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Two distinct roles have been ascribed to the dendritic cell receptor
DC-SIGN: it is believed to function in the initial recognition of
pathogens by dendritic cells and also mediates adhesion of T cells that
scan the surface of the dendritic cells for the presence of peptide anti-
gens1,2. The latter interaction involves binding to intercellular adhe-
sion molecule 3 (ICAM-3); this originally led to the receptor’s
designation as dendritic cell–specific ICAM-grabbing nonintegrin3.
Although the epitopes required for binding to ICAM-3 have not been
defined, the recognition of pathogens is believed to involve binding of
surface carbohydrates.

The presence of C-type carbohydrate-recognition domains (CRDs)
in DC-SIGN is consistent with the receptor’s role in the recognition of
carbohydrate ligands. Binding to high-mannose oligosaccharides
underlies the interaction of DC-SIGN with enveloped viruses4 includ-
ing human immunodeficiency virus (HIV), hepatitis C virus and
Ebola virus5,6. Binding of HIV to DC-SIGN on dendritic cells
enhances the infection of T cells3,7. This type of trans presentation may
also occur for other viruses, but in some cases DC-SIGN can serve
directly as a route for infection of cells8,9. The interaction of DC-SIGN
with mannose-containing glycans underlies the dendritic cell binding
of Mycobacterium tuberculosis, the yeast Candida albicans and
Leishmania parasites5,6. DC-SIGN also binds to fucose-containing 
glycans10 including those found on schistosomes and Helicobacter
pylori11. Bound C. albicans are internalized into the dendritic cells12,
but the fate of bound pathogens has not been extensively explored.

In humans, DC-SIGN is expressed in alveolar and decidual
macrophages, lymph node sinus endothelial cells, and Hofbauer cells
in the placenta in addition to dendritic cells. A closely related receptor,
DC-SIGNR or L-SIGN, is found on endothelial cells in liver, lymph
nodes and placenta13. Both receptors are tetrameric type 2 transmem-
brane proteins in which the C-terminal CRDs are separated from the
membrane by an extended region containing α-helices4. DC-SIGNR
shares with DC-SIGN the ability to bind high-mannose oligosaccha-
rides and can serve as a receptor for many of the same viruses4,7–9.
Binding to DC-SIGNR can also increase the efficiency of HIV infec-
tion of T cells. Thus, there seems to be some overlap in the behavior of
the two receptors in pathological situations, but the normal biological
functions of DC-SIGNR are not well understood.

Previous structural studies on the CRDs of DC-SIGN and DC-
SIGNR in complex with oligosaccharides have led to a proposed
mechanism for selective binding of high-mannose oligosaccharides14.
The purpose of the studies reported here is to elucidate the structural
basis for binding of multiple types of glycan ligands to DC-SIGN and
to define the distinct biochemical properties of DC-SIGN and DC-
SIGNR in order to provide insight into their different biological roles.

RESULTS
DC-SIGN and DC-SIGNR binding to a glycan array
The recent demonstration that DC-SIGN binds to a selected set of
fucosylated oligosaccharides, including Lewisa and Lewisx blood
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Both the dendritic cell receptor DC-SIGN and the closely related endothelial cell receptor DC-SIGNR bind human
immunodeficiency virus and enhance infection. However, biochemical and structural comparison of these receptors now reveals
that they have very different physiological functions. By screening an extensive glycan array, we demonstrated that DC-SIGN and
DC-SIGNR have distinct ligand-binding properties. Our structural and mutagenesis data explain how both receptors bind high-
mannose oligosaccharides on enveloped viruses and why only DC-SIGN binds blood group antigens, including those present 
on microorganisms. DC-SIGN mediates endocytosis, trafficking as a recycling receptor and releasing ligand at endosomal pH,
whereas DC-SIGNR does not release ligand at low pH or mediate endocytosis. Thus, whereas DC-SIGN has dual ligand-binding
properties and functions both in adhesion and in endocytosis of pathogens, DC-SIGNR binds a restricted set of ligands and has
only the properties of an adhesion receptor.
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A R T I C L E S

group epitopes found on some pathogens14, suggested that a wider
screen for potential ligands would be informative. The development of
arrays of immobilized oligosaccharides provides a new way to under-
take such screening and allows a broad comparison of the specificities
of DC-SIGN and DC-SIGNR15. The array we used for these studies
consists of biotinylated oligosaccharides immobilized in streptavidin-
coated wells16. The primary array is populated with synthetic oligosac-
charides created by a combination of chemical and enzymatic
methods and linked to biotin through a spacer17, as well as with some
N- and O-linked glycan-amino acid conjugates derived from glyco-
proteins and linked to biotin through the amino group of the amino
acid residue. The version of the array we used contained 19 monosac-
charides, 33 disaccharides, 43 trisaccharides and 40 larger structures,
including both neutral and acidic sugars containing either sialic acids
or sulfate. It was probed with fluorescently labeled extracellular
domains of DC-SIGN and DC-SIGNR, which form tetramers that can
bind with enhanced avidity to glycans presented at high density on the
surface of the wells4.

