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ABSTRACT: Aggretin is a C-type lectin purified from Calloselasma rhodostoma snake venom. It is a potent
activator of platelets, resulting in a collagen-like response by binding and clustering platelet receptor
CLEC-2. We present here the crystal structure of aggretin at 1.7 Å which reveals a unique tetrameric
quaternary structure. The two R� heterodimers are arranged through 2-fold rotational symmetry, resulting
in an antiparallel side-by-side arrangement. Aggretin thus presents two ligand binding sites on one surface
and can therefore cluster ligands in a manner reminiscent of convulxin and flavocetin. To examine the
molecular basis of the interaction with CLEC-2, we used a molecular modeling approach of docking the
aggretin R� structure with the CLEC-2 N-terminal domain (CLEC-2N). This model positions the CLEC-
2N structure face down in the “saddle”-shaped binding site which lies between the aggretin R and �
lectin-like domains. A 2-fold rotation of this complex to generate the aggretin tetramer reveals dimer
contacts for CLEC-2N which bring the N- and C-termini into the proximity of each other, and a series of
contacts involving two interlocking �-strands close to the N-terminus are described. A comparison with
homologous lectin-like domains from the immunoreceptor family reveals a similar but not identical
dimerization mode, suggesting this structure may represent the clustered form of CLEC-2 capable of
signaling across the platelet membrane.

The first steps of platelet activation are critical to our
understanding of hemostasis and thrombosis (1). Exposed
matrix components from the subendothelium at sites of
vascular damage interact with specific receptors on the
surface of platelets, causing platelet activation and spreading
to cover the injured site until it has regenerated. Snake venom
proteins have been shown to bind a number of platelet
receptors involved in platelet function (1–3). In many cases,
they bind specifically to platelet surface glycoprotein recep-
tors and either block function or activate and thus induce
platelet activation via clustering of receptors. Hence, they
are frequently used to study mechanisms of platelet activation
and aggregation and belong to two major protein families,
the C-type lectin family and the metalloproteinase disintegrin
cysteine-rich protein family (4).

Crystal structures of the snake venom C-type lectins reveal
these are R� heterodimers (5–10). The dimers are formed
by a domain-swapping long loop, which leads to the
disruption of the carbohydrate binding site and therefore loss
of lectin activity. Aggretin, also known as rhodocytin, has
been shown to bind to platelets (11, 12), causing a collagen-
like response, which is characterized by a distinct lag phase
before initiation of a signaling cascade involving activation
of Syk and PLCγ2 leading to platelet aggregation (11–14).
This signaling response is also similar to that seen in the
autosomal recessive disorder Chediak-Higashi syndrome
(CHS) (which is a granule release defect) (15). Aggretin has
been shown to bind CLEC-2,1 GPIbR, and integrin R2�1;
however, knockout studies have disputed a role for the latter
two receptors in aggretin activity. Navdaev et al. (14) used
antibodies against the thrombin binding site of GPIbR to
inhibit the aggretin response in platelets. Chung et al. (16)
used the GPIbR agonist agkistin to inhibit the aggretin
response, whereas Bergmeier et al. (17) and Shin and Morita
(12) showed that platelets without the 45 kDa N-terminal
domain of GPIbR respond to aggretin and that echicetin did
not inhibit the aggretin response. Navdaev et al. (14) and
Chung et al. (16) also used antibodies against R2�1 to inhibit
the aggretin response. Suzuki-Inoue et al. (18) showed that
aggretin-Sepharose bound R2�1-loaded liposomes. Eble et
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al., (19) however, showed that aggretin did not bind to
recombinant R2�1.

