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ABSTRACT. Binding of the multimeric adhesive glycoprotein, von Willebrand Factor (VWF), to the platelet
membrane glycoprotein (GP) Ib-IX-V complex mediates platelet adhesion and initiates signal transduction
leading to platelet activation. Recently described viper venom proteins that bind to the ¢&EhHin

and inhibit vWF binding provide novel probes for studying receptor function. We have purified a 50-
kDa form of alboaggregin from the white-lipped tree vip@&rineresurus albolabrjsand two 25-kDa
proteins, CHH-A and CHH-B, from the timber rattlesnak&rdtalus horridus horridusin addition to a
previously described 25-kDa alboaggregin and echicetin. Complete or partial amino acid sequencing of
CHH-A, CHH-B, and 50-kDa alboaggregin and cross-reactivity of these proteins with an anti-botrocetin
antiserum confirmed that they were disulfide-linked heterodimers or higher multimers of the C-type lectin
protein family. These proteins, together with 25-kDa alboaggregin and echicetin, specifically bound to
GP Ibo within the N-terminal peptide domain, His-TGlu-282, and inhibited vWF binding with comparable

ICs0 values (0.2 ug/mL). However, cross-blocking studies between these structurally related proteins
and anti-GP Ib. monoclonal antibodies demonstrated that the venom protein binding sites were not
congruent. Further, the 50-kDa alboaggregin, but not the other venom proteins, potently induced platelet
activation as assessed by dense granule serotonin release or elevation of cytosolic ionized calcium.
Treatment of platelets with the 50-kDa alboaggregin was associated with activation of protein kinase C
and tyrosine kinase(s), resulting in a platelet protein phosphorylation profile similar to that seen on shear-
stress-induced VWF binding to platelets. These results suggest that the 50-kDa alboaggregin induces
cytoplasmic signaling coincident with its binding to the GP Ib-IX-V complex and provides a potentially
useful probe for studying the mechanism of vVWF-dependent platelet activation.

The glycoprotein (GP)lb-IX-V complex is a constitutive ~ 282) at the N-terminus of the GP lo-subunit (Handa et
platelet membrane receptor for the multimeric adhesive al., 1986; Berndt et al., 1988; Andrews et al., 1989b; Vicente
glycoprotein, von Willebrand Factor (vWF), an interaction et al., 1990). An anionic sequence within this domain, Tyr-
responsible for platelet adhesion to the vascular subendot-276—Glu-282, containing three sulfated tyrosine residues has
helium under shear flow at the onset of thrombosis and been shown to constitute an important motif that, at least in
hemostasis (Booth et al., 1990; her, 1994; Weiss, 1995).  part, mediates VWF binding (Dong et al., 1994; Marchese
VWF binding to the GP Ib-IX-V complex also induces®Ca et al., 1995; Ward et al., 1996). This motif of GRulalso
dependent platelet activation (Kroll et al., 1991, 1993; mediates binding ofi-thrombin to the GP Ib-IX-V complex,
Razdan et al., 1994; Ikeda et al., 1993). VWF has beenan association that facilitates platelet activation (Berndt et
demonstrated to bind to a globular domain (His-1 to Glu- ga|., 1986; Coughlin et al., 1992; Marchese et al., 1995; Ward
et al., 1996). Recently, proteins purified from viper venoms
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glutinates washed or fixed platelets in the absence of vVWF Monoclonal Antibodies All murine monoclonal antibod-

or calcium ion (Peng et al., 1991). Alboaggregin-B also ies were of the immunoglobulin G (IgG) class and methods
inhibits bovine VWF binding to platelets, and the specific for their purification and characterization have been described
binding of alboaggregin-B to platelets is blocked by mono- in detail elsewhere (Ruan et al., 1987). AK2 (Andrews et
clonal antibodies directed against the 45-kDa N-terminal al., 1989a; Ward et al., 1996), SZ2 (Ruan et al., 1987; Ward
peptide domain of GP Ib (Peng et al., 1991). In a later et al., 1996), Hip1 (Berndt et al., 1988), VM16d (Mazurov
study, two additional proteins with nonreduced molecular et al., 1991; Ward et al., 1996), AP1 (Berndt et al., 1988),
weights of 52 kDa (alboaggregin-A) and 121 kDa (alboag- and WM23 (Berndt et al., 1988) are all directed against the
gregin-C) each composed ©fl4- to~18-kDa subunits were  Gp |b a-chain and were radio-iodinated where appropriate
pllglflles _from tW(% d|ﬁe:er|1t 1059”2‘)”“3';0'31' sourfces t'df' i using the chloramine T method (Berndt et al., 1985a).
aiboaprisvenom (reng et al. - SO were UNCUoNay o ification of Echicetin, the 50- and 25-kDa Alboaggre-
similar to alboaggregin-B. Another GP Ib-binding protein gins, CHH-A and CHH-B Throughout the purification

termed “jararaca GP Ib-BP” from the South American pit . . .
viper, Bothrops jararaca inhibits VWF-dependent shear- procedures for the various venom proteins, fractions were
routinely assayed for their ability to either induce platelet

induced platelet agglutination (Fujimura et al., 1995). Fla- - C S - .
vocetin-A and -B, 149- and 139-kDa proteins frofrim- agglutination or to inhibit ristocetin-dependent agglutination

eresurus flaoviridis, respectively, also inhibited vwF  Of citrated platelet-rich plasma. In addition, fractions were
binding to platelets (Taniuchi et al., 1995). Amino acid /S0 analyzed by SDSpolyacrylamide gel electrophoresis
sequence analysis of echicetin, alboaggregin-B, and jararacdLaemmli, 1970; Booth et al., 1984). Echicetin was purified
GP Ib-BP revealed that all three proteins were members of from E. carinatusvenom by heparin-affinity chromatogra-
the C-type lectin family consisting of disulfide-linked het- Phy. Lyophilized venom (10 mg) was dissolved in 4 mL of
erodimers of~14-kDa o and 3 subunits (Yoshida et al., 0.01 M Tris, 0.15 M sodium chloride, pH 7.4 (TS buffer)
1993; Peng et al., 1994; Fujimura et al., 1995; Usami et al., and applied to a 10« 1 cm heparin-Sepharose CL-6B
1996). Other members of this family include the viper column at 22°C at a flow rate of 30 mL/h. Echicetin was
venom protein fronB. jararaca, botrocetin, that instead of retarded on the heparin-Sepharose column and eluted after
binding GP llm. specifically binds to discrete amino acid the main flow-through peak. Peak fractions containing a 25-
sequences on VWF, activating it and allowing it to bind to kDa species (honreduced) and-at4-kDa doublet (reduced)
the GP Ib-IX-V complex on platelets (Sugimoto et al., 1991; were pooled, dialyzed into 5 mM sodium phosphate, pH 6.8,
Berndt et al., 1992). and loaded at 25 mL/h onto a 0 1 cm hydroxylapatite