The results of the initial screening of the array reveal that DC-SIGN
and DC-SIGNR have markedly different ligand-binding characteristics
(Fig. 1). Both receptors bind to N-linked high-mannose oligosaccha-
rides. The highest level of binding was seen for a Man9GlcNAc2Asn 
glycopeptide and binding decreased for smaller glycans in the series.
The assays were conducted at a single concentration point and thus did
not yield affinity values. However, the uniform concentration of 
streptavidin in the wells and the binding of biotinylated sugars at 
saturating concentrations mean that the relative fluorescence signals
provide an accurate indication of the rank order of affinities. For 
example, the relative affinity for Man9GlcNAc2 was found to be more

than seven-fold higher than the affinity for
Man5GlcNAc2; this is consistent with the
results of solution-phase competition assays14.

The mannose-containing glycans are the
only ligands in the array that are bound above
background levels by DC-SIGNR. In contrast,
14 other glycans react with DC-SIGN. All 
of these glycans contain terminal fucose
residues, but these are linked to various dif-
ferent hydroxyl groups on several different
underlying sugar residues. These ligands
include structures that form blood group
substances in addition to Lewisx and Lewisa

epitopes, consistent with previous findings11.
An additional 13 glycans in the array have ter-
minal fucose residues but do not bind DC-
SIGN, indicating that the presence of a
terminal fucose residue is not the sole deter-
minant of binding to these ligands.
Comparison of the structures of the ligands
that bind with those that do not bind reveals
three distinct features. First, all but one of the
ligands that do bind contain branched termi-
nal structures, so that the fucose is always
linked to an underlying sugar at a hydroxyl
group adjacent to a galactose or N-acetyl-
galactosamine residue. All of these glycans
have the potential to assume compact config-
urations in which the hydrophobic B faces of
galactose (or N-acetylgalactosamine) and
fucose pack against each other, as they do in
Lewisx and Lewisa trisaccharides. The only

linear oligosaccharide that binds to DC-SIGN is Fucα1-4GlcNAc,
which is also the only linear structure in which fucose is linked to
GlcNAc, showing that the GlcNAc enhances binding to the CRD,
although it may do so in a manner different than that of the other gly-
cans. A second phenomenon is that several branched ligands contain-
ing the Lewisx trisaccharide sialylated on the 3 position of galactose do
not bind, as has been noted in previous studies11. These results indi-
cate that the presence of the bulky and charged sialic acid residue pre-
vents binding. The 3-sulfated form of Lewisx binds weakly, suggesting
that the sulfate residue causes partial exclusion. Finally, although the
trisaccharide of blood group A binds to DC-SIGN (compound 82)
when presented on the usual spacer arm, a version with a shorter
spacer (compound 81) does not bind. This result emphasizes that the
extent of binding can be substantially influenced by the way the glycan
is presented.

Similar results were observed with multivalent glycosylated poly-
acrylamide derivatives that were tested in the same array format.
Although both DC-SIGN and DC-SIGNR bind to the polyvalent lig-
and that has a tri-mannose structure, only DC-SIGN binds detectably
to the fucose-containing polymer (Supplementary Fig. 1 online).

Structures of ligand complexes
Previous structural studies of DC-SIGN and DC-SIGNR bound to an
oligosaccharide have suggested a mechanism for the binding of high-
mannose oligosaccharides14, but our array screening results indicated
the need for further structural analysis to explain the different charac-
teristics of the two proteins and the apparent dual specificity of DC-
SIGN for two classes of ligands. We obtained insight into the ability of
DC-SIGN to bind fucosylated ligands from crystals of the CRD of 
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Figure 1  Glycan array probed with fluorescein-labeled DC-SIGN and DC-SIGNR. A complete listing 
of glycans is provided in Supplementary Table 1 online. After subtraction of the background signal, 
the level of fluorescence for each protein (average of three wells) was normalized to the value for
glycan 107 (Man9GlcNAc2Asn). Average s.d. of 10–12% were obtained for triplicates in a given assay
and essentially identical results were produced in independent replicates. Fucose-containing ligands
that do not bind are at right. Glycan 81 has the same oligosaccharide structure but a shorter spacer as
compared with glycan 82, which binds weakly. Similarly, glycan 77, with an extended spacer, binds
better than glycan 23. Linkages are α for all fucose and mannose residues and β in all other cases,
except where indicated otherwise.
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A R T I C L E S

