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Abstract
A novel family of RGD-containing molecule (Tablysin-15) has been molecularly characterized
from the salivary gland of the hematophagous horsefly Tabanus yao. Tablysin-15 does not share
primary sequence homology to any disintegrin discovered so far, and displays an RGD motif in
the N-terminus of the molecule. It is also distinct from disintegrins from Viperidae since its
mature form is not released from a metalloproteinase precursor. Tablysin-15 exhibits high affinity
for platelet αIIbβ3 and endothelial cell αvβ3 integrins, but not for α5β1 or α2β1. Accordingly, it
blocks endothelial cell adhesion to vitronectin (IC50 ~ 1 nM) and marginally to fibronectin (IC50 ~
1 µM), but not to collagen. It also inhibits FGF-induced endothelial cell proliferation, and
attenuates tube formation in vitro. In platelets, Tablysin-15 inhibits aggregation induced by
collagen, ADP and convulxin, and prevents static platelet adhesion to immobilized fibrinogen. In
addition, solid-phase assays and flow cytometry demonstrates that αIIbβ3 binds to Tablysin-15.
Moreover, immobilized Tablysin-15 supports platelet adhesion by a mechanism which was
blocked by anti-integrin αIIbβ3 monoclonal antibody (e.g. abciximab) or by EDTA. Furthermore,
Tablysin-15 dose-dependently attenuates thrombus formation to collagen under flow, without
affecting platelet adhesion to collagen fibrils. Consistent with these findings, Tablysin-15 displays
antithrombotic properties in vivo suggesting that it is a useful tool to block αIIbβ3, or as a
prototype to develop antithrombotics. The RGD motif in the unique sequence of Tablysin-15
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represents a novel template for studying the structure-function relationship of the disintegrin
family of inhibitors.
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Introduction
Integrins are heterodymeric membrane glycoproteins composed of noncovalently associated
α and β subunits that promote cell attachment and migration on the surrounding
extracellular matrix. Many integrins bind to their extracellular ligands through the
recognition of the tripeptide Arg-Gly-Asp (RGD). This motif is present in several protein
components of extracellular matrix, including vitronectin, fibronectin, osteopontin, and
fibrinogen. Although different ligands can bind to the same integrin, sequences flanking the
RGD peptide are reported to be important for integrin selectivity. Integrin ligation by its
own natural ligands promotes intracellular signaling by kinases and adaptor proteins and by
activating a number of intracellular mediators that ultimately lead to cell migration, survival,
and invasion (1–3). Of note, much of the mechanism of action of integrins has been revealed
by peptides from viper venoms – the disintegrins – which reportedly blocks integrin
interaction (e.g. αIIbβ3) with its physiological ligand (e.g. fibrinogen) (4).

Disintegrins are a family of small cysteine-rich polypeptides which display series of
biological functions associated with cell-cell interaction, cell adhesion and migration and
angiogenesis (5–6). Disintegrins are commonly processed from PII or PIII metalloproteinase
precursors through proteolytic processing and have tripeptide motifs RGD, KGD, WGD,
VGD, MGD, RTS, KTS, ECD, among others, which confers binding specificity. Currently,
disintegrins can be classified in four groups. The first group of short disintegrins displays
41–51 residues and four disulphide bonds, the second group contain approximately 70
amino acids and six cystine bonds while the third group includes disintegrins with
approximately 84-residue polypeptide cross-linked by seven disulphide bridges. The fourth
group is composed of homodimers or heterodimers with subunits of approximately 67
residues with ten cysteines involved in the formation of four intrachain disulphides and two
interchain cystine linkages (7–11). Of note, disintegrins function and specificity depends on
the appropriate pairing of cysteine residues which exposes the tripeptide inhibitory binding
motif. This specificity is particularly relevant because integrins play a pivotal role in several
physiological events such as platelet aggregation (12), neutrophil function (13) and
endothelial cell adhesion and angiogenesis (14). Accordingly, disintegrins have been
instrumental in the development of anti-platelets molecules and inhibitors of angiogenesis
with potential therapeutic applications (15–17).

While snake venoms express toxins, saliva from blood-sucking arthropods express
sialogenins (from the Greek sialo, saliva; gen, origin, source; and ins for proteins) (18).
Sialogenins interfere with diverse functions of vertebrate biology, including immune system,
vasodilation, blood coagulation and platelet aggregation (19). Among anti-platelet
sialogenins, disintegrins have been molecularly and functionally characterized in ticks and
leeches (20), but have not been discovered in mosquitoes, bugs, or flies (18–24). While
investigating the diversity of antihemostatic molecules of the horsefly, we identified a novel
platelet inhibitor from the salivary glands of T. yao. Tablysin-15 contains a unique sequence
that displays an RGD domain in the N-terminus and effectively prevents platelet or
endothelial function associated with integrin αIIbβ3 or αvβ3, respectively.
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Methods
Horsefly collection

T. yao Macquart horseflies (about 60,000; average weight 0.17 g) were collected in Shanxi
Province, China, from July 2004 to July 2008. Collections were performed between 17:00
and 20:00 during optimal weather (sunny, 30–35°C, no wind). All the flies were transported
to the laboratory alive and then frozen and stored at −80°C.

Salivary gland dissection and salivary gland extract (SGE) preparation
As described in our previous work (25–26), horseflies were glued to the bottom of a Petri
dish and placed on ice. They were then dissected under a microscope. The salivary gland
was excised and transferred into 0.1 M phosphate buffered saline (PBS), pH 6.0, and kept in
the same solution at −80°C. Horsefly salivary glands (60,000 pairs) were homogenized in
0.1 M PBS and centrifuged at 5000 g for 10 min. The supernatant was termed SGE and
lyophilized.