In the present study, a comparison of echicetin, a 25-kDa column equilibrated with 5 mM sodium phosphate, pH 6.8.
alboaggregin, two 25-kDa timber rattlesnake venom proteins Bound protein was eluted with a 200-mL linear 300 mM
from Crotalus horridus horridu§CHH-A and CHH-B), and  sodium phosphate gradient, pH 6.8, dialyzed exhaustively
a novel 50-kDa form of alboaggregin revealed that all of against TS buffer, and concentrated against Aquacide resin
the proteins specifically bound to GP dbwithin the (Calbiochem, San Diego, CA). The alboaggregins were
N-terminal peptide domain and blocked vVWF binding. In pyrified from the same batch dt albolabris venom on the
marked contrast to the other GP Ib-binding proteins, how- pasis of the method of Peng et al. (1991). Lyophilized
ever, the 50-kDa alboaggregin also potently induced platelet,,enom was dissolved in TS buffer (20 mg/4 mL) and loaded
activation as assessed by dense granule serotonin release; 30 mi/h onto a 1.5¢ 20 cm DEAE-Sephacel column
elevation of _cytqsolic ionized calqium _and activation of equilibrated with TS buffer at 22C. A 50-kDa form and a
platelet protein kinase C and tyrosine kinase. 25-kDa form of alboaggregin that co-eluted from the DEAE-
MATERIALS AND METHODS Sephacel column were dialyzed into TS buffer, loaded at 25
mL/h onto a 1x 10 cm heparin-Affigel column and washed
with TS buffer. The 50-kDa alboaggregin was retarded on
the heparin column and eluted after the flow-through peak.
The 25-kDa alboaggregin bound to heparin-Affigel and was

Materials Crude lyophilized venom fronk. carinatus
andT. albolabriswas purchased from Sigma, St. Louis, MO,
and C. h. horridus venom was from Miami Serpentarium
Labs, Miami, FL. Heparin-Sepharose CL-6B and DEAE- ) ) ) .
Sephacel were obtained from Pharmacia (Uppsala, Sweden)emted.Wlth 10.mM Tris, 500 mM sodium chioride, pH 7.4,
and heparin-AffiGel and Bio-Gel HT hydroxylapatite were anq _d|alyzed Into TS. buffer. CHH-A and CHHTB were
obtained from Bio-Rad (Richmond, CA}C-labeled sero- punﬁed fromC. h. horndusve.nom (0.5 g)_ that was dissolved
tonin and N&5 were purchased from Amersham, Castle N 7 ML of 0.5 M acetic acid and applied at 25 mL/h to a
Hill, Australia, and imipramine and humanthrombin were ~ 100 x 2.5 cm Sephadex G50 column at 22. Peak
from Sigma. Ristocetin was purchased from Boehringer fractions were freeze-dried, reconst|'tuted in 5 mL of 0.01
Mannheim, Germany. The collagen-related peptide, Gly- M ammonium acetate, pH 4.5, applied to a £32.2 cm
Arg-Gly-Asp-Thr-Pro (GRGDTP), was purchased from Aus- carboxymethyl-Sephacel column, and eluted by a 6@5
pep, Parkville, Australia. Botrocetin was prepared as M ammonium acetate, pH 6.5, gradient. Two major peaks
previously described (Andrews et al., 1989a). Human Factor designated CHH-A and CHH-B were obtained by subsequent
VIl concentrate was a kind gift of the Commonwealth Serum HPLC using a semi-preparative C4 column eluted by a 15%
Laboratories, Melbourne, Australia. VWF was purified from (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid to 70% (v/
Factor VIII concentrate and radio-iodinated as previously V) acetonitrile gradient. Protein concentrations of the purified
described (Andrews et al., 1989a). The cobra venom venom proteins dialyzed into TS buffer were estimated using
metalloproteinase, mocarhagin, was purified frovaja the BCA method and radio-iodinated where appropriate using
mocambique mocambiqueesnom (Sigma) as previously lodobeads, both according to the manufacturer’s instructions
described (Ward et al., 1996). (Pierce, Rockford, IL). Purified proteins were analyzed by
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Western blotting with a rabbit polyclonal anti-botrocetin Munchen), or 0.05 units af-thrombin/mL]. In some assays,
antibody raised against purified botrocetin using previously monoclonal antibodies at a final concentration ofi&s@mL
described procedures (Berndt et al., 1985a,b), and blots wereor mocarhagin at 1(g/mL were pre-incubated with the
visualized using horseradish peroxidase-coupled secondplatelets for 5 or 6 min, respectively, at ST prior to the
antibody (Silenus, Hawthorn, Australia) and the ECL detec- addition of the 50-kDa alboaggregin. Other assays included
tion system (Amersham, Buckinghamshire, U.K.). EDTA at a final concentration of 10 mM or collagen-related
Reduction and Alkylation, Subunit Separation, and En- peptide (GRGDTP) at a final concentration of 0.1, 0.5, or
doprotease Digestion of CHH:BCHH-B (1 mg) was 1.0 mM.
dissolved in 1.5 mL of 0.25 M Tris, 6 M guanidinium Binding of!?3-Labeled vWF to Platelets The effect of
hydrochloride, 20 mM EDTA, 20 mM dithiothreitol, pH 7.5, venom proteins on the binding ofd-labeled VWF to
for 8 h at 25°C, and~25 mg of iodoacetamide was then platelets in the presence of 1 mg of ristocetin/mL oru/&0
added for an additional 8 h. The reaction mixture was of botrocetin/mL as vVWF modulators was measured using a
quenched with 1 mL of 1% (v/v) trifluoroacetic acid and previously described assay (Andrews et al., 1989a; Berndt
loaded onto a C4 reverse-phase HPLC column (Vydac, et al., 1988, 1992). Viper venom proteins were incubated
214TP510), and the- and 5-chains were separated using with washed platelets (& 10°(/mL) in TS buffer containing
an 8%-40% acetonitrile gradient in 0.1% (v/v) trifluoroacetic  0.1% (w/v) BSA for 5 min at 22C, prior to the addition of
acid for 30 min then to 60% acetonitrile in 10 min. The 1 ug of *?3-labeled VWF/mL. After 30 min, samples were
earlier eluting subunit, CHH-B-chain, and the later eluting  centrifuged at 8759 for 1 min, and label associated with
subunit, CHH-Ba-chain, where individually collected and the pellet was measured injacounter after aspiration of
dried. Portions of the carboxyamidomethylated subunits the supernatant.
were subjected to N-terminal Edman degradation for se- Binding of*?3-Labeled 50-kDa Alboaggregin to Platelets
guence analysis, and the remainder was used to generat8inding of *4-labeled purified 50-kDa alboaggregin to
overlapping peptides. Endoprotease digestion of the subunitsplatelets was performed using the same method described
(100-200 ug) was performed for 1218 h at 37°C in 50 for 129-labeled VWF binding (Andrews et al., 1989a; Berndt
mM Tris, pH 8.0, for endoprotease Lys-C (Boehringer etal., 1988, 1992)1%%-labeled 50-kDa alboaggregin (G-1
Mannheim) at an enzyme to substrate ratio of 1:100, and in 2.0 ug/mL) was incubated with 5 10" washed platelets/
10 mM Tris, pH 8.0, for endoprotease Asp-N (Boehringer mL in TS buffer containing 0.1% (w/v) BSA for 30 min at
Mannheim) at an enzyme to substrate ratio of 1:1200. 22 °C and centrifuged at 87§0for 1 min, and label
Digestions were terminated by addition ofulL of trifluo- associated with the pellet was measured jn@unter after
roacetic acid and directly loaded onto a 04&5 cm C18 aspiration of the supernatant. Specific binding was calculated
reverse-phase HPLC column (Vydac, 201TP5415) equili- from total binding by substracting nonspecific binding
brated in 2% (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid, measured in a parallel assay containing a 50-fold excess of
and the eluate was monitored at 214 nm. Peptide fragmentsunlabeled 50-kDa alboaggregin. Some assays also included
were eluted with a 30-min 2%32% (v/v) acetonitrile unlabeled venom proteins (6-10 «g/mL) or monoclonal
gradient followed by a 20-min 32%60% (v/v) acetonitrile antibodies (5Qug/mL). Pretreatment of platelets in other
gradient. Fractions containing peptide were manually col- assays with the cobra venom metalloproteinase, mocarhagin,
lected into 1.5-mL Eppendorf tubes, dried in a Savant Speedfor 6 min at 22°C in the presence of either 10 mM calcium
Vac concentrator, and stored afLO °C prior to sequence  chloride or 10 mM EDTA prior to the addition é3-labeled

