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Abstract: The C-type lectin dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin
(DC-SIGN) is found on the surface of dendritic cells. It can mediate adhesion between dendritic cells and
T lymphocytes and facilitate antigen capture and presentation. Many pathogens can exploit DC-SIGN binding
for nefarious purposes. For example, DC-SIGN can facilitate the dissemination of viruses, like HIV-1.
Alternatively, some microbes (e.g., Mycobacterium tuberculosis) use their ability to interact with DC-SIGN
to evade immune detection. The diverse roles attributed to DC-SIGN provide impetus to identify ligands
that can be used to explore its different functions. Such compounds also could serve as therapeutic leads.
Most of the DC-SIGN ligands studied previously are mannose- or fucose-derived monosaccharides or
oligosaccharides with inhibitory constants in the range of 0.1-10 mM. To identify monovalent ligands with
more powerful DC-SIGN blocking properties, we devised a high-throughput fluorescence-based competition
assay. This assay afforded potent non-carbohydrate, small molecule inhibitors (IC50 values of 1.6-10 µM).
These compounds block not only DC-SIGN-carbohydrate interactions but also DC-SIGN-mediated cell
adhesion. Thus, we anticipate that these non-carbohydrate inhibitors can be used to illuminate the role of
DC-SIGN in pathogenesis and immune function.

Introduction

Carbohydrate-protein interactions are crucial for physiologi-
cal processes, including metabolism, cell-cell recognition, cell
adhesion, fertilization, and differentiation.1-3 These interactions
are also integral to many disease processes, such as tumor cell
metastasis, inflammation, toxin binding, pathogen-cell interac-
tions, and immune responses.1-3 Compounds that inhibit specific
carbohydrate-protein binding events can serve as probes to
study these interactions and as leads for the discovery of
therapeutic agents.

Efforts to inhibit carbohydrate-binding proteins or lectins have
focused on generating carbohydrate derivatives, but it is a
challenge to convert carbohydrate leads into effective inhibitors.4-8

Because many lectins depend upon multivalent interactions,9-14

typical monovalent carbohydrate ligands bind only weakly.
Thus, increasing the potency of low-affinity carbohydrate ligands

can require the iterative synthesis and testing of many analogs.
An appealing alternative to generating inhibitors of lectins is
to start from a non-carbohydrate, small molecule ligand with
higher affinity for its target.

Small molecules that effectively block carbohydrate-binding
enzymes have been identified through high-throughput
screening.5,7,15-20 Potent inhibitors of carbohydrate-modifying
enzymes are known and can function as useful therapeutic agents
(e.g., inhibitors of influenza virus neuraminidase).21-26 In
contrast, there are few reports describing non-carbohydrate
inhibitors of lectins. Most well-known examples are a result of
intenseefforts togeneratecompoundsthatblocktheselectins.4,27-33

No non-carbohydrate inhibitors of the intriguing lectin DC-SIGN
had been described.
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DC-SIGN has been implicated in immunity. The lectin can
function in cell adhesion, mediating interactions between
dendritic cells and either neutrophils34-36 or T cells.37 Addition-
ally, it has been suggested that DC-SIGN facilitates the
migration of dendritic cells from the blood to the tissues.
Specifically, the lectin can interact with the endothelial receptor
intercellular adhesion molecule-2 (ICAM-2) to facilitate the
rolling of dendritic cells along the endothelium, much like the
selectins mediate leukocyte rolling.38 Other experiments support
a role for DC-SIGN in the internalization of antigen for
presentation to T cells.39-43

Given the roles of DC-SIGN in immune system function, it
seems incongruous that pathogens can co-opt the lectin to cause
disease. Specifically, DC-SIGN can promote the dissemination
of a number of viruses (e.g., HIV, hepatitis C virus, human
cytomegalovirus, Dengue virus, and Ebola virus).37,44-47 More-
over, DC-SIGN can participate in suppressing immune responses
to some pathogens, (e.g.,Mycobacterium tuberculosisand
Helicobacter pylori).48-50 The detailed molecular mechanisms
by which DC-SIGN engagement leads to these deleterious
outcomes are unknown; unfortunately, the consequences can

be dire. Thus, blocking DC-SIGN function could not only
unravel its contribution to different biological processes but also
have many therapeutic benefits. We therefore sought to identify
small molecule inhibitors of DC-SIGN.

