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Abstract

The C-type lectin receptor CLEC-2 activates platelets through Src and Syk tyrosine kinases
leading to tyrosine phosphorylation of downstream adapter proteins and effector enzymes,
including PLCy2. Signalling is initiated through phosphorylation of a single conserved tyrosine
located in a YxxL sequence in the CLEC-2 cytosolic tail. The signalling pathway used by CLEC-2
shares many similarities with that used by receptors which have one or more copies of an
immunoreceptor tyrosine-based activation motif (ITAM), defined by the sequence YxxL/

Ixg_12 YXXL/I, in their cytosolic tails or associated receptor chains. Phosphorylation of the
conserved ITAM tyrosines promotes Syk binding and activation through binding of the Syk
tandem SH2 domains. In this report we present evidence using peptide pull down studies, surface
plasmon resonance, quantitative western blotting, tryptophan fluorescence measurements and
competition experiments that Syk activation by CLEC-2 is mediated by the cross-linking through
the tandem SH2 domains with a stoichiometry of 2:1. In support of this model, cross-linking and
electron microscopy demonstrate that CLEC-2 is present as a dimer in resting platelets and
converted to larger complexes upon activation. This is a unique mode of activation of Syk by a
single YxxL-containing receptor.
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Introduction

The C-type lectin receptor CLEC-2 is expressed on platelets and on a subpopulation of other
haematopoietic cells, including mouse neutrophils and dendritic cells}3. CLEC-2 is a
receptor for the snake venom toxin rhodocytin® and the transmembrane protein
podoplanin®8, which is expressed on the leading edge of tumour cells and on kidney
podocytes, lung type-1 alveolar cells and lymphatic endothelium. In addition, recent
evidence suggests that activated platelets express or release a ligand for CLEC-2 that
supports platelet aggregation at arteriolar rates of flow’. Mice pre-treated with a specific
antibody to CLEC-2 exhibit a selective loss of the C-type lectin receptor and impaired
platelet activation on collagen at high shear in vitro or in vivo’.

Cross-linking of CLEC-2 by rhodocytin, podoplanin or specific antibodies elicits powerful
platelet aggregation and secretion*®. CLEC-2 signals through Src and Syk-dependent
tyrosine kinases leading to phosphorylation of a series of adapter and effector proteins that
culminate in activation of phospholipase-Cy2 (PLCy2) and platelet activation®. This
mechanism of platelet activation resembles that used by the immunoglobulin collagen
receptor, GPVI, which is constitutively associated with the FCRy-chain at the platelet
surface. Cross-linking of GPVI by collagen or specific agonists, such as the snake venom
toxin convulxin or antibodies, leads to Src kinase-dependent phosphorylation of two
conserved tyrosines in the FCRy-chain immunoreceptor tyrosine-based activation motif
(ITAM)82, ITAMs are present in a variety of haematopoietic receptors, including T- and B-
cell antigen receptors and the Fc receptors, FceRI, FcyRla and FcyRlla, and are defined by
the sequence Yxx(L/1)g.12Yxx(L/1)19. Phosphorylation of the two conserved tyrosines upon
receptor activation provides docking sites for the tandem SH2 domains in the only two
known members of the Syk family of tyrosine kinases, Syk and Zap-70, leading to their
activation and initiation of downstream signalling.

Although CLEC-2 signals through a pathway similar to that of GPVI, it contains only a
single YxxL sequence in its cytoplasmic tail which, by mutation of the tyrosine to a
phenylalanine, has been shown to be essential for activation of Syk!l. Two other C-type
lectin receptor family members, Dectin-1 and CLEC9A, have also been shown to activate
Syk through a single YxxL sequence located in their cytosolic tails12-14, Thus, it seems
likely that these three C-type lectin-like receptors may use a common mechanism to regulate
Syk via a single YxxL sequence.

Activation of Syk by CLEC-2 is ablated by point mutations in either of the Syk SH2
domains that disrupt their ability to bind to phosphotyrosines!. This suggests a model in
which activation of Syk is mediated through cross-linking of two phosphorylated CLEC-2
receptors on the cell surface. This model is further supported by the observation that a
CLEC-2 specific F(ab’), fragment but not a Fab fragment mediates activation of mouse
platelets’. Further, the related receptor, CLEC9A, is expressed as a covalent-dimer on
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dendritic cells, consistent with the cross-linking model4. On the other hand, these
observations could be explained by the presence of a second binding site on the cytosolic tail
of CLEC-2 which binds directly or via an intermediate protein to one of the Syk SH2
domains. The present study was undertaken to investigate these two hypotheses to establish
the mode of Syk activation by CLEC-2.

Rhodocytin was purified from C. rhodostoma venom as previously described!®. A rabbit a-
Syk pAb was used as previously reported!®. The goat a-human CLEC-2 pAb was purchased
from R&D Systems Inc. (Minneapolis, MN, USA). The a-Myc mAb was from Cell
Signaling Technology (NEB, Herts, UK). The a-mouse CLEC-2 pAb was kindly donated by
Drs Katsue Suzuki-Inoue and Yukio Ozaki, University of Yamanashi, Japan. The antibody
to rhodocytin has been previously described?. The polyclonal a-Src antibody was from
Invitrogen (Paisley, UK). The polyclonal a-FcyRIIA tail antibody was used as previously
reported!’. Horseradish-peroxidase-conjugated a-rabbit and a-goat secondary antibody, and
enhanced chemiluminescence reagents were purchased from Amersham Biosciences (GE
Healthcare, Bucks, UK). GST fusion proteins corresponding to single or tandem SH2
domains of Syk were prepared as described previously8:19. Biotinylated peptides were
synthesised by Alta Bioscience (Birmingham, UK) and Severn Biotech (Kidderminster,
UK). The Sulfo-EGS cross-linking compound was from Pierce (Thermo Fisher Scientific,
Cramlington, UK). All other reagents were purchased from Sigma-Aldrich (Poole, UK) or
from previously described sources2C.

Platelet preparation

Venous blood from healthy drug-free volunteers was taken into 10% sodium citrate. Washed
platelets were obtained by centrifugation using prostacyclin to prevent activation during the
isolation procedure?!. Platelets were resuspended in modified-Tyrodes buffer (134mM
NaCl, 0.34mM NayHPQOy4, 2.9mM KCI, 12mM NaHCO3, 20mM HEPES, 5mM glucose,
1mM MgCls; pH 7.3) as previously described?!. Platelets were used at a cell density of
5x108/ml unless stated.