Fractionation of SGE
As described in our previous work (25–26), the total lyophilized SGE sample was 4.1 g. The
sample was divided into ten aliquots (aliquot of 0.41 g). The purification procedure of the
target protein is illustrated in Figure 1. All purified interesting proteins from ten aliquots of
SGE were pooled and subjected to further study.

SDS-PAGE analysis and protein concentration determinations
SDS-PAGE was performed under reduced and non-reduced conditions. Protein samples
were loaded onto a 15% polyacrylamide gel. Protein bands were observed after using
Coomassie blue staining. Protein concentration was determined by a protein assay kit (Bio-
Rad, Hercules, CA) in which bovine serum albumin (BSA) was employed as a standard.

Structural analysis
Aa sequences of the N-terminus and partial interior peptide fragments recovered from
trypsin hydrolysis were determined by automated Edman degradation on a pulsed liquid-
phase sequencer (model 491; Applied Biosystems, Fullerton, CA).

cDNA cloning
cDNA synthesis and cDNA library construction were conducted according to our previous
methods (25–26). The specific primer (5/-(C/G)GG (T/C)AG (C/T)TT GTC (G/C)CC GGA
GTA-3) in the sense direction, designed according to the peptide sequences determined by
Edman degradation, and primer II A (5/-AAGCAGTGGTATCAACGCAGAGT-3/) in the
antisense direction were used in PCR reactions. The DNA polymerase was Advantage
polymerase from Clontech (Palo Alto, CA). The PCR conditions were as follows: 2 min at
94°C, followed by 30 cycles of 10 sec at 92°C, 30 sec at 50°C, and 40 sec at 72°C. DNA
sequencing was performed on an Applied Biosystems DNA sequencer, model ABI PRISM
377.

Expression of Tablysin-15
The coding region, including restriction enzyme sites for Tablysin-15, was isolated from a
salivary gland cDNA library of T. yao. The forward primer was 5/-TAGGATCCGTTAACT
ACTGTAGATTACCCTGCCG-3/ and the reverse primer was 5/-GGAAGCTTAGTTAGA
TTTATTAGGGTCGATAGG-3/. PCR was performed by running 30 cycles with a
temperature profile of 30 s at 95°C, 30 s at 57°C, and 60 s at 72°C. The purified PCR
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product was digested with BamHI and HindIII and ligated into the pET-32a(+) plasmid at
the corresponding restriction sites. Expression, purification, and refolding of the
recombinant His-tagged protein were performed according to the manufacturer's instruction
(Novagen, Madison, WI). Briefly, transformed cells of Escherichia coli strain BL21 (DE3)
were grown at 37°C in Luria–Bertani medium supplemented with ampicillin (100 µg/mL) to
a cell density of A660nm = 0.6. After induction of protein expression with 0.4 mM IPTG,
cells were disrupted by sonication and inclusion bodies were solubilized in 20 mM Tris–
HCl, pH 7.9, with 6 M urea. The lysate was centrifuged and the supernatant applied to a Ni-
NTA resin (Invitrogen, San Diego, CA) equilibrated with the same buffer. Recombinant
proteins were released by enterokinase from the fusion protein. They were purified from the
digestive mixture by AKTA Mono S cationic exchange column.

Platelet preparation and labeling with calcein-AM
Human platelet-rich plasma (PRP) was obtained by plateletpheresis and diluted to 2 × 105

platelets/µL in Tyrode's buffer (137 mM NaCl, 2 mM KCl, 0.3 mM NaH2PO4, 12 mM
NaHCO3, 5.5 mM glucose, 0.35% BSA, 1 mM MgCl2, and pH 7.4). To prepare washed
platelets, PRP was centrifuged at 500 g for 10 min at room temperature in the presence of
apyrase (0.2 U/ml) and EDTA (5 mM) (27). The pellets were suspended in Tyrode's buffer
supplemented with apyrase and EDTA, and after washing and centrifugation, platelets were
resuspended in Tyrode's buffer. Platelet aggregation was monitored by light transmission in
an Chrono-Lumi platelet aggregometer (Chronol-Log, Havertown, PA) with continuous
stirring at 37°C. In some experiments, washed platelets were incubated with 2 µM of
calcein-AM for 30 min (in the presence of apyrase and EDTA) followed by centrifugation as
above. Convulxin was purified as reported (27).

Thrombus formation under flow conditions
Glass slides were coated with fibrillar collagen (500 µL, 100 µg/mL in PBS; Chrono-Log
Corp., Haverton, PA) for 15 min, washed in PBS, pH 7.4, and incubated overnight with
denatured (65°C, 1 hr) BSA (7 mg/mL). Coated slides were placed in the bottom of the
parallel plate flow chamber (Glycotech, Rockville, MD), and a silicone rubber gasket
determined the flow path height of 254 µm, as described (28). Anticoagulated blood (50 µM
d-phenylalanyl-l-prolyl-l-arginine chloromethyl ketone dihydrochloride) was mixed with
Tablysin-15 and aspirated using a 10 ml syringe (slit tip, BD biosciences 301604). Then,
Tablysin-15 mixed blood was perfused using an infusion/withdrawal pump with multispeed
transmission (model 940; Harvard Apparatus, Dover, MA) through the flow chamber at a
flow rate of 0.65 mL/min (position 5), producing a shear rate of 1,500 s−1. Blood was
perfused for 240 s followed by immediate perfusion with Tyrode/BSA (0.65 mL/min) for
120 s, and slides were subsequently washed by immersion in Tyrode/BSA (3 × 50 ml in
Falcon tubes in tandem). Slide borders were touched using Precision Wipes to remove
extract liquids, and mounted. Differential interference contrast images were obtained with a
Leica DMI 6000 microscope (Leica Microsystems, Inc., Bannockburn, IL) using 100×
objective with NA = 1.30, and an ORCA ER digital camera (Hamamatsu Photonic Systems,
Bridgewater, NJ). Image acquisition and the digital camera were controlled by ImagePro 5.1
software (Media Cybernetics, Silver Spring, MD). Extent of thrombus formation was
expressed as percent area covered by thrombus. Platelet adhesion to collagen, which was
characterized by single platelets which adhered to fibrillar collagen at 3 µM of Tablysin-15,
was not considered thrombus formation despite evident area coverage.

