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Abstract

Salivary glands from hematophagous animals express a notable diversity of negative modulators
of platelet function. Triplatin is an inhibitor of collagen-induced platelet aggregation which has
been described as an antagonist of glycoprotein VI (GPVI1). Because triplatin displays sequence
homology to members of the lipocalin family of proteins, we investigated whether triplatin
mechanism of action could be explained by interaction with pro-hemostatic prostaglandins. Our
results demonstrate that triplatin inhibits platelet aggregation induced by low doses of collagen,
thromboxane A2 (TXA,) mimetic (U46619), and arachidonic acid (AA). On the other hand, it
does not inhibit platelet aggregation by convulxin, PMA, or low-dose ADP. Isothermal titration
calorimetry (ITC) revealed that triplatin binds AA, cTXA,, TXB,, U46619 or PGH, mimetic
(U51605). Consistent with its ligand specificity, triplatin induces relaxation of rat aorta contracted
with U46619. Triplatin also interacts with PGF,, and PGJ,, but not with leukotrienes, AA or
biogenic amines. Surface plasmon resonance experiments failed to demonstrate interaction of
triplatin with GPVI; it also did to inhibit platelet adhesion to fibrillar or soluble collagen. Because
triplatin displays sequence similarity to apolipoprotein D (ApoD)—a lipocalin associated with
HDL, it was tested as a putative TXA,-binding molecule. ITC failed to demonstrate binding of
ApoD to all prostanoids described above, or to AA. Furthermore, ApoD was devoid of inhibitory
properties towards platelets activation by AA, collagen, or U46619. In conclusion, Triplatin
mechanism of action has been elucidate without ambiguity as a novel TXA,- and PGF, - binding
protein. It conceivably blocks platelet aggregation and vasoconstriction, thus contributing to
successful blood feeding at the vector-host interface.

Introduction

Platelets have a central role in hemostasis. Platelet initially interacts with the exposed
extracellular matrix, which contains macromolecules such as collagens and fibronectin.
Under conditions of high shear present in small arteries and arterioles, the initial tethering of
platelets to the matrix is mediated by interaction between the platelet receptor glycoprotein
(GP)Ib and VWF bound to collagen (1). However, the binding of GPIb to vVWF dissociates
rapidly and is insufficient to mediate stable adhesion but rather maintains the platelet in
close contact with the exposed surface. This interaction allows the collagen receptor GPVI
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to bind to collagen (2), triggering the conformational change of integrins (e.g., a2pl) to a
high-affinity state, thereby enabling them to mediate firm adhesion to collagen, and also
promoting the release of TXA, and adenosine diphosphate (ADP) (3, 4). Both ADP and
TXA, are particularly important for completion of platelet aggregation under physiologic
conditions but may also contribute to thrombus formation under pathologic events (5). This
explains why blockade of TXA, generation (e.g., aspirin) and antagonism of purinergic
ADP receptors (e.g., clopidogrel) have been used to treat ischemic disorders (6-9).

Platelets are also target of exogenous secretions from a variety of sources such as
hematophagous animals which have evolved various strategies to counteract the host
hemostatic system (10-15). The salivary glands (SGs) of these animals express molecules
named sialogenins (from the Greek sialo, saliva; gen, origin, source; and /ns for proteins)
(12), which target the host response to injury, modulate immune response, prevent pain, and
block several aspects of hemostasis (10-15). With respect to platelet aggregation, 11
different mechanisms have been identified, including enzyme inhibition, small ligand
binding properties, disintegrins, release of antiplatelet nitric oxide, among others (12).
Reports on carefully performed experiments demonstrated that identification of salivary
protein function is not necessarily trivial, and the use of adequate concentrations of ligands
was shown to be critical to correctly identify the target of a given platelet inhibitor. For
example, pallidipin was initially described as a specific collagen inhibitor (16) but is in
actuality a TXA,-binding protein (17). Moubatin was also initially described as a specific
collagen inhibitor (18) but then identified as a ligand for TXA, (19). A protein named
chrysoptin was found to block platelet aggregation by a mechanism that was claimed to be
due to a disintegrin activity; however, chrysoptin exhibits extensive sequence homology to
apyrase, suggesting that degradation of ADP by an enzyme conceivably explains its
inhibitory activity toward ADP-induced platelet aggregation (20). More recently, triplatin a
lipocalin from T7riatoma infestans salivary gland was suggested to affect collagen-mediated
platelet responses through antagonism of GPVI (21). Because triplatin shares sequence
homology to DPTL, a TXAy-binding protein (17), we verified whether its mechanism of
action could be explained by mopping up TXA, and other pharmacologically relevant
prostanoids involved in platelet aggregation and vasoconstriction. We have also investigated
whether apolipoprotein D (ApoD), a plasma lipocalin constituent of HDL — a lipoprotein
known to inhibit platelet aggregation and marker of protection for cardiovascular diseases
(22) — could also bind to pro-aggregatory prostaglandins and modulate platelet function.