Immunoprecipitation (IP), pull-downs and western blotting

Washed platelets were pre-treated with QUM Integrilin to inhibit platelet activation and
aggregation through integrin a,B3. Platelets were stimulated with agonists at 37°C with
stirring at 1200rpm in a Born lumi-aggregometer. Reactions were terminated by addition of
2x ice-cold NP-40 lysis buffer. Platelet lysates were pre-cleared and detergent insoluble
debris was discarded?l. An aliquot was dissolved with SDS sample buffer for detection of
total tyrosine-phosphorylation. Lysates were incubated with either the indicated antibodies
and protein G-Sepharose, or biotinylated CLEC-2 peptides and streptavidin-agarose.
Precipitated proteins or whole-cell lysates were separated by reducing SDS-PAGE, electro-
transferred, and western blotted. For in vitro pull down studies, Syk GST-SH2 domain
proteins were incubated with a 50-fold excess of biotinylated CLEC-2 peptide and the
resulting complexes were precipitated with glutathione-agarose. Samples were dot-blotted
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onto nitrocellulose membrane and probed with HRP-conjugated streptavidin. Densitometry
was performed to quantitate the amount of peptide pulled out.

Platelet surface protein cross-linking

Constructs

Following platelet stimulation, Sulfo-EGS (0.15mM or 1.5mM final concentration) was
added and allowed to incubate at room temperature for 30 minutes. The reaction was then
quenched with the addition of Tris-HCI (pH 7.5) (25mM final concentration), and allowed to
incubate for a further 20 minutes at RT. The platelets were then lysed with the addition of an
equal volume of 2x ice cold NP-40 lysis buffer.

Wild type and Y7F CLEC-2, and wild type FcRy-chain cloned into pEF6 have been
described previously1:22, Further mutations were generated by a two-step PCR method. The
mutating primers CLEC-2 A21-28-FWD (5-TAA-AAC-TCG-GAA-ACC-AGC-TCT-
CAT-CTG-GTG-GCG-TGT-GAT-GGC-TTT-GAT-TC-3"), CLEC-2 A21-28-REV (5'-
GAA-TCA-AAG-CCA-TCA-CAC-GCC-ACC-AGA-TGA-GAG-CTG-GTT-TCC-GAG-
TTT-TA-3'), CLEC-2 S21/27A-FWD (5-GAA-ACC-AGC-TCT-CAT-CGC-CGT-TGG-
CTC-TGC-ATC-CGC-CTC-CTG-GTG-GC-3'), CLEC-2 S21/27A-REV (5-GCC-ACC-
AGG-AGG-CGG-ATG-CAG-AGC-CAA-CGG-CGA-TGA-GAG-CTG-GTT-TC-3),
CLEC-2T9A-FWD (5-CAT-GCA-GGA-TGA-AGA-TGG-ATA-CAT-CGC-CTT-AAA-
TAT-TAA-AAC-TCG-3'), CLEC-2 T9A-REV (5-CGA-GTT-TTA-ATA-TTT-AAG-
GCG-ATG-TAT-CCA-TCT-TCA-TCC-TGC-ATG-3), FcRy-chain Y66F-FWD (5-CAG-
ATG-GTG-TTT-TCA-CGG-GCC-TGA-G-3), FcRy-chain Y66F-REV (5-CTC-AGG-
CCC-GTG-AAA-ACA-CCA-TCT-G-3'), FcRy-chain Y77F-FWD (5-GGA-ACC-AGG-
AGA-CTT-TCG-AGACTC-TGA-AGC-3’) and FcRy-chain Y77-REV (5-GCT-TCA-
GAG-TCT-CGA-AAG-TCT-CCT-GGT-TCC-3’) were used along with vector specific
primers 5147 and 4150. The NFAT luciferase reporter contains three copies of the distal
NFAT site from the 1L-2 promoter?3 and was provided by Prof. A. Weiss. The pEF6-lacZ
expression construct was from Invitrogen (Paisley, UK).

Cell culture and transfection

DT40 chicken B-cells were grown in RPMI supplemented with 10% fetal bovine serum, 1%
chicken serum, 100U/ml penicillin, 100ug/ml streptomycin, 50uM B-mercaptoethanol and
20mM GlutaMAX. Cells were transfected in 400ul of cytomix by electroporation using a
GenePulser 11 (Bio-Rad, Hertfordshire, UK) set at 350V and 500uF.

Luciferase assay

Cells were transfected as described above with 10pug of the indicated Myc-tagged or FLAG-
tagged-CLEC-2 construct or 2ug/ml each of GPVI and the indicated Myc-tagged-FcRy
construct, 20ug of the luciferase reporter construct and 2ug of pEF6-lacZ to control for
transfection efficiency1:22, Twenty hours after transfection, live cells were counted by
trypan blue exclusion and samples divided for luciferase assay, f-galactosidase assay and
flow cytometry. Luciferase assays were carried out as described previously?4. Luciferase
activity was measured with a Centro LB 960 microplate luminometer (Berthold
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Technologies, Germany). Data were normalized to B-galactosidase activity and expressed as
fold increase over basal. All luciferase data were averaged from triplicate readings. -
Galactosidase assays were performed with half of a million cells using the Galacto-Light
chemiluminescent reporter assay, according to the manufacturer’s instructions (Applied
Biosystems, Bedford, MA). 3-Galactosidase activity was measured in triplicate using a
microplate luminometer.

Immuno-gold labelling and electron microscopy

Washed mouse platelets were prepared as previously described?®. Non-stimulated or
rhodocytin (100nM for 2min)-stimulated mouse platelets were used for immuno-gold
labelling and electron microscopy performed as previously described2. In non-stimulated
platelets CLEC-2 receptors were labelled with CLEC-2 specific monoclonal 1gG and 10nm
colloidal gold particles coated with goat a-mouse 1gG. This approach could not be used to
label CLEC-2 in rhodocytin stimulated platelets as the snake toxin either masks the antibody
epitope or induces a conformational change which does not allow the CLEC-2 specific
antibody to bind. A rabbit polyclonal antibody to rhodocytin and 10nm colloidal gold
particles coated with goat anti-rabbit 1gG was used instead.

Flow cytometry

Surface expression of Myc-tagged-CLEC-2 and the Myc-tagged-FcRy mutants was
measured by flow cytometry. Cells (5x10°) were stained in a 25l volume for 20 minutes on
ice with 10ug/ml a-Myc antibody. Cells were then washed and incubated for 20 min on ice
with 15ug/ml FITC-conjugated a-mouse 1gG secondary antibody. Stained cells were
analyzed using a FACSCalibur (BD Biosciences, Oxford, UK). Data were collected and
analyzed using Cellquest software (BD Biosciences, Oxford, UK).

Surface plasmon resonance

Surface plasmon resonance experiments were performed using a Biacore T100 machine
(Biacore, GE Healthcare, Uppsala, Sweden). Biotin tagged CLEC-2 and FcRy peptides were
attached to carboxymethylated dextran-coated CM5 research grade sensor chips (Biacore)
following attachment of streptavidin to the chip surface using amine coupling. All
experiments were performed at 25°C in 10mM HEPES pH 7.4, 150mM NaCl, 1mM MgCl,,
0.005% Surfactant P-20. A range of concentrations (0 — 80uM) of N-SH2, C-SH2 and
tandem SH2 domains were injected over all peptide surfaces to determine equilibrium
dissociation constants (Kp). Specific binding was identified by subtraction of signal from an
appropriate reference flow cell. Equilibrium dissociation constants (Kp values) were derived
from global fitting to the predicted function using the Levenberg-Marquardt algorithm as
implemented in the program Origin (OriginLab, Northampton, MA, USA).

