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ABSTRACT: The platelet receptor CLEC-2 binds to the snake venom toxin rhodocytin and the tumor cell
surface protein podoplanin. Binding of either of these ligands promotes phosphorylation of a single tyrosine
residue in the YXXL motif in the intracellular domain of CLEC-2. Phosphorylation of this tyrosine initiates
binding of spleen tyrosine kinase (Syk) and triggers further downstream signaling events and ultimately
potent platelet activation and aggregation. However, it is unclear how a single YXXL motif can interact
efficiently with Syk, which usually recognizes two tandem YXXL repeats presented as an immunoreceptor
tyrosine-based activation motif (ITAM). Using bioluminescence resonance energy transfer, coimmuno-
preciptitation, recombinant protein expression and analytical gel filtration chromatography, surface plasmon
resonance,Western blotting, multiangle light scattering (MALS), and analytical ultracentrifugation, we show
that CLEC-2 exists as a non-disulfide-linked homodimer which could allow each Sykmolecule to interact with
two YXXL motifs, one from each CLEC-2 monomer.

Platelet activation and aggregation are of central importance
in the primary hemostatic response which stops bleeding follow-
ing vascular injury (1, 2). Conversely, inappropriate platelet
activation and aggregation can cause arterial thrombosis and
occlusion, resulting in myocardial infarction, ischemic stroke, or
other vascular diseases (2). Currently available antiplatelet
therapy is of major benefit in preventing and treating these life-
threatening diseases but is not without complications (3). A better
understanding of platelet activation and how the molecules
involved function is a key objective for biomedical research (1).
CLEC-2 was identified through sequence similarity to C-type
lectin-like immunoreceptors, such as NKG2D (4). The CLEC-2
gene is located in the human natural killer (NK)1 complex on
chromosome 12, which also encodes other similar molecules
including the activating immune receptor NKG2D, the oxidized
low-density lipoprotein receptor LOX-1, and the β-glucan
receptor dectin-1 (4-6). CLEC-2 is a type 2 transmembrane
receptor whose transcripts have been identified in bone marrow,
liver, myeloid cells, and natural killer cells (4, 5). CLEC-2 is
expressed on platelets, and signaling through CLEC-2 is suffi-
cient to trigger potent platelet aggregation (7, 8). CLEC-2 on
platelets is a receptor for the snake venom toxin rhodocytin,
produced by the Malayan pit viper Calloselasma rhodostoma (7).
We and others have shown that CLEC-2 is also a receptor for the
transmembrane protein podoplanin, which has been implicated

in tumor cell-induced platelet aggregation and tumor metasta-
sis (8, 9). We have solved the structures of CLEC-2 and
rhodocytin, which are both C-type lectin-like molecules (10-12).
The structure of podoplanin has not been determined, but the
protein has no significant homology to rhodocytin nor any other
structurally characterized protein. Sequence analysis indicates
that it is a type 1 membrane protein with multiple O-linked
glycosylation sites and a short cytoplasmic domain (13). Binding
of rhodocytin or podoplanin to CLEC-2 leads to phosphoryla-
tion of the tyrosine residue in a single YXXL motif in the
intracellular domain of CLEC-2 (7, 8, 14, 15). Phosphorylation
of this tyrosine promotes binding to the spleen tyrosine kinase
(Syk) and triggers further downstream tyrosine phosphorylation
events, PLCγ2 activation, and ultimately platelet aggregation (7,
15). The ability of rhodocytin, podoplanin, or CLEC-2 specific
antibodies to trigger platelet aggregation in the absence of other
stimuli indicates the potency with which CLEC-2 can modulate
platelet activity (7). Therefore, CLEC-2 is a potentially important
therapeutic target in thrombotic cardiovascular disease (13).

Conventional immunoreceptor tyrosine-based activation mo-
tifs (ITAMs) contain twoYXXLmotifs within a larger consensus
sequence, and the tyrosine residues in the ITAM can be phos-
phorylated by Src family kinases (16). Phosphorylation of these
two tyrosine residues in the ITAM promotes binding to the
ITAM by the tyrosine kinases Syk or Zap-70 via their tandem
Src-homology 2 (SH2) domains, which leads to further down-
stream signaling (16-18). Although CLEC-2 interacts with Syk,
this interaction is mediated by a single rather than dual YXXL
motif within its cytoplasmic tail (15). It is currently unclear how a
single YXXL motif can activate the Syk tyrosine kinase, which
contains two tandem SH2 domains. In studies with truncated
forms of Syk only two tandemSyk SH2 domains, andnot a single
Syk SH2 domain alone, were able to precipitate CLEC-2 from
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stimulated platelets (15). In addition, site-directedmutagenesis of
either individual SH2 domain in Syk abrogated CLEC-2 signal-
ing (15, 18-20). These results show that both Syk SH2 domains
are required for productive CLEC-2 signaling, raising the
possibility that Syk may bind to two CLEC-2 receptors simulta-
neously at the platelet surface.