Horse tendon insoluble Horm fibrillar collagen was from Chrono-Log Corp. (Haverstown,
PA, USA). Soluble collagen type | was from BD biosciences. PGD», PGE,, PGF,,, PGH2
endoperoxide mimetic (U-51605), PGJ,, CTXA,, TXAo-mimetic (U-46619), TXBy, LTCy,
5(S)-HETE, 9(S)-HETE, 15(S)-HETE, and 20-HETE were obtained from Cayman
Chemicals (Ann Arbor, MI, USA). ADP, norepinephrine, epinephrine, serotonin,
indometacin and histamine were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Sensor CM5, amine coupling reagents, and buffers were purchased from GE-
Healthcare (Piscataway, NJ, USA). Convulxin was purified as described (23) and GPVI was
expressed as reported (24).

Sequence analysis

Sequence similarity searches were performed using BLAST. Cleavage site predictions of the
mature proteins used the SignalP program. The molar extinction coefficient (eogg nm) of
mature triplatin at 280 nm was obtained at http://www.expasy.ch/cgi-bin/protparam,
yielding for mature triplatin a value of exgg nm = 18825 M~1.cm™1; A01%,0q e (1 mg/
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ml) = 1.008, predicted molecular weight 18,672.7 (164 amino acids, including 6xHis-tag),
and p/8.02.

Expression of triplatin in E. coli

Synthetic cDNA for triplatin was produced by BioBasic Inc. (Markham, ON, Canada). The
sequence displays an N-terminal Ndel and a C-terminal X#hol restriction site. The Ndél site
adds a 5”-methionine codon to all sequences that acts as start codon in the bacterial
expression system, whereas the X#ol site was incorporated after the 6xhis tag and stop
codon. pET 17b constructs were confirmed before transformation of £. colistrain
BL21(DE3)pLysS cells. For recombinant protein production, a protocol similar to that
described was employed (17). Briefly, 30 ml of Luria Bertani broth (with 34 pg/ml
chloramphenicol and 100 pg/ml ampicillin added) was inoculated and grown overnight for a
maximum of 16 h. Luria Bertani broth (1 liter with 34 p.g/ml chloramphenicol and 100 g/
ml ampicillin added) was inoculated with 10 ml of the overnight culture and grown at 37°C
with continuous shaking (250 rpm) until an optical density of 0.6-0.8 (Aggo nm) Was reached
(=3 h). Isopropyl-1-thio-b-D-galactopy-ranoside (1 mM) was added to induce expression,
and the flask was shaken for 3 h under the same conditions; cells were harvested by
centrifugation (6000xg; 20 min) and washed once in 20 mM Tris-HCI, pH 8.0, before the
cell pellet was frozen and stored until use. Refolding procedure and concentration of the
sample were carried out essentially as described (17).

Protein purification

Triplatin (8 ml) was loaded into a HiPrep 16/60 Sephacryl S-100 HR (GE Healthcare,
Piscataway, NJ, USA) column equilibrated in 20 mM Tris-HCI, NaCl 0.15M, pH 9.3, with a
flow of 1 ml/min and connected to an AKTA purifier system (Amersham Biosciences,
Piscataway, NJ, USA). Protein was detected by peak absorbance at 280 and 220 nm, and
fractions containing triplatin (estimated by SDS/PAGE) were combined (4 ml) and
concentrated in centricon (10-kDa cut-off). To remove bacterial DNA potentially
contaminating triplatin, the active fraction was dialyzed against 20 MM NayHPOy4-
NaH,PO4, pH 6.0, centrifuged, and loaded into cation-exchange chromatography using a
HiPrep 16/10 SP FF column (Amersham Biosciences). Proteins were eluted with a linear
gradient of NaCl (0-1 M) over 60 min at a flow rate of 0.5 ml/min. Fractions containing
triplatin were combined and dialyzed against TBS, pH 7.4. Samples were loaded in a gel
filtration column (Superdex 75 HR10/30; Amersham Biotech) equilibrated in TBS, pH 7.4.
Elution was carried out at a flow rate of 1 ml/min, and fractions containing triplatin were
combined. Active fractions were exhaustively dialyzed against PBS, pH 7.4. PAGE and
Edman degradation were performed essentially as described (17).