Tryptophan fluorescence titration

Fluorescence measurements were performed in a PTI spectrofluorimeter (Photon
Technology International Ltd. UK). Both Syk SH2 domains and CLEC-2 peptides were
extensively dialysed into experimental buffer (50mM HEPES, 150mM NaCl, 150mM
glycine, ImM EDTA and 5mM B-mercaptoethanol; pH 7.5) prior to experimentation.
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Protein and peptide concentrations were determined by spectrophotometry using a ND-1000
spectrophotometer (Nanodrop, Thermo Scientific, UK). The Syk SH2 domains (3ml of
250nM) were loaded into a quartz cuvette and placed into the cell turret with constant
stirring. The CLEC-2 peptide (2mM) was titrated in and allowed to mix for 2 min before
scanning. An excitation wavelength of 295nm was used and emission spectra were collected
over the range of 300-420nm in 2.5nm steps. Slit widths of 0.75mm were used for both
excitation and emission. The peak fluorescence of 340nm was monitored in order to
calculate the equilibrium dissociation constant, Kp.

Statistical analysis

Results

NFAT-luciferase data is expressed as geometric mean * standard error. Statistical analysis
was carried out using unpaired Student’s t-test. Significance was taken P < 0.05.

Structure-function relationship of the CLEC-2 cytoplasmic tail and Syk tandem SH2

Sequence alignment of the CLEC-2 cytosolic tail both between species and with the two
other family members, Dectin-1 and CLEC9A, was performed to highlight conserved
regions that might provide a second binding site for one of the SH2 domains of Syk or for an
intermediate adapter protein. Sequence alignment of 9 species of CLEC-2 using ClustalW
(www.ebi.ac.uk/clustalw/) highlighted conservation of the N-terminal MQDEDGYXTL
sequence, a threonine at position +2 in the YxxL motif and of two serine residues located at
positions 21 and 27 in human CLEC-2 (Figure 1A). Several positively charged amino acids
and a WR sequence at the juxtamembrane position were also conserved. Sequence
alignment of 9 species of Dectin-1 also highlighted conservation of the DEDGY xxL
sequence and of two serine residues (Figure 1B) but not the other amino acids that were
conserved in CLEC-2 apart from the membrane WR sequence. Intriguingly, a conserved
threonine residue was found at the +1 position in the Dectin-1 YxxL motif. The same
relationship did not hold for CLEC9A, with the conserved DEDG sequence being replaced
by the similarly charged EEEI sequence and just one of the serines and the threonine at
position Y+1 being conserved. The presence of the conserved serine and threonine residues
is of interest given their potential for phosphorylation. Further, the presence of a threonine
group at position Y+1 or Y+2 is of also of interest given previous observations in mast cells
and mouse platelets that phosphorylation of a conserved threonine at position Y+1 in one of
the two YxxL sequences of the FcRy-chain by a novel isoform of protein kinase C (8 or €) is
required for maximal binding and activation of Syk27-29,

Based on these alignments, experiments were designed to investigate the role of the YxxL,
and the conserved serine and threonine residues in the cytoplasmic tail of CLEC-2 through a
combination of peptide pull-down studies using human CLEC-2 cytosolic peptides and
human mutant CLEC-2 transfected into chicken DT40 B-cells. The latter is a haematopoietic
cell line that we have used extensively to investigate signalling by both CLEC-2 and GPVI
using a sensitive NFAT reporter assay22-30,
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In confirmation of our previous finding!?, the snake toxin rhodocytin stimulates powerful
activation of NFAT activity in CLEC-2 but not in mock-transfected DT40 cells, with the
response ablated following mutation of the conserved tyrosine at position 7 to phenylalanine
as shown later in Figure 3. In line with this, a phosphorylated peptide based on the first 13
amino acids of the CLEC-2 tail, which includes the conserved MQDEDGY xxL sequence,
was able to effectively precipitate Syk from a platelet lysate whereas the corresponding
nonphosphorylated 13 amino acid peptide was ineffective (Figure 2A (i)). Significantly,
there was no increase in the amount of precipitated Syk when a tyrosine phosphorylated
peptide based on the full 31 amino acid cytoplasmic tail of CLEC-2 was used, although
again the non-phosphorylated peptide was ineffective (Figure 2A (i)). This demonstrates that
a single phosphorylated YxxL sequence is sufficient to mediate binding to Syk and that a
similar level of binding is seen with the 13 and the full length 31 amino acid peptides based
on the CLEC-2 tail in the pull-down assay. It is unclear however whether the interaction
with Syk in this design is mediated through binding of two separate phosphorylated peptides
to the tandem SH2 domains in the kinase bearing in mind that multiple phosphorylated
peptides are attached to the beads. These observations therefore do not rule out a possible
direct or indirect interaction between the Syk tandem SH2 domains and a second site in the
CLEC-2 cytosolic tail which may support the association of Syk with a CLEC-2 monomer
in an intact cell.

The contribution of the two conserved serine residues in the CLEC-2 tail to the interaction
with Syk and to intracellular signalling was investigated using the same approach as for the
YxxL motif. Mutation of the two serine residues to alanine, or deletion of the serine rich
region, 21-28, had no significant effect on surface expression or the ability of the mutant
CLEC-2 receptor to activate NFAT in the DT40 cell line relative to the wild type receptor
(Figure 2B (i) and Supplementary figure S1). Further, a 31 amino acid tyrosine
phosphorylated peptide containing alanine residues rather than serine groups at positions 21
and 27 associated with a similar level of Syk as the tyrosine phosphorylated wild type
peptide (Figure 2A (ii)). These results demonstrate that neither of the conserved serine
residues plays a significant role in supporting Syk association or in signalling to PLCy2 and
NFAT activation.

Using the same approach, we were also unable to find evidence for a functional role for the
threonine at position 9 in signalling by CLEC-2. Transfection of DT40 cells with the T9A
mutant of CLEC-2 had no significant effect on surface expression or on NFAT activation
induced by rhodocytin relative to the wild type receptor (Figure 2B (ii) and Supplementary
figure S2). Further, a tyrosine phosphorylated 31 amino acids peptide containing a
phosphorylated threonine residue precipitated similar levels of Syk as the wild type
phosphorylated peptide (Figure 2A (iii)).

These results confirm a critical role for the phosphorylated YxxL sequence in both the
interaction with Syk and in mediating NFAT signalling by CLEC-2 in transfected DT40
cells, but also demonstrate that the two conserved serines at positions 21 and 27 and the
partially conserved threonine at position 9 are dispensable for these events. The functional
role of these three residues therefore remains to be determined. The present results indirectly
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favours a model in which Syk cross-links two molecules of CLEC-2 via its two SH2
domains, both of which are known to be essential for CLEC-2 signalling®L.