CLEC-2 is a type II transmembrane receptor found on
platelets, monocytes, dendritic cells, and granulocytes and
in the liver (20). The interaction with aggretin has been
characterized in some biochemical detail, and mutagenesis
of the recombinant CLEC-2 N-terminal domain revealed that
the long loop region contained residues important for aggretin
binding (21). The physiological ligand for CLEC-2 has not
yet been identified, although pathological ligands include
HIV-1 and podoplanin (22–24). Podoplanin is a transmem-
brane sialoglycoprotein found on various cancer cells,
including squamous cell carcinomas (25), brain tumors (26),
and testicular seminoma (27). Tumor-cell induced platelet
aggregation by podoplanin is also involved in metastasis and
lymphatic vessel formation. The interaction of podoplanin
with CLEC-2 is dependent on the O-linked sialic acid groups
on Thr52 (28). The interaction between podoplanin and
CLEC-2 causes the same response in platelets as aggretin-
CLEC-2 binding, indicating possible similarities in binding
mode. Here we report the high-resolution structure of
aggretin and show that it has a novel quaternary structure
not previously seen in C-type lectin-like snake venom
proteins. Modeling studies support a mechanism in which
aggretin dimerizes CLEC-2 and activates platelets through
a receptor clustering mechanism.

EXPERIMENTAL PROCEDURES

Crystallization. Aggretin was purified from Calloselasma
rhodostoma crude snake venom by gel filtration and ion
exchange chromatography as previously described (14). The
purified protein was concentrated to 12 mg/mL in 50 mM
ammonium acetate buffer (pH 5.0). Crystals were grown by
the sitting drop vapor diffusion method at 20 °C in 2.4 M
ammonium sulfate, 25 mM ammonium acetate (pH 5.0), and
2% 2-propanol after 24 h. The crystals belonged to orthor-
hombic space group P21212 with the following unit cell
dimensions: a ) 64.3 Å, b ) 91.3 Å, and c ) 118.9 Å.

Data Collection and Structure Solution. Data were col-
lected at the European Synchrotron Radiation Facility
(ESRF), beamline ID14-2, using an ADSC CCD detector
and a wavelength of 0.933 Å with a crystal-to-detector
distance of 130 mm. All diffraction data were processed with
Denzo and scaled with Scalepack (29). The asymmetric unit
contained two heterodimeric molecules (Table 1). The
structure was determined by molecular replacement using
AmoRe (30) implemented in the Collaborative Computa-
tional Project Number 4 (CCP4) suite of programs. The
R-chain of botrocetin [PDB entry 1FVU (10)] was used as
a search model. For the rotation and translation searches,
data in the range of 7-2 Å were used. A total number of
four solutions were found which were inspected graphically.
The correlation coefficient of the solutions was 51.9 and the
Rfactor 56.6. The phases were significantly improved by
performing noncrystallographic symmetry using the density
modification package (DM). This resulted in the production
of a high-quality electron density map allowing construction
of the aggretin model.

Refinement. All crystallographic refinements were carried
out using REFMAC 5 (31). Several cycles of model building
and refinement caused Rfactor and Rfree to drop below 30%.

Water molecules were then located using ArpWarp (32), and
two sulfate molecules were also added. Further refinement
cycles yielded an Rfactor of 20.2% and an Rfree of 23.6%. The
final model of a single aggretin heterodimer is comprised of
two R- and �-subunits. The R-chain contains 132 amino acids
and the �-chain 121. In total, six amino acids could not be
identified, all of which are part of the termini of the two
chains. The stereochemistry of the final model was validated
using Procheck (33).

Analysis of the Interaction of Aggretin with Platelet
Surface Receptor CLEC-2 by Docking. Crystal structures of
CLEC-2 (PDB entry 2C6U) and aggretin were prepared for
docking with WHATIF (34). Patchdock (35) was used for
docking calculations for the interaction of aggretin and
CLEC-2. Site-directed mutagenesis studies of CLEC-2 have
indicated that electrostatic interactions are involved in its
interaction with aggretin, and these were taken into consid-
eration while calculating the docking interaction (21). A
molecular shape representation was performed by computing
the molecular surface of the molecule. This was followed
by a segmentation algorithm which detected geometric
patches; these were filtered, and then a geometric hashing
and pose-clustering matching was performed to match the
patches on two structures. The top 10 solutions from each
round of calculations were manually checked for interaction
sites and orientation of the molecules. Models were subjected
to a 500 ps refinement followed by energy minimization.