Efforts to identify inhibitors of DC-SIGN have followed the
approaches used traditionally. Specifically, compounds based
on mannose or mannose-containing oligosaccharides have been
generated. Many of these exploit the advantages of multivalent
binding by displaying the relevant sugar epitope on a peptidic
or dendrimeric scaffold.51,52These multivalent inhibitors are 1-2
orders of magnitude more potent than their monovalent coun-
terparts. Given the modest affinities of even multivalent
carbohydrate ligands for DC-SIGN (IC50 values of 50-100µM),
we turned to non-carbohydrate inhibitors. To this end, we
developed a high-throughput assay to screen large libraries of
small molecules. This approach yielded effective non-carbohy-
drate ligands that inhibit DC-SIGN-carbohydrate interactions
both in vitro and in a cell-based assay.

Results and Discussion

High-Throughput Assay Development.The design of high-
throughput assays for lectins is complicated by their tendency
to bind weakly to monovalent carbohydrate ligands.53 As
mentioned, DC-SIGN is no exception; its affinity for monosac-
charide ligands is weak (Ki ) 8.7 mM for N-acetyl man-
nosamine, 6.7 mM forL-fucose) and for oligosaccharides is
modest (Ki ) 0.21 mM for Man9GlcNAc2).54 To develop a high-
throughput competition assay, we wanted to maximize the
apparent affinity of the DC-SIGN-ligand interaction. In this
way, we could minimize reagent use and sensitively detect DC-
SIGN binding. To this end, we employed both a multivalent
target as well as a multivalent probe in our assay.

DC-SIGN-carbohydrate interactions have been assessed
previously using a medium throughput assay that employs a
radiolabeled carbohydrate derivative.54 Specifically, a multiva-
lent 135I-labeled mannose30-BSA conjugate was used to mea-
sure binding of carbohydrate ligands to either the immobilized
carbohydrate recognition domain (CRD) or the extracellular
domain (ECD) of DC-SIGN. Although sensitive, the use of
radioactivity is a drawback. Thus, we sought to detect protein-
carbohydrate interactions using fluorescence. Guided by the
previous approach, we envisioned monitoring the ability of a
compound to compete with a fluorescent mannose derivative
for an immobilized form of DC-SIGN. The requisite fluorescent
glycoconjugate could be synthesized from the reaction of
commercially available fluorescein isothiocyanate with man-
nosylated bovine serum albumin (1-3 copies of fluorescein/
BSA). Mannosylated BSA (20-25 copies of Man/BSA) was
assembled by treatment of the protein withR-D-mannopyranosyl
phenyl isothiocyanate. The resulting glycoconjugate (Man-Fl-
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BSA) serves as a ligand for immobilized oligomeric DC-SIGN.
We employed the tetrameric form of DC-SIGN (i.e., the entire
extracellular domain consisting of the carbohydrate recognition
domain or CRD and oligomerization or neck region).55 The
tetrameric, but not monomeric, form of DC-SIGN afforded
reproducible results.

With this assay design, we tested whether the interactions
between immobilized DC-SIGN and Man-Fl-BSA depend upon
protein-carbohydrate complexation. Because DC-SIGN is a
C-type lectin, its ability to interact with the fluorescent glyco-
conjugate probe should depend on the presence of Ca2+. When
the Ca2+ chelator EDTA (10 mM) was added, the DC-SIGN-
fluorescent glycoconjugate interaction was blocked completely.
Likewise, fluorescent probe binding was inhibited by mannose
derivatives including unlabeled Man20-25BSA and mannan (1
mg/mL).

