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A 49-residueprotein,echistatin,
which inhibits subunit (GP IIb)' and ap subunit (GP IIIa) whose interactions
platelet aggregation, was purified from the venom of are stabilized by calcium (reviewed in Ref. 8).
Attempts have been made to use fibrinogen fragments and
the saw-scaled viper Echis carinatus. The purification
procedure included gel filtration on Sephadex G-50, synthetic peptides to define the fibrinogen sequence that
cation-exchange chromatography on MonoS, and C 1 8 mediates platelet aggregation (9-12).However, these fragreverse-phase high pressure liquid chromatography. ments and peptides usually exhibit lower affinity for the GP
The purified protein was homogeneous as judged by IIb/IIIa complex than does fibrinogen itself (13-15). An expolyacrylamide gel electrophoresis, isoelectric focus- ception to this rule is a polycationic derivative of arginineing, reverse-phase high pressure liquid chromatogra- glycine-aspartic acid containing9 arginyl residues, whose
phy, and NHz-terminal sequence analysis. Echistatin affinity is similar to that of fibrinogen (16). Recently, a
is a single-chain polypeptide with a molecular weight protein called trigramin was isolated from a viper venom and
of 5400 anda native isoelectric point of 8.3. The most characterized in some detail (17). The peptide was reported
abundant amino acid, cysteine, accounts for 8 of the to competitively inhibit fibrinogen binding to GP IIb/IIIa
49 residues in the protein. A 10-residue segment of with an affinity of 20 nM and to contain the arginine-glycineechistatin shows 90% identity to a portion of the se- aspartic acid sequence common to adhesive proteins. Thus
quence of trigramin, a platelet aggregation inhibitor trigramin appears to contain the structural requirements for
from the green tree viper Trimereserus gramineus high affinity binding to GPIIb/IIIa. The complete amino acid
(Huang, T.-F., Holt, J. C., Lukasiewicz, H., and Nie- sequence of the protein was not reported, however.
Platelet aggregation inhibitor proteins have been isolated
wiarowski, S. (1987) J. Biol.Chem. 262,1616716163).Echistatin contains the
sequence arginine-gly- from the venoms of several other snakes (18-22). Studies of
cine-aspartic acid,which is common to proteinswhich the mechanism of inhibition of platelet aggregation by these
bind to the glycoprotein IIb/IIIa complex. It also con- proteins have been hampered by the lack of structural infortains the sequence proline-arginine-asparagine-pro-mation. In thisstudy, we describe the purification, characterline, which is found in theAa chain of human fibrino- ization, and complete amino acid sequence of a low molecular
gen at position 267-270. The purified protein inhibits weight snake venom protein which potently inhibits platelet
fibrinogen-dependent platelet aggregation initiated
by aggregation. This protein, which we have called echistatin, is
ADP with an ICao of 3 X lo-* M and also prevents derived from the venom of the saw-scaled viper Echis cariaggregation initiated by thrombin, epinephrine,colla- nutus.
gen, or platelet-activating factor. Reduction of echistatin abolished its inhibitory activity.
EXPERIMENTAL PROCEDURES