Inhibition of platelet adhesion by Tablysin-15
Platelet adhesion was measured using a modified method originally described by McLane, et
al (24). Briefly, U-shapped Microfluor 2 black high-affinity 96-well plates form
fluorescence applications (Thermo Electron Co., Milford, MA, USA) were coated overnight
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at 4°C with 1 µg/well of bovine fibronectin (F1141; Sigma), 100 µg/well of human
fibrinogen (F3879; Sigma), 2 µg/well of soluble nonfibrillar collagen type I (BD Bioscience,
San José, CA), 2 µg/well of insoluble fibrillar Horm collagen composed of type I and III
(Chrono-Log Corp.), or Tablysin-15 (at indicated amounts). Unbound proteins were
subsequently removed by plate inversion and washed three times with 200 µL of PBS. The
wells were blocked with 200 µL of PBS containing 2% BSA for 1 h and washed three times
with 200 µL of PBS. Fifty µL of calcein-labeled platelets (2 × 105/µl) were incubated for 30
min at 37°C with Tablysin-15, 20 mM EDTA, or 0–20 µg/mL of anti-integrin αIIbβ3
(Abciximab, ReoPro, Centocor BV, Leiden, The Netherlands). Then, the mixture was added
to each well, and the plate was incubated under static conditions for 2 hours at 37°C.
Nonadherent platelets were removed by plate inversion, and the wells were washed three or
four times with 200 µL of Tyrode/BSA. Adherent plates were detected using a dual-
scanning microplate spectrofluorometer (Germini XPS; Molecular Devices, Sunnyvale, CA)
at 490 nm of excitation wavelength and 520 nm emission wavelength. Results were
estimated as percent inhibition, considering 100% platelet adhesion in the presence of PBS,
and 0% adhesion in the presence of EDTA (20 mM). All experiments were performed in
quintuplicates.

αIIbβ3 binding to Tablysin-15
Tissue culture-treated flat-bottom polystyrene plates (3596, Corning Incorporated, NY) were
coated with increasing concentrations of purified Tablysin-15, fibrinogen, SVEP-E2 protein
(unrelated salivary protein expressed in E.coli, negative control), or a 1% BSA (v/v) diluted
in 0.1 M sodium carbonate, pH 9.5 at 4°C overnight. After unbound proteins were removed
by washing three times with TACTS (20 mM Tris, 0.15 M NaCl, pH 7.5, 2 mM CaCl2,
0.05% Tween 20) wells were blocked with 1% BSA in TACTS for 1 h. Purified human
platelet αIIbβ3 (50 µl, 20 µg/ml in TACTS) (Enzyme Research Laboratories, Southbend,
IN) diluted in TACTS containing 0.5% BSA was added to each well. After 2-h incubation,
the wells were washed in TACTS followed by addition of mouse anti-human integrin β3
antibody (1:2000, CBL479; Millipore, Bedford, MA) in 1:2000 in TACTS containing 0.5%
BSA. Following 1-h incubation at 37°C, wells were washed (TACTS) and anti-mouse IgG
conjugated to alkaline phosphatase (1:2000, A3562; Sigma) in TACTS containing 0.5%
BSA was added to the wells. Before adding the stabilized p-nitrophenyl phosphate liquid
substrate (N7653; Sigma), wells were washed three times with TACTS. After 30 min of
substrate conversion, the reaction was stopped with 3 M NaOH, and absorbance was read at
405 nm using a Thermomax microplate reader (Molecular Devices). Net specific binding
was obtained by subtracting optical density values from wells coated only with BSA from
the total binding measured as described above. Binding was not detected in the absence of
αIIbβ3. All experiments were performed in triplicate.

Tablysin-15 binding to platelet αIIbβ3 by flow cytometry
Platelet αIIbβ3 occupancy kits (Biocytex, Marseille, France) were used to quantify the total
number of platelet αIIbβ3 receptors and the number of free αIIbβ3 receptors (free of
aggregation-inhibitory molecules) by flow cytometry (29–30). Briefly, whole blood was
collected from healthy volunteers who had not taken any antiplatelet agent in the previous 7
days. The platelet-rich plasma (PRP) was diluted to 2 × 105 platelets/µl with the platelet
poor plasma (PPP). Aliquots of 50 µl PRP were treated with 20 µl recombinant Tablysin-15
(0–22.5 µg /ml) for 60 min. Aliquots of each dilution were incubated with monoclonal
antibody 1 (mAb) and mAb2 (10 µg/ml) at 37°C for 30 min. The samples were then
immuno-labeled, fluorescent stained and finally analyzed by flow cytometry (FACSvantage;
Becton Dickinson, Oxford, UK) at 488 nm excitation. Platelet populations were gated
according to their forward and side light scatter. Histograms were generated using 10,000
counts and geometric mean fluorescence was calculated using the CELLQUEST software of

Ma et al. Page 5

Thromb Haemost. Author manuscript; available in PMC 2012 November 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the FACScan system (Becton Dickinson). The binding of an isotypic control antibody was
taken as nonspecific binding and was subtracted from the observed geometric mean
fluorescence. The selected Mean Fluorescence Intensity (MFI) indicated the number of
platelet αIIbβ3 receptor.