DC-SIGN bound to the pentasaccharide lacto-N-fucopentaose III
(LNFP III), which contains the Lewisx trisaccharide (Fig. 2). The pri-
mary carbohydrate-binding site of C-type lectins comprises a con-
served Ca2+, designated the principal Ca2+ site, which is coordinated
by adjacent OH groups of the pyranose ring18. In the LNFP III com-
plex, the 3- and 4-OH groups of the α1-3-linked fucose residue form
these coordination bonds (Fig. 3a,b). Because the 3-OH group is
equatorial and the 4-OH group is axial, the sugar is tipped compared
with the way that mannose, with equatorial 3- and 4-OH groups, is
bound in the primary binding site (Fig. 3c,d). This orientation posi-
tions the fucose ring close to Val351, which forms tight van der Waals
contacts with the 2-OH group. The compact structure of the Lewisx

trisaccharide is oriented with the central GlcNAc residue pointing
away from the protein and the terminal galactose residue contacting
the protein in a secondary binding site (Fig. 3b). Asp367 forms part of
a hydrogen-bond network, bridging the distance between Lys373 and
the 6-OH group of the galactose, whereas Leu371 makes van der Waals
contacts with this same portion of the sugar. An additional network of
hydrogen bonds links Lys373 with Glu358, which in turn hydrogen-
bonds to the 4-OH group of galactose through a water molecule.
Additional water-mediated hydrogen bonds connect Asp367 and
Lys368 with the fucose and GlcNAc residues.

The orientation of the Lewisx trisaccharide in the binding site of
DC-SIGN suggests that other fucose-containing ligands probably
bind with fucose in the primary binding site, although they may make
somewhat different contacts with the secondary binding site. The
extra fucose residue linked to the 2-OH group of galactose in the
Lewisy oligosaccharide would be positioned away from the protein

and thus would not interfere with binding. The finding that sulfation
of Lewisa does not completely block binding suggests that this
oligosaccharide is shifted somewhat in the binding site. The structure
also explains the absence of binding to ligands in which the Lewisx

determinant is extended. For example, the observation that 3′ sialyla-
tion or sulfation of Lewisx abrogates binding to DC-SIGN can be
explained by the fact that a substituent on the 3-OH group of galac-
tose would clash with Phe313.

Crystals of a fragment of DC-SIGNR were also obtained in the pres-
ence of the simple Lewisx trisaccharide. The DC-SIGNR fragment
contains a portion of the neck in addition to the CRD, which will be
the subject of a separate communication (H.F., Y.G., K.D. and W.I.W.,
unpublished data). The fact that DC-SIGNR has only weak affinity for
this ligand explains the poor definition of the sugar density; this prob-
ably results from partial occupancy of the site even at the concentra-
tion (10 mM) used in the crystallization. The position of the bound
trisaccharide is very similar to the position of the corresponding por-
tion of the LNFP III ligand in the DC-SIGN binding site (Fig. 4a,b).
An important difference in the primary binding site is the replacement
of Val351 of DC-SIGN with Ser363 in DC-SIGNR, eliminating the van
der Waals interaction with the 2-OH group of fucose. In addition, cer-
tain contacts in the secondary binding site are different owing to a
slight shift in orientation of the ligand that arises from differences in
the amino acid sequences. For example, the distance between the 
6-OH of galactose and Asn379 (>3.4 Å) is longer than the correspond-
ing distance to Asp367 in DC-SIGN (2.6 Å), in part because Asn385 in
DC-SIGNR, which corresponds to Lys373 in DC-SIGN, does not
interact with Asn379.

On the basis of the crystal structures of DC-SIGN and DC-SIGNR
with the pentasaccharide GlcNAc2Man3, it has been previously 
suggested that binding of N-linked high-mannose oligosaccharides
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Figure 2  Oligosaccharides used in structural studies of DC-SIGN and DC-
SIGNR. Symbols are as defined in Figure 1. Structures of the complexes of
both proteins with the GlcNAc2Man3 oligosaccharide are as described14.
This oligosaccharide contains a branch mannose that is not linked to other
sugars. The branch mannose residues in the high-mannose oligosaccharide
are linked in either α (outer branch) or β (core branch) configuration. The
Man4 oligosaccharide is an analog of the outer branch structure.