The participation of platelets in the process of hemostasis
is well established (1). Whena bloodvessel is damaged,
platelets adhereto thedisrupted surface. The adherentplatelets subsequently release biologically active constituents and
aggregate. Aggregationis initiated by the binding of agonists,
such as thrombin, epinephrine, platelet-activating
factor, collagen, or ADP to specific platelet membrane receptors. Stimulation by agonists ultimately results in activation of latent
fibrinogen receptors on the platelet surface, enabling these
receptors to bind fibrinogen and thus supporting aggregation
(2-7). The fibrinogen receptor is a member of the integrin
family of membrane proteinsandas
such contains an a
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Materials-The lyophilized venom of Echis carinatus was purchased from Miami Serpentarium Laboratories, Salt Lake City, UT.
Low molecular weight peptide standards, Sephadex G-50, and Mono
S FPLC columns were from PharmaciaLKB Biotechnology Inc.
Servalyt Precote isoelectric focusing gels were purchased from Serva
Fine Biochemicals, and isoelectric focusing marker proteins were
from BDH Chemicals. C18 HPLC columns were the products of
Vydac.New Zealand White rabbits were obtained from Hazelton
Laboratories, Denver, PA. Human blood was obtained from healthy
volunteers by venipuncture. Human fibrinogen was purchased from
Behring Diagnostics.
collected by
Preparation of Washed Rabbit Platelets-Blood was
cardiac puncture from sodium thiamylal-anesthetized New Zealand
White rabbits intoone-tenth volume of acid/citrate/dextrose (85 mM
sodium citrate, 64 mM citric acid, 100 mM dextrose). Bloodwas
centrifuged at 200 X g for 10 min. The supernatant, platelet-rich
plasma, was centrifuged for 15 min at 800 X g in the presence of
apyrase (20 pg/ml) and PGE, (5 ng/ml). The pellet was resuspended
The abbreviations used are: GP, glycoprotein; FPLC, fastprotein
liquid chromatography; HPLC, high pressure liquid chromatography;
PGE,, prostaglandin El; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; MES, 4-morpholineethanesulfonic acid; SDS,
sodium dodecyl sulfate.
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in 10 mlof wash buffer (138 mM NaCl, 2.9 mM KCl, 0.31 mM
NazHP04,1 mM MgC12, 5 mM HEPES, pH 6.5, 5 mM glucose, 0.1%
NaHC03, and 0.35% bovine serum albumin). Apyrase was added to a
final concentration of20 pg/ml, and the resuspended pellet was
centrifuged again at 800 X g for 15 min. This was repeated. The
washed platelets were then suspended in wash buffer, pH 7.4, at a
concentration of 2 X 10s/ml.
Preparation of Human Gel Filtered Platelets-Blood was drawn
into 0.1 volumeof acid/citrate/dextrose by venipuncture from normal
human volunteers. Following centrifugation at 400 X g for 12 min,
the supernatant, platelet-rich plasma, was supplemented with 5 pg/
ml of PGE, and centrifuged at 800 X g for 12 min. The platelet pellet
was resuspended in human platelet buffer (140 mM NaCI, 7.9 mM
KCl, 3.3 mM Na2HPOI, 2 mM HEPES, 2 % (w/v) bovine serum
albumin, 0.1% (w/v) dextrose, pH 7.2) and filtered over Sepharose
2B equilibrated in human platelet buffer. Platelets were counted
using a Coulter counter and adjusted to a concentration of 2 X IO8/
ml with human platelet buffer.
Platelet Aggregation Assay-Platelet aggregation was measured at
37 "C ina Sienco aggregometer. The reaction mixture contained
washed platelets (2 X 108/ml), fibrinogen (100 pglml), Ca2+(1mM),
and the platelet aggregation inhibitor fraction to be tested. The