Isothermal titration calorimetry (ITC)

Prostanoids (in ethanol or methyl acetate) were placed in glass vials and the vehicle
evaporated under nitrogen atmosphere; the dried material was then resuspended in
appropriate concentrations in 20 mM Tris-HCI, 0.15 M NaCl, pH 7.4, sonicated, and
vortexed. Calorimetric assays for measuring triplatin binding to a number of ligands were
performed using a VP-ITC microcalorimeter (Microcal, Northampton, MA, USA) at 30°C.
Titration experiments were performed by making successive injections of 10 .l each of 40
M ligand into the 1.34-ml sample cell containing 4 M triplatin until near saturation was
achieved. Prior to the run, the proteins were dialyzed against 20 mM Tris-HCI, 0.15 M
NaCl, pH 7.4, for binding experiments. The calorimetric enthalpy (AH®) for each injection
was calculated after correction for the heat of triplatin dilution obtained in control
experiments performed by titrating triplatin into buffer. The binding isotherms were fitted
according to a model for a single set of identical binding sites by nonlinear squares analysis
using Microcal Origin software (OriginLab, Northampton, MA).
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SPR experiments

All SPR experiments were carried out in a T100 instrument (Biacore AB, Uppsala, Sweden)
following the manufacturer’s instructions. HBS-P (10 mM Hepes, pH 7.4, 150 mM NacCl,
and 0.005% (v/v) P20 surfactant) was used as the running buffer for all SPR experiments.
Recombinant GPVI (25 pg/ml) (24) in acetate pH 4.5 buffer was immobilized on a CM5
sensor with a final surface density of 1290.8 RU. A blank flow cell was used to subtract any
effect of buffer in the refractory index change. Then triplatin, DPTL or convulxin in HBS-P
buffer was injected over immobilized GPVI for 120 seconds at 30 pl/minute. Complex
dissociation was monitored for 400 seconds. Sensor surface was regenerated between runs
with by a 30-second pulse of HCI (10 mM).

Expression and purification of ApoD

Synthetic gene for ApoD was synthesized by BioBasics (Ontario, Canada). The sequence
displays an N-terminal BamHI and a C-terminal containing a sequence coding for 6xHis, a
stop codon, and a BamHl| restriction site. The sequence was cloned in a VR1020 digested
with BamHl| for both ends. The plasmid was diluted in 20 pl TE buffer and used to
transform TOP10 cells by heat-shock procedure and generation of a glycerol stock. Luria
Bertani broth (1 liter in the presence of 100 pg/ml ampicillin) was inoculated with a few pl
of the glycerol stock, and the plasmid was purified using a purification kit (Qiagen,
Valencia, CA, USA). 293 C18 cells (ATCC CRL-10852) were grown/maintained in a 50:50
media mix, consisting of FreeStyle 293 medium (Invitrogen) and SFM4HEK293 medium
(HyClone), supplemented with 50 pg/ml Geneticin (Invitrogen). Cells were grown in
suspension at 37°C with 5% CO». Transfection was carried out with PEI (Polyethylenimine,
linear, MW-25,000 from Polysciences, Inc.) prepared at 1mg/ml in 18Q water, sterile
filtered and quantitated for transfection efficiency ratio of PEI:DNA solution which was
added to the cells and incubated for 4 hours at 37°C/5% CO2. After 72 hours cells were
centrifuged at 1776.4 x g for 13 min and supernatant collected. Purification of ApoD was
carried in Ni-NTA column (GE-Pharmacia) with an 0-1 M Imidazol gradient in Tris 5 mM,
pH 8.3, followed by a purification step in Sephadex 75 HR10/30, equilibrated in PBS pH
7.4, with a flow rate of 0.5 ml/min. The fractions corresponding to ApoD were loaded in a
C18 Vydac reversed-phase column, and eluted with a gradient of acetonitrile (0-100%),
0.1% TFA at a flow rate of 1 ml/min. ApoD was extensively dialysed against PBS and
tested for platelet aggregation assays.

Platelet aggregation

Platelet-rich plasma was obtained from medication-free platelet donors under informed
consent participating in an NIH IRB-approved protocol of the Department of Transfusion
Medicine, NIH Blood Bank. Platelet aggregation assays were performed essentially as
described (17). Briefly, platelet-rich plasma (100 L) was added to 200 L of Tyrode’s
buffer (137 mM NaCl, 27 mM KCI, 12 mM NaHCO3, 0.42 mM NaH,PO4, 1 mM MgCly,
5.55 mM Hepes, 0.25% bovine serum albumin, pH 7.4) giving a final concentration of
200,000 platelets/p.L. Platelets aggregation was estimated using a Lumi-aggregometer
(Chrono-Log Corp). For platelet adhesion assays, washed platelets were incubated with
calcein-AM (2 nM) for 30 min at RT, centrifuged at in the presence of EDTA (5 mM), and
apyrase (0.2 U/ml). Platelet was resuspended (200,000 platelets/.L) in Tyrode’s buffer (no
additions).

