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SUMMARY

Dengue virus (DENV) is a significant human
pathogen that causes millions of infections
and results in about 24,000 deaths each
year. Dendritic cell-specific ICAM3 grab-
bing nonintegrin (DC-SIGN), abundant in
immature dendritic cells, was previously
reported as being an ancillary receptor
interacting with the surface of DENV. The
structure of DENV in complex with the
carbohydrate recognition domain (CRD) of
DC-SIGN was determined by cryo-electron
microscopy at 25 A resolution. One CRD
monomer was found to bind to two glyco-
sylation sites at Asn67 of two neighboring
glycoproteins in each icosahedral asym-
metric unit, leaving the third Asn67 residue
vacant. The vacancy at the third Asn67 site
is a result of the nonequivalence of the gly-
coprotein environments, leaving space for
the primary receptor binding to domain Il
of E. The use of carbohydrate moieties for
receptor binding sites suggests a mecha-
nism for avoiding immune surveillance.

INTRODUCTION

Dengue virus (DENV), belonging to the flavivirus genus of the
Flaviviridae family, is an arthropod-borne human pathogen,
causing more than 50 million human infections each year
(Lindenbach and Rice, 2001). Sequential infections by any
of the four DENV serotypes can cause severe symptoms,
such as dengue hemorrhagic fever and dengue shock syn-
drome, probably via antibody-dependent enhancement
(ADE) (Morens, 1994). Thus, it is necessary to block infection
by all four DENV serotypes if secondary infections due to

ADE are to be avoided. Therefore, the development of vac-
cines against dengue virus is a nontrivial issue.

Mature DENV is roughly spherical and approximately 500 A
in diameter (Kuhn et al., 2002; Zhang et al., 2003a). There are
three structural proteins, the envelope (E) protein, membrane
protein, and capsid protein, present in mature virions. The
crystal structure of the E protein showed that it has three do-
mains, the N-terminal structurally central domain |, the dimer-
ization domain Il, and the C-terminal, Ig-like domain Il (Rey
etal., 1995; Modis et al., 2003; Zhang et al., 2004). By com-
bining cryo-electron microscopy (cryoEM) results with the
crystal structure of the E protein, it was shown that the icosa-
hedral asymmetric unit consists of three E monomers (Kuhn
et al., 2002; Zhang et al., 2003a). One monomer, together
with its icosahedral 2-fold related counterpart, forms an “ico-
sahedral dimer.” The other two monomers form a dimer at
a general position (the “general dimer”). Two potential N-
linked carbohydrate sites, at Asn67 and Asn153, are both
glycosylated in DENV serotype 2 (DENV2) (strain PR159-
S1), but in the homologous West Nile virus (WNV) there is
only one glycosylation site at residue Asn154 (Mukhopad-
hyay et al., 2003; Zhang et al., 2003a). A difference cryoEM
map between DENV2 and WNV established the locations
of the carbohydrate sites in these viruses, which were found
to be consistent with the fitting of the E proteins. The E protein
undergoes significant conformational changes, centered
around a hinge between domains I+l and domain II, during
the viral life cycle (Zhang et al., 2003b; Zhang et al., 2004).

DENV is transmitted between humans via mosquito vec-
tors (Lindenbach and Rice, 2001). Immature dendritic cells
(DCs) and Langerhans cells, resident in skin, are the initial
target cells of DENV infection (Wu et al., 2000). DENV enters
these cells via receptor-mediated endocytosis (Lindenbach
and Rice, 2001). However, the primary receptors of DENV
are still unknown. Recent studies have shown that DENV in-
fection can be inhibited by soluble extracellular dendritic cell-
specific ICAM3 grabbing nonintegrin (DC-SIGN) as well as
by antibodies against DC-SIGN (Navarro-Sanchez et al.,
2003; Tassaneetrithep et al., 2003). This suggests an essen-
tial role of DC-SIGN in the DENV infection of immature DCs.
However, the endocytosis of DC-SIGN itself is not required
for the internalization of DENV into cells (Lozach et al., 2005).
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Figure 1. Structure of DC-SIGN
(A) Schematic diagram showing the domain composition of DC-SIGN.
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(B) The crystal structure of the CRD monomer (PDB accession number 1K9l) is shown as a ribbon diagram. The bound oligosaccharide (GIcNAc-mannoses-
GIcNAG) is represented in yellow, three bound Ca®* ions in blue, the « helices in red, and the remainder of the structure, including the two principal B sheets,
in green. The approximate binding site of the carbohydrates associated with Asn67 in the red and purple molecules (Figure 2B) are marked R and P, re-