Molecular Dynamics Simulation for Refinement of Docked
Structures. The MD simulations were performed using
YASARA dynamics (34). A simulation cell was constructed
around the docked structures with a 7.9 Å cutoff for the
electrostatic forces, which were calculated using the particle
mesh Ewald method. The pKa values of the ionizable groups
in the docked structure were predicted and assigned the
protonation states based on pH 7.2. The cell was filled with
water, and the AMBER99 (35) electrostatic potential was
evaluated at all water molecules; the one with the lowest or
highest potential was turned into a sodium or chloride

Table 1: Summary of Crystallographic Analysisa

space group P21212
unit cell dimensions 64.3 Å, 91.3 Å, 118.9 Å, 90°,

90°, 90°
resolution range (Å) 40.0-1.7
no. of unique reflections 93101
completeness (%) 99.9 (100)
I/σ(I) 42.55 (2.59)
Rmerge 0.056 (0.460)
redundancy 4.3
no. of reflections for refinement 87812
final Rfree (%) 23.6
final R (%) 20.2
rmsd for bonds (Å) 0.20
rmsd for angles (deg) 1.876
mean B value for the main chain (Å2) 22.31
mean B value for the side chain (Å2) 24.33
mean B value for the whole chain (Å2) 23.35
mean B value for water (Å2) 32.56
Ramachandran plot

most favored and additional regions 99.8%
generous and disallowed regions 0.2% (one residue, Lys60)
a Rmerge ) ∑|I - 〈I〉|∑I, where I is the observed intensity and 〈I〉 is

the average intensity of multiple observations of symmetry-related
reflections. R ) ∑||Fo| - |Fc||/∑|Fo|. Rfree is calculated for a randomly
selected 5% of the reflections. Rfactor is calculated for the remaining 95%
of the reflections used in refinement.
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counterion until the cell was neutral. A short steepest descent
minimization of all atoms removed severe bumps followed
by simulated annealing minimizations at 298 K. Velocities
were scaled down every 10 steps for a total time of 5 ps in
500 steps. A start-up simulation was then run for 5 ps, using
a multiple time step of 1 fs for intramolecular and 2 fs for
intermolecular forces, with all heavy protein atoms fixed,
so that the solvent molecules could smoothly cover the
protein surface. Simulated annealing minimizations were
started at 298 K, and velocities were scaled down every 10
steps for a total time of 5 ps in 500 steps. Molecular
dynamics simulations were run with the AMBER99 force
field at 298 K and 0.9% NaCl in the simulation cell for 500
ps to refine the docked structures.

RESULTS

Aggretin Structure. Aggretin, like other members of the
C-type lectin-like family, is composed of two structurally

homologous subunits, R and �, that form a disulfide-linked
heterodimer with each subunit containing a compact lectin-
like globular domain and a long extended loop region (Figure
1A). Superposition of the R- and �-subunits gives a rmsd of
1.7 Å. The R- and �-subunits of aggretin have a low degree
of sequence homology of 38%, and the globular domains
have a predominantly hydrophobic core, which includes a
perpendicular π-stacking network between the Phe20-Phe32-
Phe129 motif in subunit R and the Phe17-Phe29-Phe117
motif in subunit � (Figure 1B). The R-subunit has two
disulfide bonds (Cys33-Cys131 and Cys106-Cys123),
whereas the �-subunit has three disulfide bonds (Cys2-Cys13,
Cys30-Cys119, and Cys96-Cys111) which are conserved
in other members of the C-type lectin-like family of snake
venom proteins (Figure 1B). Aggretin is highly homologous
in sequence (∼50%) and structure with other members of
the C-type lectin-like protein superfamily (Figure 2B and
Figure S1 of the Supporting Information). These all [botro-

FIGURE 1: (A) Stereoview of the topology of the structure of the aggretin R�-heterodimer. The R-subunit is colored green and the �-subunit
yellow. Residues that form hydrogen bonds or hydrophobic interactions across the dimer interface are highlighted. Hydrogen bonds between
side chains are shown as black dashed lines. (B) Stereoview of the topology of the quaternary structure of (R�)2 aggretin. The disulfide
bonds of the R�-heterodimer are colored orange. The phenylalanine residues which form a π-stacking network in the globular domains are
colored cyan. (C) Surface representation of the side view of (R�)2 aggretin (same orientation as in panel A). (D) Surface representation of
(R�)2 aggretin (same orientation as in panel B). The concave receptor binding site is shown with a black line.
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cetin (10), IX/X-bp (7), convulxin (5), flavocetin (8), echi-
cetin (6), and aggretin] form R�-heterodimers through
domain swapping of the extended loop region, and complex
crystal structures have revealed that ligand binding usually
occurs in a centrally located concave surface involving
contacts with the extended loops.