analysis. 50-kDa alboaggregin was based on previous studies (Ward
Sequence AnalysisDirect amino acid sequencing of et al., 1996).
carboxyamidomethylated subunits of CHH-B—@ nmol) Binding of'?4-Labeled Monoclonal Antibodies to Plate-

was performed using an Applied Biosystems model 473A lets Specific binding of?3-labeled anti-GP lb. monoclonal
protein sequenator using the program and reagents supplie@ntibodies, AK2, SZ2, and WM23, to washed platelets was
by the manufacturer. Released phenylthiohydantoin-amino performed as described elsewhere (Berndt et al., 1988; Ward
acids were identified with the on-line HPLC system. N- et al., 1996). Briefly!?8-labeled antibody (xg/mL) was
terminal sequencing of 50-kDa alboaggregin was performed incubated with 5x 10" washed platelets/mL in TS buffer
as previously described (Ward et al., 1996). containing 0.1% (w/v) BSA for 30 min at 22C. After
Platelet Aggregation Platelet aggregation studies were incubation, duplicate samples were centrifuged at §760
performed in a Whole Blood Lumiaggregometer (Chrono- 3 min, and*?3-labeled antibody associated with the pellet
Log, Havertown, PA) stirred at 900 rpm using citrated was measured in &-counter. Nonspecific binding was
platelet-rich plasma or washed platelets ak 5L0¥/mL in measured in the presence of Bg of unlabeled antibody/
TS buffer or Tyrodes’ solution as previously described mL in a parallel assay. To test the ability of venom proteins
(Booth et al., 1984). Tyrodes’ solution contained 0.1% (w/ to inhibit binding of monoclonal antibodies to platelets, some
v) glucose, 0.8% (w/v) sodium chloride, 0.1% (w/v) sodium assays included purified proteins at concentrations of 0.1
bicarbonate, 0.02% (w/v) potassium chloride, 0.005% (w/v) 10 ug/mL.
sodium dihydrogen orthophosphate, 0.02% (w/v) calcium Measurement of Serotonin Release andv&fien of
chloride, and 0.01% (w/v) magnesium chloride, pH 7.4. Cytosolic C&". Dense granule secretion froHC-labeled
Viper venom proteins were added alone or were pre- serotonin-loaded platelets was measured essentially as de-
incubated with platelets for 3 min at 37C prior to the scribed by van Willigen et al. (1994). Platelet-rich plasma
addition of other agonists [1.5 mg of ristocetin/mL, b9 prepared from ACD-anticoagulated blood (Booth et al., 1984)
of botrocetin/mL, 10% (v/v) bovine plasma (as a source of was incubated with“C-labeled serotonin (5@Ci/mL, 55
bovine VWF), 5uM ADP (Chrono-Par, Havertown, PA), 2 mCi/mmol) for 30 min at 37°C. The serotonin-labeled
ug of equine tendon collagen/mL (Hormon-Chemie, platelets were then washed twice in citratducose-saline
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buffer (Booth et al., 1984) containing 20 ng of P{ARL NR RED
and resuspended at & 10¥mL in Tyrodes' solution