Figure 3  DC-SIGN interactions with fucosylated and high-mannose
oligosaccharides. (a) Close-up view of the fucose residue of LNFP III in the
primary binding site. (b) Structure of LNFP III bound to DC-SIGN. (c) Close-
up of the terminal, nonreducing α1-3-linked mannose of the Man4 structure
in the primary site. The 6-OH group is within hydrogen bond distance of 
one of the two conformations of the side chain of Lys368. (d) Structure of
Man4 bound to DC-SIGN. Gly361 makes van der Waals contact with the
terminal, nonreducing α1-6 linked mannose residue and Glu358 (not
shown) indirectly forms hydrogen bonds to the branch mannose through
water molecules. The views in b and d are rotated ∼ 180° about the vertical
relative to those in a and c. The protein backbone is blue, and bonds are
cyan. Bonds in the carbohydrate are yellow. Carbon, nitrogen, oxygen and
Ca2+ are cyan, blue, red and large cyan spheres, respectively. Ca2+

coordination bonds are solid lines, hydrogen bonds are thin dotted lines 
and van der Waals contacts are thick dotted lines.
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A R T I C L E S

involves a more extended secondary binding site than that observed
for Lewisx-containing ligands14. Both receptors recognize the
branched trimannose structure Manα1-3(Manα1-6)Manα1-.
Phe313 has been postulated to play two roles in selective binding of
high-mannose glycans: increasing affinity by forming part of a sur-
face complementary to the shape of the Manα1-6Man moiety
(Fig. 4c), and allowing access to the α-linked outer arm branch tri-
mannose while excluding the β-linked core branch trimannose. In
this way, Phe313 would prevent the binding of complex N-linked
glycans that have only the core branch trimannose structure, while
accommodating high-mannose oligosaccharides by binding to the
outer branched trimannose. This proposal was tested by examining
the structure of the CRD of DC-SIGN bound to a Man4 oligosaccha-
ride in which the branched trimannose is in an α linkage (Fig. 4c).
Compared with the previously reported structure, the conforma-
tions of the Man3 moieties common to both oligosaccharides are
similar and form van der Waals contacts with Phe313 and hydrogen
bonds with Ser360 in the secondary binding site. In the primary
binding site, Val351 is 3.9 Å away from the mannose residue and thus
does not contribute van der Waals interactions as it does for fucose.
As proposed, the α-linked reducing mannose residue is accommo-
dated because it points away from the protein, thereby permitting
binding of high-mannose oligosaccharides14.

Mutagenesis of binding site residues
Relative affinities derived from competition experiments demonstrate
preferential binding of fucose to DC-SIGN and mannose to DC-
SIGNR (Table 1). The key difference in the primary binding site is the
presence of van der Waals contacts between the 2-OH of bound fucose
and Val351 in DC-SIGN; no such contact is made with the corre-
sponding residue in DC-SIGNR, Ser363. Substitution of serine or ala-
nine for Val351 in DC-SIGN leads to an inversion of selectivity, with
mannose becoming the preferred ligand. Conversely, replacement of

Ser363 in DC-SIGNR with valine increases the affinity for fucose com-
pared with that of the wild type protein. These results provide strong
evidence that the van der Waals interaction between Val351 and fucose
is the main factor determining differential monosaccharide binding at
the primary binding site of DC-SIGN.

The importance of the primary binding site selectivity in determin-
ing specificity for oligosaccharide ligands was demonstrated using
an assay format exactly analogous to the array screen (Fig. 5). The
V351S mutation substantially reduced binding to the fucosylated
oligosaccharides relative to the high mannose structure, whereas a
V351A substitution had a less marked effect. In DC-SIGNR, the
S363V substitution had the opposite effect: Lewisa and Lewisx

glycans, which bind very poorly to wild-type DC-SIGNR, bind to
the S363V mutant almost as well as the Man9 ligand. These results
support the proposal that enhanced binding of fucose at the 
primary binding site is the predominant factor in generating the
broader ligand-binding profile of DC-SIGN. However, in addition
to reducing the affinity for fucose-containing ligands by eliminating
a key van der Waals contact in the primary binding site, serine at
this position probably enhances binding to the high-mannose
oligosaccharide by making a hydrogen bond to the α1,2-linked
mannose residue on the 3′ branch, as it does with the terminal
GlcNAc residue of the Man3GlcNAc2 oligosaccharide in the previ-
ously described crystal structure14.