spectively.

(C) The C,, backbone traces of the DC-SIGNR tetrameric fragment (PDB accession number 1XAR). The crystallographic 2-fold axis is marked with a “2”. The
dimer used for fitting into a single cryoEM difference peak is outlined with a rectangular black box (Table 2).

DC-SIGN, a carbohydrate binding, C-type, lectin-like mol-
ecule, is involved in cell adhesion but can also function as
a phagocytic pathogen-recognition receptor in the immune
system (Cambi and Figdor, 2003). Nevertheless, DC-SIGN
can be used as the binding target prior to cell entry by
many viral pathogens, including hepatitis C virus and human
immunodeficiency virus (Lozach et al., 2003; Su et al., 2004).
DC-SIGN is composed of a cytoplasmic domain, a trans-
membrane domain, an extacellular neck domain of eight tan-
dem 23-amino acid residue repeats, and a carbohydrate
recognition domain (CRD) (Figure 1). DC-SIGN is a tetramer
on DC surfaces (Bernhard et al., 2004) formed by the neck
domain repeats, whereas isolated CRDs are monomeric
(Mitchell et al., 2001). The C-terminal CRD of DC-SIGN is re-
sponsible for recognition of high mannose glycans in the
presence of Ca* (Mitchell et al., 2001; Guo et al., 2004).
Various crystal structures of fragments of DC-SIGN and
DC-SIGN relatives (DC-SIGNR), which have ~80% se-
quence identity to DC-SIGN, have been determined in com-
plex with a variety of carbohydrate ligands (Feinberg et al.,
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2001, 2005; Guo et al., 2004; Snyder et al., 2005). These
show that the CRD has the characteristic C-type lectin fold
(Weis et al., 1991), a mixed /B structure with two primary
antiparallel B sheets. Several loops are clustered at one
face of the CRD, forming the oligosaccharide binding site
that is away from the N and C termini (Figure 1B).

A number of structures are available of viral components
that are complexed with relevant fragments of cellular recep-
tors (Stehle and Harrison, 1996, 1997; Kwong et al., 1998;
Bewley et al.,, 1999; Carfi et al., 2001; Burmeister et al.,
2004). These have been determined almost exclusively by
X-ray crystallography to near atomic resolution. Fewer struc-
tural investigations exist of whole viruses complexed with
their cellular protein receptors. Most, but not all (Verdaguer
et al., 2004), of these utilize cryoEM because of the difficulty
of crystallizing such convoluted objects and because of their
tendency to be unstable. The large majority of the virus-
receptor complex studies are of picornaviruses, including
human rhinoviruses, polioviruses, coxsackieviruses, foot-
and-mouth disease viruses, and echoviruses (Rossmann
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et al., 2002). The instability of virus-receptor complexes is
the result not only of weak affinity between the virus and re-
ceptor but also the fact that recognition of a host cell by a
virus initiates cell entry and uncoating of the viral capsid to re-
lease the genome. Picornaviruses, unlike DENV, do not have
a lipid envelope nor are their surfaces glycosylated, making
virus-receptor recognition dependent mostly on protein-
protein interactions.