Platelet adhesion

Inhibition of platelet adhesion to immobilized collagen was examined by fluorometry.
Microfluor black microtiter 96-well plates (ThermoLabsystems, Franklin, MA) were coated
with (50 ul, 1 pg/well, in PBS) of fibrillar (Horm) or soluble collagen overnight at 4 °C in
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PBS, pH 7.2. Wells were washed and blocked with 2% BSA. Calcein-labeled platelets (2 x
10°%/ul) were incubated with Triplatin or EDTA and 50 .l of platelets was added to each
well. After 1 hour, wells were washed 3—4 times with Tyrode-BSA and adhesion estimated
by fluorescence (485 nm/530 nm) (17).

Contraction of rat aorta

Contraction of rat aortic ring preparations by U-46619 was measured isometrically and
recorded with transducers from Harvard Apparatus Inc. (Holliston, MA) as reported (17).
Aortic rings in a 0.5-ml bath kept at 30°C and pre-constricted by 100 nM U-46619 followed
by addition of DPTL (1 uM).

Preparation of indometacin

Indometacin (Sigma, 1.4 mg) was diluted in 1 ml of 0.1 M Na,CO3 and vortexed. Then, it
was neutralized with 5.8 pl of acetic acid (glacial, 17.5 M), followed by addition of Tyrode
(4 ml) to adjust concentration to 0.8 mM. Indometacin was kept on ice, and discard at the
end of the experiment.

Statistical analysis
Results are expressed as mean + SEM (GraphPad Software, Inc., San Diego, CA, USA).

Results

Purification of triplatin

Figure 1A shows the Clustal alignment for triplatin and several other salivary lipocalins
which reportedly bind TXA,, including dipetalodipin (17), pallidipin (16), and several other
homologues cloned from Triatomines. A high degree of conservation can be observed
among different members of this sub-family of lipocalins, and when triplatin is compared to
dipetalodipin and pallidipin identical amino acids were 41.9% and 50.6%, respectively.

Next, a Clustal alignment for triplatin and several other salivary lipocalins targeting
prostanoids (e.g. TXA,), adenine nucleotides (e.g. ADP), and bioagenic amines (e.g.
histamine, serotonine) was performed (not shown) and the results used to generate a
phylogenetic tree. Figure 1B demonstrates that Triplatin clades with pallidipin and
dipetalodipin and several homologues which also likely bind TXA,. In contrast, RPAI-1 —
the only lipocalin known to bind ADP (25) clades independently of other lipocalins.
Members of the procalin family of lipocalin (26) whose function remains unknown form
another independent clade. Likewise, triatomine lipocalins which bind bioagenic amines
(27), or tick salivary lipocalins with specificity for TXA, (19) or bioagenic amine (28) also
clades independently. This philogenetic analysis suggested that triplatin, a previously
reported GPVI antagonist (21) could alternatively operate as a TXA,-binding protein.

In an attempt to test this hypothesis the cDNA for triplatin (gi 109240370) was synthesized
and cloned in a Pet17b vector. Expression was carried out in Escherichia coli after induction
with IPTG as described in Methods. Purification was performed in an S-100 gel-filtration
column, followed by cation-exchange chromatography; the last step was carried out in a gel-
filtration G-75 column (Figure 1C). The inset shows SDS/PAGE for triplatin under reducing
and denaturing conditions. The N-terminus was identified by Edman degradation and
matches the N-terminus predicted by the cDNA. Figure 1D depicts the mass spectrometry
for triplatin; the calculated mass of 18,799 Da is in reasonable agreement with the
theoretical mass of 18,672 Da predicted by the cDNA in addition to an extra methionine and
a tag of 6xhis.

Thromb Haemost. Author manuscript; available in PMC 2012 July 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maetal. Page 6