Recombinant CLEC-2 expressed in bacteria is stable in
solution as amonomer, and there is no suggestion of dimerization
in the crystal structure and lattice packing (10, 12). In addition,
immunoprecipitation of CLEC-2 reportedly yields only a mono-
mer (7). However, a number of other related C-type lectin-like
receptors do form dimers (21-25). Close examination of the
structure of CLEC-2 reveals a small hydrophobic surface patch at
a site equivalent to the dimer interface in the scavenger receptor
LOX-1, the immunoreceptors NKG2D and CD69, and the
mouse Ly49 family of receptors (10, 21-25). The site on CLEC-
2 is smaller than the equivalent patch on related molecules but is
distinct from the ligand binding area and could potentially play a
role in dimerization. Here, we employ a range of techniques
including bioluminescence resonance energy transfer, coimmuno-
preciptitation, recombinant protein expression and analytical gel
filtration chromatography, surface plasmon resonance, Western
blotting, multiangle light scattering (MALS), and analytical
ultracentrifugation to determine the multimeric nature of
CLEC-2 on the platelet surface and propose how CLEC-2 is
capable of signaling through Syk, despite having only a single
YXXL signaling motif.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Constructs pOC189
and pOC550 encoding truncations of human CLEC-2 were
expressed in Escherichia coli as inclusion bodies and refolded as
previously described (26). The methods detailing the eukaryotic
expression of glycosylated CLEC-2 protein from the pOC501
construct are described elsewhere (8). Refolded and nickel
affinity purified proteins were analyzed and purified by gel
filtration chromatography in 20 mM Tris, pH 8.0, and 150
mMNaCl with a Superdex 200 26/60 column on an AktaPurifier
(GE Healthcare, Uppsala, Sweden). Rhodocytin was purified
from the venom ofC. rhodostoma as described previously (11, 27,
28). The purity andmolecular weight of all samples were assessed
by SDS-PAGE and mass spectrometry, respectively. Liquid
chromatography electrospray ionization mass spectrometry was
performed using a reverse-phase C4 column on anUltimaHPLC
(Dionex, Sunnyvale, CA) connected to a quadrupole time-of-
flight micromass spectrometer (Waters, Milford, MA). Recom-
binant podoplanin was made as described previously with a
human IgG1 Fc region fused to its C-terminus (8).
Generation of Polyclonal Anti-CLEC-2 Sera in Mice.

Four Balb/c mice were subcutaneously immunized with 50-
100 μg of recombinant CLEC-2 pOC189 protein a total of four
times. The antibody was validated by positive flow cytometry of
cells transfected with CLEC-2 and negative flow cytometry on
cells transfected with a range of related molecules.
Transfections. For coimmunoprecipitation, immunoblott-

ing, and BRET experiments, HEK 293T cells were transiently
transfected with plasmids encoding tagged or untagged full-
length CLEC-2 using GeneJuice (EMD Novagen, Gibbstown,
NJ) according to the manufacturer’s instructions. Where indi-
cated, a pSUPER RNAi mammalian expression vector (Oligo-
Engine, Seattle, WA) containing a unique nucleotide sequence
(AAGAUGGUUUGUCAACAGU) was used to specifically

direct the intracellular synthesis of a small inhibitory hairpin
RNA- (shRNA-) like transcript targeted against podoplanin.
Jurkat cells were transfected using lipofectamine LTX supple-
mented with the PLUS reagent, according to the manufacturer’s
specifications (Invitrogen, Carlsbad, CA).
Immunoprecipitation and Immunoblotting. Cells were

lyzed in 100 mM NaCl, 20 mM Tris, pH 7.5, 5 mM MgCl2,
and 0.5% Nonidet P-40 supplemented with Complete, EDTA-
free protease inhibitor cocktail (Roche Applied Science, Basel,
Switzerland). N-Terminally FLAG-tagged full-length CLEC-2
was immunoprecipitated for 24 h at 4 �C with anti-FLAG
agarose affinity gel (Sigma, St. Louis,MO). Protein samples were
boiled in reducing or nonreducing sample buffer, separated on
15% SDS-PAGE gels, and blotted onto nitrocellulose mem-
branes, which were blocked in 5% (w/v) nonfat dried skimmed
milk powder. Blots were then washed and incubated with either
10 μg of mouse anti-c-Myc monoclonal antibody (clone 9e10;
Abcam, Cambridge, MA), mouse monoclonal anti-CLEC-2
antibody (R&DSystems,Minneapolis,MN),mousemonoclonal
anti-GFP antibody (Roche Applied Science, Basel, Switzerland),
anti-CLEC-2 polyclonal antibody obtained from mice immu-
nized with recombinant CLEC-2 protein, or normal mouse
serum. These membranes were then washed and incubated with
horseradish peroxidase- (HRP-) conjugated goat anti-mouse
immunoglobulin antibody and were subsequently visualized
using 250 μM luminol, 405 μM p-coumaric acid, 0.1 M Tris,
pH 8.5, and 0.05% H2O2.
Type 1 Bioluminescence Resonance Energy Transfer