Inhibitory action of Y7F CLEC-2 on signalling by wild type CLEC-2

In order to further investigate whether cross-linking of two CLEC-2 receptors is required for
activation of Syk, we co-expressed wild type CLEC-2 with varying levels of the Y7F mutant
of CLEC-2, which is unable to bind to Syk (Figure 2A(i)) and does not support NFAT
activation (Figure 3 and 11). The rationale for this experiment is that the Y7F mutant should
have an inhibitory effect if the cross-linking model is correct by forming an ‘inactive
heterodimer’ with the WT receptor. On the other hand, it should have no effect if Syk is
activated by a monomeric CLEC-2 receptor as the Y7F mutant is unable to support binding
to Syk and activation.

Surface expression of wild type CLEC-2 was unaffected by expression of the Y7F mutant in
DT40 cells (Supplementary figure S3), whereas NFAT activation was dramatically inhibited
when the mutant receptor was expressed at a similar or greater level than the wild type
receptor (Figure 3). Reducing the level of expression of the Y7F mutant caused a
corresponding reduction in the inhibitory effect. In contrast, the weak constitutive (agonist-
independent) signal induced by expression of CLEC-2, that we have previously described??,
was not inhibited in the presence of the Y7F mutant suggesting that it may be mediated by a
CLEC-2 monomer (Figure 3). These data provide evidence that ligand-activated CLEC-2
signals as a dimer/oligomer and that expression of the Y7F inactive mutant has a ‘dominant
negative’ effect by inducing a portion of the native receptors into a mixed (wild type and
Y7F) dimeric or higher order structure that is unable to signal.

CLEC-2 is present in higher order structures on the platelet surface

The above observations provide evidence that dimerisation of CLEC-2 is essential for Syk
activation. To investigate whether CLEC-2 is present as a dimer or higher order structure on
platelets, we used Sulfo-EGS, a cross-linking reagent which cross-links proteins that fall
within a distance of 1.6nm (16A) of each other. Dimerisation and oligomerisation of
CLEC-2 was investigated by immunoprecipitation and western blotting.

In non-stimulated or rhodocytin-stimulated platelets, CLEC-2 migrates on reducing SDS-
PAGE gel electrophoresis as a characteristic doublet due to differential glycosylation
(Figure 4A, lanes 1&4)*. The molecular weight of the two differentially glycosylated forms
of CLEC-2, 30 and 40kDa, are consistent with both forms being a monomer, which is
further supported by the fact that they are reduced to a single band of just less than 30kDa
upon deglycosylation?. Following addition of a low or a high concentration of cross-linker,
the presence of higher molecular weight bands of CLEC-2 can be seen together with a
corresponding reduction in intensity of the 30 and 40kDa bands. In non-stimulated platelets,
a new broad band is observed at between 60 — 80kDa which corresponds approximately to a
doubling of the molecular weight of monomeric CLEC-2 (Figure 4A, lanes 2&3). With the
higher concentration of cross-linker, there is also the suggestion of the presence of higher
order structures in non-stimulated platelets which corresponds to a further reduction in the
monomeric form and to a reduction in the dimeric form relative to the lower concentration
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of Sulfo-EGS. In the presence of rhodocytin, Sulfo-EGS induces the formation of both the
predicted CLEC-2 dimer and higher order structures, most notably at the upper
concentration where there is almost no detectable monomeric CLEC-2 (Figure 4A, lanes
5&6).

The corresponding changes in the levels of monomeric, dimeric and oligomeric forms of
CLEC-2 are consistent with the interconversion of one form to another, although there is
also the suggestion of loss protein with the higher concentration of cross-linker, a conclusion
supported by densitometric analysis (not shown). The loss of protein may reflect the
formation of higher order structures that are resistant to solubilisation. The broad nature and
smearing of bands that is seen in these studies is likely to be the consequence of
oligomerisation of the differentially glycosylated forms of CLEC-2 as well as possible
cross-linking to other proteins, although interestingly, western blotting studies failed to
detect the presence of rhodocytin in the higher order structures suggesting that cross-linking
to the toxin had not occurred (not shown).

A similar overall pattern of change in CLEC-2 dimerisation/oligomerisation was seen in
whole cell lysates prepared from basal (not shown) and rhodocytin-activated platelets, as
demonstrated by western blotting for CLEC-2 (Figure 4B). In marked contrast, there was no
apparent dimerisation/oligomerisation of the low affinity immune receptor, FcyRIIA, or the
membrane-associated protein Src in the presence of the intermediate and high concentration
of Sulfo-EGS in basal (not shown) or rhodocytin-activated platelets (Figure 4B) as shown by
the similar levels of the monomeric forms of both proteins as revealed by western blotting
(Figure 4B). These results demonstrate that the oligomerisation of CLEC-2 is not simply the
result of a non-specific effect of cross-linking of platelet surface proteins.

We also investigated possible dimerisation/oligomerisation of CLEC-2 by immuno-gold
labelling and electron microscopy on non-stimulated and rhodocytin-stimulated mouse
platelets using a specific antibody to the C-type lectin receptor (Figure 5). Under non-
stimulated conditions, approximately 35 and 50% of gold particles were found alone or in
pairs, respectively, with the latter separated by a mean distance of 14nm. These results
further suggest that, under basal conditions, CLEC-2 is present as a monomer and dimer on
the platelet surface. Furthermore, following rhodocytin stimulation, over 55% of gold
particles are present in clusters of >4 gold particles demonstrating the formation of
oligomers.

These two distinct approaches demonstrate that a significant proportion of CLEC-2 is
present as dimer on the surface of a non-stimulated platelet and that the receptor is converted
to higher oligomeric structures upon activation. Furthermore, the CLEC-2 dimer is not the
consequence of disulphide cross-linking as the C-type lectin receptor runs solely as a
monomer under both reducing (Figure 4) and non-reducing conditions (Supplementary
Figure S4).

Surface plasmon resonance and tryptophan fluorescence measurements

The above results support a model in which the tandem SH2 domains in Syk bind to the
phosphorylated YxxL sequence in separate CLEC-2 receptors which are preformed into
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dimers. This is consistent with our previous report that point mutants that disrupt binding of
the individual SH2 domains to phosphotyrosine abrogate signalling by CLEC-211, One
prediction of this model is that both of the SH2 domains in Syk must be able to bind to the
phosphorylated YxxL peptide. This was investigated using surface plasmon resonance to
measure the equilibrium dissociation constants (Kp) of binding of the N-terminal, C-
terminal and tandem SH2 domains of Syk. To achieve this each protein was flowed over
different surfaces coated with the non-phosphorylated or phosphorylated 13 amino acids N-
terminal CLEC-2 peptide. No detectable binding was observed for any of the SH2 domain-
containing proteins when flowed over the non-phosphorylated CLEC-2 peptide, confirming
the requirement for tyrosine phosphorylation of the YxxL. When flowed over the tyrosine-
phosphorylated peptide, a Kp of 10.5uM was calculated for the Syk N-SH2 domain and
2.4uM for the Syk C-SH2 domain demonstrating that both SH2 domains are able to bind to
the phosphorylated CLEC-2 cytoplasmic tail. Moreover, when the tSH2 domain protein was
flowed over tyrosine phosphorylated CLEC-2 peptide, a Kp of 256nM was calculated
thereby demonstrating cooperativity between the two SH2 domains. This is consistent with
each SH2 domain binding to separate molecules of the phosphorylated CLEC-2 peptides on
the surface of the chip. As a comparison, the individual and tSyk SH2 domains were also
flowed over a dually phosphorylated peptide based on the human FcRy-chain ITAM. A
similar cooperativity was observed when the tandem SH2 domains were flowed over the
peptide with a calculated Kp of 20nM compared to the individual Kps of the N- and C-
terminal SH2 domains of 19.7 and 1.7uM, respectively (Figure 6A). These data demonstrate
that the Syk tandem SH2 domain protein binds with higher affinity than the single Syk SH2
domains to a surface containing multiple copies of a phosphorylated YxxL-containing
peptide. This has important implications for the binding of Syk to a dually phosphorylated
ITAM protein or to the phosphorylated CLEC-2 tail when presented as a dimer. Consistent
with this data, quantitative western blotting was used to show that twice the amount of a
CLEC-2 peptide was able to associate with the tandem-SH2 domains of Syk compared with
the single SH2 domains alone confirming a 2:1 stoichiometry of CLEC-2 to Syk (Figure
6B).