aggregation was initiated by adding 10 p~ ADP and 2 pg/ml epinephrine 1 min after the other components had been added. The reaction
was allowedto proceed for at least 2 min. The extent of inhibition of
aggregation was expressed as thepercentage of aggregation observed
in the absence of inhibitor.
Binding of lZ5I-Fibrinogento Human Platelets-The method of
Marguerie et al. (5) was employed. Human fibrinogen, labeled with
'%I using IODO-GEN, was incubated with 8 X lo7 human gel-filtered
platelets in the presence of 10 p M ADP, 1 mM CaCl2, and various
amounts of echistatin, for 30 min at room temperature. Platelets and
bound '251-fibrinogenwere separated from unbound fibrinogen by
centrifugation through a layer of 20% (w/w) sucrose. Specifically
bound lZ51-fibrinogenwas calculated after correction for nonspecific
binding, determined in the presence of 3 p~ unlabeled human fibrinogen. In a typical experiment, total 1251-fibrinogenbinding was 3600
cpm, while nonspecific binding was 500 cpm.
Purification of Echistatin-Rabbit platelet aggregation assays were
used to monitor the activity during purification. One gram of Echis
carinatus lyophilized venom was dissolved in 12 ml of 10 mM ammonium bicarbonate, pH 7.7, containing 20 mM dithiothreitol. After 15
min at room temperature, the solution was centrifuged at 45,000 X g
for 45 min. The pellet was discarded, and the supernatantwas loaded
onto a 2.5 X 125-cm column of Sephadex G-50 equilibrated and eluted
at 4 "C with 10 mM MES, pH 5.3. Fractionscontaining platelet
aggregation inhibitory activity were pooled and concentrated under
vacuum. After desalting on a column of Sephadex G-15,lO-13 mg of
protein were loaded onto a Mono S FPLC column which had been
equilibrated with 10 mM MES, pH 5.3. The bound protein was
fractionated at 4 "C with a linear gradient from 0 to 0.3 M NaCl in
10 mM MES, pH 5.3. The flow rate was 0.6 ml/min. Inhibitory
activity eluted as a single peak at about 0.17 M NaCl. The pooled
activity was loaded directly onto a C18 reverse-phase HPLC column
which had been equilibrated with 0.1% (v/v) trifluoroacetic acid in
water. The column was developed at room temperature with a linear
acetonitrile gradient in 0.1% aqueous trifluoroacetic acid, at a flow
rate of 0.7 ml/min. Inhibitory activity eluted as a single peak at an
acetonitrile concentration of approximately 17%. Volatile material
was removed by vacuum centrifugation followed by lyophilization.
The resulting protein was homogeneous as judged by SDS-polyacrylamide gel electrophoresis, isoelectric focusing, rechromatography on
reverse-phase HPLC, and NHz-terminal sequence determination.
The yield of purified protein, which we have named echistatin, was
2.2 mg from 1g of starting material.
SDS-Polyacrylamide Gel Electrophoresis-We used a modification
of the Laemmli system (23). Stacking and separating gels (1.5 mM)
contained 8 and 20% polyacrylamide, respectively. Urea (8 M) was
added to the separating gel. The gels were run at 85 V for 1.5 and
then at 90 V for 17 h. Protein was detected by Coomassie Brilliant
Blue R-250 staining.
Isoelectric Focusing-A Servalyt Precote isoelectric focusing gel
was used. Samples were run at a constant power of 1watt in an LKB
Ultraphore apparatus. The gels were stained with Serva Blue W.
Reduction and Carboxymethylation of Echistatin-Echistatin (0.75
mg of protein) was reduced for 1 h at room temperature with 20 mM
dithiothreitol in the presence of 0.28 M Tris base and 6.7 M guanidine
hydrochloride, in a volume of 0.6 ml. Iodoacetic acid (0.06 ml) was

