure. Colors are as de-
scribed in (A).
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(pdb code 3C5X, 3C6D) or the trimeric E spikes in the postfusion
conformation (pdb code 1OK8, 3G7T) (Supplemental Table III).

The effect of temperature on binding

The relatively “inaccessible” epitope for mAb 1A1D-2 can be
exposed by a change in virus conformation or “virion breathing,”
which was shown to be temperature sensitive (30). Therefore, we
tested the effect of temperature on 2H12 binding (Fig. 2H). For all
serotypes, a reduction in temperature resulted in a reduction in
binding, with ∼30% lower binding to Den1, Den3, and Den4 at
4˚C. Interestingly, the binding to Den2 was the most temperature
sensitive, with a 73% reduction at 4˚C (Fig. 2H). Of note, 2H12
binding to Den1 was ∼2-fold higher than to the other serotypes.

Discussion
Much of the current interest in dengue virus is driven by the un-
derlying need for a vaccine or effective treatment. Although

antivirals have a role to play, the development of effective vaccines
is key to the prevention and spread of this important human
pathogen. Having a structural basis for understanding Ab neu-
tralization, as well as correlating these effects with Ab-dependent
enhancement, will be crucial in the development of dengue vac-
cines.
In this article, we functionally characterized a mAb, 2H12, raised

in mice against EDIII of dengue virus serotype 2. 2H12 can bind to
the four serotypes. The neutralizing potential of 2H12 is lower than
a number of other DIII Abs (27, 28, 34), but, in contrast, it showed
no Ab-dependent enhancement activity. Alongside these func-
tional data, we reported the structures of the 2H12 Fab complexed
with EDIII, revealing the core epitope underlying recognition by
this cross-reactive anti-dengue mAb. This epitope is largely buried
in the interface between EDIII and EDI of the prefusion mature
virus (as determined by cryo-electron microscopy), with only 18%
of the epitope surface exposed to solvent (Fig. 5). All seven of
the contact residues for 2H12 are conserved between the four
virus serotypes, despite the significant sequence and functional
differences between serotypes. The epitope centers on a core
ETQH motif within the conserved six-amino acid sequence
314ETQHGT319, in the AB loop of dengue EDIII. This region was
suggested to contain binding epitopes and was detected through
yeast-display mapping of a panel of EDIII Abs (34). Although
these Abs were cross-reactive, and, in some cases also targeted
WNV, they were generally poor neutralizers, consistent with our
findings for 2H12.
In addition, Lys310, which forms direct hydrogen bonds with

Val58 of the H chain and forms part of the strictly conserved
epitope, may significantly contribute to neutralization by 2H12.
Interestingly, Lys310 also contributes to the epitopes recognized by
other known cross-reactive anti-EDIII Abs that recognize strand A
of EDIII, such as 1A1D-2, 4E11, 9D12, and WN E114, suggesting
that Lys310 is an important residue for this Ab group (30, 34, 66).
The neutralizing potency of 2H12 is low compared with other

mAb binding to EDIII, particularly those binding to the lateral
ridge, such as E16 that targets WNV (64). Furthermore, despite
having a conserved epitope, 2H12 neutralized Den1 and 4 and one
strain of Den3, but it showed no neutralization of Den2. Similarly,
recent studies showed that neutralizing capacity varies between
virus strains of the same serotype (26, 32, 33, 35), despite the
epitopes being well conserved and, in some cases, the binding
being similar (32). The difference in 2H12 virus binding and
neutralization contrasts with the very similar binding affinity of
2H12 to EDIII, despite 28–46% differences between serotypes for
this domain, and it must reflect differences in the structural sta-
bility and dynamics of the dengue virions (Fig. 5).
The fact that 2H12 can bind to the virion implies that there must