Tryptophan fluorescence titration was used to derive a second estimate of the affinity of the
tandem Syk SH2 domains for the phosphorylated CLEC-2 peptidel®:31, This technique is
based on the principle that binding to the peptide causes a change in fluorescence of one or
more tryptophan groups in the tSyk SH2 domain. The N-terminal 13 amino acid CLEC-2
peptide was used for these studies as this supports a similar level of binding of Syk to that of
the 31 amino acid phosphorylated peptide and does not contain a tryptophan residue.
Addition of the peptide resulted in a saturatable decrease in peak tryptophan fluorescence of
the tSyk SH2 domain at 340 nm, indicative of ligand binding (Figure 7). The resulting
dissociation constant (Kp) of 5.7uM for the Syk-tandem SH2:CLEC-2 interaction was of a
similar order as the Kp derived by surface plasmon resonance of CLEC-2 peptide binding to
either the N- or C-terminal SH2 domain of Syk. In contrast, the fluorescence data recorded a
20-fold weaker binding to the tSH2 than was observed by surface plasmon resonance. This
discrepancy may reflect the influence of avidity in the binding between the Syk tandem SH2
domains and a surface-immobilised peptide whereas the tryptophan fluorescence
measurements were made in solution. In contrast, we were unable to detect binding of the
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CLEC-2 peptide to the single C-terminal SH2 domain of Syk over the same concentration
range. The equivalent experiment is not valid for the N-terminal SH2 domain as this does
not contain a tryptophan residue. This increased affinity of the tSH2 domain for a CLEC-2
peptide compared to the single C-terminal SH2 domain mirrors the result seen using SPR. It
should however be noted that there is also one tryptophan residue in the linker region which
is present only in the tSH2 domain. It is therefore possible that ligand binding is causing
only the linker region tryptophan to change its fluorescence and this too would explain the
lack of binding to the C-terminal SH2 domain.

GPVI requires both FcRy-chain YxxL sequences to signal

The above observations raise the question as to whether ITAM receptors, which contain a
tandem YxxL sequence, are able to activate Syk through intermolecular binding between
adjacent phosphorylated YxxL sequences or if intramolecular binding to the doubly
phosphorylated YxxLs of a single ITAM is essential for activation. This question was
addressed through the generation of single point mutations (Y-F) of the conserved ITAM
tyrosines in the FcRy-chain which associates with GPVI. An N-terminal Myc-tagged version
of the FcRy-chain, which supports a similar level of signalling to that of the wild type
protein?2, was used in these studies to enable measurement of the level of surface
expression. As shown in Figure 8, mutation of the C-terminal ITAM tyrosine abolished
NFAT activation by collagen in DT40 cells transfected with GPV1 and the mutant FcRy-
chain, whereas mutation of the N-terminal ITAM tyrosine suppressed the response by more
than 95%, despite similar expression levels of both GPVI and FcRy-chain as measured by
flow cytometry (Supplementary figure S5). Thus, these results demonstrate that both ITAM
tyrosines are required for robust signalling by the GPVI-FcR y-chain complex and that the
FcRy-chain is unable to function efficiently with phosphorylation of only a single YxxL.

Discussion

The above results support a model in which CLEC-2 regulates Syk through dimerisation
with each of the two Syk SH2 domains binding to a phosphorylated YxxL sequence in the
individual cytosolic tails of CLEC-2, which itself is present as a dimer on the platelet
surface. The evidence in support of this model is as follows: (i) it has previously been
reported that both SH2 domains of Syk are essential for activation by CLEC-211; (ii) the
CLEC-2 cytosolic tail contains a single YxxL sequence that, when phosphorylated, is
essential for activation of NFAT; (iii) a significant proportion of CLEC-2 is present as a
dimer in non-stimulated platelets and converted to higher order structures upon stimulation;
(iv) co-expression of FxxL mutant CLEC-2 inhibits signalling by the wild type receptor; (v)
there is no evidence for a second (direct or indirect) binding site for Syk in the CLEC-2
cytoplasmic tail; (vi) surface plasmon resonance has shown that both SH2 domains of Syk
have micromolar affinity for the tyrosine phosphorylated CLEC-2 and that they interact in a
cooperative manner to facilitate binding; and (vii) quantitative western blotting confirms a
stoichiometry of 2:1 for the interaction between CLEC-2 and Syk. The other C-type lectin
receptors which have been shown to regulate Syk through a single YxxL sequence, Dectin-1
and CLEC9A, may also function as dimers. An alignment of the cytoplasmic tails of all
three receptors emphasises their overall similarity in organisation but fails to identify a
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conserved or recognised sequence that is likely to confer binding, either directly or
indirectly, to the second SH2 domain of Syk. Further, CLEC9A is expressed as a covalently-
linked dimer adding weight to the proposed dimerisation model4. These data therefore
suggest that the minimum signalling unit for CLEC-2 and the two related C type lectin
receptors is a phosphorylated dimer, enabling recruitment of a single molecule of Syk. An
alternative model in which Syk cross-links two CLEC-2 dimers is also possible.

The cross-linking experiments in stimulated platelets also indicate the presence of
oligomeric forms of CLEC-2 and it is possible that these contribute to the proposed model
for activation of Syk by creating a critical density of phosphorylated YxxLs. Alternatively,
the apparent formation of CLEC-2 oligomers may be the result of binding to rhodocytin,
which is a tetramer and so could therefore crosslink multiple receptors32, although the
presence of the snake toxin itself in these higher order structures was not detected. It is also
possible that the higher molecular structures could represent binding to other membrane
proteins although no specific binding partners of CLEC-2 have been reported.