The fluorescent mannosylated BSA and the immobilized
tetrameric DC-SIGN are both multivalent. One potential concern
with an assay based upon high valency interactions is that it
would not be sensitive enough to detect inhibition by monova-
lent compounds. To address this issue, we assessed the activity
of monosaccharides known to haveKi values in the range of
10-3 M. With their low affinity, these ligands provide a measure
of assay sensitivity. The resulting IC50 values, 6.9( 3.2 mM
for N-acetyl mannosamine (ManNAc) and 6.0( 3.0 mM for
L-fucose, are within error of reportedKi values.54 These results
indicate that our assay has the requisite sensitivity; it can be
used to identify even modest inhibitors (Figure 1a).

Identifying Inhibitors of DC-SIGN -Carbohydrate Inter-
actions. The fluorescence assay was adapted to a 384-well
microtiter plate format, thereby allowing its implementation in
high-throughput screening. We tested two commercially avail-
able small molecule libraries: the 16 000-member Chembridge
DIVERSet and 20 000-member library from Chemical Diversity
Labs (ChemDiv). In the initial screens, each compound was
tested a final concentration of 100µM. As benchmarks for
comparison, each plate included three controls: DMSO alone,
EDTA (10 mM), andN-acetyl mannosamine (50 mM). Com-
pounds that led to samples with fluorescence intensities 3 times
below the standard deviation of the DMSO control were termed
hits. Approximately 0.6% of compounds met this criterion.
These initial hits were then evaluated at a lower concentra-
tion (33µM). The mean Z′-factor56 of our assay (a measure of
the robustness of a high-throughput screen) was 0.76. This
value was calculated using data from EDTA and DMSO con-
trol wells in the ChemDiv screening plates. Our Z′-factor (Fig-
ure 2) is indicative of an excellent assay with ample separa-
tion between positive and negative control samples. From
this analysis, we identified several non-carbohydrate compounds
that exhibited consistent inhibition, and these were further
characterized.

The IC50 values of active compounds range from 1.6 to 32
µM (Figures 1b and 2). Thus, compared to DC-SIGN-binding
monosaccharides, the non-carbohydrate, small molecule inhibi-
tors identified are approximately 1000-fold more potent. The
excellent activities of these compounds also compare favorably

with theKi of 210µM for the oligosaccharide Man9GlcNAc2.54

Thus, the DC-SIGN inhibitors identified are intriguing leads.
Key physiological roles for DC-SIGN include facilitating

dendritic cell adhesion to viruses, bacteria, and immune system
cells. Thus, we assessed the abilities of the active small
molecules to block DC-SIGN-mediated cell adhesion. In contrast
to mock-transfected 293FT cells, cells transiently transfected
with a plasmid encoding DC-SIGN adhere to mannan-coated
plates. Cell binding was abolished upon the addition of EDTA,
which indicates that cell adhesion to the immobilized oligosac-
charide is Ca2+-dependent. In addition, carbohydrates known
to interact with DC-SIGN (L-fucose andN-acetyl mannosamine)
also blocked cell adhesion (Figure 3a). When the active small
molecules from the high-throughput screen were tested, they
inhibited the adhesion of DC-SIGN-transfected cells effectively.

The IC50 values of the small molecules in the cell adhesion
assay range from 7.3 to 227µM (Figure 3b and Table 1). These
values are higher (ca. 10-fold) than those determined in the
fluorescence binding assay. Similarly, the monosaccharide
N-acetyl mannosamine was less potent (4-fold) in the cell
adhesion assay. Several factors might account for the apparent
decreased potency of the inhibitors in the cell adhesion assay.
For instance, if DC-SIGN binds mannan more tightly than Man-
Fl-BSA, it will be more difficult to block the former interaction.
Alternatively, the number of DC-SIGN-ligand interactions
might vary between the assays, which would influence the

(55) Feinberg, H.; Guo, Y.; Mitchell, D. A.; Drickamer, K.; Weis, W. I.J. Biol.
Chem.2005, 280, 1327-1335.

(56) Zhang, J.-H.; Chung, T. D. Y.; Oldenburg, K. R.J. Biomol. Screen.1999,
4, 67-73.