Human dermal microvascular MVEC culture
Adult MVEC were purchased from Clonetics (San Diego, CA) and grown at 37°C, 5% CO2
in T-25 flasks in the presence of EBM-2 Plus: EBM-2 containing 2% fetal bovine serum,
and Single Quotes (h-fibroblast growth factor-B, vascular endothelial growth factor, R3-
insulin growth factor, ascorbic acid, h-epidermal growth factor, hydrocortisone plus
gentamycin and amphotericin B). Trypsinization was performed using Reagent Pack
(trypsin-EDTA, trypsin neutralization solution, and HBSS) according to the manufacturer
instructions (Cambrex, MD).

MVEC adhesion to matrix proteins
Multimeric VTNC (Molecular Innovations, Southfield, MI), fibronectin (Sigma Co, Saint
Louis), or soluble collagen III (BD Biosciences, Bedford, MA) were diluted to 20 µg/ml
PBS (50 µl/well, 1 µg/well, in quintuplicate) were immobilized overnight at 4°C in
Microfluor 2 black U-bottom high-binding 96-well plates for fluorescence applications
(Thermo Electron Co., Milford, MA, USA). Wells were washed three times with PBS,
blocked with BSA 2% (w/v) for two hours, and washed with PBS-BSA 0.3% (no additions).
MVEC were trypsinized, and resuspended in EBM-2, 0.3% BSA (500,000/ml), without FBS
or single quotes. Cells were loaded with calcein-AM (2 µM), for 45 minutes under rotation
(at RT) and washed once. Cells were re-suspended in EBM-2, BSA 0.3% (no FBS or single
quotes additions) to a concentration of 500,000/ml. Then, 50 µl of MVEC previously
incubated with Tablysin-15 (0–3 µM) for 20 min at 37°C, 5% CO2, were added to the matrix
protein-coated plates (25,000 cells/well) and incubated for 90 minutes. Plates were then
inverted and washed with EBM-2, BSA 0.3% (no FBS or single quotes) three or four times,
and fluorescence was measured with excitation wavelength at 490 nm and emission
wavelength at 520 nm using a Spectramax Gemini XPS Microfluor plate reader (Molecular
Devices, Sunnyvale, CA, USA). Fluorescence produced by cells attached to each
immobilized matrix protein in the absence of Tablysin-15 was set as 100% adhesion;
adhesion to wells in the presence of EDTA (20 mM) was set as 0% adhesion. All
experiments were performed in quintuplicates.

Proliferation assay kit
Cell proliferation assays were performed using the CellTiter 96 aqueous non-radioactive cell
proliferation assay kit (Promega, Madison, WI). This assay uses MTS solution containing 3-
(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetrazolium)
and phenazine methosulphate. MTS is bioreduced by cells into a formazan product soluble
in tissue culture medium.

Cell proliferation assays
This was performed as described (31). In brief, after trypsinization, MVEC were seeded at
3.2 × 103/well in 96-well polystyrene tissue culture-treated plates (Corning Inc., Corning,
NY) and grown for 1 day in the presence of EBM-2-Plus (EBM-2 containing FBS plus
single quotes). In the next day, EBM-2 with additions was replaced by 200 µL of fresh
EBM-2 supplemented with FBS (2%, v/v) and FGF (no other single quotes added) followed
by addition of Tablysin-15 (0–3 µM). Three days latter, 40 µl of MTS solution was added to
the wells and after 4 h at 37°C, absorbance at 490 nm was measured spectrophotometrically
using a Versamax microplate reader equipped with the appropriate software (Molecular
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Devices, San Diego, CA). Results were estimated as percent inhibition, considering 100%
the MVEC growth in the presence of EBM-2 (FBS and FGF) and 0% growth in the presence
of EBM-2 (no FBS, no single quotes). All experiments were performed in quintuplicates.

Tube Formation Assay
Tube formation assay was done as described with modifications (32). Ninety six wells flat
bottom tissue culture plates (96-well; Corning, NY) were coated with 50 µl of growth factor-
reduced Matrigel (BD Biosciences) and allowed to solidify at room temperature. One
hundred µl of MVEC suspended in EBM-2 (no FBS or single quotes, supplemented with
antibiotics and 0.3% BSA; at 5 × 105/ml) were incubated with Tablysin-15 at the
concentrations indicated in the figure legends and added to each well. Plates were incubated
at 37 °C, 5% CO2 for 5–6 h, and formation was observed under an inverted microscope
coupled to a digital camera (Axiovert 200; Carl Zeiss, Inc., Thornwood, NJ). Images were
captured with AxioCamHR color camera (model 412–312) attached to the microscope.