Effects of triplatin on platelets

Next, the effects of triplatin on platelets were tested. Figure 2 demonstrates that triplatin
dose-dependently attenuates low doses (1 pg/ml) of collagen-induced platelet aggregation.
Inhibition was characterized by a delay in the shape change and in the initiation of the
platelet response leading to a decrease in maximum amplitude of platelet response. In
contrast, triplatin at the highest concentrations tested (2 uM) was ineffective when collagen
was tested at 13 pg/ml which induces platelet activation through PLCy activation pathway
which bypasses the need for TXA; (5). Triplatin also attenuated U46619 (0.34 LM)- or
arachidonic acid (AA, 0.16 mM)-induced platelet aggregation, but high concentrations of
either U466419 (3 uM) or AA (1 mM, not shown) were no longer inhibitable by triplatin.
No inhibition of platelet aggregation was observed when appropriate concentrations of
strong agonists were employed, including convulxin (29-32), or PMA. In the case of ADP,
low doses (1 wM) which trigger shape change and reversible platelet aggregation without
granule release or TXA, generation (33-36) were not affected by triplatin or indometacin. In
contrast, increasing the dose of ADP (10 M), which reportedly induces irreversible
aggregation and TXA, production (33-36) was attenuated by triplatin and also by
indometacin. These experiments suggested that the TXA, pathway of platelet activation was
a potential target for triplatin, and excluded ADP as a target for the inhibitor.

Isothermal titration calorimetry (ITC) experiments

As TXA, was a candidate to explain the effects of triplatin, ITC experiments were
performed in an attempt to detect direct interaction between the reactants. Figure 3
demonstrates that triplatin binds to U46619, cTXA,, PGFy,, PGJy, TXB,, and U51605.
Binding was typically exothermic, stoichiometric, and of high affinity (Kp 100-300 nM).
Binding was not observed for a number of ligands including AA and histamine (Figure 3) in
addition to PGE4, 5(S)-HETE, 12(S)-HETE, 20-HETE, NE, EPI, 5-HT LTC4 and ADP (not
shown). Table 1 summarizes our findings including such thermodynamic parameters as
enthalpy (A H), calculated free energy (A G), and entropy (7A.S).

Vasoconstriction inhibition

We verified whether triplatin also operates as an inhibitor of contraction of rat aortic ring
which was measured isometrically. Figure 4 demonstrates that triplatin induced relaxation of
vessels pre-contracted with U46619. Therefore, binding to U46619 translates to inhibition of
its pharmacologic property in the vessel.

Triplatin does not interact with GPVI and its activity is lost in the presence of indometacin

As triplatin was initially described as a GPVI antagonist (21), we tested whether it could
bind recombinant GPVI1 directly by surface plasmon resonance (SPR) experiments. GPVI
tested in our experiments has previously been confirmed to bind collagen and to inhibit
platelet aggregation (24) confirming its suitability for further experimentation. SPR results
show that Cvx interacts with immobilized GPVI (23, 24) which was characterized by an
extremely slow dissociation phase, confirming its high affinity for GPVI which has been
calculated according to ligand binding experiments (32). In contrast, sensorgrams
demonstrates that no resonance signal was detectable when triplatin or DPTL were used as
an analyte (Figure 5A). Triplatin also did not interfere with platelet adhesion to fibrillar or
soluble collagen type I, excluding integrin a2f1 or GPVI1 as a target for the inhibitor (Figure
5B). EDTA was used as control to discriminate platelet adhesion to GPVI (Ca?*-
independent adhesion to fibrillar collagen), or to integrin a2f1 (Ca?*-dependent adhesion to
soluble collagen)(37, 38).
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Next, platelets were activated by moderate concentration of collagen (6.6 pg/ml) which
promotes platelet aggregation by a mechanism that is partially dependent on TXA, (39).
Figure 5C demonstrates control platelets activated by collagen. When platelets were
incubated with indometacin (50 M) or SQ29548 (0.2 M) alone, partial inhibition of
platelet aggregation was attained, which was similar to the inhibition observed in the
presence of triplatin alone. In addition, triplatin did not enhance inhibition of platelet
aggregation produced by indometacin or SQ29548 suggesting interference with a common
pathway of platelet aggregation, 7.e., TXA,.

ApoD does not modulate platelet function

Triplatin displays high sequence homology to ApoD (Figure 6A). Because ApoD is part of
the HDL, a lipoprotein which reportedly inhibits platelet aggregation (22), and because
ApoD reportedly binds AA (40), it was hypothesized that ApoD could be a scavenger of AA
and thus interfere with platelet aggregation. ApoD was expressed in HEK293 cells, and
purified to homogeneity using a Ni-NTA column, gel-filtration chromatography and reverse-
phase column to remove cell culture-derived ligands potentially bound to ApoD. Figure 6B
shows a chromatogram, PAGE, and the confirmatory N-terminus of purified ApoD. Figure
6C demonstrates that ApoD did not inhibit platelet aggregation triggered by low doses of
collagen, U46619 or AA. Figure 6D also shows the results of ITC experiments that failed to
detect binding of ApoD to AA, cTXAy, and PGFy