The contributions of the interactions with fucosylated ligands
observed at the secondary site were also investigated by mutagenesis.
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Figure 4  DC-SIGN and DC-SIGNR interactions with Lewisx and
oligomannosides. (a) DC-SIGNR bound to Lewisx trisaccharide. (b) DC-SIGN
bound to LNFP III. In a and b, key residues that differ between DC-SIGN and
DC-SIGNR are shown. (c) Comparison of Man4 (yellow bonds) binding with
GlcNAc2Man3 (red bonds)14. Phe313 interacts with the Manα1-6Man
moiety of the trimannose structure. (d) Comparison of Man4 (yellow bonds)
and LNFP III (black bonds) bound to DC-SIGN. The color scheme is the
same as in Figure 3.
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Figure 5  Binding of mutant DC-SIGN and DC-SIGNR to selected 
glycans. Binding of 125I-labeled extracellular domains to biotinylated
oligosaccharides immobilized on streptavidin-coated plates was normalized
to the binding seen for Man9GlcNAc2Asn. Results are averages of three
experiments, each done in duplicate.
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A R T I C L E S

These mutations have little effect on the relative affinities for the
monosaccharides mannose and fucose, as these affinities are deter-
mined by residues in the primary binding site (Table 1). The impor-
tance of the hydrogen-bonding network that includes Lys373,
Asp367 and the 6-OH group of the terminal galactose residue in
Lewisx was investigated by changing these residues to their equiva-
lents in DC-SIGNR. The D367N substitution had essentially no
effect on the relative binding of fucose- and mannose-containing
oligosaccharides. The side chain of asparagine would be able to
mimic aspartic acid and participate in the same hydrogen-bonding
network, bridging the amino group of Lys373 and the 6-OH of galac-
tose, although this would require rotation of the asparagine side
chain compared with the orientation seen in DC-SIGNR. A D367A
substitution substantially reduced the relative affinity for both
Lewisa and Lewisx oligosaccharides, reflecting the loss of the hydro-
gen bond to galactose. More markedly, the K373N mutation almost
completely converted the ligand-binding characteristics of DC-SIGN
to those of DC-SIGNR, showing that Lys373 plays a critical part in
the interactions at the secondary binding site. The extreme pheno-
type of the K373N mutant reflects the fact that, in addition to mak-
ing a hydrogen bond to Asp367, Lys373 also interacts indirectly
through water and the side chain of Glu358 with the 4-OH group of
galactose. Changing Leu371 to a valine, which is found at position
389 of DC-SIGNR, had an effect similar to the D367A mutation,
confirming the importance of the van der Waals packing of this
residue against the 6-OH of galactose.

An important feature of the secondary binding site is the exclusion
of Lewisx derivatives that contain a large sialic acid substituent on the
galactose residue. Although the bulky side chain of Phe313 is a poten-
tial factor in preventing binding of sialylated ligands (Fig. 4d), probing
of sialylated Lewisx oligosaccharides with wild-type and F313A
mutant DC-SIGN revealed no detectable binding to either protein
(data not shown). Thus, although a steric clash with Phe313 may con-
tribute to the exclusion of sialylated ligands, other factors such as elec-
trostatic repulsion must also play a role. Several of the mutations in the
secondary binding site differentially affect binding of Lewisa and
Lewisx ligands, suggesting that the galactose moiety of the Lewisa

trisaccharide in the binding site occupies a slightly different position
than the galactose of the Lewisx trisaccharide.

Distinct trafficking of DC-SIGN and DC-SIGNR
The ability of DC-SIGN to mediate uptake of viruses and microorgan-
isms suggests that it might behave as a recycling receptor. An important
property of such receptors is their ability to release ligands at low pH,
which allows segregation of ligands from the receptors in endosomes.
When analyzed at physiological Ca2+ concentration, the pH for half-
maximal binding of ligand to the extracellular domain of DC-SIGN is

5.91 ± 0.02 (Fig. 6). In this respect, DC-SIGN is similar to well-
characterized endocytic receptors containing C-type CRDs, such as the
asialoglycoprotein receptor19. Titration of key side chains in the CRD of
the asialoglycoprotein receptor leads to structural alterations in the pri-
mary Ca2+ site, thereby compromising the receptor’s ability to bind Ca2+

and saccharide ligands. Similar experiments with DC-SIGNR failed to
show decreased ligand binding compared with binding at neutral pH
even at pH values <5. These results are consistent with sugar specificity
data showing that although DC-SIGN and DC-SIGNR are closely
related, their binding sites have evolved to serve different functions.

The failure of DC-SIGNR to release ligands at pH values such as those
found in endosomes indicated that it might not function as a recycling
endocytic receptor. We tested this possibility by examining cells express-
ing the full-length receptors (Fig. 7). The results reveal that DC-SIGN
and DC-SIGNR have distinctly different properties. Neoglycoprotein
ligand bound to DC-SIGN is efficiently internalized and degraded. The
rate of ligand processing is consistent with receptor recycling, as the
number of molecules processed per cell over a 2-h period is roughly ten-
fold higher than the estimated level of receptor expression. In contrast,
no pool of internalized neoglycoprotein was detected in cells expressing
DC-SIGNR and no degradation was observed. Immunoblotting exper-
iments confirmed that the two proteins are present at comparable levels
(data not shown) and immunofluorescence demonstrated that both are
expressed at the cell surface (Fig. 7).