Oligomerisation of CLEC-2 on the platelet surface is also supported by electron microscopy
which clearly demonstrates couplets of CLEC-2 on the surface of resting platelets with a
separation of only 14nm. In the crystal structure of monomeric CLEC-2 the shortest axis of
the monomer is approximately 20nm and the longest axis is approximately 40nm33,
Therefore, the epitope that is bound by the antibody used in these studies must lie on a
region of the surface of each CLEC-2 monomer that is near to the equivalent region on the
paired monomer. This is likely to be near the dimer interface. Although the crystal structure
of CLEC-2 fails to predict a dimerisation motif, C-type lectin-like molecules can form
dimers with a reasonably large interface without a precise dimerisation motif. In the related
C-type lectin-like molecule NKG2D, for example, large patches of surface on the monomers
interact to produce the dimer and the interface includes 19 hydrogen bonds and 72 Van der
Waals contacts34. The surface buried within the dimer interface of NKG2D accounts for
around 15% of the total monomer surface. The size of the CLEC-2 dimer interface is
unclear, but the interface is sufficiently strong to hold the two monomers together in the
absence of disulfide bond formation. It will be particularly interesting to establish whether
or not the distance between the labelled antibodies is altered in the presence of ligand, which
could in principle introduce a conformational change in the dimer configuration. If this
occurs, then the interface itself may undergo a significant change upon ligand binding which
might be of significance with respect to CLEC-2 phosphorylation and intracellular
signalling.

The dimerisation model represents a unique mode of regulation of Syk and contrasts with
that used by ITAM receptors which require phosphorylation of the two conserved tyrosines
in the ITAM for optimal signalling. Given the dimerisation model, it is of interest to
consider why the FcRy-chain does not function in this way as shown by the dramatic
inhibition of NFAT activation following mutation of the individual FcRy-chain YxxL
sequences. One possible explanation is that the FcRy-chain, which is a covalent dimer, is
expressed in a conformation that does not favour cross-linking of YxxL groups on separate
chains, possibly to minimise constitutive signalling in the absence of agonist binding. On the
other hand, the presence of two YxxL groups on the same chain facilitates binding to
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proteins with tandem SH2 domains without a need for receptor dimerisation/
oligomerisation. This is illustrated by comparison of the Kps derived for binding of single
and tandem SH2 domains of Syk to immobilised tyrosine phosphorylated peptides in the
surface plasmon resonance experiments described above. Dual YxxL groups that form an
ITAM are found in separate exons (http://www.ensembl.org) suggesting that ITAM-like
receptors may have preceded ITAM receptors. The greater number of ITAM receptors over
ITAM-like receptors may reflect an evolutionary advantage in having two YxxL groups on
the same protein, although this may also reflect the fact that the majority of ITAM receptors
are composed of multiple chains and therefore unable to undergo dimerisation/
oligomerisation. Indeed, it is noteworthy that the low affinity immune receptor, FCyRIIA,
which contains two YxxL groups in a classical ITAM sequence, does not appear to be
present as a dimer in resting platelets as shown in the cross-linking studies.

In summary, the present observations support a novel dimerisation model of activation of
Syk by the C-type lectin receptor CLEC-2 in which the tyrosine kinase cross-links two
CLEC-2 receptors through binding of its tandem SH2 domains to the conserved YxxL motif
in each receptor. Confirmation of this model in an intact cell will require the application of
specialist fluorescence-based imaging techniques such as forster resonance energy transfer
(FRET). Such studies are ongoing in the laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

C.E.H. is a PhD student at the University of Birmingham. This work was supported by the Wellcome Trust (073107
and 088410), the British Heart Foundation (PG/07/116 and PG/05/134), the Medical Research Council and the
DFG (grant SFB/TR23 project A8 to J.A.E.). M.G.T. is a BHF Senior Research Fellow (FS/08/062). C.A.O’Cis a
MRC Senior Clinical Research Fellow (G116/165). S.P.W. holds a BHF Chair (CH/03/003). We would like to
thank Drs Katsue Suzuki-Inoue and Yukio Ozaki for the antibody to mouse CLEC-2.

References

1. Colonna M, Samaridis J, Angman L. Molecular characterization of two novel C-type lectin-like
receptors, one of which is selectively expressed in human dendritic cells. Eur J Immunol. 2000;
30(2):697-704. [PubMed: 10671229]

2. Kerrigan AM, Dennehy KM, Mourao-Sa D, et al. CLEC-2 is a phagocytic activation receptor
expressed on murine peripheral blood neutrophils. J Immunol. 2009; 182(7):4150-4157. [PubMed:
19299712]

3. Sobanov Y, Bernreiter A, Derdak S, et al. A novel cluster of lectin-like receptor genes expressed in
monocytic, dendritic and endothelial cells maps close to the NK receptor genes in the human NK
gene complex. Eur J Immunol. 2001; 31(12):3493-3503. [PubMed: 11745369]

4. Suzuki-Inoue K, Fuller GL, Garcia A, et al. A novel Syk-dependent mechanism of platelet
activation by the C-type lectin receptor CLEC-2. Blood. 2006; 107(2):542-549. [PubMed:
16174766]

5. Suzuki-Inoue K, Kato Y, Inoue O, et al. Involvement of the snake toxin receptor CLEC-2, in
podoplanin-mediated platelet activation, by cancer cells. J Biol Chem. 2007; 282(36):25993-26001.
[PubMed: 17616532]

6. Christou CM, Pearce AC, Watson AA, et al. Renal cells activate the platelet receptor CLEC-2
through podoplanin. Biochem J. 2008; 411(1):133-140. [PubMed: 18215137]

Blood. Author manuscript; available in PMC 2015 March 17.


http://www.ensembl.org

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hughes et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23

24,

25.

Page 14

. May F, Hagedorn I, Pleines I, et al. CLEC-2 is an essential platelet activating receptor in hemostasis

and thrombosis. Blood. 2009

. Gibbins J, Asselin J, Farndale R, Barnes M, Law CL, Watson SP. Tyrosine phosphorylation of the

Fc receptor gamma-chain in collagen-stimulated platelets. J Biol Chem. 1996; 271(30):18095—
18099. [PubMed: 8663460]

. Gibbins JM, Okuma M, Farndale R, Barnes M, Watson SP. Glycoprotein V1 is the collagen receptor

in platelets which underlies tyrosine phosphorylation of the Fc receptor gamma-chain. FEBS Lett.
1997; 413(2):255-259. [PubMed: 9280292]

. Underhill DM, Goodridge HS. The many faces of ITAMs. Trends Immunol. 2007; 28(2):66—-73.
[PubMed: 17197236]

Fuller GL, Williams JA, Tomlinson MG, et al. The C-type lectin receptors CLEC-2 and Dectin-1,
but not DC-SIGN, signal via a novel YXXL-dependent signaling cascade. J Biol Chem. 2007;
282(17):12397-12409. [PubMed: 17339324]

Rogers NC, Slack EC, Edwards AD, et al. Syk-dependent cytokine induction by Dectin-1 reveals a
novel pattern recognition pathway for C type lectins. Immunity. 2005; 22(4):507-517. [PubMed:
15845454]