(BRET) Assay. GeneJuice (Novagen, Gibbstown, NJ) was
used to transfect 60% confluent HEK 293T cells, with varying
ratios of plasmids encoding full-length human CLEC-2 protein,
tagged at its cytoplasmic N-terminus with either GFP2 or
luciferase. Cells were harvested 48 h posttransfection, and for
each transfection, 10 μM DeepBlueC coelenterazine (Perkin-
Elmer, Waltham, MA) was added to 100 μL of cells in a 96-well
plate, and light emission in the 410 ( 40 and 515 ( 15 nm
wavelength ranges was collected immediately as described
elsewhere (29). GFP2 and luciferase expression were mea-
sured in separate wells and converted to a ratio of concentra-
tions (29).
Confocal Microscopy. Forty-eight hours posttransfection,

cells were attached to coverslips, excited with an argon 488 nm
laser, and examined using a Zeiss LSM510 confocal microscope
under an oil immersed objective, according to the manufacturer’s
instructions (Carl Zeiss MicroImaging, Munich, Germany).
Flow Cytometry. Cells were washed in cold phosphate-

buffered saline containing 0.5% FCS and incubated for 20 min
at 4 �C with either phycoerythrin- (PE-) labeled tetrameric
recombinant CLEC-2 protein, monoclonal anti-CLEC-2 anti-
body (R&D Systems, Minneapolis, MN), rat monoclonal anti-
(human podoplanin) antibody NZ-1 (AngioBio, Del Mar, CA),
or the appropriate isotype control (8). Cells were washed and
then incubated with a phycoerythrin-conjugated anti-mouse or
anti-rat IgG secondary antibody for 20 min on ice and then
washed further before immediate acquisition on a FACS Canto
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ). Data
were analyzed using FlowJo software (Tree Star, Ashland, OR).
Surface Plasmon Resonance. Equilibrium experiments

were performed as described previously (8, 10, 30). Briefly,
binding studies were conducted using a Biacore T100 (GE
Healthcare, Uppsala, Sweden) instrument. Protein A was atta-
ched to carboxymethylated dextran-coated CM5 sensor chips
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using amine coupling. Recombinant podoplanin Fc fusion
protein and an irrelevant control Fc fusion protein, CD44, were
each immobilized at equivalent levels on two pairs of these
protein A-coated surfaces. The arrangement was such that each
experimental flow cell coated with podoplanin (typically around
150-200 response units or 600-800 response units) was com-
pared to a reference control flow cell coated with an equivalent
amount of control protein. Recombinant CLEC-2 protein ex-
pressed from either construct pOC550 or pOC501 was injected
over the surfaces, and experiments were performed in 10 mM
HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005%
polysorbate 20 (v/v).Kd values were obtained by nonlinear curve
fitting of the 1:1 Langmuir binding isotherm (bound=C�max/
(Kd þ C), where C is analyte concentration and max is the
maximum analyte binding) to the data using the Levenberg-
Marquardt algorithm as implemented in the program Origin
(OriginLab Corp., Northampton, MA). Global fitting was used,
and the error computed is the standard error of the fit from a
global analysis of all the data.
Dynamite Computational Dynamic Analyses.As we have

previously described, a model of the three-dimensional structure
of dimeric human CLEC-2 was assembled manually by super-
imposing two copies of themonomericCLEC-2 structure (2C6U)
onto the dimeric structure of the oxidized low-density lipoprotein
receptor LOX-1 (1YPQ), the most closely related dimeric C-type
lectin-like structure, using Coot (11, 31). This dimeric CLEC-2
model was regularized and prepared for Dynamite computa-
tional dynamic analyses using energy minimization algorithms
implemented by the Whatif server (32). Model dimeric CLEC-2
was further refined using energy minimization algorithms im-
plemented by CNS solve (10, 33). The Dynamite package was
used to infer, analyze, and graphically represent the likely modes
ofmotion ofmonomeric anddimeric CLEC-2 (34). The graphical
representations of the dynamic analyses were visualized with
VMD (34, 35).
MultiangleLight Scattering (MALS).MALS experiments

were performed using an analytical Superdex 75 10/30 column
(GE Heathcare, Uppsala, Sweden) with online static light
scattering (Dawn Heleos II; Wyatt Technology, Santa Barbara,
CA), differential refractive index (Optilab rEX; Wyatt Tech-
nology), and Agilent 1200 UV (Agilent Technologies, Santa
Clara, CA) detectors. Proteins used forMALSwere concentrated
to 20 μM. Data were analyzed using the ASTRA software
package (Wyatt Technology).
Mass Spectrometry. Liquid chromatography electrospray

ionization mass spectrometry was performed using a reverse-
phase C4 column on an Ultima HPLC (Dionex, Sunnyvale, CA)
connected to a quadrupole time-of-flight micromass spectro-
meter (Waters, Milford, MA).
Analytical Ultracentrifugation. Sedimentation equilibrium