containing 2.5«M imipramine. To test the effect of venom MW (kDa) 200 — -
proteins oro-thrombin on platelet secretion, agonists were 130 — -—
incubated with 30QcL of labeled platelets at 37C, which 94 — -
were then stirred at 900 rpm for 5 min in an aggregometer. 68 — -
To stop the release reaction, b0 of 33% (v/v) formalde- 55 —» -—
hyde, 150 mM sodium chloride, was added to each sample 36— = -
and the mixture stirred in the aggregometer for an additional 31— -—
1 min. The samples were transferred to microfuge tubes, 21 —» -—
and the platelets were pelleted by centrifugation at §750 14 — -

for 1 min. '“C-labeled serotonin release was quantitated by . 1: 5%-20% SDS-polyacrylamide gels stained with
; ; ; ; IGURE 1: —20% poly
taking duplicate 10@L aliquots of the supernatant, adding Coomassie Blue of the purified 50-kDa form of alboaggregin

each to 3 mL of scintillation fluid and counting in & glectrophoresed under nonreducing (NR) and reducing (RED)
p-counter. Changes of cytosolic ionized calcium in fura conditions. Molecular weight markers (arrows) in order of decreas-

2-loaded platelets stirred at 900 rpm in Tyrodes’ solution (5 ing molecular weight are myosin (200 kD#)galactosidase (130

(XKrOII et azl 1991) P y glutamate dehydrogenase (55 kDa), lactate dehydrogenase (36 kDa),

. . carbonic anhydrase (31 kDa), soybean trypsin inhibitor (21 kDa),
Effect of the 50-kDa Alboaggregin on Platelet Protein gpq |yslozymg (14 kéa). )» S0y P ( )

Phosphorylation The incorporation offP]Jorthophosphate
(DuPont-New England Nuclear) into platelet proteins was complete amino acid sequence of CHH-B was determined
assessed by previously reported methods (Kroll et al., 1993).(Figure 2). Although CHH-A was not completely sequenced,
Stirred®?P-labeled platelets were either untreated or treated the N-terminal sequences determined for both chains of
with 1 unit of a-thrombin/mL, 2ug of 50-kDa alboaggregin/ CHH-A up to 25 residues were identical to CHH-B (not
mL, or 2 ug of echicetin/mL for 1 min at 37C. Samples  shown). The amino acid sequences of both chains of CHH-B
were quenched by addition of electrophoresis sample buffer,are compared with the- andj-chains of botrocetin (Usami
electrophoresed on 6%4.6% SDS-polyacrylamide gels, and et al., 1993) and thg-chain of echicetin (Peng et al., 1994)
analyzed by autoradiography. Activation of tyrosine kinase in Figure 3A, and compared with the- and $-chains of
was determined by immunoblotting of platelet samples with alboaggregin-B (Usami et al., 1996) in Figure 3B. The
the anti-tyrosine phosphate monoclonal antibody, 4G10 (UBI, 5-chain of CHH-B displays 47% identity to th&chain of
Lake Placid, NY), essentially as previously described echicetin, 49% identity to thé-chain of botrocetin, and 54%
(Razdan et al., 1994). Stirred platelets either untreated oridentity to theS-chain of alboaggregin-B. The-chain of
treated with 1 unit ofa-thrombin/mL, 2 ug of 50-kDa CHH-B displays 38% identity to the-chain of botrocetin
alboaggregin/mL, or g of echicetin/mL for 1 min at 37  and 47% identity to then-chain of alboaggregin-B. Al-
°C were quenched by addition of electrophoresis sample though there was insufficient material for detailed structural
buffer, electrophoresed on 6946% SDS-polyacrylamide analysis of the 50-kDa alboaggregin, three lines of evidence
gels, transferred to polyvinylidene difluoride membranes, and suggested that the 50-kDa alboaggregin was a member of
immunoblotted with 4G10. Blots were visualized using an the C-type lectin family. Firstly, the molecular mass of the
alkaline phosphatase-conjugated second antibody and a UBkubunits on SDSpolyacrylamide gels under reducing condi-
detection kit (Razdan et al., 1994). tions (~14-kDa; Figure 1) was consistent with other members
of the C-type lectin family (Peng et al., 1991, 1993, 1994;
RESULTS Fujimura et al., 1995; Yoshida et al., 1993; Taniuchi et al.,
A number of viper venom proteins have recently been 1995; this study). Other alboaggregins described by Peng
described that specifically bind to the GP Ib-IX-V complex et al. (1992) with molecular masses under nonreducing
on platelets and potently inhibit VWF binding (Peng et al., conditions of 52-kDa (alboaggregin-A) and 121-kDa (albo-
1991, 1992, 1993; Fujimura et al., 1995; Taniuchi et al., aggregin-C) were composed ofl14—18-kDa subunits,
1995). We have purified a number of these proteins clearly demonstrating that alboaggregin subunits have the
including a novel 50-kDa alboaggregin from the white-lipped capacity to form higher multimers than the 23-kDa het-
tree viper,T. albolabris and two 25-kDa proteins from the erodimer, alboaggregin-B (Peng et al., 1991). Secondly, the
timber rattlesnakeC. h. horridus in order to map their ~ major N-terminal sequence obtained for 50-kDa alboaggregin
binding sites and study their effect on platelet activation. up to 18 residues (Figure 3C) was comparable to the
Two forms of alboaggregin were purified from one batch of published N-terminal sequences of alboaggregin-B and
T. albolabrisvenom. One form was-25-kDa (nonreduced) related proteins (Usami et al., 1993, 1996; Peng et al., 1994;
on SDS-polyacrylamide gels, reducing to anl4-kDa this study). Finally, CHH-A, CHH-B, and the 50-kDa
doublet (not shown), suggesting that, like alboaggregin-B alboaggregin were all immunoreactive toward a rabbit
(Peng et al., 1991), it was a disulfide-linked heterodimer. polyclonal anti-botrocetin antiserum on Western blots (Figure
Another form of alboaggregin appeared as af0-kDa 4), confirming that all of these proteins were members of
species under nonreducing conditions, and a triplet of bandsthe C-type lectin family.
of ~14 kDa appeared under reducing conditions (Figure 1). CHH-A, CHH-B, and the 25-kDa alboaggregin inhibited
Two distinct rattlesnake proteins, termed CHH-A and CHH- ristocetin- and/or bovine vWF-induced agglutination in
B, appeared on SDolyacrylamide gels as-25-kDa platelet-rich plasma (Figure 5A and B, respectively). Simi-
species nonreduced and as a doublet-&# kDa, reduced larly, Peng et al. (1991, 1992, 1993) previously reported that
(Scarborough et al., 1991, this study, data not shown). Theechicetin and an-23-kDa alboaggregin-B inhibited vVWF
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DLECPSGWSSYDRYCYK PFKQEMTWADAERFC SEQAKGRHLLSVETALEASFVDNVLYANKEYLTRY IWIGLRVONKGQPCSS1YSENLVDPFECFMVSRDTRLREWFKVDCEQOHSF ICKFTRPRR
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N-Texrm
DLECPSGWSSYDRYCYK  QEMTWADAERFCSEQAK GQPCSS1YSENLVDPFECFMVSRDTRLREWFK FTRPRR
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GLU-C-19
B chain
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N-Term
DCPSDWSSYE
GLU-C-4