Antithrombotic study by rat arteriovenous shunt thrombosis model
Male Wistar rats (180–220 g) were used for as rat arteriovenous shunt thrombosis model
according to the method described by Sperzel and Huetter (33). Rats were anesthetized by
intraperitoneal (i.p.) administration of ketamine (50 mg/kg) and xylazine (15 mg/kg). The
left jugular vein and right common carotid artery were isolated and catheterized by a shunt
catheter (American Health & Medical Supply International Corp., Scarsdale, NY). This
catheter is composed of three parts including two 100-mm-long polyethylene (PE)-60
catheters, which were introduced into the blood vessels, and a 30-mm-long PE-160 catheter
that is in the middle of the two PE-60 catheters. A rough nylon thread (60 mm in length and
0.26 mm in diameter) folded into a double string was in the middle PE-160 catheter to
induce thrombosis. For sample administration, a saline-filled PE-60 catheter was cannulated
to the exposed femoral vein. Different sample doses (n = 9 per dose) were administered
through the PE-60 catheter cannulated to the femoral vein. After 15-min administration of
sample, the shunt was opened for 5 min and then closed. Nylon strings were removed from
the middle PE-160 catheter; the wet thrombus attached in the nylon strings was weighed.

Bleeding time
Bleeding time was assessed by a tail transection method (34–35). After treatments with
either tested drugs or their vehicle, mice were maintained in a special immobilization cage
that keeps the tail steady and immersed in 0.9% isotonic saline at 37°C. After 2 min, a distal
2-mm segment of the tail was severed with a razor blade. The tail was immediately
reimmersed in warm saline with the tip of the tail 5 cm below the body. The bleeding time
was defined as the time required for the stream of blood to cease. The end point was the
arrest of bleeding lasting more than 30 s. All the experimental protocols to use animals were
approved by the Animal Care and Use Committee at Kunming Institute of Zoology, Chinese
Academy of Sciences.

Statistics
Data were analyzed by χ2 and by t-test or repeated measure of analysis of variance
(ANOVA).

RESULTS
Purification of Tablysin-15 from the horsefly SGE

As illustrated in Figure 1A, the supernatant of the horsefly SGE was divided into six
fractions by Sephadex G-75 gel filtration consistent with our previous report (25). Fraction 3
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was subjected to AKTA Mono S cationic exchange. By SDS-PAGE analysis, this peak
displayed a single band under both reducing and non-reducing conditions, revealing that it is
a homogeneous protein (named Tablysin-15) with a molecular weight of 26 kD (insert in
Figure 1B).

Sequencing and cDNA cloning
N-terminus and peptide fragments of Tablysin-15 recovered from trypsin hydrolysis were
sequenced by automated Edman degradation. Their sequences are shown unederlined in
Figure 2. Based on the aa sequence of the N-terminus, a degenerated primer was designed to
screen cDNA sequence encoding Tablysin-15. The complete cDNA sequence encoding
Tablysin-15 was cloned from the horsefly salivary gland cDNA library (GenBank accession
number GU363426). Tablysin-15 is composed of 255 aa including a predicted signal peptide
(23 aa) and a mature protein (232 aa) (Figure 2). BLAST search indicated that Tablysin-15
shares sequence similarity to insect antigen 5 proteins. There is an Arg-Gly-Asp (RGD)
sequence at the N-terminus of Tablysin-15. Similar to other platelet aggregation inhibitors
such as variabilin (22), decorsin (36), ornatin (23), and snake disintegrins (37–39), the RGD
sequence in Tablysin-15 is in a loop bracketed by cysteine residues (Figure 2B) but was
found in the N-terminus of the protein. Next, Tablysin-15 clone was identified through
screening of a cDNA library and cloning the corresponding sequence in an PET vector
followed by transformation of E. coli as described in method. Purification of Tablysin-15
through different steps is shown in Figure 1C, with the resulting mature protein obtained
after cleavage of the fusion protein with enterokinase, as depicted in lane 3.

Tablysin-15 inhibits platelet aggregation induced by agonists
RGD-containing proteins are well-known platelet aggregation inhibitors. Effects of
Tablysin-15 on platelet aggregation induced by ADP, collagen and convulxin are illustrated
in Figure 3A. Tablysin-15 strongly attenuated platelet aggregation induced by agonists
without affecting the shape change.

Tablysin-15 inhibits thrombus formation under flow conditions
Collagen is a matrix protein that plays a pivotal role in the process of primary hemostasis; at
sites of vascular injury, it initiates recruitment of circulating platelets and triggers a platelet
activation cascade required to stimulate thrombus growth. We evaluated effects of
Tablysin-15 on thrombus formation initiated by collagen under flow conditions. Figures 3B
(panels b–d) demonstrate that Tablysin-15 dose-dependently inhibits thrombus formation at
shear rates of 1500 s−1; complete blockade was attained at ~ 3 µM inhibitor (Figure 3C). On
the other hand, Tablysin-15 did not affect vWF-dependent platelet adhesion to collagen,
which was characterized by single platelets bound to fibrillar collagen (Figure 3B, panel d).

Next, the effects of Tablysin-15 on platelet adhesion to immobilized matrix proteins were
investigated. As illustrated in Figure 3C, different concentrations of Tablysin-15 dose-
dependently inhibits platelet adhesion to fibronectin or fibrinogen but was without effect
when soluble or fibrillar collagen was tested.

Tablysin-15 supports platelet adhesion and directly binds to integrin αIIbβ3
Figure 4A shows that immobilized Tablysin-15 at concentrations as low as 0.03 µg/ml
support the adhesion of calcein-labeled platelets under static condition. Consistent with its
disintegrin properties, platelet adhesion to immobilized Tablysin-15 was dose-dependently
blocked by anti-integrin αIIbβ3 monoclonal antibody (abciximab), or by EDTA (Figure
4B). In an attempt to demonstrate direct interaction of Tablysin-15 to integrin αIIbβ3, the
inhibitor was immobilized in microwell plates followed by addition of purified human
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platelet αIIbβ3 and identification of the complex as described in the Methods section.
Figure 4C illustrates that Tablysin-15 at 0.03 µg/well and above binds to purified αIIbβ3 at
comparable level obtained with 3 µg/well of fibrinogen.