Xu S, Huo J, Lee KG, Kurosaki T, Lam KP. Phospholipase Cgammaz2 is critical for Dectin-1-
mediated Ca2+ flux and cytokine production in dendritic cells. J Biol Chem. 2009; 284(11):7038—
7046. [PubMed: 19136564]

Huysamen C, Willment JA, Dennehy KM, Brown GD. CLEC9A is a novel activation C-type
lectin-like receptor expressed on BDCA3+ dendritic cells and a subset of monocytes. J Biol Chem.
2008

Eble JA, Beermann B, Hinz HJ, Schmidt-Hederich A. alpha 2beta 1 integrin is not recognized by
rhodocytin but is the specific, high affinity target of rhodocetin, an RGD-independent disintegrin
and potent inhibitor of cell adhesion to collagen. J Biol Chem. 2001; 276(15):12274-12284.
[PubMed: 11121411]

Burkhardt AL, Stealey B, Rowley RB, et al. Temporal regulation of non transmembrane protein
tyrosine kinase enzyme activity following T cell antigen receptor engagement. J Biol Chem. 1994;
269(38):23642-23647. [PubMed: 7522230]

Gardiner EE, Karunakaran D, Arthur JF, et al. Dual ITAM-mediated proteolytic pathways for
irreversible inactivation of platelet receptors: de-ITAM-izing FcgammaRlla. Blood. 2008; 111(1):
165-174. [PubMed: 17848620]

Qi R, Ozaki Y, Asazuma N, et al. FcgammaRl| tyrosine phosphorylation differs between
FcgammaRI| cross-linking and platelet-activating anti-platelet monoclonal antibodies. Biochim
Biophys Acta. 1999; 1451(2-3):353-363. [PubMed: 10556589]

Grucza RA, Futterer K, Chan AC, Waksman G. Thermodynamic study of the binding of the
tandem-SH2 domain of the Syk kinase to a dually phosphorylated ITAM peptide: evidence for two
conformers. Biochemistry. 1999; 38(16):5024-5033. [PubMed: 10213605]

McCarty OJ, Zhao Y, Andrew N, et al. Evaluation of the role of platelet integrins in fibronectin-
dependent spreading and adhesion. J Thromb Haemost. 2004; 2(10):1823-1833. [PubMed:
15456495]

. Suzuki-Inoue K, Inoue O, Frampton J, Watson SP. Murine GPVI stimulates weak integrin
activation in PLCgammaz2-/- platelets: involvement of PLCgammal and P13-kinase. Blood. 2003;
102(4):1367-1373. [PubMed: 12730118]

Mori J, Pearce AC, Spalton JC, et al. G6b-B inhibits constitutive and agonist-induced signaling by
glycoprotein VI and CLEC-2. J Biol Chem. 2008; 283(51):35419-35427. [PubMed: 18955485]

. Shapiro VS, Mollenauer MN, Greene WC, Weiss A. c-rel regulation of IL-2 gene expression may
be mediated through activation of AP-1. J Exp Med. 1996; 184(5):1663-1669. [PubMed:
8920856]

Tomlinson MG, Kane LP, Su J, Kadlecek TA, Mollenauer MN, Weiss A. Expression and function
of Tec, Itk, and Btk in lymphocytes: evidence for a unique role for Tec. Mol Cell Biol. 2004;
24(6):2455-2466. [PubMed: 14993283]

Hoffmeister KM, Felbinger TW, Falet H, et al. The clearance mechanism of chilled blood platelets.
Cell. 2003; 112(1):87-97. [PubMed: 12526796]

Blood. Author manuscript; available in PMC 2015 March 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hughes et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 15

Frenette PS, Denis CV, Weiss L, et al. P-Selectin glycoprotein ligand 1 (PSGL-1) is expressed on
platelets and can mediate platelet-endothelial interactions in vivo. J Exp Med. 2000; 191(8):1413—
1422. [PubMed: 10770806]

Germano P, Gomez J, Kazanietz MG, Blumberg PM, Rivera J. Phosphorylation of the gamma
chain of the high affinity receptor for immunoglobulin E by receptor-associated protein kinase C-
delta. J Biol Chem. 1994; 269(37):23102-23107. [PubMed: 8083212]

Swann PG, Odom S, Zhou Y, et al. Requirement for a negative charge at threonine 60 of the
FcRgamma for complete activation of Syk. J Biol Chem. 1999; 274(33):23068-23077. [PubMed:
10438475]

Pears CJ, Thornber K, Auger JM, et al. Differential roles of the PKC novel isoforms, PKCdelta and
PKCepsilon, in mouse and human platelets. PLoS One. 2008; 3(11):e3793. [PubMed: 19030108]
Tomlinson MG, Calaminus SD, Berlanga O, et al. Collagen promotes sustained glycoprotein VI
signaling in platelets and cell lines. J Thromb Haemost. 2007; 5(11):2274-2283. [PubMed:
17764536]

Kim AS, Kakalis LT, Abdul-Manan N, Liu GA, Rosen MK. Autoinhibition and activation
mechanisms of the Wiskott-Aldrich syndrome protein. Nature. 2000; 404(6774):151-158.
[PubMed: 10724160]

Watson AA, Eble JA, O’Callaghan CA. Crystal structure of rhodocytin, a ligand for the platelet-
activating receptor CLEC-2. Protein Sci. 2008; 17(9):1611-1616. [PubMed: 18583525]

Watson AA, Brown J, Harlos K, Eble JA, Walter TS, O’Callaghan CA. The crystal structure and
mutational binding analysis of the extracellular domain of the platelet-activating receptor CLEC-2.
J Biol Chem. 2007; 282(5):3165-3172. [PubMed: 17132623]

Wolan DW, Teyton L, Rudolph MG, et al. Crystal structure of the murine NK cell-activating
receptor NKG2D at 1.95 A. Nat Immunol. 2001; 2(3):248-254. [PubMed: 11224525]

Blood. Author manuscript; available in PMC 2015 March 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hughes et al. Page 16