Discussion

Several hematophagous salivary (sialogenins) inhibitors of platelet aggregation have been
identified. The chemical nature of sialogenins varies remarkably, and include a gas (e.g.
nitric oxide), enzymes (e.g., apyrases), prostaglandins (e.g., PGly), nucleotides (e.g.,
adenosine), disintegrins (e.g., tablysin), and binders of small ligands such as biogenic
amines and prostaglandins (12, 41, 42). Appropriate identification of these inhibitors may be
difficult and choosing the right agonist has proven to be a critical step in correct functional
characterization. This is particularly important because platelets respond differently to
distinct agonists and their concentrations (37). The other confounding that should be
particularly understood when dealing with small-ligand binders is that the mopping property
of these inhibitors is rapidly saturated by pro-aggregatory molecules released by platelets,
because the interaction usually occurs stoichiometrically. Therefore, their inhibitory function
may remain unidentified unless they are tested at sufficiently high concentrations, even
when the agonist has been correctly employed at low doses. For example, the nucleotide-
binding protein RPAI-1 (1 wM) partially inhibits platelet aggregation by ADP (< 0.5 pM)
but is ineffective if ADP concentration increases above 1 pM (25). In other words, it is
usually not possible to infer functional identification for some anti-platelet sialogenins using
a single dose of a platelet aggregation inducer.

Not surprisingly, salivary inhibitors reported before as specific for collagen turn out to
inhibit the TXA, (or ADP) pathway of platelet aggregation, despite consistent and reliable
experimentation. This is the case for moubatin (18) and pallidipin (16), which have now
been identified as TXA,-binding molecules (17, 19). In fact, these inhibitors block low but
not high doses of collagen-, TXA,-mimetics (e.g., U46619), and AA-induced platelet
aggregation (17, 19). These inducers are particularly sensitive to TXA, (and ADP)
inhibition as both molecules provide additional signaling input for these agonists through
interactions with specific receptors and transduction mechanisms needed for completion of
platelet aggregation (5, 43). For example, TXA, activates platelets through G proteins and
thromboxane receptors and promotes shape change, Ca2* mobilization and inositol
phosphate production (39, 44); however, activation of this pathway is unable to induce
sustained platelet aggregation in the absence of a Gj-coupled receptor agonist such as ADP
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(12). On the other hand, ADP binds to the Gy-protein-linked purinergic receptors on
platelets, which causes a change in cell shape, mobilization of calcium, stimulation of PLC,
and inhibition of adenylyl-cyclase-mediated cyclic AMP production (45). As a result,
“inside-out” activation of integrin a3 takes place and is accompanied by irreversible
platelet aggregation (1).

In regard to triplatin, carefully performed experiments demonstrated that it inhibits platelet
aggregation by collagen—and specific GPVI agonist CRP—without affecting platelet
stimulation by other agonists tested at a single concentration (21). It also attenuates tyrosine
phosphorylation of FcRy chain, which occurs upon collagen binding to GPVI (5). These
experiments suggested that triplatin interferes with collagen binding to GPVI although direct
binding has not been demonstrated (21). Because of the strong sequence homology between
DPTL (a prostaglandin binding protein)(17) and triplatin, and because these lipocalins clade
together, we have hypothesized that the latter, like the former, could alternatively operate as
a TXA»-binding protein. Platelet aggregation assays performed here demonstrate that
triplatin inhibits platelet aggregation not only by collagen (1 pg/ml) but also by low doses of
AA (160 uM) and U46619 (0.3 tM). In contrast, high doses of AA (1 mM) or U46619 (3
M) (Figure 2) were not affected by triplatin, as reported previously (21). Triplatin also did
not completely prevent shape change induced by collagen (Figure 2) or CRP (21),
suggesting that it does not interact with platelets at a receptor level. Taken together, these
finding are consistent with a mopping activity for triplatin, rather than collagen receptor
antagonism.

Our results also demonstrate that agonists which trigger platelet aggregation independently
of TXA, were not inhibited by triplatin. For example, Cvx tested at moderate doses (164
pM) which consistently induces platelet aggregation independently of secondary mediators
(29-32) was unaltered by triplatin, as it was aggregation triggered by the strong inducer
PMA (Figure 2)(46). Of note, low doses of ADP which provoke shape change and reversible
platelet aggregation without degranulation or TXA, generation (33, 34, 36, 45) was
insensitive to triplatin or indometacin. In contrast, higher doses of ADP (10 wM) which
generates TXA, (33, 34, 36, 45) was accompanied by disagregation in the presence of
triplatin or indometacin (Fig. 2). Triplatin inhibition of CRP-induced platelet aggregation
(21) is also consistent with scavenging of TXA, since appropriate concentrations of CRP is
attenuated by feedback inhibitors of platelet aggregation (37). Furthermore, inhibition of
platelets by triplatin was abolished when they were incubated with indometacin or with
thromboxane receptor antagonist SQ29548, suggesting inhibition of a common pathway of
platelet aggregation. Triplatin, like DPTL (17), also did not block U46619-induced shape
change as much as it blocked aggregation. This is consistent with the shape change being
particularly sensitive to lower concentrations of U46619, while considerably higher
concentrations are needed to promote platelet aggregation (39). Altogether, these data
support the view that triplatin mechanism of action is explained by scavenging of TXA,.
This assumption was confirmed by ITC experiments which demonstrated binding of triplatin
to ligands involved in platelet aggregation and vasoconstriction, such as TXA, and PGF,,
with high affinity to interfere with hemostasis.