KFCTQOHTGGHLVSFRSSE
GLU-C-3
GHCYRVFQQE
GLU-C-2 GLU-C-14
DFLVSILKF
ASP-N-14
DLFWMGWR
ASP-N-13

LVSFRSSEEVDFLVSILK
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DIWN
ASP-N-4
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GTKVNYKAWSAEPECIVCRAT
ASP-N-9
DNQWL.STSCSKTHNVVCKF
ASP-N-11
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Ficure 2: Amino acid sequence analysis of the and -chains of CHH-B, showing the sequence of endoprotease Lys-C, Glu-C, and
Asp-N fragments. The number of Edman cycles obtained for each of the N-terminal sequence determinations is indicated.

binding to platelets. In contrast, the 50-kDa alboaggregin Analysis of binding by Scatchard analysis (Figure 6, inset)
was found to potently induce aggregation of platelet-rich gave an apparetty of ~3.0 nM. Binding was not affected
plasma (Figure 5C). This aggregation was inhibitable by by the presence of 10 mM EDTA (Figure 7). Three lines
EDTA (Figure 5C) and by the collagen-related RGD- of evidence demonstrated th&ti-labeled alboaggregin
containing peptide, GRGDTP (Figure 5D). Pretreatment of bound specifically to the N-terminal peptide domain of GP
platelet-rich plasma with the cobra venom metalloproteinase, Ibo. on platelets. Firstly, binding was completely blocked

mocarhagin, also abolished the 50-kDa alboaggregin-inducedby the monoclonal antibodies AK2, Hipl, and AP1, all
aggregation (Figure 5C). Mocarhagin selectively cleaves GP directed against the N-terminal peptide domain of G b
Iba. between residues Glu-282 and Asp-283 as the sole(His-1-Leu-275), but not by another anti-GPallmono-
detectable substrate on the platelet surface and releases thelonal antibody, WM23, directed against the macroglyco-

N-terminal His-1-Glu-282 fragment (Ward et al., 1996).

peptide domain (Figure 7). Two other anti-GRxImono-

Aggregation of washed platelets in the presence of 50-kDa clonal antibodies, VM16d and SZ2, with epitopes within His-
alboaggregin occurred in the absence of added VWF, andi—Leu-275 and Tyr-276Glu-282, respectively, were partially

was inhibitable by the anti-GP ébmonoclonal antibodies,
AK2 and AP1, directed against the N-terminal peptide
domain, His-*Leu-275 (not shown). SZ2, another anti-
GP Ibo. monoclonal antibody directed against residues Tyr-
276—Glu-282, caused only partial inhibition. The anti-GP
Ibo. macroglycopeptide domain monoclonal antibody, WM23,
had no effect. Neither the 50-kDa alboaggregin, CHH-A,
or CHH-B induced®-labeled vWF binding to washed

inhibitory (Figure 7). Secondly, pretreatment of platelets
with mocarhagin, which selectively cleaves Gl tetween
residues Glu-282 and Asp-283 (Ward et al., 1996), abolished
the ability of the platelets to bind?3-labeled 50-kDa
alboaggregin (Figure 7). Treating platelets with mocarhagin
in the presence of excess EDTA, which inhibits the activity
of the protease (Ward et al., 1996), had essentially no effect
on alboaggregin binding (not shown). Thirdly, binding of

platelets (data not shown); however, both the 50- and the123-|abeled 50-kDa alboaggregin to platelets was competi-
25-kDa alboaggregins inhibited ristocetin-dependent binding tively inhibited by an excess of unlabeled 50-kDa alboag-

of VWF to washed platelets with kgvalues of~0.2 ug/
mL (data not shown). CHH-A and CHH-B gave qualita-
tively similar results (not shown).

gregin (Figure 8A), 25-kDa alboaggregin (Figure 8B, open
circles), echicetin (Figure 8B, solid circles), and both CHH-A
and CHH-B (Figure 8C, open and solid triangles, respec-

123-labeled, purified 50-kDa alboaggregin bound to washed tively), all with similar IGso values in the range 0-20.5ug/

platelets in a specific and saturable manner (Figure 6).

mL. These combined results demonstrate that all of the
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Ficure 3: (A) Amino acid sequence comparison of thheand-chains of CHH-B with thex- and -chains of botrocetin (Usami et al.,
1993) and the3-chain of echicetin (Peng et al., 1994). (B) Comparison ofdh@nd $-chains of CHH-B with thex- and 5-chains of
alboaggregin-B (Usami et al., 1996). (C) N-terminal sequence determined for the 50-kDa alboaggregin comparedwéthdfechains
of alboaggregin-B, botrocetin, CHH-B, and the echic@inhain (Usami et al., 1993, 1996; Peng et al., 1994, this study).
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Ficure 4: Western blots of purified 50-kDa alboaggregin (lane
1), CHH-A (lane 2), CHH-B (lane 3), and botrocetin (lane 4)
electrophoresed on 5%20% SDS-polyacrylamide gels under
reducing conditions, electrotransferred to nitrocellulose and probed
with rabbit anti-botrocetin antisera. Blots were visualized using

peroxidase-coupled sheep anti-rabbit IgG and the ECL substrate.