analytical ultracentrifugation experiments were performed in a
BeckmanXL-I analytical ultracentrifuge. Samples were loaded in
an An60Ti rotor with an equilibrium six-channel centerpiece
(path length 1.2 cm) and run at 11000, 14000, and 19000 rpm, at
20 �C. Interference and absorbance data were both collected,
with the latter obtained at wavelengths of 254, 280, and 305 nm.
Scans were taken after 12 and 14 h at each rotor speed. Analysis
of the data, including estimation of average molecular mass, was
carried out using UltraSpin2 software developed by Dmitry
Veprintsev (ultraspin.mrc-cpe.cam.ac.uk), and curve fitting was
performed using Origin (OriginLab Corp., Northampton, MA).
The data were analyzed using two partial specific volumes for the

glycosylated protein pOC501, 0.6970 and 0.7100 cm3/g, deter-
mined from protein sequence and accounting for the minimum
and maximum levels of protein glycosylation, respectively, as
determined by mass spectrometry.

RESULTS

Glycosylated Recombinant CLEC-2 Protein Forms a
Stable Dimer. Recombinant CLEC-2 protein encoding the
C-terminal C-type lectin-like domain and refolded from inclusion
bodies produced in E. coli was homogeneous and pure and is
exclusively monomeric and binds both of its ligands, rhodocytin
and podoplanin (8, 10). The crystal structure and lattice packing
of this CLEC-2 protein do not indicate any higher order oligo-
merization (10). However, this recombinant protein contains
only residues 96-221 of CLEC-2 and so lacks a putative stalk
region N-terminal to the C-type lectin-like domain (26). A con-
struct (pOC550) was, therefore, designed to include this stalk
sequence in addition to the C-type lectin-like domain and was
expressed in E. coli as inclusion bodies, refolded, and purified by
gel filtration (Figure 1A). This protein eluted from a Superdex
200 26/60 gel filtration column as both a dimer and a monomer,
in contrast to the crystallized protein, which elutes in a single
peak corresponding to the molecular mass of monomeric CLEC-
2 protein (Figure 1B,C). This suggests a possible role for the stalk
region of CLEC-2 in facilitating homodimerization. To exclude
artifacts relating to the refolding process, a construct (pOC501)
containing the same sequence and incorporating the stalk region
was expressed in HEK 293T cells. This protein, although similar
in terms of sequence to the bacterial construct pOC550, purified
exclusively as a dimer (Figure 1D). Size exclusion chromato-
graphy with online multiangle laser light scattering (MALS) of
this eukaryotic CLEC-2 protein confirmed that this protein is of
the approximate molecular mass corresponding to a dimer.
Analytical ultracentrifugation equilibrium sedimentation experi-
ments further verify that CLEC-2 protein encoded by plasmid
pOC501 exists as a dimer (Figure 1E,F). Mass spectrometry of
this glycosylated protein revealed a molecular mass ranging from
31132 to 39370 Da. This heterogeneity is predominantly caused
by varying degrees of glycosylation as we have previously shown
that this protein has around 13 kDa of glycosylation per mono-
mer (8). Interference (Figure 1E) and absorbance (Figure 1F)
data were analyzed using two partial specific volumes to repre-
sent the minimum and maximum levels of glycosylation as
determined by mass spectrometry. Based on the minimal and
maximal levels of glycosylation, the molecular masses at infinite
dilution were calculated from the absorbance data to be 60244(
681 and 62093 ( 1144 Da, respectively. Using the interference
data, these values were determined to be 65396 ( 2150 and
68423 ( 2268 Da. These data demonstrate that CLEC-2 is
dimeric in solution. The refolded CLEC-2 protein pOC550
was also analyzed by mass spectrometry and has a mass of
18387 kDa, consistentwith the presence of four disulfide bonds in
each monomeric subunit, three of which reside in the C-type
lectin-like domain, as observed in the crystal structure of
CLEC-2, and a further one which must be between cysteines
81 and 99 within the stalk portion. Protein expressed from the
bacterial expression plasmid pOC550 is prone to aggregation
following purification by gel filtration, but CLEC-2 protein
generated from pOC189 is stable in solution under these condi-
tions, indicating that the addition of the stalk segment ofCLEC-2
in the absence of protein glycosylation reduces the solubility of
the bacterially expressed protein. These observations suggest that
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CLEC-2 protein that includes the stalk region is stabilized by
glycosylation.
CLEC-2 Is Active As a Dimer. To assess whether dimeric

CLEC-2 is functional, we performed surface plasmon reso-
nance experiments. Using dimeric recombinant CLEC-2 ex-
pressed from bacterial expression plasmid pOC550, we were
able to demonstrate unambiguous binding to recombinant
podoplanin but not to an irrelevant control protein made

using the same expression system (Figure 2). The estimated
affinity of the interaction (4.1 ( 0.2 μM) is approximately 6
times higher than that of the recombinant monomeric pro-
tein (8). Dimeric CLEC-2 protein expressed in HEK 293T
cells from construct pOC501 also bound specifically to
podoplanin as demonstrated by surface plasmon resonance
binding assays (data not shown). These binding studies
confirm that dimeric CLEC-2 is functional and has a higher