then added to give a final concentration of 0.136 M, and alkylation
was allowedto proceed for 20 min a t room temperature. The reduced,
carboxymethylated echistatin was isolated from reagents by C18
reverse-phase HPLC.
Chymotryptic Cleavageof Echistatin-Reduced, carboxymethylated
echistatin was digested with chymotrypsin at a ratio of substrate to
protease of 401. The proteolytic reaction was carried out for 4 h a t
37 "C in0.2 M ammonium bicarbonate, pH 7.8. The reaction mixture
was then lyophilized, and chymotryptic peptides were isolated by C18
reverse-phase HPLC.
Amino Acid Analysis-Reduced and carboxymethylated echistatin
was hydrolyzed in vacuo for 20 h at 110 "C in the presence of 6 N
HCl. The amino acid composition was then determined using a
Beckman 6300 Amino AcidAnalyzer.
Amino Acid Sequence Determination-Purified echistatin and selected chymotryptic fragments were subjected to automated protein
sequence analysis in an Applied Biosystems 470A Sequencer using
the program and reagents supplied by the manufacturer. Released
amino acid derivatives were identified with the aid of an on-line
HPLC system.
Protein Determination-Protein was determined by the method of
Lowry et al. (24) using bovine serum albumin as standard.

RESULTS

Purification-Echistatin was purified to homogeneity from
the soluble portion of the lyophilized venom of E. carinatus
in threechromatographic steps. Due to thepresence of platelet
aggregation stimulatory activity in the crude venom, the inhibitor could not be reliably detected in thisfraction. Following gel filtration on Sephadex G-50, however, a single peak of
inhibitory activity was observed (Fig. 1). This activity was
further purified by cation exchange FPLC on Mono S (Fig.
2) and finally by C18 reverse-phase HPLC (Fig. 3).
One gram of lyophilized venom yielded 2.2 mg of purified
echistatin. This material exhibited a single band after SDSpolyacrylamide gel electrophoresis in the presence of 8 M urea
(Fig. 4) and after isoelectric focusing (Fig. 5). Rechromatography on reverse-phase HPLC resulted in a single symmetrical absorbance peak (Fig. 6) which corresponded exactly
with platelet aggregation inhibitory activity. Further confirmation of the homogeneity of the echistatin preparation was
obtained during amino acid sequencing of the native or the
reduced and carboxylmethylated protein. The only amino acid
residue observed during the firstcycle was glutamic acid.
Molecular Weightand Isoelectric Point-The apparent molecular weight of reduced echistatin duringelectrophoresis on
20% SDS-polyacrylamide gels in the presence of 8 M urea was
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FIG. 1. Sephadex G-50 chromatography. Soluble material derived from l g of lyophilized E. carinatus venom was loaded at 4 "C
onto a 2.5 X 125-cm column of Sephadex G-50 equilibrated with 10
mM MES, pH 5.3. Fractions of 4.5 ml each were collected. Inhibitory
activity is expressed as the percent inhibition of ADP-stimulated
platelet aggregation caused by addition of 7 pl of each fraction tested.
e,absorbance at 280 nm; A, inhibitory activity.
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FIG. 2. Ion-exchange chromatography on Mono S. Active
fractions from the G-50 column (Fig. 1)were pooled and subjected to
FPLC a t 4 “C on a Mono S column equilibrated with 10 mM MES,
pH 5.3. The column was eluted at a flow rate of 0.6 ml/min with a
linear gradient from 0 to 0.3 M NaCl in the same buffer, as shown.
Fractions of 0.6 ml were collected. The absorbance profile a t 280 nm
is shown. A single peak of platelet aggregation inhibitory activity was
eluted from the column a t approximately 0.17 M NaC1, as indicated
by the arrow.

FIG. 4. SDS-polyacrylamide gel electrophoresis of purified
echistatin. Gels containing 8 M urea were prepared andrun as
described under “Experimental Procedures.” Lane A , Pharmacia low
molecular weight peptide standards (molecular weights indicated in
the figure); lune E , 7 pg of untreated purified echistatin (obtained
from HPLC as shown in Fig. 3); lune C, 7 pg of purified echistatin
after treatment with 40 mM hydroxyethyl disulfide for 15 min a t pH
8.5; lane D,7 pg of purified echistatin after treatment with 50 mM
dithiothreitol for 15 min at pH 8.5; lane E , same as lane A ; lane F,
Bio-Rad low molecular weight protein standards: from top to bottom
the molecular weights of the bands correspond to 97,400,66,200,
42,700, 31,000, 21,500 and 14,400, respectively.
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FIG.3. Reverse-phase HPLC. The active material from Mono

S chromatography was pooled and loaded at room temperature onto
a 0.46 X 25-cm, 10-pm pore size reverse-phase C18 column equilibrated in 0.1% trifluoroacetic acid. The column was developed with
a gradient from 0 to 50% acetonitrile in 0.1% trifluoroacetic acid, as
shown. The flow rate was 0.7 min. Absorbance was monitored a t 214
nm, and fractions of 0.7 ml were collected. A single peak of platelet
aggregation inhibitory activity was eluted a t approximately 17%
acetonitrile as indicated by the arrow.

5800 (Fig. 4,lane D).This is similar to the value calculated

from the amino acid sequence (see below). Under nonreducing
conditions, the protein migrated more slowly, corresponding
to an apparent molecular weight of 7000 (Fig. 4, lane B ) .
Surprisingly, when native echistatinwas treated with hydroxyethyl disulfide, the apparentmolecular weight was only about
4000 (Fig. 4, lane C). A minor band, probably resulting from
incomplete derivatization, was observed in the hydroxyethyl
disulfide-treated echistatin (Fig. 4, lane C).
Both native and disulfide-treated echistatin exhibit a PI of
8.3 (Fig. 5, lanes B and C, respectively). Upon treatment with
dithiothreitol, a minor band with a PI of 7.5 was detected in
addition to thepredominant band at PI 8.3 (Fig. 5, lane A).
Amino Acid Composition-The amino acid composition of
echistatin, obtained after 20 h of hydrolysis of the reduced,
carboxymethylated protein, is shown in Table I. The compositionobtained by this analysis was compared with that
predicted from the sequence (see below). Most values obtained
by these two methods agreed closely (Table I). The content