We report here the cryoEM reconstruction of DENV2 in
complex with the CRD of human DC-SIGN at 25 A resolu-
tion. This is the first structural investigation of an intact
lipid-enveloped virus interacting with a protein receptor mol-
ecule that recognizes a specific site on the virus surface. The
structure shows that monomeric CRD of DC-SIGN binds to
the N-linked glycans at Asn67 of each of two neighboring E
proteins. The N termini of CRDs in intact DC-SIGN connect
to the cell membrane through the tetrameric neck segment.
The termini of two adjacent, icosahedral, 2-fold-related
CRDs are close to each other, possibly making a complex
as suggested by a tetrameric model of DC-SIGN (Feinberg
et al., 2005; Snyder et al., 2005).

RESULTS AND DISCUSSION

Structure of the DENV-CRD Complex
The biological activity of the refolded CRD of DC-SIGN, ex-
pressed in E. coli, was verified by an ELISA experiment
that determined the binding affinity of the CRD to DENV
(Table 1). This demonstrated that the DC-SIGN sample
was able to bind to DENV (see Experimental Procedures).
The 25 A resolution cryoEM reconstruction of the DENV-
CRD complex showed 60 icosahedrally arranged protru-
sions on the external surface of DENV (Figure 2A). These
protrusions were at 3.6 ¢ above the mean and were the
highest peak in a difference map of the complex minus
DENV. The next highest peak located outside the E protein
shell was 2.2 o. Thus, these protrusions are probably CRD
molecules bound to DENV. The height of the density corre-
sponding to the CRD molecules is about half of the densities
of the E glycoproteins in the cryoEM reconstruction of the
complex. Hence, some of the CRD binding sites are probably
unoccupied, or the CRD molecules have considerable varia-
tion in their position on the viral surface. Fitting the known
atomic structure of one CRD monomer into a single protru-
sion of the difference map gave a far better result as deter-
mined by the parameters shown in Table 2 than fitting of
two closely packed CRD monomers into the same density.
The orientation and position of E dimers fitted into the
cryoEM map of the complex were similar to the E dimers
fitted into a 25 A resolution cryoEM reconstruction of mature
DENV (Table 3), showing that the E molecule does not un-
dergo any significant conformational changes on binding to
CRD. This might be because DC-SIGN is merely an attach-
ment receptor and probably functions to concentrate viruses
on cell membranes rather than being the mediator required
for subsequent endocytosis of DENV into cells (Lozach
etal., 2005). However, DC-SIGN is essential for DENV infec-

Table 1. Binding Activity of Recombinant DC-SIGN
CRD to DENV as determined by an Elisa Experiment

DC-SIGN DC-SIGN DC-SIGN

CRD + DENV+ CRD+ DENV— CRD — DENV+
(Positive Test)  (Negative Control 1) (Negative Control 2)
0.37 + 0.08 0.08 + 0.05 0.05 + 0.05

The values shown are average optical densities measured at
405 nm for three experiments.

tion of immature DCs (Navarro-Sanchez et al., 2003; Tassa-
neetrithep et al., 2003; Lozach et al., 2005). Thus, it is pos-
sible that binding of full-length DC-SIGN, as opposed to
CRD alone, might trigger changes on the virus or initiate clus-
tering of a yet unidentified primary receptor molecule, lead-
ing to endocytosis.

Location of the CRD in the Complex

CRD binds mannose with high affinity compared to other
types of sugar moieties (Guo et al., 2004). Furthermore,
the carbohydrates on the E protein are high in mannose con-
tent (Johnson et al., 1994), suggesting that DC-SIGN might
bind to the carbohydrate moieties on DENV (Navarro-
Sanchez et al.,, 2003; Tassaneetrithep et al., 2003). The
CRD monomer was restrained to fit into the cryoEM differ-
ence map so as to place the oligosaccharide binding region
as close to the viral surface and in a manner consistent with
a good fit. This placed the CRD molecule close to two of the
glycosylated residues on the viral surface. One of these sites
was Asn67 in the molecule belonging to the icosahedral di-
mer (red in Figure 2B), and the other was Asn67 in the adja-
cent molecule (purple in Figure 2B) belonging to the general
dimer. The distances between the center of the oligosaccha-
ride bound to the CRD and the two Asn67s are 15 and 18 A,
comparable to distances found in a study of carbohydrate
sites in Sindbis virus (Pletnev et al., 2001). The third Asn67
site is empty, as are all Asn153 sites. Therefore, CRD of
DC-SIGN apparently interacts with DENV by binding the
CRD to carbohydrate moieties located on Asn67 in two
neighboring E molecules. This is consistent with Asn67, but
not with Asn153, being conserved in all four serotypes of
DENYV, all of which utilize DC-SIGN for infecting immature
DCs (Lozach et al., 2005). In addition, mutagenesis studies
have shown that Asn67 is essential and sufficient for DENV
infection of immature DCs, whereas mutating Asn153 pro-
duces only a mild reduction in virus infectivity (C. Blair, J.
Roehrig, C. Huang, S. Butrapet, and R. Kinney, personal
communication).