FIGURE 1: Recombinant CLEC-2 is stable both as a monomer and as a dimer. (A) The full-length protein sequence of human CLEC-2 is
represented. The predicted intracellular and transmembrane portions are highlighted in black and dark gray, respectively. The recombinant
proteins that included the putative stalk region (encodedbypOC501 and pOC550) are highlighted in light gray, and the shorter construct pOC189
which was crystallized is underlined. The cytoplasmic YXXLmotif is marked in bold text. Predicted paired cysteines are marked with matching
black symbols (stars, circles, or rectangles) beneath the text. The secondary structural elements of CLEC-2 are indicated above the text. (B-D)
Black traces represent size exclusion gel filtration chromatograms for recombinant refoldedCLEC-2 protein expressed in bacteria from plasmids
pOC189 (B) and pOC550 (C) and recombinant CLEC-2 protein expressed from the plasmid pOC501 in HEK 293T cells (D). Size standards are
shown for comparison (dotted lines). (E, F) Themolecularmass of protein expressed fromplasmid pOC501 in eukaryotic cells was determined by
sedimentation equilibrium analytical ultracentrifugation. Protein concentration (μM) is plotted against molecular mass (kDa) as calculated from
interference (E) and absorbance (F) datausing the partial specific volumebased on the lower (empty squares) andupper (black circles) limits of the
range of glycosylation as determined by mass spectrometry.
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affinity for the endogenous ligand podoplanin than mono-
meric protein.
CLEC-2 Forms Membrane-Bound Homodimers. To in-

vestigate whether membrane-boundCLEC-2 forms homodimers,

we performed immunoprecipitations. Plasmid constructs encod-
ing full-length human CLEC-2 coupled to either a c-Myc or
FLAG tag at its cytosolic N-terminus were cotransfected into
HEK 293T cells. Cell lysates were immunoprecipitated with an
anti-FLAGmonoclonal antibody and thenWestern blotted with
an anti-c-Myc monoclonal antibody. Anti-c-Myc blotting de-
tected a band that was coimmunoprecipated with FLAG-tagged
CLEC-2 andwhich corresponded in size to c-Myc-taggedCLEC-
2 (Figure 3A). This demonstrates a strong association between
the two tagged forms of CLEC-2 and indicates that full-length
CLEC-2 forms dimers or higher order multimers at the cell
surface.

We have shown that podoplanin is an endogenous ligand for
CLEC-2 and that podoplanin is expressed in HEK 293T cells (8,
9). To determine whether CLEC-2 oligomerization in these cells
was caused by ligand-induced self-association of CLEC-2 mole-
cules, we used RNAi to reduce podoplanin expression. The small
inhibitory RNA-like transcript used has previously been shown
to knock down the surface expression of podoplanin (36). The
shRNA-generating plasmid DNA was cotransfected with the
FLAG- and c-Myc-tagged CLEC-2 constructs into HEK 293T
cells, and coimmunoprecipitations were performed as above.
Reduction of podoplanin in transfected cells was confirmed by
flow cytometry using an anti-podoplanin antibody (Figure 3B).
Western blot analysis revealed that, despite the shRNA-mediated
lowering of podoplanin expression, c-Myc-tagged CLEC-2 was
still detected at equivalent levels in cell lysates which had been
immunoprecipitated with anti-FLAG resin (Figure 3A). To
confirm that podoplanin was not influencing these results, the
coimmunoprecipitations were repeated in the Jurkat T-cell line.
Jurkat cells do not express podoplanin and or any other putative

FIGURE 2: Dimeric CLEC-2 is functional and binds podoplanin. The
surface plasmon resonance equilibriumbinding response is plotted as
a function of CLEC-2 concentration. CLEC-2 was flowed over
surfaces coated with podoplanin or control protein. The curves
represent the best fit to the experimental data using global fitting.
The two sets of points (squares and circles) are taken from different
flow cells on the same chip, both coated with different amounts of
podoplanin and referenced by subtraction of the signal from control
flow cells coated with equivalent amounts of control protein.