“4.85

FIG. 5. Isoelectric focusing of purified echistatin. The Servalyte Precote plate was run as described under “Experimental Procedures.” Lane A , 7 pg of purified echistatin (obtained from HPLC
as shown in Fig. 3) after treatment with 50 mM dithiothreitol, 10mM
Tris, pH 7.5, for 15 min; lune E, 7 pg of native echistatin; lane C, 7
pg of echistatin after treatment with 20 mM hydroxyethyl disulfide,
20 mM Tris, pH 7.5, for 15 min; lane D,PI protein standards.

of cysteinyl residues found by amino acid composition (6.7)
was lowerthan thatpredicted by sequence (8).This may have
been due to incomplete carboxymethylation of echistatin.
Amino Acid Sequence-The amino acid sequence of echistatin was obtained by automated Edman degradation of the
reduced, carboxymethylated protein. The protein has 49 residues with an NHa-terminal glutamic acid and a COOHterminal threonine (Fig. 8). Cysteine comprises 8 residues, or
16.3%, of the total in echistatin. The sequence analysis was
repeated two times with the same result. When native echistatin was sequenced, no phenylthiohydantoinderivative peaks
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FIG. 6. Reverse-phase HPLC of purified echistatin. 60 fig of
echistatin (obtained from HPLC asshown in Fig. 3) was loaded onto
a C18 reverse-phase column in 0.1% trifluoroacetic acid. The column
was developed with an acetonitrile gradient as shown. The protein
peak was monitored at 214 nm.

1 min

Light

Transmittance

+ Echistatin

TABLE
I
Comparison of the amino acid composition of echistatin determined
after acid hydrolysis with that calculated from the amino acid
sequence
Amino acid

Acid
hydrolysis

From
seauence

residueslmol

Alanine
Arginine
Aspartic acid"
Cysteineb
Glycine
Glutamic acid'
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tyrosine

1.8
4.1

8.4
6.5
5.3

3.3
1.2
1.0
1.1
5.2
0.6
1.0
4.2
1.2
2.8
1.0

2
4
8
8
5
3
1
1
1
5
1
1
4
1

3
1

Total
48.7
49
The value includes asparagine.
* Cysteine was detected as theS-carboxymethylated derivative.
e The value includes glutamine.

were observed during sequenator cycles where cysteinyl residues were expected, further confirming the assignments at
these residues. The disulfide status of these cysteinyl residues
is not known. Further confirmation of the sequence was
obtained by analysis of chymotryptic peptides isolated from
the reduced, carboxymethylated protein (Fig. 9 and Table 11).
The sequence arginine-glycine-aspartic acid was found at
positions 24-26 of echistatin. This sequence has been previously observed in several adhesive proteins including human
fibrinogen, where it occurs twice within the Aa chain (positions 95-97 and 572-574) (25). This tripeptide sequence appears to be involved in the recognition and binding of fibrinogen by activated platelets (14, 15).A second sequence found
in echistatin, proline-arginine-asparagine-proline (positions
40-43), is also present in the Aar chain of human fibrinogen
(positions 267-270) (25). The same chain of human fibrinogen
also contains two similar sequences: proline-asparagine-asparagine-proline (positions 386-389) and asparagine-arginine-asparagine-proline (positions 288-291) (25). A computer
search of the National Biomedical Research Foundation proteindata base using the Intelligenetics program failed to
identify any proteinswhich share significant overall sequence
homology with echistatin.
Effect of Echistatin on Platelet Aggregation-As shown in

[ECHISTATIN] (M)

FIG. 7. Inhibition of platelet aggregation by purified echistatin. Human gel-filtered platelets (2 X 10' cells/ml) were incubated
at 37 "C with 0.1 mg/ml of human fibrinogen, 1 mM CaC12,and the
additions are noted below. Aggregation was initiated by the addition
of 10 @M ADP and 2 pg/ml of epinephrine. A , the aggregation was
M echistatin. Note
monitored in the absence and presence of 1X
that the initial decrease in light transmittance, indicative of platelet
shape change, was unaffected by the inhibitor. B , initial rates of
aggregation were measured after the addition of ADP and epinephrine
in thepresence of the indicated levels of echistatin.