be conditions under which the buried AB loop epitope becomes
accessible to the Ab. It is established that icosahedral viruses, such
as picornaviruses and nodaviruses, are dynamic particles and can
undergo “breathing” motions (away from low-energy structures
determined by crystallography) (67, 68). Further insight into con-
formational breathing in flaviviruses has come from structures of
Fabs E16 and 1A1D-2 complexed to WNV and dengue virus,
respectively. The structure of E16 Fab bound to WNV revealed
that its lateral ridge is fully exposed (in 120 of the 180 copies in
the virus) and needs little or no conformational change in the
intact virion for binding (63, 64). In contrast, 18% of the binding
surface of 1A1D-2 is obscured in the mature virion structure, and
full saturation of dengue virus by 1A1D-2 Fab only occurred when
increasing the temperature to 37˚C (30). A cryo-electron micros-
copy structure of this complex revealed that binding of 120 copies
of 1A1D-2 Fab resulted in all 180 copies of E undergoing major

FIGURE 5. Epitope mapping of 2H12 on full-length E protein. (A) Side
view of the envelope dimer, with the bottom of the dimer facing the viral

membrane. A comparison of the 2H12, E16, and 1A1D-2 epitopes on the E

dimer (pdb code 1OAN) is shown. Residues recognized by 2H12, E16, and

1A1D-2 are shown as orange, green, and blue spheres, respectively. Both E16
and 1A1D-2 recognize residues in red. The residue in magenta (Lys310) is

recognized by 1A1D-2 and 2H12. E domain I, domain II, and domain III are

shown in red, yellow, and blue, respectively. (B) Top view of (A). (C) Surface

representation of the 2H12 footprint on the EDIIID1 surface presented as
gradient of red (fully buried residues) and white (not buried residues). (D)

2H12 epitope accessibility on the E protein in a prefusion state. Residues in

black are recognized by 2H12 but are buried at the interface of EDIII and
EDI (Den2 – 1OAN, Den3 – 1UZG). (E) A model of the structural dynamics

of dengue virus. Dengue virus in its native state (N) is in dynamic equilib-

rium with antigenically altered states (A), one of which is bound by 2H12.

EDIII binding reflects the binding of Ab to A, whereas binding measure-
ments for virus reflect the change from N to A. The equilibrium between N

and A can be shifted by temperature, changing the observed binding of Ab.

No ADE is observed with dengue (A) complexed with mAb.
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conformational rearrangements, with complete distortion of the
virus compared with its native prefusion form. This conforma-
tional change is temperature sensitive, and it was proposed that
increased “breathing” of the virus capsid would allow the expo-
sure of buried epitopes (30).
The binding of 2H12 was also shown to be temperature sensitive.

This temperature dependence differed between serotypes, much
like neutralizing ability, with significantly poorer binding to Den2
occurring at lower temperatures. This temperature-dependent dif-
ference in Ab binding between Den2 and the other serotypes is
intriguing and may reflect a more rigid Den2 capsid, and it possibly
explains the inability of 2H12 to neutralize this serotype.
A model in which the virus “breathes” between the prefusion

mature structure and various antigenically altered forms, when Ab
binds, may also provide an explanation for the lack of ADE ob-
served for 2H12. ADE occurs by uptake of Ab-bound virus by FcR-
bearing cells. If the structural distortions that are locked in place by
Fab binding are sufficient to prevent the rearrangements required
for fusion, ADE will not occur. Alternatively, at low Ab concen-
trations (the point at which ADE usually occurs), Ab occupancy
may not be sufficient to facilitate ADE. Recently, it was shown that
TRIM21 interacts with the Fc part of Ab bound to adenovirus,
leading to virus degradation inside cells. This suggests that TRIM21
may play a role in neutralization and ADE of dengue virus (69).
Recent studies suggest that the EDIII-specific response in