Each icosahedral asymmetric unit of DENV2 contains six
glycosylation sites, three Asn67s, and three Asn153s. How-
ever, CRD only binds to two out of the three Asn67 sites and
not to any of the Asn153 sites, although CRD was present in
considerable excess (see Experimental Procedures). The
absence of bound CRD at other carbohydrate moieties is un-
likely to be the result of steric hindrance between CRD and
the E protein because the carbohydrates are fully exposed
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Figure 2. The Structure of the DENV-CRD Complex

(A) Surface-shaded representation of the DENV-CRD complex at 25 Aresolution. The C, backbone traces of the fitted E dimers are shown with domains |, Il
and lIl colored in red, yellow, and blue, respectively. The bound CRD molecules are shaded in cyan. An icosahedral asymmetric unit is outlined in black.
Scale bar represents 50 A.

(B) Schematic diagram showing positions of the N-linked glycosylation sites, Asn67 (@) and Asn153 (X). Distances between closest sugar atoms of neigh-
boring sites are shown. The boundaries of the E dimers and the corresponding CRD (cyan) are shown. The icosahedral dimer is in red, whereas the two
molecules of the general dimer are in purple and green. An icosahedral asymmetric unit is outlined in black.

(C) Stereo diagram showing the side view of the fitted CRD and DENV E proteins. The C,, backbone trace of the DENV E proteins and the ribbon diagram of
the fitted structure of CRD (cyan) are shown in the difference map (light brown) at a contour level of 2.4 . The outline of a 14 A resolution map of DENV (gray)
indicates the position of the carbohydrate sites. The icosahedral 2-fold symmetry axis is also shown. The termini of the CRDs are labeled “N”. The oligo-
saccharide ligands and calcium atoms associated with the crystal structure of CRD are shown in ball-and-stick format to indicate the location of the car-
bohydrate binding site on the CRD. The approximate sites for the carbohydrate moieties associated with the red and purple molecules in Figure 2B are
marked R and P, respectively. The C, atoms of Asn67s are labeled.

on the viral surface (Modis et al., 2003; Zhang et al., 2003g;
Zhang et al., 2004). Nor is it likely that there would be steric
hindrance between other potential binding sites and the ob-
served sites because their separation is more than the diam-
eter of the CRD monomer and because such a situation
would likely result in partial occupancy of all possible sites.
The closest distance between atoms of the first sugar res-
idues attached to the two Asn67s that bind to the same CRD
is ~18 A, shorter than that between any other two neighbor-
ing carbohydrate sites on the viral surface (Figure 2B). One
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CRD molecule would not be able to bind to any other pair
of glycosylation sites, as their separation would be too large.
The affinity of CRD to carbohydrates increases with the num-
ber of mannose moieties in the oligosaccharide (Lozach
et al., 2003), lending plausibility to the binding of DC-SIGN
CRD to two glycosylation sites on DENV. Although the bind-
ing of a single C-type lectin CRD to two carbohydrate moie-
ties is unprecedented, DC-SIGN has an extended carbohy-
drate binding region (Figure 1B) with a subsite 9-12 A away
from the principal Ca*-mediated site (Feinberg et al., 2001),