Fig. 7A, 1 X
M echistatin completely inhibited the ADPinduced, fibrinogen-dependent aggregation of human gel-filtered platelets. There was no discernible effect on shape
change, suggesting that echistatin did not act by inhibiting
platelet activation. Echistatin inhibited the aggregation of
human gel-filtered platelets in adose-dependent manner (Fig.
7B) with an ICso of 3 X lo-' M. Essentially identical results
were obtained using washed rabbit platelets. Platelet aggregation induced by thrombin, epinephrine, collagen, or platelet-activating factor was also blocked by echistatin (data not
shown). Echistatin inhibited 1251-fibrinogenbinding to ADPactivated human gel-filtered platelets with an apparent Ki of
8 nM.
DISCUSSION

The primary structure of echistatin consists of a single
polypeptide chain containing 49 amino acid residues including
8 cysteines (Fig. 8).Echistatin contains the
sequence arginineglycine-aspartic acid at residues 24-26 (Fig. 8). This sequence
is part of a putative platelet binding site on the fibrinogen
molecule (14, 15). Since echistatin does not affect platelet
activation, as evidenced by its lack of effect on shape change
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Glu-Cys-Glu-Ser-Gly-Pro-Cys-Cys-Arg-Asn-Cys-Lys-Phe-

TABLEI1
Amino acid compositionof chymotryptic peptidesof echistatin

""_"""""""""""~

Amino acid

-.

c1

C2

c3

c4

c3+ c4

residueslmol

CL

Alanine

20

0.8

Arginine
(1)
0.7
(1)
1.2
Leu-Lys-G~u-Gly-Thr-Ile-Cys-Lys-Arg-Ala-~rg-Gly-A~p- Aspartic acidb
1.3 (1)

Cysteine'
Glycine

(1)o

1.1 (1)
2.9(3)2.7

2.6 (4)(3)
1.5
(3)
1.3
(1)
0.7
"""""""""""""""""1.2
(1)
1.4
(1)
1.9
(1)
1.2
(1)
2.2
(2)
Glutamic acid" 2.0 (2) 1.1 (1)
c2
(1) Histidine1.3
(1)
1.2
30
Isoleucine
0.6 (1)
Asp-Met-Asp-Asp-Tyr-Cys-Asn-Gly-Lys-Thr-Cys-Asp-CysLeucine
(1)
0.9
Lysine
1.1 (1)
1.9
(2)
1.7
(1)
1.0
(1)
2.2
(2)
Phenylalanine 0.9(1)
Proline
(1)
1.3
1(3)
.2.5
4(1)
1.0
(2)
c3
Serine
(1) 1.1
Threonine
(2)
1.4
(1)
1.0

1.0

(1)
1.1

(1)
(3)

"
"
"
"
"
"
"
"
"
"
"
"
"
"
"
"

40

Pro-Arg-Asn-Pro-His-Lys-Gly-Pro-Ala-Thr

"""""""""-

"""""_
c4

c3 + c 4

Total
12.7(13)8.3(9)12.3(13)5.2
(5) 15.9(18)
"The values in parentheses are calculated from the amino acid
sequence of echistatin.
'The value includes asparagine.
e Cysteine was detected as the S-carboxymethylated derivative.
The value includes glutamine.