Two types of sequences in the cytoplasmic tail of DC-SIGN have
been proposed to direct localization in endocytic vesicles20. The 
di-leucine motif is conserved in the tail of DC-SIGNR, but the YXXΦ
(where X is any residue and Φ is a hydrophobic residue) motif is not.
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Table 1  Mutant DC-SIGN and DC-SIGNR binding to 
saccharide ligands

Protein Ki,Fuc/Ki,Man
a BMan9/BLeX3

b

Wild-type proteins

DC-SIGN 0.61 ± 0.09 0.48 ± 0.03

DC-SIGNR 1.69 ± 0.27 6.67 ± 0.67

Primary binding site mutations

DC-SIGN V351A 1.05 ± 0.11 0.81 ± 0.05

DC-SIGN V351S 1.33 ± 0.12 2.00 ± 0.04

DC-SIGNR S363V 1.05 ± 0.12 1.26 ± 0.02

Secondary binding site mutations

DC-SIGN D367N 0.59 ± 0.24 0.56 ± 0.01

DC-SIGN D367A 0.58 ± 0.06 0.79 ± 0.01

DC-SIGN K373N 0.79 ± 0.14 4.00 ± 0.50

DC-SIGN L371V 0.72 ± 0.21 0.65 ± 0.02

DC-SIGN F313A 0.56 ± 0.04 0.68 ± 0.02

___________________________________________________________________
aRelative inhibition constants for monosaccharides (Ki) were determined 
in binding competition assays in which the reporter ligand 125I-labeled 
Man30-BSA was bound to CRDs immobilized in polystyrene wells. bRelative 
binding to oligosaccharides (B) was quantified from Figure 5.
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Although previous experiments have suggested that the di-leucine
motif is necessary for endocytic function of DC-SIGN20, it seems that
this signal is not sufficient to direct internalization of DC-SIGNR.
Thus, both the extracellular and cytoplasmic portions of DC-SIGN
have evolved in comparison to DC-SIGNR so that DC-SIGN can medi-
ate multiple ligand-binding and intracellular trafficking functions.

DISCUSSION
The dual specificity of DC-SIGN indicates that this receptor has
evolved to recognize specific classes of glycans that are expressed on
mammalian glycoproteins, but that also appear on certain pathogens.
Binding to DC-SIGN through high-mannose-type glycans is exploited
by some viruses, notably HIV, but such inter-
actions may participate in generating protec-
tive immune responses for other viruses that
bear such sugar structures. Thus, selective
recognition of this class of oligosaccharides
would be relevant to defense against viral
pathogens. Similarly, the fucose-containing
oligosaccharides bound most effectively by
DC-SIGN can be endogenous structures, but
also appear on parasites that bind DC-
SIGN11. The key to selective interaction with
pathogens may be in the binding of closely
spaced glycans by the multiple CRDs in the
DC-SIGN tetramer, because clusters of either
mannose-type or fucose-type ligands are
uncommon on endogenous cell surfaces and
glycoproteins.

The mechanisms of glycan binding to DC-
SIGN can be contrasted with the binding of
ligands to other sugar-selective adhesion and
pathogen receptors. The selectins bind sialy-
lated forms of the Lewisa and Lewisx trisac-
charides, with fucose binding in the primary
binding site and galactose and the appended

sialic acid binding to a secondary site. The orientation of fucose in the
primary binding site of E- and P-selectins is very similar to that in the
DC-SIGN site. The secondary site is in the same general area as the
secondary binding sites in DC-SIGN, including residues of E-selectin
that correspond to residues 358 and 360 in DC-SIGN and a long
inserted loop that forms an extended secondary binding site as com-
pared with that of DC-SIGN.

Pathogen receptors such as serum mannose-binding protein and the
macrophage mannose receptor bind to ligands bearing terminal fucose,
mannose or GlcNAc with broad specificity by interacting with these
monosaccharides in terminal positions on many types of glycans,
through the primary binding site only21. Mannose-binding protein
binds to the 2- and 3-OH groups of fucose, rather than to the 3- and 
4-OH groups as in DC-SIGN22; this orients fucose like mannose, lead-
ing to an absence of secondary binding site interactions. In contrast,
dual specificity for mannose- and fucose-containing ligands exhibited
by DC-SIGN arises from the distinct binding geometry of mannose
and fucose in the primary site, which permits formation of favorable
contacts in distinct secondary binding sites for these classes of oligosac-
charides. The fact that different sugars have different secondary bind-
ing sites in DC-SIGN suggests that it may be possible to design
inhibitors that selectively inhibit binding to only one subset of ligands.