Molecular weight markers (arrows) are as described in the legend
of Figure 1.
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Mocarhagin
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:
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Ficure 5: Aggregation of platelet-rich plasma induced by (A)
ristocetin (1.5 mg/mL, final concentration), (B) bovine vWF, and
(C and D) 50-kDa alboaggregin (Oug/mL, final concentration).
Platelet-rich plasma was incubated at°& with 10 ug/mL (final
concentration) of CHH-A, CHH-B, or 25-kDa alboaggregin for 3
min prior to the addition (arrows) of 1.5 mg/mL, final concentration,
ristocetin (panel A), or one-tenth volume bovine plasma (panel B).
In panels C and D, platelet-rich plasma was incubated with either
EDTA (10 mM, final concentration) or collagen-related peptide
GRGDTP (0.1, 0.5, or 1 mM, final concentration) or was pretreated
with mocarhagin (1Qg/mL, final concentration) for 6 min at 37
°C prior to the addition of the 50-kDa alboaggregin (arrow). The

vertical and horizontal bars represent 10% maximal transmittance
and 1 min, respectively. Traces are representative of separatelOA)-

experiments with different platelet donors.

venom proteins tested had binding sites within the His-1
Glu-282 domain of GP I&.

Binding of *3-labeled anti-GP lb. monoclonal antibodies,
AK2 and SZ2, to platelets was differentially inhibited by
the venom proteins. AK2 and SZ2 map into the N-terminal
peptide domain of GP Mo with epitopes within the
sequences His-1l eu-275 and Tyr-276Glu-282, respec-
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FiIGURE 6: Specific binding oft?3-labeled 50-kDa alboaggregin

to washed platelets (% 107/mL) in 30 min at 22°C. Specific
binding was calculated from total binding by substracting nonspe-
cific binding measured at loW?3-labeled 50-kDa alboaggregin
concentration in the presence of a 50-fold excess of unlabeled 50-
kDa alboaggregin.

tively (Ward et al,, 1996). The 50-kDa alboaggregin
completely inhibited binding of?3-labeled AK2 to platelets
(Figure 9A), but only partially inhibited?3-labeled Sz2
binding (Figure 9D). Both echicetin and the 25-kDa
alboaggregin inhibited the binding to platelets of b&th-
labeled AK2 and SZ2 (Figure 9B and E, respectively). The
rattlesnake proteins, CHH-A and CHH-B, only inhibit&8-
labeled AK2 binding (Figure 9C) and had no effect'8#-
labeled SZ2 binding (Figure 9F). None of the snake venom
proteins inhibited the binding of the anti-GPollmacrogly-
copeptide domain monoclonal antibody, WM23, to platelets
(data not shown). Although the monoclonal antibodies and
venom proteins variably cross-block binding to GleJthe
lack of detail regarding the AK2 epitope and information
on GP Il tertiary structure as well as potential steric effects
precludes precise identification of the venom protein binding
sites. However, the combined results provide the first
evidence that structurally-related venom proteins can bind
to distinct sites on GP tb. This may, in part, explain
functional differences between homologous snake venom
proteins and supports the concept that the conformation of
the GP Ib-IX-V receptor is a critical determinant of ligand
binding (Roth, 1995; Ward et al., 1996).

Since the 50-kDa alboaggregin not only bound to the GP
Ib-1X-V complex on platelets but also potently induced
platelet aggregation, we tested the ability of it and related
snake venom proteins to stimulate granule release #am
labeled serotonin-loaded platelets as a measure of platelet
activation. a-Thrombin was used as a control agonist and
resulted in~90% release of*C-labeled serotonin (Figure
10A). The 50-kDa alboaggregin was also a potent platelet
agonist, with~65% release of the dense granule label (Figure
However, none of the 25-kDa venom proteins
stimulated platelet secretion (Figure 10A). The 50-kDa
alboaggregin was also tested for its ability to induce
elevations of cytosolic ionized calcium ([€&) in fura
2-loaded platelets. As compared withithrombin (Figure
10B), the 50-kDa alboaggregin potently induced elevated
[Ca&*]; of platelets (Figure 10C). The [€d; response
induced by the 50-kDa alboaggregin lacked the initial rapid
influx spike characteristic ofi-thrombin (Figure 10B) and
showed instead a slow initial rise similar to that observed
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kDa alboaggregin to platelets. Assays show the specific bindifgflefabeled 50-kDa alboaggregin fdy/mL) to washed platelets (solid
bars) or paraformaldehyde-fixed platelets (hatched bars)>atlB®/mL. Platelets were incubated with TS buffer or EDTA (10 mM, final
concentration) or were pretreated with the monoclonal antibodieg@f@L, final concentration) for 5 min at 37TC or with 75ug/mL
mocarhagin (MOC) in the presence of 10 mM calcium chloride for 6 min prior to the addition of alboaggregin.
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Ficure 8: Effect of unlabeled 50-kDa alboaggregin (A), 25-kDa
alboaggregin (B, open circles), echicetin (B, solid circles), CHH-A
(C, solid triangles), and CHH-B (open triangles) on the specific
binding of123-labeled 50-kDa alboaggregin (@/mL) to paraform-
aldehyde-fixed platelets (5% 108/mL) in 30 min at 22°C.

with ristocetin-mediated vVWF binding (Kroll et al., 1991).
Echicetin had little, if any, effect on Gainflux under the

same conditions (data not shown).
Analysis of F2P]phosphate incorporation into 50-kDa

\\A CHH-B
0 . N AN R

protein concentration, j1g/ml

Ficure 9: Effect of unlabeled 50-kDa alboaggregin (A and D),
25-kDa alboaggregin (B and E, open circles), echicetin (B and E,
solid circles), CHH-A (C and F, solid triangles), and CHH-B (C
and F, open triangles) on the specific binding'&f-labeled AK2

(1 ug/mL; A—C) or3-labeled SZ2 (lug/mL; D—F) to paraform-
aldehyde-fixed platelets (5% 1C8/mL).