Table 2. Fitting of the CRD Monomers and the Dimer into the Difference Map between the DENV-CRD Complex

and DENV

Center (A)
Model Sumf? Clash® -Den? x2 y? z2
One CRD Monomer (1K9I)° 52.7 0.0 0.0 22.7 —-11.6 255.3
Two CRD Monomers (1K9I)° 46.1 7.8 52.0 20.2 —14.1 250.8
Two CRD Monomers (1XAR)® 47.0 0.0 47.0 23.7 —7.6 248.8

@Parameters are described in detail in the paper by Rossmann et al. (Rossmann et al., 2001). Sumf is defined as the average value of
density for all nonhydrogen atomic positions normalized by setting the highest density in the map to 100; Clash represents the percent-
age of atoms in the model that have steric clashes with symmetry-related subunits; -Den denotes the percentage of atoms that are
positioned in negative density; and X, y, and z are the three translational parameters describing the position of the mass center of the

fitted model.

PThe structure of one CRD monomer of crystallized DC-SIGN CRD (PDB accession number 1K9l) was used for fitting.
®The structure of the two closest CRD monomers in one asymmetric unit of crystallized DC-SIGN CRD (PDB accession number 1K9l)

was used for fitting.

9The CRD dimer, taken from the crystal structure of the tetramer of the DC-SIGNR (PDB accession number 1XAR), selected as shown by

the black rectangle in Figure 1C.

and the CRD fitted into density on the virus has these two
subsites directed toward the two apposed Asn67 residues.
Apparently, the peculiar geometry of the paired Asn67 glyco-
sylation sites in neighboring red and purple molecules on
DENV (Figure 2B) is necessary to obtain a stable complex
between CRD and the virus. The alternative interpretation
that the CRD binds to only one Asn67 residue at a time,
yielding averaged density from two overlapping states, is im-
plausible since the single Asn67 site on the green monomer
(Figure 2B) is unoccupied. One could imagine different sugar
moieties on Asn67 and Asn153, with only the former recog-
nized by CRD, but all Asn67 sites should be glycosylated in
the same manner.

The N termini of the CRDs are brought together by the tet-
rameric neck repeats as found in a crystalline tetrameric as-
sociation of two-repeat fragments (Feinberg et al., 2005). In
the DENV-CRD complex, the N termini of adjacent 2-fold-
related CRDs face each other (Figure 2B). Furthermore, the
distance between the centers of these fitted CRDs is 51 A,
similar to the 54 A distance between the 2-fold-related
CRDs in the crystal structure of the tetramer (Feinberg
et al., 2005). These results imply that the two adjacent
CRDs on the viral surface could be part of a tetrameric,

full-length DC-SIGN when binding to DENV (Figure 3, Table
2), in agreement with the binding affinity between DC-SIGN
and DENV being greater for the tetrameric form than for
the monomeric form (Lozach et al., 2005). However, the rel-
ative orientation of one CRD molecule with respect to the
other as observed here on the DENV surface differs from
that observed in the crystal structure of tetrameric DC-
SIGNR fragments (Figure 3). This may be due to the flexibility
of the junction between the CRD and the neck repeat region
of DC-SIGNR (Feinberg et al., 2005; Snyder et al., 2005) or
due to the uncertainty of fitting a somewhat globular CRD
structure into the also somewhat distorted spherical density.
Thus, the binding of the two adjacent CRD molecules to
DENV probably mimics the interaction between DENV and
DC-SIGN on DCs in vivo.