To examine the possibility of direct binding between recombinant GPVI and triplatin (or
DPTL), SPR were performed. Control experiments demonstrate high affinity binding of
GPVI to Cvx; these results attested for the functionality of our GPVI preparation for
appropriate experimentation (24, 32). In contrast, SPR failed to demonstrate any interaction
between GPVI and triplatin or DPTL. Also, GPVI- or integrin a,p1-mediated platelet
adhesion to collagen was unaffected by triplatin, excluding platelet receptor as a target for
the inhibitor. It is therefore clear that — under our experimental conditions — TXA, but not
GPVI is the target for triplatin; it also implies that native TXA, generated by platelets is
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scavenged by the inhibitor. Finally, triplatin was found to relax rat aorta contracted by
U46619, consistent with its specificity. It is evident that triplatin is a multifunctional protein
that blocks platelet aggregation and vasoconstriction. It represents another notable example
of molecular adaptations found in hematophagous SGs (10-15).

Because salivary proteins may mimic the function of endogenous proteins or serve as
ligands for orphan receptors (10), it was of interest to verify whether a plasma glycoprotein
—ApoD—could also bind to TXA,. ApoD was a relevant candidate among plasma
lipocalins because it is found in HDL (47), a lipoprotein known to inhibit platelet
aggregation by a mechanism involving specific receptors and blockade of signaling
pathways (22). In addition, ApoD reportedly binds AA according to fluorescence
spectroscopy experiments (40); presumably, it could modulate platelet function /n vitro.
ApoD was expressed in HEK293 cells and purified to homogeneity using a Ni-NTA column
followed by reverse-phase chromatography to remove cell-derived ligands potentially bound
to the recombinant protein. Our ITC experiments consistently failed to detect interaction of
ApoD with PGF,,, TXA, or AA. In addition, no inhibition of platelet aggregation triggered
by low doses of different agonists including collagen, U46619, or AA was observed. The
reason for discrepancy between our results and previous reports showing binding of AA to
ApoD (40) is not clear. It could be due to the introduction of a 6xHis-tag in our preparation
or due to specific glycosylations introduced by HEK293 cells which are not present in native
or E. coli-expressed ApoD (48). It is also important to recognize that fluorescence
spectroscopy employed previously (40, 48) is technically distinct from ITC experiments
described herein. For example, solubility of AA or minimal enthalpy changes may have
been a limitation for ITC measurements. Also, low affinity of ApoD for AA (~ 3 pM) may
have been an issue for ITC (48). Nevertheless, it is coherent to say that modulation of
platelet function /n vitro is not evident when ApoD expressed by HEK293 cells is employed;
however, it is not possible to extrapolate our results with those obtained with ApoD
expressed in E. coli (48) or purified from breast fluid cysts (40). Structural features also
corroborate with the view that ApoD is devoid of TXA, binding properties. Accordingly,
many of the residues in triplatin and DPTL predicted to lie in the putative binding pocket
and which could be important in interactions with the hydrocarbon chain of eicosanoid
ligands (e.g. conserved Arg3? and GIn13%)(17)—are absent in ApoD.

In conclusion, triplatin mechanism of action has now been elucidated without ambiguity as a
TXA,- and PGF,-binding lipocalin. It adds up to a list of increasingly well characterized
small ligand-binding sialogenins such as moubatin (19), RPAI-1 (25), pallidipin (16), DPTL
(17), D7 family members (49), nitrophorins (50), ABP (27) and HBP (28). These sialogenins
and several others (41, 42) conceivably inhibit platelet aggregation and vasoconstriction at
sites of vascular injury and bloodfeeding, thus contributing to successful vector-host
interactions.
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Fig. 1. Characterization of triplatin