humans following infection actually plays less of a role than first
thought (44, 70–72). Although the EDIII-specific Ab response can
be easily measured in human serum, depletion of these Abs does
not reduce the neutralizing or enhancing capacity of the serum
(44, 72). Despite this, EDIII remains an attractive vaccine target,
because Abs that target certain regions are often of high avidity
and can be potently neutralizing. When sequential immunizations
are carried out in mice with recombinant EDIII alone, the neu-
tralizing response is considerably weaker than that induced against
the intact virion (73). However, when EDIII is used to boost re-
sponses following priming with the intact virion, neutralizing
responses are significantly higher than when using the intact virion
alone (73). Therefore, EDIII will likely make an excellent
boosting Ag by strengthening the high-avidity and functionally
relevant response that is primed by the virion.
2H12 was generated by immunization with recombinant EDIII.

Although its epitope is not fully exposed on the intact virion, 2H12
is likely to be typical of some Abs induced by an EDIII subunit
vaccine. An epitope such as this, although weakly neutralizing, may
well be beneficial in vaccines, because it does not facilitate ADE.
It is hoped that structural studies, such as ours, may further our
understanding of cross-neutralization, as well as the structural basis
for ADE, critical for the design of effective vaccines in the future.
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R. Martı́nez, R. Rodrı́guez-Roche, A. Zulueta, L. Lazo, et al. 2008. Anamnestic
antibody response after viral challenge in monkeys immunized with dengue 2
recombinant fusion proteins. Arch. Virol. 153: 849–854.

37. Izquierdo, A., L. Bernardo, J. Martin, E. Santana, L. Hermida, G. Guillén, and
M. G. Guzmán. 2008. Serotype-specificity of recombinant fusion proteins con-
taining domain III of dengue virus. Virus Res. 138: 135–138.

38. Simmons, M., G. S. Murphy, and C. G. Hayes. 2001. Short report: Antibody
responses of mice immunized with a tetravalent dengue recombinant protein
subunit vaccine. Am. J. Trop. Med. Hyg. 65: 159–161.

39. Simmons, M., W. M. Nelson, S. J. Wu, and C. G. Hayes. 1998. Evaluation of the
protective efficacy of a recombinant dengue envelope B domain fusion protein
against dengue 2 virus infection in mice. Am. J. Trop. Med. Hyg. 58: 655–662.

40. Srivastava, A. K., J. R. Putnak, R. L. Warren, and C. H. Hoke, Jr. 1995. Mice
immunized with a dengue type 2 virus E and NS1 fusion protein made in
Escherichia coli are protected against lethal dengue virus infection. Vaccine 13:
1251–1258.

41. Lin, B., C. R. Parrish, J. M. Murray, and P. J. Wright. 1994. Localization of
a neutralizing epitope on the envelope protein of dengue virus type 2. Virology
202: 885–890.

42. Matsui, K., G. D. Gromowski, L. Li, and A. D. Barrett. 2010. Characterization of
a dengue type-specific epitope on dengue 3 virus envelope protein domain III. J.
Gen. Virol. 91: 2249–2253.

43. Matsui, K., G. D. Gromowski, L. Li, A. J. Schuh, J. C. Lee, and A. D. Barrett.
2009. Characterization of dengue complex-reactive epitopes on dengue 3 virus
envelope protein domain III. Virology 384: 16–20.

44. Midgley, C. M., M. Bajwa-Joseph, S. Vasanawathana, W. Limpitikul, B. Wills,
A. Flanagan, E. Waiyaiya, H. B. Tran, A. E. Cowper, P. Chotiyarnwong, et al.
2011. An in-depth analysis of original antigenic sin in dengue virus infection.
[Published erratum appears in 2011 J. Virol. 85: 12100.] J. Virol. 85: 410–421.

45. Harlow, E., and D. Lane. 1988. Antibodies: A Laboratory Manual. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New York

46. Jirakanjanakit, N., T. Sanohsomneing, S. Yoksan, and N. Bhamarapravati. 1997.
The micro-focus reduction neutralization test for determining dengue and Jap-
anese encephalitis neutralizing antibodies in volunteers vaccinated against
dengue. Trans. R. Soc. Trop. Med. Hyg. 91: 614–617.