Tablysin-15 binding to platelets detected by flow cytometry
Platelet αIIbβ3 occupancy kits were used to detect Tablysin-15 binding to platelet integrin
αIIbβ3. The fluorescence intensity is measured on a flow cytometer after addition of a
staining reagent. This intensity is directly proportional to the number of monoclonal
antibody (MAb) molecules bound on the platelet surface. Figure 5A and 5B respectively
shows native or recombinant Tablysin-15 cause a dose-dependent shift of anti-integrin
αIIbβ3 antibody fluorescence due to displacement by recombinant Tablysin-15. These results
indicate that Tablysin and the anti-integrin antibody compete for the same binding site, i.e.,
αIIbβ3

Tablysin-15 inhibits endothelial cell adhesion, proliferation and tube formation
In an attempt to estimate the specificity of Tablysin-15, it was added to endothelial cells
which were then incubated with soluble collagen-, fibronectin- or vitronectin-coated wells.
Figure 6A reveals that Tablysin-15 was exquisitely potent to block αvβ3 mediated adhesion
to vitronectin with IC50 ~ 1 nM (Figure 6B). On the other hand, inhibition of α5β1-
dependent MVEC adhesion to FNC was inhibited at much higher concentrations (IC50 ~ 1
µM), while no inhibition was attained for collagen (α2β1)-coated plates. It is concluded that
Tablysin-15 readly recognizes both integrins αIIbβ3 and αvβ3. Control experiments with
Dipetalogater maxima salivary gland antigen V (40) which was expressed and purified as
Tablysin-15 did not show inhibition of adhesion at 3 µM (n=4, not shown).

Figure 6B shows that Tablysin-15 inhibits proliferation of MVEC in the presence of FBS
and FGF with an IC50 of ~ 1 µM. Tablysin-15 also inhibits MVEC proliferation in the
presence of FBS and single quotes (growth factors), but with a higher IC50 ~ 3 µM (not
shown, n=5). Consistent with its antiangiogenic properties, Tablysin-15 prevents tube
formation supported by GFR-matrigel; with 1 µM Tablysin-15 density of endothelial cells
clusters were reduced, and tube formation was less abundant. At 3 µM, clusters of
endothelial cells were no longer observable and tube formation was almost completely
abolished (Figure 6C).

Anti-thrombotic activity in vivo and bleeding time evaluation
In the rat arteriovenous shunt thrombosis model, native and recombinant Tablysin-15, or
urokinase, significantly inhibited thrombosis in a dose-dependent manner (Figure 7A). At
the same molar concentration, native and recombinant Tablysin-15 had similar
antithrombotic abilities, which was comparable to urokinase. At the dosage of 0.06 µmol/kg,
they inhibited 70–85% thrombosis. Next, three concentrations of recombinant Tablysin-15
or urokinase (0.01, 0.05, and 0.1 µmol/kg) were administered to mice as described in
Methods. Figure 7B shows that after 2-h treatment with Tablysin-15, the corresponding
bleeding times were approximately 2.7, 3.5, and 5.8 min, respectively, while for urokinase it
was about 4.2, 7.5, and 17.9 min. Next, the kinetics of bleeding time was performed for both
Tablysin-15 and urokinase. Figure 7C shows that bleeding for Tablysin-15 was at maximum
after 4 hrs, while for urokinase it took place at 8 hrs. After 16-h Tablysin-15 treatment,
bleeding time had no obvious difference from the 0.9% NaCl treatment while for urokinase
administration bleeding time was about 12.7 min after 20-h urokinase.
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DISCUSSION
Disintegrins, a family of small (40–100 amino acids) cysteine-rich polypeptides that
selectively block the adhesive function of integrin receptors, are released in the venoms of
various vipers by proteolytic processing of PII SVMP precursors or are synthesized from
short-coding mRNAs (7–11). While most disintegrins have been characterized in snake
venoms, many have also been discovered in the saliva of blood sucking animals such as
ticks, and leeches (18). However, existence of disintegrins in mosquitoes, bugs, or sand flies
remained elusive thus far. Horseflies salivary gland contains bioactive compounds that
affect the hemostatic system, and more than 30 peptides acting on the hemostatic system
have been recently identified (26). In this report, a 26-kD protein named Tablysin-15 was
purified and characterized as a novel disintegrin from the tabanide T. yao. Tablysin-15 does
not share primary sequence homology to any RGD-containing molecules discovered so far;
in addition, it displays 10 cysteines, and an RGD domain found in the N-terminus of the
molecule. Tablysin-15 also differs from snake venom disintegrin since its mature form is not
the result of processing of precursor as occurs with members of the ADAMs family
identified in Viperidae (11). In this respect, it resembles short mRNA-coding disintegrins
except that it has considerable higher mol wt and increased number of cysteines (7–11).