(A) Clustal alignment of triplatin (gi109240370) and DPTL (gi344190590), pallidipin-2
(9i388359), RPAI-1 (gil572725), triabin (gi1122389) and several other triatomine putative
TXA2-binding proteins. (B) Phylogenetic tree of triplatin and related salivary lipocalins.
Tree was generated using the neighbor-joining method after 10,000 bootstraps. The numbers
in the phylogram nodes indicates percent bootstrap support for the phylogeny. The bar at the
bottom indicates 20% amino acid divergence in sequences. (C) Triplatin was loaded in a
Sephadex G75 gel-filtration column and eluted at 1 mi/min in TBS, pH 7.4. Inset, gel
electrophoresis of triplatin (reducing [+] and non-reducing [-] conditions) was carried out in
a 4-12% NUPAGE gel. N-terminus was performed by Edman degradation. (D) Mass
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spectrometry of triplatin reveals a mass of 18,799 Da, which is in agreement with a
theoretical mass of 18,672.7 Da with an extra methionine and 6xhis.
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Fig. 2. Triplatin inhibits platelet aggregation

Triplatin was incubated for 1 min with platelet-rich plasma (2 x 105/ul) followed by
addition of collagen, U46619, and arachidonic acid, PMA, convulxin and ADP. Triplatin
and agonist concentrations are indicated. In some experiments, platelets were treated with
indometacin (50 nM) for 3 minuets before addition of the agonist. Typical experiments are
shown (n7=3).

Thromb Haemost. Author manuscript; available in PMC 2012 July 31.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ma et al.

U46619 CTXA, PGF,, Arachidonic acid
Time (min) Time (min) Time (min) Titme (min)
400 1020 30 40 50 60 70 80 90 10110 40 0 1020 3 40 5 80 70 8 %0 100110 10 0 1020 30 40 50 60 70 80 30 100110 0 0 1020 30 40 % 6070 80 30 10110
om
am o
e
a0 oo
am 08
§ om an
2 a0 S an
s LY
a1 o
o e e
5 g
£, £.1000
2 £
L - 2
d o5 e
Molar Ratio Molar Ratio Molr Ratio
TXB, U51605 Histamine
Time (min) Time (min) Time (min)
40 0 1020 3 40 5 80 70 80 %0 00110 40 0 1020 3 40 5 60 70 80 %0 100110 40 0 1020 3 40 5 60 70 8 % 1010
o
am
am .
aon e o0z
o0 - one
£ 2 o £ o
2 08 E EI
a0 28
. a0
o — =
:
d o5 10 15 20 25 @ a5 0 15 20 1 B
Molar Ratio Molar Ratio Molar Ratio

Fig. 3. Isothermal titration calorimetry

Upper panels: base line-adjusted heats per injection of different ligands (40 wM) into
triplatin (4.0 wM). The lower panels indicate the molar enthalpies per injection for ligand
interaction with triplatin. Filled squares measured enthalpies; solid line, fit of experimental
data to a single site binding model. Thermodynamic parameters: AH in kcal/mol, TASin
kcal/mol, and Kpare indicated in the inset for each ligand. Experiments were repeated at

least 2 times for each ligand.
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Fig. 4. Inhibition of vasoconstriction by triplatin

Rat aorta was placed in a chamber and contraction induced by U-46619 (0.1 uM). After
stabilization, triplatin was added and relaxation recorded isometrically. Triplatin or buffer
was injected at 30 min. Representative experiment is shown.
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Fig. 5. Triplatin does not interact with GPVI and its activity islossin the presence of
indometacin

(A) Convulxin (10 nM), triplatin (1 M), or DPTL (1 M) was injected for 180 sec over
immobilized GPVI using HBSP as a buffer. Dissociation was carried out for 5 min followed
by regeneration of CM5 chip with HCI (10 mM). As a control, Cvx was injected again
without loss of interaction with GPVI. (B) Calcein-labeled human platelets (2 x 10%/pl)
were incubated with fibrillar or soluble collagen for 1 h at indicated concentrations of
triplatin. EDTA was used to discriminate GPVI- or integrin a2B1-mediated adhesion.
Absolute fluorescence values are reported. Platelet adhesion BSA-blocked wells was
negligible (n=6). (C) platelet-rich plasma (2 x 10%/ul) was incubated with 50 pM
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indometacin, or 0.2 pM SQ29548 for 3 min alone, or with and without triplatin (1 M)
followed by addition of collagen (6.6 pg/ml).
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Fig. 6. Apalipoprotein D (ApoD) does not inhibit platelet aggregation

(A) Alignment of ApoD and triplatin. (B) Purification of ApoD, PAGE and N-terminus
identification were carried out as described in Methods. (C) ApoD was incubated for 1 min
with platelets (2 x 10%/ul) followed by addition of collagen, U46619, and arachidonic acid.
(D) Isothermal titration calorimetry for ApoD interaction with AA, cTXA,, and PGF2 is
shown.
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