Figure 1. Binding curves generated in the competition assay using Man-
Fl-BSA. (a)N-Acetyl mannosamine (ManNAc) andL-fucose inhibit binding
of Man-Fl-BSA probe to immobilized DC-SIGN. DMSO alone did not affect
probe binding, whereas EDTA (10 mM) and unlabeled mannose20-25-BSA
(50 µg/mL) blocked probe binding completely. (b) Compound2 potently
inhibits probe binding to immobilized DC-SIGN.
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avidity of binding. Whatever the source of the difference, it is
notable that the compounds identified in the fluorescence screen
inhibit DC-SIGN-specific cell adhesion at concentrations ap-
proximately 100 times lower than those required forN-acetyl
mannosamine.

The DC-SIGN inhibitors we have identified bear no resem-
blance to the known carbohydrate ligands (Figure 2). Indeed,
there is a paucity of hydroxyl or carboxyl groups in the active
compounds; therefore, they are lacking functional groups that
could chelate Ca2+ in a manner similar to that employed by the
carbohydrate ligands.57,58The attributes of the DC-SIGN ligands
therefore differ from those of the selectin ligands. The latter
possess either hydroxyl or carboxylic acid groups.4,27-33 Still,
many of the DC-SIGN ligands we identified possess amide
carbonyl groups, which could interact with a protein-bound Ca2+

ion. Clearly, carbohydrate-like features are not required for
effective DC-SIGN inhibition.

The simplest interpretation of our results is that the non-
carbohydrate small molecules can bind in a site similar to that
occupied by the carbohydrate ligands. Still, we cannot rule out
the possibility that the non-carbohydrate ligands identified bind
to DC-SIGN at a site that is different from that used by
oligosaccharide ligands. It is intriguing that the small molecules
identified possess aromatic groups because aromatic side chains
often line carbohydrate binding sites.10,59,60Moreover, adding
an aromatic substituent to an oligosaccharide ligand can result

in a derivative exhibiting enhanced binding to its lectin
target.7,61-64 Another feature shared by the carbohydrate and
non-carbohydrate inhibitors of DC-SIGN is their ability to
occupy an extended binding site. DC-SIGN binds carbohydrate
ligands in a shallow but extended groove (Figure 4), and the
small molecules identified also could interact with such a
groove. Accordingly, structural studies to elucidate the mode
by which these small molecules complex to DC-SIGN would
be illuminating.

Of the seven compounds identified, five (1-3 and5 and6)
belong to two structural classes (Figure 2). These different
classes can serve as templates for the generation of new
compounds with improved activities or alternative properties.
Specifically, modifications of the active ligands can be explored
to yield more potent monovalent ligands. Alternatively, fluo-
rophores can be introduced to examine DC-SIGN localization
and internalization. Finally, the activity of the non-carbohydrate
ligands can also be enhanced through their conversion into
multivalent ligands. Multivalent display could also improve the
specificity of these inhibitors for DC-SIGN over other mannose-
binding C-type lectins, because scaffolds could be made to
match the specific oligomerization state (tetramer) of DC-
SIGN.65

Our identification of small molecule ligands for DC-SIGN
was facilitated by the generation of a simple, yet effective, high-
throughput assay. The reagents required for implementing this

(57) Guo, Y.; Feinberg, H.; Conroy, E.; Mitchell, D. A.; Alvarez, R.; Blixt, O.;
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Figure 2. Structures of compounds identified in the high-throughput screen that function as potent inhibitors in both protein-carbohydrate and cell-based
assays. All compounds were derived from commercially available ChemDiv or Chembridge libraries. IC50 values for the fluorescence assay employing
Man-Fl-BSA are shown.
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assay are readily accessible. Fluorescent glycoconjugates with
different lectin specificities can be assembled using a similar
strategy. Specifically, BSA conjugates displaying carbohydrates
and fluorophores can be generated from different sugars and
fluorophores; the ratio of these can be altered to tailor the
glycoconjugate for binding to C-type lectins with differing
specificities.66 Thus, we anticipate that similar high-throughput
assays can easily be implemented to yield ligands for other
medically or physiologically important lectins.