Biological Implications

The structure of flaviviruses, such as DENV, is unusual in that
in each icosahedral asymmetric unit there are three cova-
lently identical E glycoprotein molecules (Kuhn et al., 2002)
that do not obey the rules of quasi-symmetry proposed by
Caspar and Klug (Caspar and Klug, 1962). The resultant dif-
ferent environment of each of the three E molecules permits

Table 3. Fitting of the E Dimers into the DENV-CRD Complex and into Mature DENV Maps at 25 A Resolution

Orientation (9 Center (A)
Map Model Sumf® Clash® -Den®* 0, 0, 05 x2 y? z2 Radius®
Complex Icosahedral Dimer  70.7 0.0 0.0 -0.2 0.0 0.0 0.0 0.0 220.5 2205
General Dimer 78.4 0.8 0.8 435 46.8 135.0 438 -31.1 211.0 2177
DENV Icosahedral Dimer  60.8 0.0 4.4 1.8 0.0 0.0 0.0 0.0 2195 2195
General Dimer 60.7 0.7 3.4 45.0 450 135.0 428 -31.1 2100 216.6

@Parameters are described in Table 2.
P The radius of the mass center of the fitted E dimer in the virus particle after the magnification of the complex map was adjusted (see
Experimental Procedures).
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Figure 3. Diagrammatic Representation of a DC-SIGN Tetrameric Molecule Interacting with the DENV Surface

The DC-SIGN CRD domains are represented by the blue ribbon molecules bound at 2-fold related sites on the virus. The two other CRD domains and the
joining neck region are represented by the gray shaded areas. The E proteins on the surface of the virus are shown by the virtual bonds between the C,,
atoms using the same color code for the different E subunits as were used in Figure 2B. The cryoEM density is represented by a chicken-wire mesh colored
black.

one CRD to bind to two of the three E molecules, leaving the
third unassociated. As a result, there is space on the viral
surface for the primary receptor that probably binds to do-
main lll of the E proteins (Rey et al., 1995; Bhardwaj et al.,
2001). There are three clusters of domain lll. The first is im-
mediately around the 5-fold vertices, the second forms an
outer ring around the 5-fold cluster, and the third forms
a cluster around the 3-fold axes. Binding of DC-SIGN to
the Asn67 residues on the red and purple molecules would
leave the 5-fold cluster well exposed. Furthermore, binding
of a number of DC-SIGN molecules to the virus surface
would create a lattice or cluster in the cell membrane that
might signal recruitment of the primary receptor molecules
in preparation for subsequent endocytosis.

There is a parallel to the use of DC-SIGN as an ancillary re-
ceptor for DENV with the use of decay accelerating factor
(DAF, CD55) as an ancillary receptor by some picornavi-
ruses. Both DC-SIGN and DAF can enhance infectivity with-
out promoting cell entry. Furthermore, in the same way that
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DC-SIGN leaves ample space on the DENV surface for the
binding of a primary receptor, when DAF binds to various pi-
cornaviruses (He et al., 2002; Bhella et al., 2004), it does so
well away from the “canyon,” the site on picornavirus sur-
faces associated with the primary receptor binding.

It has been proposed that rhino-, entero-, and picornavi-
ruses escape immune surveillance by hiding their receptor
attachment site in a “canyon” on the viral surface that is
in part inaccessible to neutralizing antibodies (Rossmann
et al.,1985; Rossmann, 1994). In the present case, the re-
ceptor binds to a protrusion created by carbohydrate moie-
ties rather than a depression created by a rigid protein struc-
ture. As the host has glycosylated not only the viral proteins
but many other cellular proteins, its immune system is un-
likely to react to the viral carbohydrate sites, thereby provid-
ing a different mechanism to bypass the host’s immune pro-
tection. The function of DC-SIGN is to be able to bind to
diverse mannose structures, a feat not normally accom-
plished by a specific antibody.



EXPERIMENTAL PROCEDURES

Preparation of DENV and CRD of DC-SIGN

DENV2 virus, strain PR159-S1, was grown and purified as described pre-
viously (Kuhn et al., 2002). The antifungal agent Ketoconazole (Sigma), at
a final concentration of 5 ug/ml, was used to increase the virus yield. The
purified virus was maintained in a buffer containing 50 mM Tris (pH 7.5),
75 mM NaCl, and 1 mM EDTA at 4°C.