FIGURE 3: CLEC-2 undergoes dimerization inHEK 293T and in Jurkat cells. (A) HEK 293T (left) or Jurkat (right) cells were cotransfected with
combinations of FLAG-tagged, c-Myc-tagged, or untagged full-length CLEC2, and cell lysates were immunoprecipitated with anti-FLAG
antibody. c-Myc-tagged CLEC-2 was detected by Western blotting with anti-c-Myc antibody. Where indicated, HEK 293T cells were also
transfectedwith a plasmid encoding apodoplanin shRNAconstruct (“PODOshRNA”).Results are representative of three experiments.For each
sample, precipitated protein is labeled (P), and cellular lysates are labeled (L). (B) Flow cytometry using the anti-human podoplanin antibody
NZ-1 with untransfected HEK 293T cells (solid black line) or cells transfected with a pSUPER RNAi vector targeted to silence podoplanin
(dashed black line). The dotted gray line is an isotype control antibody. (C) Flow cytometry showing staining of Jurkat cells with either
phycoerythrin-labeled CLEC-2 (filled histogram) or a phycoerythrin-labeled control protein (dashed black line), demonstrating that there is no
binding of CLEC-2 to these cells, confirming that they do not express a ligand for CLEC-2. (D) Positive control demonstrating that the
phycoerythrin-labeledCLEC-2 used in (C) binds to cells expressing a ligand for CLEC-2. HEK293T cells which express podoplaninwere stained
with phycoerythrin-labeled CLEC-2 (filled histogram) compared to a phycoerythrin-labeled control protein (dashed black line).
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CLEC-2 ligand as they are not bound by fluorescence-labeled
multimeric CLEC-2 (8). The absence of a ligand for CLEC-2 in
Jurkat cells was confirmed by flow cytometry using fluorescence-
labeledmultimeric CLEC-2 prior to the experiments (Figure 3C),
and the activity of this CLEC-2 tetramer was confirmed by
its binding to HEK 293T cells which express podoplanin
(Figure 3D). Using Jurkat cells, transfected c-Myc-tagged
CLEC-2 was also found to coimmunoprecipitate with FLAG-
tagged CLEC-2 (Figure 3A), confirming that full-length CLEC-2
is a dimer or higher order multimer in the absence of its
endogenous ligand, podoplanin.
Bioluminescence Resonance Energy Transfer Studies

Confirm That CLEC-2 Is a Dimer. Bioluminescence reso-
nance energy transfer-based (BRET) assays, which determine the
efficiency of resonance energy transfer (BRETeff) between test
proteins fused with luciferase (i.e., donor) and GFP (i.e., accep-
tor), are useful for determining whether proteins oligomerize in
situ in a largely nonperturbative manner. The transfer of energy
between luciferase and GFP is highly dependent on the separa-
tion of the two fluorophores and falls to zero for separation
distances of 10 nm or greater. Randomly interacting proteins give
much weaker BRETeff levels than oligomers because their
average separation distance is generally much larger than that
of the subunits of oligomers. In addition, the BRETeff level for
randomly interacting proteins, in contrast to that for oligomers,
exhibits independence from the acceptor/donor ratio under
conditions in which the acceptor level is kept essentially con-
stant, as predicted by theory (discussed in ref 29). Together, these
two criteria can be used to distinguish between dimers and
monomers.

HEK 293T cells were transiently cotransfected with plasmids
expressing GFP2- and luciferase-tagged full-length CLEC-2 as a
“BRET pair” (29). Surface expression of these constructs was
confirmed by confocal microscopy and flow cytometric analysis
of HEK 293T cells transfected with either GFP2- or luciferase-
tagged full-length CLEC-2 (Figure 4 and data not shown). The
dependence of BRETeff on the acceptor/donor ratio indicates
that CLEC-2 is oligomeric; the fit of the data is consistent with
CLEC-2 being a dimer (Figure 5). The BRETeff maximum for the
CLEC-2 BRET pair lies between that determined for a known
monomer, CD86 (Figure 5), and that for a disulfide-linked
homodimer, CTLA-4 (29). The results are similar to those
obtained previously for the nonconstitutive homodimer CD80,
suggesting that human CLEC-2 also forms nonconstitutive
homodimers at the cell surface (29). As far as we are aware, this
is the first reported BRET analysis of type 2 membrane proteins.
CLEC-2DoesNot FormDisulfide-LinkedHomodimers.

To assess whether cysteines 81 and 99 within the stalk portion of
CLEC-2 are involved in intra- or intermolecular disulfide bond
formation, HEK 293T cells were transfected with a construct
encoding either untagged full-length human CLEC-2 or GFP2-
CLEC-2. The transfected cells were lysed and the lysates sepa-
rated by SDS-PAGE under reducing or nonreducing condi-
tions. Separated lysates were transferred onto nitrocellulose and
blotted with monoclonal anti-CLEC-2 antibody, anti-GFP anti-
body, polyclonal anti-CLEC-2, or control Ig. In both reducing
and nonreducing conditions only one major band was seen,
which corresponded to monomeric CLEC2 protein (Figure 6).
This is consistent with the mass spectrometry data and confirms
that the additional extracellular cysteine residues present in the
stalk region of CLEC-2 do not form intermolecular disulfide
bridges between CLEC-2 monomers. The experiment was

repeated using CLEC-2 that was tagged on its N-terminus with
GFP2 (Figure 6). Similar results were obtained, confirming that
the tagged proteins used in the BRET experiments behave in the
same way as untagged protein.

FIGURE 4: GFP2-tagged CLEC-2 is expressed on the surface of
transfectedHEK293T cells.NonpermeabilizedHEK293T cells were
transfected with full-length CLEC-2 tagged with codon humanized
GFP2on itsN-terminus and analyzed by flow cytometry forCLEC-2
expression using a monoclonal antibody against CLEC-2 (A) and by
confocalmicroscopy (B). In (A), thex-axis representsGFP2 emission
and so fusion protein expression, and the y-axis represents staining
with the anti-CLEC-2 antibody, and surface expression ofCLEC-2 is
proportional to GFP expression.