Although low-affinity protein-carbohydrate interactions are
ubiquitous and physiologically important, they seldom are the
targets of small molecule inhibition. Lectins typically possess

shallow and solvent exposed carbohydrate binding sites, which
can be difficult to block effectively. The non-carbohydrate
selectin ligands identified recently are rare examples of potent
lectin inhibitors.26-28,67,68Our results provide additional evidence
that highly effective non-carbohydrate inhibitors for physiologi-
cally important lectins can be found. We anticipate that the
compounds we have identified can be used to illuminate the
function of DC-SIGN.

Experimental Procedures

Production of Soluble DC-SIGN. A plasmid encoding the DC-
SIGN extracellular domain (ECD) was provided by Dr. Kurt Drickamer
(University of Oxford).54 Briefly, the plasmid was transformed into
Escherichia colistrain BL21/DE3, and the resulting cells were stored
in 10% glycerol at-70 °C. This glycerol stock was used to inoculate
a flask containing 50 mL of Luria-Bertani (LB) media supplemented
with ampicillin (100µg/mL), and the culture was grown overnight at
37 °C. This culture was then used to inoculate 4 L of LB media (100
µg/mL ampicillin), and cells were allowed to grow at 37°C until an
OD600 of 0.7 was reached. Gene expression was then induced with 100
mg/L isopropyl-â-D-thiogalactoside, and the culture was incubated at
37 °C with shaking for 3 additional hours. Bacteria were harvested by
centrifugation at 8000g for 10 min. Cell pellets were washed with 10
mM Tris-HCl, pH 7.8, and again centrifuged at 8000g for 10 min at 4
°C. Cells were resuspended in 10 mM Tris-HCl, pH 7.8, and sonicated
for approximately 2 min. Inclusion bodies were isolated by centrifuga-
tion at 10 000g for 10 min at 4°C. This pellet was solubilized in 4 M
guanidine-HCl containing 10 mM Tris-HCl (20 mL) and 0.01%
â-mercaptoethanol at pH 7.8. This mixture was sonicated briefly and
then centrifuged at 137 000g for 30 min at 4°C. The supernatant was
diluted with 3 volumes of high salt loading buffer (HSLB; 25 mM
Tris-HCl, 1 M NaCl, 5 mM CaCl2, pH 7.8) and dialyzed overnight
against HSLB to initiate protein refolding. After dialysis, the insoluble
precipitate was removed by centrifugation at 142 000g for 1 h at 4°C.
This soluble fraction was then further purified over a mannose-
substituted Sepharose column. Protein was loaded onto the column and
washed with 4-5 column volumes of HSLB. The ECD of DC-SIGN
was eluted with 1 M NaCl, 25 mM Tris-HCl, 5 mM ethylenediamine-
tetraacetic acid (EDTA) at pH 7.8. Purified protein was then dialyzed

(66) Monsigny, M.; Roche, A. C.; Midoux, P.Biol. Cell 1984, 51, 187-196.

(67) Slee, D. H.; Romano, S. J.; Yu, J. H.; Nguyen, T. N.; John, J. K.; Raheja,
N. K.; Axe, F. U.; Jones, T. K.; Ripka, W. C.J. Med. Chem.2001, 44,
2094-2107.

(68) Schon, M. P.; Krahn, T.; Schon, M.; Rodriguez, M. L.; Antonicek, H.;
Schultz, J. E.; Ludwig, R. J.; Zollner, T. M.; Bischoff, E.; Bremm, K. D.;
Schramm, M.; Henninger, K.; Kaufmann, R.; Gollnick, H. P. M.; Parker,
C. M.; Boehncke, W. H.Nat. Med.2002, 8, 366-372.

Figure 3. Data from the cell adhesion assay. (a) DC-SIGN (black)-
transfected 293FT cells bind tightly to mannan-coated plates, while mock-
transfected cells (white) do not. DC-SIGN-specific binding can be abrogated
with EDTA (10 mM) or L-fucose (25 mM). (b) Compound3 (solid lines)
potently inhibits DC-SIGN-specific cell adhesion to mannan coated plates
at approximately 100-fold lower concentrations than does ManNAc (dashed
lines).