The quaternary structure of aggretin is a novel (R�)2

tetramer which forms into an antiparallel structure due to a
2-fold rotation (Figure 1B). The interface buried upon
formation of the tetramer has a large surface area (11710
Å2, 35% of the total surface area), and it remains a tetramer
in gel filtration experiments (14). The side-by-side arrange-
ment causes the concave surface of the R�-heterodimer
saddle shape to be oriented on the same face (Figure 1C,D).
Interactions between the two dimers are primarily between
the R-subunits with helix R1 interacting with the opposing
R-chain extended loop. There are main chain-side chain
interactions between Glu28 and Ile99, Lys31 and Leu101,
Lys31 and Leu98, and Arg34 and Ser94 and side chain-side
chain interactions between Arg43 and Glu80. The majority
of these side chains are not conserved in other C-type lectin-
like snake venom proteins, including purpureotin and ag-
glucetin which have both been shown to be tetrameric (Figure
1B). The crystal structures have yet to be determined for
these proteins although, purpureotin has been modeled as a
parallel dimer (36, 37).

Several snake venom C-type lectin-like proteins have
divalent cation binding sites within their globular domains.
Factor IX/X-binding protein (FIX/X-bp) has Ca2+ binding
sites in both R- and �-subunits (7); botrocetin has one Ca2+

binding site, its �-subunit, but convulxin, flavocetin, and
aggretin lack divalent cation binding sites (5, 8, 10). Assays
of aggretin activity in the presence of EDTA suggested that
its function was independent of divalent cations, and the
aggretin structure reveals no bound cations (14). The cation
binding site in the R-subunit of FIX/X-bp consists of Ser41,

Glu43, Glu47, and Glu128 and in the �-subunit Ser41, Glu43,
Glu47, and Glu122 which forms a negatively charged cation
binding pocket in IX/X-bp. In aggretin, only homologous
residues Ser44, Glu46, and Glu50 are conserved in both R-
and �-subunits whereas Glu128 and Glu122 of IX/X-bp are
replaced with Lys132 and Lys120, respectively. These latter
substitutions alter the charge of the pocket, and the terminal
nitrogen atom of the lysine residues stabilizes both pockets
in the absence of divalent cation.

Docking of Aggretin and the CLEC-2 N-Terminal Domain.
Aggretin is thought to activate platelets by binding and
clustering receptor CLEC-2. The interaction between aggretin
and the recombinant N-terminal domain of CLEC-2 (CLEC-
2N) has been shown to have a dissociation constant of 1
µM (21). To investigate the basis of this interaction, we
performed molecular docking with the aggretin R�-het-
erodimer and the CLEC-2N crystal structure (21). Patchdock
(35) was used for molecular docking calculations, and the
complex with the best fit to the available biochemical data
was selected from the top three scoring structures. In this
complex, the CLEC-2N domain is positioned covering the
concave surface between the aggretin R�-lectin-like domains
and is slightly off center positioned closer to the �-subunit
than R. Principal contacts are formed between CLEC-2N and
both the R- and �-subunit lectin-like domains and long loops
with a series of salt bridges defining the key interactions
(Figure 2A). From the interface, a short helix from CLEC-
2N contributes residue Glu184 which contacts the aggretin
�-subunit His103; interactions extend from here along the
semihelical long loop region, including CLEC-2N Glu187
forming a salt bridge with �-subunit Arg100, and at the
opposing end, CLEC-2N Lys190 interacts with the R-subunit
side chain Glu110. Further contacts with the aggretin
R-subunit are made through CLEC-2N Phe207 and Asn210
contacting Leu112 and Asp68, respectively, and at the
opposite end of the CLEC-2 sheet, residues Asn200 and