showed a prominent 47-kDa band consistent with phospho-
rylation of pleckstrin (p47), a previously defined protein
kinase C substrate (Kroll et al., 1993), and-a20-kDa band
which represents myosin light chain (Scholey et al., 1980).
Both of these bands were also seernithrombin-treated
platelets (Figure 11, upper panel). In contrast, treatment of
platelets with echicetin showed no induction of the 47-kDa

alboaggregin-treated platelets (Figure 11, upper panel)band. Interestingly, there was partial enhancement of the
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Ficure 10: (A) Effect ofa-thrombin (1.6 units/mL, final concen- 215 —

tration) and the venom proteins 50-kDa alboaggregin g8/snlL),
echicetin (1.4.g/mL), CHH-A (2ug/mL), CHH-B (2u4g/mL), and . . . .
25-kDa algogé%reg?n (1,ﬁg/m(L)/ggrl l“C?Iabeled ssarg?onin)release FiGure 11: Effect ofa-thrombin (1 unit/mL, final concentration),
from platelets (5x 109/mL) in Tyrodes’ solution containing 2.5  Stirring only in the absence of agonist, 50-kDa alboaggregirg(2
#M imipramine and incubated with agonists for 5 min at°g7in mL) and echicetin (g/mL) on protein phosphorylation in washed
an aggregometer cuvette stired at 900 rpm. Platelets were PIEIELS (5 10°/mL) in 1 min at 37°C analyzed by incorporation
subsequently fixed with paraformaldehyde and microfuged, and the ©f [**Plorthophosphate (upper panel) or immunoblotting with the
serotonin released into the supernatant measuredgita@unter. anti-tyrosine phosphate monoclonal antibody, 4G10 (lower panel).
(B) Effect of a-thrombin (1 unit/mL) and (C) 50-kDa alboaggregin  .----|abeled proteins were detected by electrophoresis onZi¥b

(1 ug/mL) on C&* influx into fura 2-loaded platelets (5 108/ SDS-polyacrylamide gels and autoradiography.

mL) in Tyrodes’ solution stirred at 900 rpm at 3C.

DISCUSSION

~20-kDa band compared with the untreated platelet sample | N€ Platelet surface membrane glycoprotein (GP) Ib-IX-V
(Figure 11, upper panel). Platelets treated with 50-kDa complex plays an essential role in mediating the hemostatic
alboaggregin also showed evidence for tyrosine kinase response of pIateIc_ets to blood vessel damage. GP Ib-IX-V
activation (Figure 11, lower panel) with induction of two functions as the primary receptor for von Willebrand Factor
major species with mé)lecular weights o6 kDa anc~36 (VWF) bound to the subendothelial matrix, and this adhesive

kDa. These bands were also observed associated with She‘,irlpteractlon is required for platelet adhesion to exposed matrix

stress-induced VWF binding to platelets (Razdan et al., 1994),ur,]der condlt!ons .Of high shear flow (Booth et al., 199.0’

: . Lopez, 1994; Weiss, 1995). The GP Ib-IX-V complex is
whereas only the higher molecular weight band was weakly : ; . .
induced bvo-thrombin (Razd t al. 1994- this stud also involved in modulating the local effects of thrombin
induced by o-thrombin (Razdan et al,  this study, through a high-affinity binding site fos-thrombin present
Figure 11, lower panel). There was no detectable difference

b d platel d platel 4 with echi on the a-chain of GP Ib (Berndt et al., 1986). The
_etvveen untreated plate gt_s an pate ets treated with echiceg, 5 cellular portion of GP kb consists of the N-terminal
tin under the same conditions (Figure 11, lower panel).

peptide domain composed of the seven tandem leucine-rich
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repeats and their disulfide-loop N- and C-terminal flanking AK2 and SZ2 to platelets, the 50-kDa alboaggregin strongly
sequences (His-iLeu-275), the anionic/sulfated tyrosine blocked AK2 and only partially blocked SZ2 binding, while
region centered around the Tyr-276lu-282 sequence, and CHH-A and CHH-B blocked only AK2 but not SZ2 binding.
the highly glycosylated macroglycopeptide domairif{en These results strongly suggest that structurally-related venom
etal., 1987; Lpez, 1994). Studies from our laboratory and proteins are capable of binding distinct sites on GR. b
others have demonstrated that binding sites for both vVWF Single amino acid mutations within the leucine-rich repeats

ando-thrombin can be localized to the globular N-terminal
peptide domain of GP tb (His-1—Glu-282) (Handa et al.,

(Leu-57 to Phe and Ala-156 to Val) are known to cause
dysfunctional vWF binding (Miller et al., 1992; Ware et al.,

1986; Berndt et al., 1988; Andrews et al., 1989b; Vicente et 1993), even though VWF binding appears to involve the

al., 1990; Ward et al., 1996). Further, structufenction
analysis of GP Ib. using proteases and monoclonal antibod-
ies has recently identified residues Tyr-2#6lu-282 as a
recognition site fo-thrombin and for vVWF complexed to

downstream sequences Tyr-276lu-282 (Ward et al.,

1996), Asp-235-Lys-262 (Katagiri et al., 1990), and/or Ser-
251-Glu-285 (Vicente et al., 1990). Roth (1995) has
suggested that altered conformations of the N-terminal

its modulator, botrocetin (Ward et al., 1996). Residues Tyr- peptide domain may involve interactions between different
276—-Glu-282 comprise a distinctive motif of negatively- leucine-rich repeats. Itis possible that the structurally-related
charged amino acids and sulfated tyrosine residues (Dongvenom proteins interact with different leucine-rich repeat
et al., 1994; Marchese et al., 1995; Ward et al., 1996). The domains and that this may account for their observed
viper venom proteins first described by Peng and co-workers functional difererences, although other explanations are
(1991, 1992, 1993) that bind to the N-terminal peptide tenable and this interesting question awaits further studies.

domain of GP llc and inhibit VWF binding provide an
additional means of investigating structuifeinction rela-
tionships of GP lh.