Table 1. IC50 Values for Identified Inhibitors from
DC-SIGN-Dependent Cell Adhesion Assay

compound IC50 (µM)

1 178( 81
2 227( 100
3 92 ( 29
4 -a

5 37 ( 13
6 60 ( 14
7 60 ( 46
ManNAc 28 000

a The IC50 value for this compound was 7.3( 2.0, although maximal
inhibition observed for this compound was only 60%.

Figure 4. Model of Ca2+-dependent binding of GlcNAc2Man3 to DC-SIGN
that illustrates the carbohydrate binding site. Hydroxyl groups from the
oligosaccharide bind the Ca2+ ion (green). This structure was determined
by X-ray crystallography by the Weis and Drickamer groups (ref 58). The
figure was generated using Pymol with the PDB entry 1K9I.
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into low salt loading buffer (LSLB; 25 mM Tris-HCl, 125 mM NaCl,
5 mM CaCl2, pH 7.8) and concentrated with a Centriplus centrifugal
filter device (Amicon).

Competition Assay Using Bovine Serum Albumin Modified with
r-D-Mannopyranosyl Phenyl Isothiocyanate and Fluorescein Isothio-
cyanate (Man-Fl-BSA). The ECD from DC-SIGN was immobilized
onto black Polysorb 384-well plates (Nunc) by overnight incubation
at 4°C (25µL/well, 200 µg/mL). Plates were washed with LSLB and
then blocked with 2% BSA in LSLB (50µL/well) for 2 h. Plates were
washed once more with LSLB and then incubated with 20µL of Man-
Fl-BSA (Sigma; 20µg/mL) probe in 2% BSA-LSLB and compound
(1 µL of DMSO solution). After 1 h, plates were washed three times
with LSLB, and the fluorescence emission was determined using a
Wallac Envision plate reader (Perkin-Elmer) at an excitation wavelength
of 480 nm and an emission wavelength of 520 nm.

Plasmids, Antibodies, and Cell Lines.Plasmid pcDNA3-DC-
SIGN69 (NIH AIDS Research and Reference Reagent Program) was
transiently transfected into 293FT cells (Invitrogen) with Lipofectamine
2000 reagent (Invitrogen). Cells were treated with DMEM growth media
with 10% FBS supplemented with non-essential amino acids (0.1 mM),
sodium pyruvate (1 mM),L-glutamate (1 mM), and 500µg/mL
Geneticin (Invitrogen). Expression of DC-SIGN was confirmed by
western blot using a DC-SIGN monoclonal antibody (DC4)69,70 that
recognizes the neck region of DC-SIGN (NIH AIDS Research and
Reference Reagent Program).

DC-SIGN-Mediated Cell Adhesion Assay.Flat-bottom Polysorp
96-well plates (Nunc) were incubated overnight with 1 mg/mL mannan
from Saccharomyces cereVisiae(Sigma). Plates were then blocked with
1% BSA in PBS for 2 h. Cells were labeled with BCECF-AM
(Invitrogen) for 20 min in PBS at room temperature. Cells were then

loaded onto plates (40 000 per well). DMSO or inhibitors were then
added (1µL of a DMSO solution of the compound was added to 50
µL of cell suspension), and the cells were incubated for 1 h at 37°C.
The plate was gently agitated and wells were washed (2×) with PBS.
Cells were treated with lysis buffer (25 mM Tris, pH 8.4 and 0.1%
SDS), and fluorescence was quantified with a Wallac Envision plate
reader (Perkin-Elmer). DC-SIGN-specific adhesion was calculated by
subtracting the adhesion of mock-infected cells plus DMSO or inhibitors
from the adhesion of cells transfected with a vector encoding DC-SIGN
plus DMSO (control) or inhibitor. Percent DC-SIGN-specific adhesion
was calculated by normalizing the adhesion of transfected cells treated
with DMSO alone to 100%.
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