FIGURE 2: (A) Model of CLEC-2N docked with an aggretin R�-heterodimer. Residues involved in the interaction between CLEC-2N and
aggretin are highlighted in stick format. CLEC-2 is colored blue, the aggretin R-subunit green, and the aggretin �-subunit yellow. (B)
Superposition of the R�-heterodimers of the structurally homologous C-type lectin-like snake venom proteins aggretin (green), EMS16
(blue), botrocetin (yellow), and flavocetin (red). (C) Diagram showing the positions of binding of different ligands to C-type lectin-like
snake venom proteins depicted in panel B: CLEC-2 (blue), the Gla domain of factor IX (orange), the integrin R2-I domain (purple), and
the A1 domain of von Willebrand factor (turquoise). These ligands bind aggretin (gray), IX-bp, EMS16, and botrocetin, respectively.
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Lys202 pack against Asp100 from the R-subunit and Glu105
from the �-subunit.

Mutagenic studies of CLEC-2N implicate the long loop,
and more specifically residues Lys150, Lys171, Glu184,
Asp188, Lys190, and Asn192, as being involved in aggretin
binding, and this is in broad agreement with the model (21).
One discrepancy is that CLEC-2N residue Asp188 is
predicted to contribute to binding, but in the model, this only
makes an incidental contact with Met109 from the �-subunit.
The CLEC-2N and aggretin structures are essentially treated
as rigid bodies in this docking experiment, and one area of
the structure which can potentially undergo conformational
change upon formation of the complex is the CLEC-2N long
loop (21). This could undergo a change in conformation to
form a better fit into the aggretin groove, and as a result,
Asp188 may form more direct interactions. In addition to
the residues previously identified, the model of CLEC-2N
docked with aggretin also predicts that Asn210, His199,
Lys202, and His204 may be important in CLEC-2-aggretin
binding.

The model of the aggretin-CLEC-2N complex is similar
to the ligand complex crystal structures of snake venom
C-type lectins. Figure 2C shows structures for the EMS16-
integrin R2-I domain, botrocetin-von Willebrand factor A1
domain, and factor IX binding protein-factor IX Gla domain
complexes superposed onto the aggretin-/CLEC-2N model,
and the alignment of the sequences illustrates the overlap in
the binding footprint (Figure S1 of the Supporting Informa-
tion). Differences between the mode of action exist as both
EMS16 and factor IX binding protein have a function
blocking role and structurally exist as R�-dimers, whereas

aggretin activates platelets and has the (R�)2 structure with
a clustering function.

Dimerization of CLEC-2N by Aggretin. Dimerization of
CLEC-2 would be an expected consequence of aggretin
binding as it is thought to activate platelets by clustering
the receptor, thus bringing the cytoplasmic domains closer
together, enabling efficient phosphorylation of the YXXL
motif (24, 38). Figure 3A illustrates the CLEC-2N-aggretin
complex superposed onto the aggretin tetramer. Here the two
CLEC-2N domains are brought into proximity and “fit
together” forming a small interface, effectively bringing the
N- and C-termini together through contact of residues
101-133 (two �-strands, helix R1, and loop regions).
Hydrophobic contacts are formed by Phe117 side chains at
the center of the interface close to the 2-fold axis with further
side chain-main chain contacts occurring on either side, with
the His119 NE2 atom forming a hydrogen bond to the
Asn105 carbonyl oxygen and the Tyr129 OH group forming
a hydrogen bond to the main chain nitrogen of Trp106.
Above this, as depicted in Figure 3B, the side chain from
Thr104 packs against Met133 and Asn105 packs against
Trp106. Below this, Tyr213 hydrogen bonds to the main
chain nitrogen of His154 from helix R1.