The RGD domain in Tablysin-15 is positioned in a loop bracketed by cysteine residues,
implying that Tablysin-15 has the ability to bind to cellular integrins such as αIIbβ3 or
endothelial cell αvβ3. Accordingly, Tablysin-15 inhibits platelet aggregation by collagen,
and ADP without interfering with shape change. It also inhibits platelet aggregation by
convulxin, a potent platelet agonist which induces platelet aggregation independently of
secondary mediators (41). Furthermore, Tablysin-15 inhibits thrombus formation under flow
at high shear in a dose-dependent manner without interference in platelet adhesion to
collagen fibrils. These results clearly indicate that a step distal to agonist-induced platelet
activation, such as integrin-mediated platelet aggregation, was the target of Tablysin-15. As
a consequence, the pro-hemostatic functions of platelet are attenuated which translate in
abrogation of thrombus formation. Consistent with this property immobilized Tablysin-15
supports platelet adhesion by a mechanism which is blocked by anti-integrin αIIbβ3
monoclonal antibody (e.g. abciximab), or by EDTA. Further, solid-phase assays and flow
cytometry demonstrate binding of human platelet integrin αIIbβ3 to Tablysin-15. It is
concluded that Tablysin-15 belongs to a novel family of disintegrins which target αIIbβ3.

Platelet integrins and fibrinogen are two key components in thrombosis. Fibrinogen binds to
the receptor αIIbβ3 to induce platelet aggregation and is also critical for stable clot
formation. Experiments performed in vivo indicated that Tablysin-15 had strong anti-
thrombotic property which was comparable to urokinase, which was used herein as a
positive control. However, and in contrast to urokinase, mice injected with Tablysin-15
displayed less bleeding. Even at Tablysin-15 dose (~ 1 mg/kg) that inhibits 90% thrombosis,
bleeding time was approximately 5.9 min while for urokinase it was 12.7 min. The
differences observed for bleeding time after administration of urokinase or Tablysin-15
appears to be due to the relative contribution of their respective mechanism of action in the
inhibition of thrombus formation; generation of plasmin by the former and the blockade of
receptor occupancy by the latter. The effects of Tablysin-15 in thrombus formation in vivo
resemble the activity of other sialogenins which block platelet aggregation in vivo through
antagonism of integrin αIIbβ3 such as decorsin from leech Macrobdella decora (24). It also
resembles trigamin from Trimerusurus gramineus, or echistatin from Echis carinatus snake
venoms which are effective antithrombotics according to different experimental models (4).
Notably, disintegrins from exogenous sources have been instrumental in the development of
novel therapeutics to treat cardiovascular diseases. For example, epitifibatide (integrilin) is
based on the structure of a functional and structural loop present in a disintegrin from
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Sistrurus m. barbori that was specific for αIIbβ3. It has become a very effective drug for
preventing thrombus formation leading to occlusion of vessels and stents after surgery by
preventing fibrinogen and fibrin binding to activated αIIbβ3 on platelets (42). Further,
tirofiban (Aggrastat) is a non-peptidic αIIbβ3 inhibitor designed based on echistatin, a
disintegrin which like Tablysin-15 blocks both αvβ3 and αIIbβ3 (4). Of note, control
experiments indicated that Tablysin-15 did not activate plasminogen or hydrolyzed
fibrinogen (not shown) indicating that anti-thrombotic property of Tablysin-15 is due to
inhibition of platelet aggregation.

Our cell adhesion assays demonstrated inhibition of MVEC adhesion to VTNC at very low
concentrations of Tablysin-15. This finding is particularly important because among
members of the integrin family, a prominent role in angiogenesis and metastatic
dissemination is played by αvβ3, which, according to in vivo angiogenesis is required for
basic fibroblast growth factoRinduced angiogenesis (43). Tablysin-15 also inhibits MVEC
proliferation in the presence of FGF suggesting that it might affect survival mechanisms or
signaling pathways of endothelial cell (43–44). Consistent with these activities, Tablysin-15
effectively blocks matrigel-supported tube formation in vitro. The specific of Tablysin-15
towards integrin αvβ3 is particularly important since it is strongly up-regulated at
transcriptional level by proangiogenic growth factors or chemokines in activated endothelial
cells. Expression and activation of this integrin was also found to be correlated with tumor
invasion and metastases in melanomas, gliomas, ovarian, and breast cancer (12–15).
Furthermore, activated αvβ3 is reported to cooperate with metalloproteinase and to strongly
promote metastasis in human breast cancer cells (16, 17). It is important to recognize that a
number of αvβ3 antagonists, including antibodies, peptidomimetics, and cyclic RGD
peptides, have been developed and are currently used in clinical trials to inhibit αvβ3-
mediated processes and to visualize tumor angiogenesis and metastases. Among these
compounds, monoclonal antibodies, such as LM609 or its humanized version Vitaxin, can
effectively bind to αvβ3 (43, 45). Accordingly, Tablysin-15 emerges as a novel tool to
understand the function of integrin αvβ3 and may be useful as a therapeutic agent, or for
imaging purposes toward tumor visualization and location (3). These results thus highlight
the diversity of disintegrins in exogenous secretions in one hand, and angiogenesis inhibition
as an important biological function in the saliva of hematophagous animals, in the other
(31). Due to its unique positioning of the functional RGD motif, Tablysin-15 presents a
novel template to study the structure-function relationship of disintegrins blockade and
inhibition of platelet function and potential use in pathological condition with abnormal
platelet aggregation, or angiogenesis (46–50). Solving the three-dimensional structures of
Tablysin-15 will likely reveal how its unique RGD motif negatively modulates αIIbβ3
function.
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What is known about this topic?

Disintegrins are a family of small cysteine-rich polypeptides which display series of
biological functions associated with cell-cell interaction, cell adhesion and migration and
angiogenesis. They are mostly found in snake venoms, but so far only sources of
disintegrins in blood-sucking animals were ticks and leeches.

What does this paper add?