The CRD of human DC-SIGN was refolded from inclusion bodies pro-
duced in Escherichia coli. A cDNA corresponding to the CRD (Arg251-
Ala404) was cloned into an expression vector that also generates 20 ad-
ditional N-terminal residues, including a hexahistidine tag and a thrombin
cleavage site. Recombinant protein expressed from E. coli BL21-DE3
cells (Novagen) transfected with this vector aggregated into inclusion
bodies. Washed inclusion bodies were solubilized in 6 M guanidine
HCI, pH 8.0, and refolded by dilution at 4°C to a final concentration of
1 mg/ml in a refolding buffer (550 mM guanidine HCI, 550 mM L-arginine,
55 mM Tris, pH 8.2, 10.6 MM NaCl, 2.2 mM MgLl,, 2.2 mM CaCl,, 1 mM
reduced glutathione (GSH), 0.1 mM oxidized glutathione [GSSG]) and
subsequent dialysis (20 mM Tris, pH 8.0, 50 mM NaCl). The refolded pro-
tein was purified by Ni-column chromatography. No attempt was made to
remove the his tag from the protein.

The biological function of the refolded protein was partially verified by
ELISA. Purified CRD (100 pl at the concentration of 5 uM in borate saline
buffer at pH 9) was incubated for 12 hr at 4°C on 96-well Immulon 2
U-bottom plates (Dynatech). Plates were then blocked with 20 mM Tris
(pH 7.5), 100 MM NaCl, 5% milk, and 5 mM Ca?* for 2 hr at room temper-
ature to avoid nonspecific binding, followed by three steps of washing
with buffer containing 0.1% of Tween-20. Purified DENV (10 pg/ml
in 20 mM Tris, pH 7.5, 100 mM NaCl, and 5 mM Caz*), corresponding
to 20 mM E protein, was added to the wells for 2 hr at room temperature.
Bound DENV was then detected with primary monoclonal anti-E (9A3D-8)
and secondary anti-mouse horseradish peroxidase (HRP)-conjugated
antibodies. HRP activity was detected by measuring the optical density
at 405 nm using TMB Microwell Peroxidase Substrate System (KPL Re-
agents, Inc.). Negative controls included the omission of the virus or CRD.

CryoEM and Image Processing

Purified DENV was mixed with CRD of DC-SIGN to the final concentration
of 0.5 mg/ml and 5 mg/ml, respectively, giving a ratio of 30 CRD mole-
cules per E protein. The sample also contained 10 mM CaCl, and was in-
cubated at 4°C for about 12 hr.

The vitrified water-embedded sample (Figure 4) was examined with an
FEI CM300 field emission gun transmission electron microscope under
low-dose conditions (11.8 electrons//&z) at a magnification of 33,000.
The micrographs were digitized using a pixel size of 4.24 A with a Zeiss
Phodis SCSI scanner. Particles were boxed, and the defocus level was
estimated using the program RobEM (http://bilbo.bio.purdue.edu/
~workshop/help_robem). A total of 830 particles were selected from 45
micrographs taken with defocus levels ranging from 1 pm to 3 um, al-
though the majority of micrographs were close to 3 um out-of-focus.
The scanned raw images were corrected with the phase contrast transfer
function according to the procedure described by Conway and Steven
(Conway and Steven, 1999). The cryoEM reconstruction of DENV2
(Zhang et al., 2003a) was used as the initial model to perform the three-
dimensional reconstruction using the projection-matching procedure
with the SPIDER program (Frank et al., 1996). The resolution of the final
map was estimated to be 25 A, assuming a correlation coefficient cutoff
of 0.5 in the Fourier shell correlation method (Baker et al., 1999). The res-
olution was rather limited because of the need to use far-from-focus mi-
crographs to permit differentiation between partially mature particles
(Zhang et al., 2004) and mature particles complexed with DC-SIGN CRD.