FIGURE 5: CLEC-2 dimerization as assessed by BRET analysis.
HEK 293T cells were cotransfected with the GFP2-CLEC2/lucifer-
ase-CLEC2 pair (black dots) or the monomeric control pair CD86-
GFP2 plus CD86-luciferase (gray dots) at varying DNA concentra-
tion ratios. The BRETeff trace for the CLEC-2 BRET pair is
consistent with that of a non-disulfide-linked dimer, as compared
to the BRETeff trace for monomeric CD86.
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The Potential Flexibility of Dimeric CLEC-2 May
Influence Ligand Binding. To explore the potential functional
implications of the CLEC-2 structure, we have previously
generated a structural model of dimeric CLEC-2 (11). We have
now further refined this model in the light of the current data
showing that CLEC-2 can form a non-disulfide linked homo-
dimer (Figure 7A). Relative to its monomeric counterpart,
dimeric CLEC-2 has a larger binding surface available, with a
secondary set of charged residues within and around each long
loop region and surrounding nonpolar patches, which could
make hydrophobic interactions with a ligand. The dimer inter-
face in the model includes hydrophobic interactions between
phenylalanines at positions 116 and 117 and tyrosines at posi-
tions 109 and 148. However, these interacting forces are likely to
be insufficient to maintain CLEC-2 in a dimeric form, as
experimental data demonstrate that the stalk region is required
for dimer formation (Figure 1). The stalk region is not included in
the model as it does not have a clearly predictable secondary
structure. The dynamic consequences of homodimerization on
the ability of CLEC-2 to interact with a binding partner have not
previously been studied. Therefore, we undertook molecular
dynamics studies to examine the likely modes of motion of
dimeric CLEC-2.A porcupine plot illustrates the results, showing
the predicted capacity for the modeled dimer of CLEC-2 tomove
in a bimodal pattern, whereby the individual C-type lectin-like
domain subunits “twist” relative to one another in an antic-
orrelated fashion (Figure 7B,C). This opposing directionality of
the motions of each subunit may allow added flexibility within
the ligand binding site, thus permitting it to better fit its ligands.
Rhodocytin Exists in a Range of Multimeric States

Which May Further Cluster Dimeric CLEC-2 on the
Platelet Surface. We have shown that rhodocytin, the snake
venom ligand for CLEC-2, forms a non-disulfide-linked (Rβ)2
tetramer (11). This is the first example of a snake venom or other
C-type lectin-like protein multimerizing in this way (7). While
both convulxin and flavocetin-A Rβ-heterodimers further multi-
merize to form cyclic (Rβ)4 complexes, these are covalently linked
by interchain disulfide bonds (37, 38). To probe whether the

noncovalent nature of the assembly of the rhodocytin tetramer
allows the formation of higher order multimeric complexes of
rhodocytin, size exclusion chromatography of rhodocytin with
online multiangle laser light scattering (MALS) was employed.
The MALS data demonstrate that rhodocytin is polydisperse in
terms of its molecular mass, existing principally as an (Rβ)2-
tetramer, but notably also as a higher order multimeric assembly.
Three peaks are observed in the size exclusion chromatography
trace (Figure 8). The first peak includes a broad range of masses
decreasing from>150 to 70 kDa (Figure 8). The pattern inwhich
the mass declines across this peak suggests that this peak may
represent two or more 60-70 kDa species in a dynamic equili-
brium. The second peak is monodisperse and represents a species
of mass ∼68-73 kDa, consistent with tetrameric rhodocytin
(Figure 8). The third peak corresponds to an ∼37 kDa form of

FIGURE 6: Full-length CLEC-2 is not a disulfide-linked homodimer
in cells. HEK 293T cells were transfected with either (top panel)
untagged CLEC-2 (32 kDa) or (middle and bottom panels) GFP2-
CLEC-2 (60 kDa). Protein samples were separated on 15% SDS-
PAGE gels, transferred, and Western blotted with 10 μg of either
mouse monoclonal CLEC-2 antibody (top panel), mouse mono-
clonal anti-GFP antibody (middle panel), or polyclonal mouse
anti-CLEC-2 (bottom panel). Samples loaded in reducing loading
dye are indicated by “R”. Approximate molecular masses (kDa) are
indicated by black arrows on the left-hand side of each gel.

FIGURE 7: Model dimeric CLEC-2 is flexible, and this may enhance
ligand binding. Molecular dynamics analysis of a model of dimeric
CLEC-2. (A) Model dimeric CLEC-2 is represented as a cartoon
where the individual monomer chains are colored blue and red.
Disulfide bonds formed between cysteine residues are marked in
yellow, and the putative ligand binding site is represented by a green
oval. (B, C) Porcupine plots of the principal mode of conformational
variability of the CR atoms calculated from a CONCOORD ensem-
ble are presented with each blue cone indicating the direction of
motion of the atom and the lengths indicating the relative amplitude
of the motion. Panel C is related to panel B by a 90� clockwise
rotation about the y-axis. Black arrows indicate opposingmotions of
the two C-type lectin-like domains, demonstrating how the bimodal
patternofmotionmayallow spreadingof the ligandbinding region to
enhance the ligand interaction.
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rhodocytin (Figure 8), which suggests that rhodocytin may also
exist as Rβ-heterodimeric subunits in solution. Given the breadth
and polydispersity of the initial 150-70 kDa peak, these MALS-
defined molecular size estimations for the Rβ-heterodimer and
(Rβ)2-tetramer are consistent with previously reported masses
determined by mass spectrometry and SDS-PAGE (26).