A major difference between the viper venom proteins was
that only the 50-kDa form of alboaggregin, but not the other
proteins, acted as a strong platelet agonist inducing rapid

In the present work, we have purified and characterized a platelet dense granule secretion, elevation of cytosolic ionized
novel 50-kDa alboaggregin from the venom of the white- calcium ([C&'];) and protein phosphorylation. Platelet
lipped tree viper,T. albolabris and two 25-kDa timber  aggregation induced by the 50-kDa alboaggregin was
rattlesnake venom proteins, CHH-A and CHH-B, fr@n inhibited by EDTA, even though EDTA had no significant
h. horridus. Three lines of evidence suggest that these effect on binding of'?3-labeled 50-kDa alboaggregin to
proteins are all members of the C-type lectin protein family. platelets. Aggregation was also inhibitable by the synthetic
Firstly, complete or N-terminal amino acid sequence analysis RGD-containing peptide, GRGDTP, an inhibitor of platelet
of the three proteins show homology to published sequencesaggregation in response to agonists (such as ADP or
of alboaggregin-B, jararaca GP Ib-BP, flavocetin-A, and the a-thrombin) that utilize the platelet fibrinogen receptor, the
GP Ib-binding -chain of echicetin (Peng et al., 1994; integrinallbg3 (GP IIb-Illa) (Shattil, 1995). These results
Fujimura et al., 1995; Yoshida et al., 1995; Taniuchi et al., suggest that binding of the 50-kDa alboaggregin alone is not
1995; Usami et al., 1996). Secondly, all of these proteins sufficient to induce agglutination, but that binding activates
appear on SDSpolyacrylamide gels as disulfide-linked platelets allowing subsequent calcium-dependent platelet
heterodimers or higher multimers efl4—18-kDa subunits ~ aggregation mediated by GP llb-llla. Both aggregation and
(Peng et al., 1991, 1993, 1994; Fujimura et al., 1995; Yoshida binding was blocked by pretreating platelets with mocarha-
et al., 1993; Taniuchi et al., 1995; this study). Thirdly, CHH- gin, a protease that specifically cleaves off the HisGlu-

A, CHH-B, and the 50-kDa alboaggregin are immunologi- 282 GP I fragment, showing that platelet activation
cally cross-reactive with polyclonal anti-botrocetin antisera induced by the 50-kDa alboaggregin was coincident with
(this study). Like the previously described proteins, echicetin its binding to GP llo.. In contrast, Peng et al. (1991, 1992)
from the saw-scaled vipdt. carinatus alboaggregin-B from  reported that the~23-kDa alboaggregin-B and-52-kDa

T. albolabris and jararaca GP |b-BP from the South alboaggregin-A supported calcium-independent agglutination
American pit viperB. jararaca, the 50-kDa alboaggregin, of washed or fixed platelets. The reason for this discrepancy
CHH-A, and CHH-B all bound to the N-terminal peptide is not clear. It may simply reflect the common finding in
domain of GP lic and inhibited binding of vWF. Binding  venom studies that homologous proteins isolated either from
to this domain was confirmed since binding of purified different species, or from different commercial batches of
radiolabeled 50-kDa alboaggregin to platelets was (i) blocked venom from the same species, may have different properties
by anti-GP llm. monoclonal antibodies, AK2, AP1, and Hipl, (Peng et al., 1992; Fujimura et al., 1991).

that map into the His-tLeu-275 sequence, (ii) abolished Our results show that binding to the N-terminal peptide
by pretreatment of platelets with the cobra venom metallo- domain of GP llo is coincident with, and facilitative of, 50-
proteinase, mocarhagin, which selectively cleaves GP Ib kDa alboaggregin-dependent platelet activation, although the
between residues Glu-282 and Asp-283, and (iii) competi- precise mechanism by which the 50-kDa alboaggregin
tively inhibited to a similar extent by CHH-A and CHH-B, activates platelets is presently unclear. The simplest, though
and by echicetin, previously shown to bind this domain (Peng not exclusive, mechanisms for this activation would be either
et al.,, 1991, 1993). However, despite their structural (1) direct signaling through one or more GP Ib-IX-V
similarity, cross-blocking studies of the venom proteins and complex(es) engaged by 50-kDa alboaggregin or (2) binding
two anti-GP Il monoclonal antibodies, AK2 and SZ2, to GP Ib-1X-V and signaling through a vicinal, unidentified
suggest that the binding sites for these venom proteins arereceptor. Currently, the mechanism for vWF-dependent
not identical. AK2 (His-+-Leu-275) and SZ2 (Tyr-276 platelet activation through the GP Ib-I1X-V complex is also
Glu-282) have distinct epitopes within the N-terminal peptide not clearly defined. Shear- or ristocetin-induced binding of
domain of GP lic (Ward et al., 1996). Whereas a 25-kDa multivalent native VWF to the GP Ib-1X-V complex activates
alboaggregin and echicetin completely blocked binding of platelets (Kroll et al., 1991, 1993; Razdan et al., 1994; Ikeda
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et al., 1993). In contrast, a 39/34-kDa monomeric dispase Laemmli, U. K. (1970)Nature 227 680-685.

fragment of VWF is able to bind to GPdbon platelets and
block binding of native VWF but does not induce platelet

activation (Andrews et al., 1989b). This would be consistent

with a mechanism for vVWF-dependent activation involving

ligand valency. The multimeric 50-kDa alboaggregin has a

similar potential to cross-link GP Ib-IX-V receptor com-
plexes.

Lépez, J. A. (1994Blood Coag Fibrinol. 5, 97—119.

Lépez, J. A, Chung, D. W., Fujikawa, K., Hagen, F. S., Papay-
annopoulou, T., & Roth, G. J. (198Broc. Natl. Acad Sci
U.SA. 84, 5615-5619.

Marchese, P., Murata, M., Mazzucato, M., Pradella, P., De Marco,
L., Ware, J., & Ruggeri, Z. M. (1995). Biol. Chem 270, 9571
9578.

Further study of this unusual platelet agonist Mazurov, A. V., Vinogradov, D. V., Vlasik, T. N., Repin, V. S.,

therefore has the potential to clarify some of the unresolved ~Booth, W. J., & Berndt, M. C. (199IJhromb Res 62, 673~

questions concerning the role of the GP Ib-IX-V complex
in platelet adhesion and activation.
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