47. Sundström, C., and K. Nilsson. 1976. Establishment and characterization of
a human histiocytic lymphoma cell line (U-937). Int. J. Cancer 17: 565–577.

48. Frohman, M. A., M. K. Dush, and G. R. Martin. 1988. Rapid production of full-
length cDNAs from rare transcripts: amplification using a single gene-specific
oligonucleotide primer. Proc. Natl. Acad. Sci. USA 85: 8998–9002.

49. Walter, T. S., J. M. Diprose, C. J. Mayo, C. Siebold, M. G. Pickford, L. Carter,
G. C. Sutton, N. S. Berrow, J. Brown, I. M. Berry, et al. 2005. A procedure for
setting up high-throughput nanolitre crystallization experiments. Crystallization
workflow for initial screening, automated storage, imaging and optimization.
Acta Crystallogr. D Biol. Crystallogr. 61: 651–657.

50. Otwinowski, Z., and W. Minor. 1997. Processing of X-ray diffraction data col-
lected in oscillation mode. Methods Enzymol. 276: 307–326

51. Winter, G. 2010. xia2: an expert system for macromolecular crystallography data
reduction. J. Appl. Crystallogr. 43: 186–190.

52. McCoy, A. J. 2007. Solving structures of protein complexes by molecular re-
placement with Phaser. Acta Crystallogr. D Biol. Crystallogr. 63: 32–41.

53. Saphire, E. O., R. L. Stanfield, M. D. Crispin, G. Morris, M. B. Zwick,
R. A. Pantophlet, P. W. Parren, P. M. Rudd, R. A. Dwek, D. R. Burton, and
I. A. Wilson. 2003. Crystal structure of an intact human IgG: antibody asym-
metry, flexibility, and a guide for HIV-1 vaccine design. Adv. Exp. Med. Biol.

535: 55–66.
54. Collaborative Computational Project, Number 4. 1994. The CCP4 suite: pro-

grams for protein crystallography. Acta Crystallogr. D Biol. Crystallogr. 50:
760–763.

55. Potterton, E., S. McNicholas, and E. Krissinel, K. Cowtan, and M. Noble. 2002.
The CCP4 molecular-graphics project. Acta Crystallogr. D Biol. Crystallogr. 58:
1955–1957.

56. Winn, M. D., G. N. Murshudov, and M. Z. Papiz. 2003. Macromolecular TLS
refinement in REFMAC at moderate resolutions. Methods Enzymol. 374: 300–
321.

57. Bricogne, G., E. Blanc, M. Brandl, C. Flensburg, P. Keller, W. Paciorek, P.
Roversi, A. Sharff, O. Smart, C. Vonrhein, and T. Womack. 2010. BUSTER
version 2.9. Global Phasing Ltd, Cambridge, U.K.

58. Emsley, P., and K. Cowtan. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60: 2126–2132.

59. Chen, V. B., W. B. Arendall, III, J. J. Headd, D. A. Keedy, R. M. Immormino,
G. J. Kapral, L. W. Murray, J. S. Richardson, and D. C. Richardson. 2010.
MolProbity: all-atom structure validation for macromolecular crystallography.
Acta Crystallogr. D Biol. Crystallogr. 66: 12–21.

60. Krissinel, E., and K. Henrick. 2007. Inference of macromolecular assemblies
from crystalline state. J. Mol. Biol. 372: 774–797.

61. Jones, D. H., R. J. Looney, and C. L. Anderson. 1985. Two distinct classes of IgG
Fc receptors on a human monocyte line (U937) defined by differences in binding
of murine IgG subclasses at low ionic strength. J. Immunol. 135: 3348–3353.