Tablysin-15 is a novel family of disintegrins, the first found in horseflies that display
unique positioning of the functional RGD motif which was characterized as a platelet
antagonist of integrins αIIbβ3 and αvβ3. Therefore, it represents a novel template to
study the structure-function relationship of disintegrins blockade and inhibition of
platelet function and angiogenesis.
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Figure 1. Purification of Tablysin-15 from the horsefly salivary gland extract (SGE)
(A) SGE aliquot of 0.41 g was dissolved in 10 mL 0.1 M PBS, pH 6.0, and then was applied
to a Sephadex G-75 (Superfine; Amersham Biosciences, Arlington Heights, IL) 2.6 × 100-
cm gel filtration column equilibrated with 0.1 M PBS. Elution was performed with the same
buffer, collecting fractions of 3.0 mL. The absorbance of the eluate was monitored at 280
nm. (B) Fraction 3 from Figure 1A was subjected to AKTA Mono S cationic exchange
equilibrated with 0.02 M PBS, pH 6.0. The elution was performed at a flow rate of 1 ml/min
with the indicated NaCl gradient. Inset in Figure 1B: SDS-PAGE analysis of fraction
containing platelet-inhibitory properties. R, reduced; UR, non-reduced; M, molecular weight
marker.
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Figure 2. cDNA encoding Tablysin-15 and deduced amino acid (aa) sequence
(A) The aa sequences of peptide fragments determined by Edman degradation are
underlined. The predicted signal peptide is italic. *, stop codon. (B) Comparison of the N-
terminal partial aa sequence of Tablysin-15 with other disintegrins from arthropods saliva
and snakes venoms. RGD or KGD sequences are bold. (C) SDS-PAGE analysis of
recombinant Tablysin-15. Lane1: The lysate of inclusion bodies of recombinant Tablysin-15
were solubilized in 20 mM Tris–HCl, pH 7.9 with 6 M urea. Lane 2: The elute of
recombinant Tablysin-15 inclusion bodies lysate from the Ni-NTA resin. Lane 3: Purified
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recombinant Tablysin-15 after AKTA Mono S chromatography. Lane 4: molecular weight
marker. All these samples were subjected to reduced SDS-PAGE.
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Figure 3. Interactions of Tablysin-15 and platelets
(A) Tablysin-15 inhibits human platelet aggregation induced by collagen, ADP and
convulxin. Human platelet-rich plasma (2 × 105/µl) was incubated with Tablysin-15
(tracings a, 0 nM; b, 85 nM; c, 670 nM) for 1 min followed by addition of platelet agonists
as indicated. Platelet aggregation was estimated by turbidimetry under test tube stirring
conditions. The tracings represent a typical experiment. (B) Tablysin-15 inhibits thrombus
formation under flow conditions. Anticoagulated (PPACK) whole blood was perfused over
immobilized fibrillar collagen for 240 s at a shear rate of 1500 s−1 in the presence of 0
(panel b), 0.3 (panel c), and 3.0 µM (panel d) of Tablysin-15; panel a is a collagen-coated
slides without perfused blood. (C) Dose-response curve for Tablysin-15 inhibition of
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thrombus formation under flow conditions. (D) Tablysin-15 (0–10 µM) inhibit platelet
adhesion to fibronectin, human fibrinogen, without significant effects on adhesion to soluble
or fibrillar collagen. EDTA (20 mM) and abciximab (20 µg/mL) were used as controls.
Experiments were repeated 3–4 times.
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Figure 4. Interactions of Tablysin-15 and platelet integrin αIIbβ3
(A) Platelets adhere to Tablysin-15 coated in a 96-well plate with concentration range from
0.01 µg/well to 3 µg/well (n = 5). (B) Different concentrations of abciximab (0–20 µg/mL)
markedly inhibit platelet adhesion to 2 µg of Tablysin-15-coated wells. Controls included
EDTA and mouse isotype IgG. (C) Solid-phase assays shows integrin αIIbβ3 binding to
immobilized Tablysin-15 and fibrinogen but not to SVEP-E2 (E. coli-expressed salivary
protein). Purified human platelet αIIbβ3 was added to each well followed by detection with
mouse anti-human integrin β3 antibody. BSA was used as negative control. All experiments
were performed in triplicates.
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Figure 5. Platelet αIIbβ3 receptors are occupied by Tablysin-15 analyzed by flow cytometry
(A) Native Tablysin-15 occupies platelet αIIbβ3 receptor; (B) Recombinant Tablysin-15
occupies platelet αIIbβ3 receptor in a dose–dependent manner (n = 5). The values for
numbers of free platelet αIIbβ3 treated by Tablysin-15 are significant different from the
value for the control (*P < 0.05 and **p < 0.01).
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Figure 6. Anti-angiogenesis properties of Tablysin-15
(A) Tablysin-15 was incubated with MVEC and the mixture added to vitronectin-,
fibronectin-, or soluble collagen-coated wells. (B) Tablysin-15 was added to MVEC in the
presence of FBS and FGF and proliferation was estimated 72 hrs after with MTT. (C) Tube
formation was estimated as described in Methods using growth-factor reduced matrigel.
Experiments were performed in quadruplicates or quintuplicates.
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Figure 7. Antithrombotic activities of Tablysin-15 in vivo
(A) Antithrombotic effects of native and recombinant Tablysin-15, or urokinase in the rat
arteriovenous shunt thrombosis model. Bleeding time induced by intravenous injection of
Tablysin-15 was evaluated in dose- (B) and time-dependent manners (C). Experiments were
performed as described in NT, native Tablysin-15; RT, recombinant Tablysin-15; UK,
urokinase. Methods (*, P < 0.05; **, P < 0.01).
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