DISCUSSION

We have studied the oligomerization of CLEC-2, as this is
relevant to an understanding of its ligand binding properties and
of its ability to signal through spleen tyrosine kinase Syk, despite
having only a single YXXL signaling motif in its cytoplasmic
tail (7, 15). Bacterial protein lacking the stalk region is exclusively
monomeric (10, 12). However, protein expressed in E. coli from
construct pOC550, which encodes the stalk region N-terminal to
the crystallographically determined C-type lectin-like domain
(Figure 1), was shown by gel filtration size exclusion chromato-
graphy to exist as both a homodimer and a monomer
(Figure 1C). Furthermore, CLEC-2 protein identical in sequence
to pOC550, but produced in a mammalian expression system, is
exclusively dimeric (Figure 1D). As the bacterial protein is not
glycosylated, this suggests that glycosylation plays a role in
stabilizing the dimer, possibly through an effect on the stalk
region. There is a predicted N-terminal glycosylation site at
position 68 within the stalk region which may also be important
for dimerization. The absence of the monomeric form in protein
produced in eukaryotic cells certainly suggests the influence of
additional effects on dimer formation, possibly from glycosyla-
tion, eukaryotic protein folding chaperone activity, or degrada-
tion of misfolded protein. The putative stalk region has no
predicted secondary structure, and comparison with other
C-type lectin-like molecules does not demonstrate any evidence
of a conserved role for this domain in lectin oligomerization. The
influence of the stalk region suggests that it may stabilize the
otherwise weak interactions between the predicted “dimerization
patches” on two CLEC-2 monomers (10). Dimeric protein was
functional in surface plasmon resonance binding studies and
appears to have a higher affinity than monomeric protein (8).

Several related members of the C-type lectin-like family of
proteins, including NKG2D, LOX-1, and CD69, and the mouse

Ly49 family of immunoreceptors, exist as disulfide-linked homo-
dimers (23, 24, 39, 40). However, the two additional extracellular
cysteine residues present in the stalk region of CLEC-2 do not
form interchain disulfide bridges between CLEC-2 monomers
(Figure 6) and probably form an intrachain disulfide bond as
occurs in the related C-type lectin-like molecule CD94 (41).
Coimmunoprecipitation of CLEC-2 demonstrates that CLEC-2
is multimeric, as FLAG-tagged CLEC-2 is able to coimmuno-
precipitate myc-tagged CLEC-2 (Figure 3). Quantitative BRET
studies show that CLEC-2 can homodimerize noncovalently in
HEK 293T cells (Figure 4). This interaction is independent of the
presence of the CLEC-2 ligand, podoplanin, as CLEC-2 is self-
associating in HEK 293T cells in which podoplanin expression
was reduced using RNAi and in Jurkat cells which do not express
a ligand for CLEC-2 (Figure 3).

Dimeric CLEC-2 may allow more flexible ligand binding than
monomeric CLEC-2 (Figure 7). The potential bimodal move-
ments of the two C-type lectin-like domains relative to one
another may enable the dimeric CLEC-2 binding site to accom-
modate both of its structurally diverse ligands, rhodocytin and
podoplanin. For soluble and membrane-bound ligands which
bind surface receptors on platelets with intracellular cytoplasmic
signaling elements, the capacity to cluster the receptor may be
highly advantageous (37, 38). Themultiangle light scattering data
presented demonstrate that rhodocytin exists in solution in a
number of different forms, with the dominant species being an
(Rβ)2-tetramer, which may further oligomerize in a range of
multimeric conformations (Figure 8). This polydispersity is
consistent with rhodocytin being in a dynamic equilibrium
between these alternative conformations in solution. The exis-
tence of larger multimeric assemblies of rhodocytin suggests that
it can present several equivalent concave binding surfaces to
engage and cluster dimeric CLEC-2 receptors on the platelet
surface (11). Ligand binding may stabilize one or more of these
states. Higher order multimericity in the related snake venoms
convulxin and flavocetin-A is believed to promote clustering of
the cognate receptor on the platelet surface (GPVI for convulxin
andGPIb for flavocetin-A), thus augmenting signal transduction
activity (37, 38).

Dimerization of CLEC-2 and possible further ligand-induced
clustering could be important in signaling with only a single
YXXLmotif rather than a full ITAM.The propensity forCLEC-
2 dimerization at the cell surface raises the possibility that one
Syk molecule could interact with two CLEC-2 monomers and so
with two YXXL motifs.
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