62. Looney, R. J., G. N. Abraham, and C. L. Anderson. 1986. Human monocytes and
U937 cells bear two distinct Fc receptors for IgG. J. Immunol. 136: 1641–1647.

63. Kaufmann, B., G. E. Nybakken, P. R. Chipman, W. Zhang, M. S. Diamond,
D. H. Fremont, R. J. Kuhn, and M. G. Rossmann. 2006. West Nile virus in
complex with the Fab fragment of a neutralizing monoclonal antibody. Proc.
Natl. Acad. Sci. USA 103: 12400–12404.

64. Nybakken, G. E., T. Oliphant, S. Johnson, S. Burke, M. S. Diamond, and
D. H. Fremont. 2005. Structural basis of West Nile virus neutralization by
a therapeutic antibody. Nature 437: 764–769.

65. Cockburn, J. J., M. E. Navarro Sanchez, N. Fretes, A. Urvoas, I. Staropoli,
C. M. Kikuti, L. L. Coffey, F. Arenzana Seisdedos, H. Bedouelle, and F. A. Rey.
2012. Mechanism of dengue virus broad cross-neutralization by a monoclonal
antibody. Structure 20: 303–314.

66. Gromowski, G. D., J. T. Roehrig, M. S. Diamond, J. C. Lee, T. J. Pitcher, and
A. D. Barrett. 2010. Mutations of an antibody binding energy hot spot on domain
III of the dengue 2 envelope glycoprotein exploited for neutralization escape.
Virology 407: 237–246.

67. Lewis, J. K., B. Bothner, T. J. Smith, and G. Siuzdak. 1998. Antiviral agent
blocks breathing of the common cold virus. Proc. Natl. Acad. Sci. USA 95:
6774–6778.

68. Bothner, B., X. F. Dong, L. Bibbs, J. E. Johnson, and G. Siuzdak. 1998. Evidence
of viral capsid dynamics using limited proteolysis and mass spectrometry. J.
Biol. Chem. 273: 673–676.

69. Mallery, D. L., W. A. McEwan, S. R. Bidgood, G. J. Towers, C. M. Johnson, and
L. C. James, 2010. Antibodies mediate intracellular immunity through tripartite
motif-containing 21 (TRIM21). Proc. Natl. Acad. Sci. USA 107: 19985–19990.

70. Crill, W. D., H. R. Hughes, M. J. Delorey, and G. J. Chang. 2009. Humoral
immune responses of dengue fever patients using epitope-specific serotype-2
virus-like particle antigens. PLoS ONE 4: e4991.

71. Lai, C. Y., W. Y. Tsai, S. R. Lin, C. L. Kao, H. P. Hu, C. C. King, H. C. Wu,
G. J. Chang, and W. K. Wang. 2008. Antibodies to envelope glycoprotein of
dengue virus during the natural course of infection are predominantly cross-
reactive and recognize epitopes containing highly conserved residues at the fu-
sion loop of domain II. J. Virol. 82: 6631–6643.

72. Wahala, W. M., A. A. Kraus, L. B. Haymore, M. A. Accavitti-Loper, and
A. M. de Silva. 2009. Dengue virus neutralization by human immune sera: role
of envelope protein domain III-reactive antibody. Virology 392: 103–113.

73. Zlatkovic, J., K. Stiasny, and F. X. Heinz. 2011. Immunodominance and func-
tional activities of antibody responses to inactivated West Nile virus and
recombinant subunit vaccines in mice. J. Virol. 85: 1994–2003.

74. Kabsch, W., and C. Sander. 1983. Dictionary of protein secondary structure:
pattern recognition of hydrogen-bonded and geometrical features. Biopolymers
22: 2577–2637.

75. Rey, F. A., F. X. Heinz, C. Mandl, C. Kunz, and S. C. Harrison. 1995. The
envelope glycoprotein from tick-borne encephalitis virus at 2 A resolution.
Nature 375: 291–298.

The Journal of Immunology 4979

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