METHODS
Carbohydrate binding assays. Extracellular domain fragments of wild-type
and mutant DC-SIGN and DC-SIGNR were dialyzed into 150 mM NaCl con-
taining 100 mM Na-HEPES, pH 7.8, and 10 mM CaCl2, and reacted with fluo-
rescein isothiocyanate (50 µg mg protein–1) or 125I-Bolton-Hunter reagent
(50 µCi mg protein–1). Procedures for probing the full glycan arrays are avail-
able at http://web.mit.edu/glycomics/consortium. Biotinylated glycans
obtained from the Consortium for Functional Glycomics, Dextra Laboratories,
and by reaction of the glycopeptide from soybean agglutinin4 with LC-biotin
(Pierce Chemical), were bound to streptavidin-coated plates (Pierce Chemical)
by incubation overnight at 4 °C at a concentration of 100 µM. Radio-iodinated
proteins were incubated in the wells for 2 h at 4 °C in a buffer containing
150 mM NaCl, 25 mM Tris-Cl, pH 7.8, 25 mM CaCl2 and 0.1 mg ml–1 BSA and
washed three times in the same buffer, without added albumin, before counting
of radioactivity.
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Table 2  Crystallographic data and refinement statistics

DC-SIGN CRD + Man4 DC-SIGN CRD + LNFP III DCSIGN-R dimer + Lewisx

Data collection

Space group P43 P21212 P3221

Unit cell dimensions (Å)

a 55.7 72.6 153.8

b – 55.4 –

c 53.3 29.6 128.7

Resolution (Å)a 53.3–1.55 (1.59–1.55) 43.8–1.8 (1.86–1.8) 41.9–2.25 (2.33–2.25)

Rsym
a 6.2 (23.9) 5.9 (27.8) 5.4 (32.2)

Completeness (%)a 100 (99.8) 96.5 (91.4) 96.5 (84.5)

Average multiplicity 9.9 6.7 4.4

Refinement

Rfree 25.5 22.3 25.6

R 22.3 17.9 21.9

Average B-factor (Å2) 24.1 18.4 54.1

R.m.s. deviations

Bond length (Å) 0.0048 0.0046 0.0060

Bond angle (°) 1.24 1.24 1.18

aValues in parentheses are for the highest-resolution shell.
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Figure 7  Uptake and degradation of 125I-labeled Man30-BSA by cells
expressing DC-SIGN and DC-SIGNR. (a) Surface expression is documented
by staining of unpermeabilized cells with fluorescein-labeled antibodies.
Scale bar, 20 µm. (b) Cell-associated radioactivity and acid-soluble
degradation products released back into the medium were quantified after
incubation for the indicated times at 37 °C. The results are representative 
of three similar experiments.
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Characterization of mutant receptors. Mutations were introduced into cDNAs
for DC-SIGN and DC-SIGNR by using synthetic DNA restriction fragments to
replace the wild-type sequences23. Extracellular domain and CRD fragments
were expressed and purified as for the wild-type proteins4. Inhibitory activity of
monosaccharides4 and pH-dependence of binding19 were assayed using CRDs
immobilized in polystyrene wells. Buffers for the pH assays contained 25 mM
MOPS and 25 mM MES.

Analysis of transfected fibroblasts. Retroviral vectors containing cDNAs for
full length DC-SIGN and DC-SIGNR were introduced into a packaging cell line
to produce pseudo viruses that were used to infect Rat-6 fibroblasts. Cell lines
stably expressing DC-SIGN or DC-SIGNR were selected with G418 (ref. 24).
Endocytosis assays were conducted as described for similar cell lines expressing
other C-type lectins25. Antibodies to DC-SIGN and DC-SIGNR were produced
in rabbits using the CRD fragments as immunogens and were affinity-purified
on Affigel-10 columns (BioRad Laboratories) conjugated with the correspond-
ing extracellular domain fragments. Cells grown on glass coverslips were fixed
with paraformaldehyde26 and stained with antibody that was labeled with fluo-
rescein using the Xenon labeling kit from Molecular Probes.