Further evidence to support the CLEC-2N-aggretin model
of CLEC-2 dimerization comes from the structurally ho-
mologous lectin-like proteins with immune functions, such
as receptors NKG2D, LOX-1, and Ly49C (39–41). Here
crystal structures are available for dimers of both unliganded
and ligand complexed crystal structures, and in the case of
NKG2D, the structure of the dimer is remarkably similar to
that of CLEC-2N. The difference is shown in Figure 3C as

FIGURE 3: (A) CLEC-2N-aggretin complex superimposed onto the aggretin (R�)2 tetramer. CLEC-2N is colored blue, the aggretin R-subunit
green, and the aggretin �-subunit yellow. The R�-heterodimers and two CLEC-2N molecules are differentiated by darker and lighter shading.
The N- and C-termini are labeled. (B) Dimer interface of CLEC-2N as determined by superimposing the CLEC-2N-aggretin complex onto
the aggretin tetramer. The interface is predominantly hydrophobic, and those residues involved in dimer formation are highlighted. (C)
Comparison of the CLEC-2N (blue) dimer of the CLEC-2N-aggretin complex and the structure of immune receptor NGK2D (red) of the
NKG2D-ULBP3 complex (PDB entry 1KCG). The left-hand monomer of each dimer is in the same orientation, thus showing the 45°
rotation of the domains.
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a 45° rotation of the domains such that instead of the helix
R2 forming contacts on the 2-fold axis it is the adjacent
�-sheet which interlocks. We next examined whether the
CLEC-2N domain could form a dimer structure similar to
the immune receptors by superposing the CLEC-2N structure
onto the dimer structures of NKG2D, LOX-1, and Ly49C,
and in each case, there were steric clashes indicating these
dimerization modes are unlikely for CLEC-2N.

DISCUSSION

The structure of aggretin reveals a novel tetrameric (R�)2

quaternary structure in which aggretin presents two adjacent
receptor binding sites supporting a receptor clustering
mechanism of action. This is similar to the clustering of
GPVI and GPIbR by convulxin and flavocetin A, respec-
tively. The R�-heterodimers of convulxin and flavocetin A
are structurally homologous to that of aggretin; however,
their quaternary structure is quite different. Convulxin and
flavocetin A are both disulfide-linked cyclic tetramers of
(R�)4 structure with the disulfide bond between the C-
terminus of the R-subunit and the N-terminus of the
�-subunit (8, 42). This allows for the binding and clustering
of four ligand (GPVI) molecules. Aggretin on the other hand
has no free cysteine residues and therefore cannot form a
cyclic structure similar to convulxin and flavocetin A and
instead forms a noncovalent (R�)2 dimer. A series of reports
suggest that CLEC-2 is the principal platelet receptor ligand
for aggretin but that GPIbR and R2�1 may have supple-
mentary roles in the same way as in other snake venom
C-type lectin-like proteins (12). Podoplanin, which is in-
volved in pathological tumor cell-induced platelet aggrega-
tion, has also been shown to bind CLEC-2 (23, 24). The
interaction of podoplanin with CLEC-2 results in a signaling
response, which subsequently leads to platelet aggregation,
similar to that induced by aggretin-CLEC-2 binding. In spite
of this similarity, it appears that aggretin and podoplanin
interact with CLEC-2 in a different manner. The interaction
of aggretin and CLEC-2 is restricted to the concave surface
of aggretin and the C-terminal loop of CLEC-2. This
interaction mainly involves hydrogen bonds between the side
chains of the two proteins and has been identified by
mutagenic studies. The structure of aggretin shows that there
are no glycosylation sites, or other post-translational modi-
fications, which could be involved in CLEC-2 binding. The
binding site for CLEC-2 in podoplanin has been shown to
involve the sialic acid group of O-glycan on Thr52 and
residues 38-54 which surround it. Podoplanin has been
shown to bind to an area which is predominantly positively
charged on the surface of CLEC-2N (residues 87-147) (24).
Sialic acid has several hydroxyl groups, all of which are
potential hydrogen bond donors, and sialic acid also causes
a slight negative charge on the surface of the protein. These
data show that aggretin and podoplanin have different
binding sites on CLEC-2, suggesting that it is the clustering
of the ligand which determines the downstream effects, not
the isolated binding of a ligand to the extracellular domain
(24).

In the absence of a high-resolution complex crystal
structure, the aggretin-CLEC-2N model provides predictions
which can be tested through functional analysis and con-
tributes to our understanding of platelet activation and

aggregation and may also help further improve our under-
standing of the basis of the “platelet cloak” which contributes
to tumor cell survival and metastasis mediated by receptor
podoplanin.
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