Fitting Atomic Structures of E into the cryoEM Map

The structure of the dimer as found in the mature DENV virion (PDB ac-
cession code 1THD) was fitted into the cryoEM map of the DENV-CRD
complex. The fitting procedure was performed using the EMfit program

Figure 4. CryoEM Micrograph Showing Vitrified Water-
Embedded DENV Complexed with DC-SIGN CRD

The image was taken with a defocus level of ~3 um on a FEI CM300
microscope at a magnification of 33,000. The DENV was incubated
with the DC-SIGN fragment for 12 hr at 4°C. There was little evidence
of any particle aggregation. The scale bar represents 1000 A

(Rossmann et al., 2001), as described previously (Kuhn et al., 2002).
Briefly, the icosahedral 2-fold dimer was first fitted by superimposing
the dyad of the dimer onto the icosahedral 2-fold axis, allowing only the
rotation around and the translation along the icosahedral 2-fold axis.
The density corresponding to the icosahedral dimer was then set to
zero before fitting the general dimer while refining three rotational and
three translational parameters (Table 3).

The radius of the mass center of the fitted E dimers was 5% less than
that of the fitted E dimers in the 9.5 A cryoEM map of mature DENV
(Zhang et al., 2003a, 2004). This difference occurred because the images
of the DENV-CRD complex were recorded with a different microscope
and under a different magnification from images used for the mature
DENV reconstruction. Therefore, the pixel size of the cryoEM map of
the complex was increased by 5%. The fitting of E into the resultant, mag-
nification-adjusted map of the complex was repeated, allowing for an ac-
curate comparison of the E structures in the DENV-CRD complex and in
the mature virus. The position of the carbohydrate moieties associated
with the Asn67 and Asn153 residues was determined by moving the
known crystal structure of the glycosylated E protein (PDB accession
number 10KE) into each of the E molecules that had been fitted into
the cryoEM density (Zhang et al., 2004). These carbohydrate positions
agree well with those found on the 9.5 A resolution cryoEM map of
DENV (Zhang et al., 2004).

Difference Map Calculation and Fitting of the CRD

Atomic Structure

The difference map between the DENV-CRD complex and the mature
DENV was computed in Fourier space using programs in CCP4 (Collab-
orative Computational Project, Number 4, 1994). Structure factors of both
maps were calculated and scaled by minimizing the function
>~ [Feomplex — KFpenv exp(—Br?/4)]” using data in the resolution range be-
tween 25 and 100 A, where v is the spatial frequency, k is a scale factor,
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and Bis a “temperature” factor. Feompiex @nd Fpeny are the structure am-
plitudes of the complex and mature DENV, respectively. The appropriate
scaling between equivalent structure amplitudes results in a correlation
coefficient of 0.81. The difference map of the complex minus the mature
DENV was then computed by Fourier-transforming the vector differences
between structure factors of the two data sets.

Crystal structures of DC-SIGN CRD and DC-SIGNR CRD were used to
analyze the difference map. The initial determination was to establish
whether the single difference peak per icosahedral asymmetric unit cor-
responded to one or two CRDs. Hence the fit of a single CRD (line 1 in
Table 2) into the cryoEM density was compared to the fit of two closely
packed CRDs. For the latter, two different crystal structures were used
(PDB accession numbers 1K9I, chains A and B, and 1XAR, chains A
and B) (ines 2 and 3 in Table 2, respectively). Both attempts at fitting
two CRDs into the density produced a large percentage of atoms that
were in negative density and, in the case of the 1K9I structure, there
were extensive atomic clashes between icosahedrally related subunits.
Thus, using a single monomer gave a significantly better fit to the density
than the two attempts at fitting two molecules simultaneously. The oligo-
saccharide ligand of CRD in the crystal structures was omitted for the fit-
ting. In order to obtain the best fit of the single monomer, the mass center
of the pentasaccharide was restrained to lie within a 30 A distance from
each of the closest N-linked glycosylation sites of the corresponding
E proteins. Attempts at more detailed modeling of the interaction between
the CRD and the viral carbohydrate on the Asn67 residues were not jus-
tified in light of the lack of information about the nature of the carbohydrate
conformation and uncertainty of the CRD’s exact orientation.
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