Crystallization and structure determination. Crystals were grown at 21 °C
using the hanging-drop method (0.9 or 1 µl protein to 0.9 or 1 µl reservoir).
The protein solution contained 10 mg ml–1 protein, 5 mM CaCl2 and 10 mM
oligosaccharides (obtained from Dextra Laboratories). For the DC-SIGN
CRD–Man4 complex, the reservoir solution contained 20% (w/v) polyethylene
glycol PEG 400 and 0.1 M Tris-Cl, pH 7.0, and crystals were frozen directly
from the drop in liquid nitrogen. For the DC-SIGN CRD–LNFP III complex,
the reservoir solution contained 30% (w/v) PEG 4000, 0.2 M MgCl2 and 0.1 M
Tris-Cl, pH 8.5. These crystals were transferred to 30% (w/v) PEG 4000, 0.2 M
MgCl2, 0.1 M Tris-Cl, pH 8.5, 5 mM CaCl2 and 10 mM oligosaccharide for
freezing. Crystals of the dimeric DC-SIGNR bound to Lewisx trisaccharide
were prepared with a reservoir solution containing 30% (w/v) PEG 300, 0.2 M
NaCl and 0.1 M HEPES, pH 7.5; the crystals were frozen directly from the drop.
All crystals were maintained at 100 K during data collection.

Diffraction data were measured on the Advanced Light Source beamlines
8.3.1 (DC-SIGN CRD + Man4) and 8.2.2 (DC-SIGN CRD + LNFP III and
DCSIGN-R dimer + Lewisx) on ADSC Q315 CCD detectors, and processed
with MOSFLM27 and SCALA28 (Man4 complex) or DENZO and
SCALEPACK29 (LNFP III and Lex complexes) (Table 2). All structures were
determined by molecular replacement. Refinement and map calculations
were carried out using CNS30. Bulk solvent and anisotropic temperature fac-
tor corrections were applied during the refinement. The resolution was grad-
ually increased to the maximum resolution using the MLF target. Water
molecules were added to peaks >3 σ in Fo – Fc maps and were within 
hydrogen bond distance to the protein or other water molecules. The final
electron density maps near the carbohydrate-binding sites are shown in
Supplementary Figure 2 online.

Molecular replacement phasing of the DC-SIGN–Man4 complex was car-
ried out with COMO31, using the DC-SIGN CRD (PDB entry 1K9I) as a
search model. The best solution had a correlation coefficient of 48.2% and 
R-factor of 44.7% (resolution range 15–3.0 Å). The final model contains
residues 253–384, one molecule of Man4 and 152 water molecules. On the
Ramachandran plot, 91.4%, 7.7%, 0.9% and 0% of the residues are found in
the most favored, allowed, generously allowed and disallowed regions,
respectively. Molecular replacement phasing of the LNFPIII–DC-SIGN CRD
complex was performed with AmoRe32 using the CRD from the Man4 com-
plex as a search model. The best solution had a correlation coefficient of
41.3% and an R-factor of 36.2% for data to 3.0 Å. On the basis of bond dis-
tances and temperature factors, one of the two metals occupying the auxil-
iary metal binding site was assigned as Mg2+. The final model contains
residues 253–383, four of the five sugar residues of LNFP III (the Lewisx por-
tion of the sugar and the reducing end galactose), two Ca2+, one Mg2+, and
192 water molecules. On the Ramachandran plot, 88.7%, 9.6%, 1.7% and 0%
of the residues are found in the most favored, allowed, generously allowed
and disallowed regions. The asymmetric unit of the Lewisx-DC-SIGNR crys-
tals contains six copies, each comprising a CRD and dimerization domain
(three dimers per asymmetric unit). A solution for the CRDs of one dimer

was found using CNS30, with the CRD structure (PDB entry 1K9J) as a
search model. The CRDs for the three dimers in the asymmetric unit were
then found with COMO31, using the dimer solution from CNS as the search
model. The best solution had a correlation coefficient of 34.9% and an 
R-factor of 43.1% (resolution range 13–3.5 Å). Strict three-fold noncrystal-
lographic symmetry was imposed in the initial stages of refinement, but was
later removed, leading to lower Rfree values. After several rounds of refine-
ment, most of the dimerization domain could be added to the model. A
strong peak in the map, in close proximity to four oxygen atoms in the
dimerization domain, was assigned as Ca2+. The final model consists of
residues 219–234 and 246–397 for copies A, B and C, residues 219–237 and
249–397 for copies D, E and F, 6 Lewisx molecules, 24 Ca2+ and 236 water
molecules. On the Ramachandran plot, 89.1%, 10.6%, 0.3% and 0% of the
residues are found in the most favored, allowed, generously allowed and dis-
allowed regions.

Coordinates. Coordinates and structure factors for the Man4, LNFPIII and
Lewisx complexes have been deposited in the Protein Data Bank (accession
codes 1SL4, 1SL5 and 1SL6, respectively).

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