A
Human —————————- MODEDGYITLNIKTRKPALIS---VGSASSSWWR 31
Mouse = ————=—=—=- MODEDGY ITLNIKPRKQALSS---AEPA-SSWWR 30
Rat  m—m——m———- MODEDGY ITLNIKPRKQALSS-—--AEPA-SSWWR 30
Chimpanzee ———-—-—-—- MODEDGY ITLNIKTRKPALVS---VGPASSSWWR 31
Rhesus Monkey ---------- MODEDGYVTLNIKTRKPALIS---VDPASSSWWR 31
Bat  m—mm—————- MQODEDGY ITLNIKTRKPALTS---VDPASSSLWR 31
Cat mmm——————- MODEDGYVTLNIKGRKPALTS---VDSASSPLWR 31
Hedgehog ~  -—--—--—-—- MQODEDGY ITLNLKSRKPALTS---VDPASSSLWR 31
Opossum  —————————- MODEDGYITLNFKSRASAGTSRLTVKPAVSPAWR 34
B
Human ——-—-———- MEYHPDLENLDEDGYTQLHFDSQSNTRIAVVSEKGSCAASPPWR 44
Mouse = —-—-————- MKYHSHIENLDEDGYTQLDFSTQDIHKRPRGSEKGSRAPSSPWR 44
Rat  ——m————— VEYHSQIENMDEDGYTQLDFGTRNIHKRPVKSEKGSPAPSSRWR 44
Chimpanzee —-—-—=-—-- MEYHPDLENLDEDGYTQLHFDSRSNTRIAVVSEKGSCAASPPWR 44
Rhesus Monkey MSIHGLSRTMDYHPDLENLDEDGYTQLHFDSRSNTRIAVVSEKGSCVASPPWR 53
Tree Shrew = —--—--—-- MEYHSDLENVDEDGYTQLNFHSQGITRRPVISEKGTPAASPPWR 44
Cattle ————————- MEYQSSVENLDEDGYTQLDFSSRNITRRSVVSEKGLCAASSHWR 44
Water Buffalo --------- MEYQSSVENLDEDGYTQLDFSSRNITRRSIVSEKGLCAASSHWR 44
Rabbit  ——-—————- MEFHSGLENLDEDGYTQLVFNSRVTTRTCVLSEKGTRTVSPPWR 44
C
Human CLEC-2 ———-—-- MQ--DEDGYITLNIKTR---KPALIS-VG-SASSSWWR 31
Human Dectin-1 MEYHPDLENLDEDGYTQLHFDSQSNTRIAVVSEKGSCAASPPWR 44
Human CLEC9A ———————- MHEEEIYTSLQWDSPAPDTYQKCLS--SNKCSGAC 33

Figure 1. Sequence alignment of CLEC-2 family proteins
A) 10 species of CLEC-2 were aligned using ClustalW web-based software highlighting

conservation of the DEDGYXTL motif and serines at positions 21 and 27. B) The
intracellular tails of CLEC-2, Dectin-1 and CLEC9A were aligned, highlighting
conservation of the YxxL motif and partial conservation of a serine rich region.
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Figure 2. YxxL isessential for Syk association and signalling through CLEC-2
A) Washed platelets (5 x 108/ml) were lysed with 2x NP40 lysis buffer, pre-cleared and

interacting proteins precipitated with the addition of 10 pg of the relevant biotinylated
CLEC-2 peptide. Precipitated proteins were separated by SDS-PAGE and western blotted
for the presence of Syk. B) DT40 cells were transfected with 10 pg/ml of the stated CLEC-2
construct and a NFAT-luciferase reporter plasmid. Transfected cells were stimulated with 50
nM rhodocytin for 6 hrs at 37°C and then the luciferase activity was measured as an index of
signalling. Results were normalised for transfection efficiency and plotted as a percentage of
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the WILD TYPE response. Error bars represent the geometric mean + standard error of three
to six separate experiments.
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Figure 3. The Y7F CLEC-2 mutant inhibits signalling by the wild type r eceptor
DT40 cells were transfected with 10 pg/ml of WILD TYPE CLEC-2 and/or varying amounts

of Y7F CLEC-2 and a NFAT-luciferase reporter gene. Transfected cells were stimulated
with 50 nM rhodocytin for 6 hrs at 37°C after which time, the amount of luciferase activity
was measured as a readout of signalling. Results were normalised for transfection efficiency
and plotted as a percentage of the WILD TYPE response. Error bars represent the geometric
mean + standard error of three to eight separate experiments.
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Figure4. CLEC-2 oligomersare present on the platelet surface
Washed platelets (5 x 108/ml) under basal or rhodocytin-stimulated (100 nM) conditions had

their surface proteins cross-linked with the addition of 0.15 mM or 1.5 mM Sulfo-EGS
cross-linking reagent, with a linker length of 1.6 nm (16 A). The cross-linking reaction was
subsequently blocked and then the platelets were lysed with 2x NP40 lysis buffer. A)
Lysates were pre-cleared with protein G Sepharose, then immunoprecipitated with a-
CLEC-2 antibody and PGS. Precipitated proteins were separated by reducing SDS-PAGE
and western blotted for CLEC-2. B) Lysates were separated by reducing SDS-PAGE and
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western blotted for CLEC-2, FcyRIIA and Src. The results are representative of three
experiments.
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Figure 5. Electron microscopy and immuno-gold staining of CLEC-2 on resting and rhodocytin
stimulated mouse platelets

(i) Electron micrograph showing a-CLEC2 immuno-staining. The majority of CLEC-2
immuno-gold labelling can be found within a pair (solid arrows) or alone (open arrowheads)
under basal conditions (A) or as larger clusters following rhodocytin stimulation and
rhodocytin immuno-gold labelling (B). Scale bar represents 50nm. (ii) Quantification of the
CLEC-2 immuno-gold labelling distribution under basal (A) or rhodocytin stimulated (B)
conditions. The distribution of CLEC-2 immuno-gold labelling is depicted as a histogram.
Data represents the mean and standard deviation (n=5). (iii) Quantification of the distance
between CLEC-2 immuno-gold labelled pairs. The inter-centre distance between the gold
particles within pairs was measured using ImageJ (n=100) and presented as a box and
whisker plot. Solid horizontal line shows the median for the data, the top of the box the 25th
percentile, the bottom the 75th percentile, and the additional lines the range of the data.
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Figure 6. Surface plasmon resonance measur ements and quantitative western blotting of the
CLEC-2-Syk SH2 interaction

A) Biotinylated CLEC-2 and FcRy chain peptides were bound to streptavidin-coated
biosensor chips surfaces. The N-SH2, C-SH2 or the tandem SH2 domains of Syk were
purified and flowed over the chip at a range of concentrations. Non-linear regression was
used to analyse the data and calculate Kp values. The results are representative of three
experiments. B) GST-tagged Syk SH2 domain proteins were incubated with a 50-fold excess
of biotinylated phospho-CLEC-2 peptide and precipitated with glutathione-agarose beads.
The precipitated proteins were dot-blotted and the amount of associated CLEC-2 was
measured using HRP-streptavidin and densitometric analysis. The result is representative of
four experiments.
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Figure 7. Tryptophan fluorescencetitration measur ements of the CLEC-2-Syk SH2 interaction
The purified tandem SH2 domains of Syk were placed into a quartz cuvette in a PTI (Photon

Technology International) spectrofluorimeter. Following excitation at 295 nm, emission at
340 nm was plotted during titration of a CLEC-2 peptide. Non-linear regression was used to
analyse the data and calculate Kp values. The graph is representative of 3 experiments.
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Figure 8. GPVI signalling requires both ITAM tyrosines
DT40 cells were transfected with 2 pg/ml of stated FcRy-chain construct, 2 pug/ml of GPVI,

along with a NFAT-luciferase reporter gene. Transfected cells were then stimulated with 10
pg/ml collagen for 6 hrs at 37°C after which time, the amount of luciferase activity was
measured as a readout of signalling. Results were normalised for transfection efficiency and
plotted as a percentage of the WILD TYPE response. Error bars represent the geometric
mean + standard error of three separate experiments.
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