FIG. 8. Amino acid sequence of echistatin. The sequence
shown was obtained by sequencing of reduced, carboxymethylated likely that echistatin and trigramin inhibit platelet aggregaechistatin. Further confirmationwas obtained by analysis of chymo- tion by similar mechanisms. However, echistatin (Fig. 7 B )
tryptic peptides isolated
as shown in Fig.
9.Solid lines underlie peptide appears to be over four times as potent in inhibiting ADPsequences determined by NHz-terminal sequencing and amino acid
analysis. Dashed lines underlie peptide sequences deduced from amino stimulatedplatelet aggregation, andaboutthreetimesas
potent in inhibiting lZ5I-fibrinogenbinding to activated plateacid composition dataonly.
lets, as trigramin (17).
A protein called platelet aggregation inhibitor was previloo
ously isolated from the venom of E. carinatus (19). Since the
amino acid sequence of that inhibitor was not reported, its
relationship to echistatin is unclear. However, several important differences exist between the reported properties of platelet aggregation inhibitor and those of echistatin. The molecular weight of platelet aggregation inhibitor was 6800, and its
isoelectric point, 4.8 (19). Our studies demonstratethat echistatin has a molecular weight of 5400 and a PI of 8.3. In
addition, the amino acid compositions of the two proteins are
dissimilar (compare Table 11, Ref. 19, with Table I, this paper).
Platelet aggregation inhibitor blocked ADP-stimulated rabbit
platelet aggregation with a reported IC50of 10 pg/ml (19),
while the corresponding value for echistatin in our studies
was 0.16 pg/ml.
Fraction No.
Echistatin exhibited unusual behavior during SDS-polyFIG. 9. Reverse-phase HPLC of chymotryptic peptides of
acrylamide
gel electrophoresis in the presence of 8 M urea.
echistatin. Reduced, carboxymethylated echistatin
was digested with
The native protein migrated with an apparent molecular
chymotrypsin as described under "Experimental Procedures." The
reaction mixture was resolved on a C18 reverse-phase column equil- weight of 7000 (Fig. 4, lane B ) , compared with 5400 obtained
ibrated in 0.1% trifluoroacetic acid. The column was developed with from sequence analysis (Fig. 8). Under nonreducing condian acetonitrile gradient as shown. The indicated peptides were iso- tions, proteinswith intrachain disulfide bonds generally bind
lated and characterized by amino acid composition (Table 11) and
less than expected amounts of SDS, while prior reduction
sequencing (Fig.8).
increases SDS binding to levels seen with proteins lacking
(Fig. 7A), it is possible that it acts by inhibiting fibrinogen intrachain disulfide bonds (26). Thus, the increased mobility
binding to GP IIb/IIIa. This hypothesis is supported by the of reduced echistatin during SDS-polyacrylamide gel electroability of echistatin to inhibit '251-fibrinogenbinding to acti- phoresis (Fig. 4, lane D )may suggest that thisprotein contains
vated human gel-filtered platelets. The sequence arginine- one or more intrachain disulfide bonds in its native conforglycine-aspartic acid was also found in a chymotryptic peptide mation. Treatment of echistatin with hydroxyethyl disulfide
from trigramin, a platelet aggregation inhibitor isolated from resulted in anomalously rapid migration duringSDS-urea
the venom of the viper T. grumineus (17). Interestingly, polyacrylamide gel electrophoresis (Fig. 4,lane C).While the
residues 23-32 of echistatin exhibit 90% sequence homology cause of this behavior is not known, it may reflect increased
with residues 3-12 of the arginine-glycine-aspartic acid-con- SDS binding by the S-alkylated protein.
The sequence arginine-glycine-aspartic acid within echistaining chymotryptic peptide of trigramin (compare Fig. 8,
this paper, with Table 111, Ref. 17). Trigramin was shown to tatin may not fully account for the potency of this protein.
bind to platelets and to competitively inhibit the binding of The most potenttetrapeptide described to date,argininefibrinogen to ADP-stimulated platelets (17). Thus, it seems glycine-aspartic acid-phenylalanine, inhibited platelet aggre-
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gation with an I& value of 4-10 WM,'while the corresponding
value for echistatin was 30 nM (Fig. 7B). Treatment of echistatin with 80 mM dithiothreitol at room temperature for 20
min completely destroyed its inhibitory activity toward platelet aggregation. Under similar conditions, 80 mM hydroxyethyl disulfide treatment led to the loss of more than 50% of
the inhibitory activity (data not shown). Thus, specific disulfide bonds probably constrain the conformation of the arginine-glycine-aspartic acid sequence in echistatin orjuxtapose
other important sequences within the protein. The sequence
proline-arginine-asparagine-proline, which occurs at positions
40-43 of echistatin, is also found in the Aa chain of human
fibrinogen at positions 267-270 (25). Two similar sequences,
asparagine-arginine-asparagine-proline, andproline-asparagine-asparagine-proline,also occur in the Aa chain of human
fibrinogen, at positions 288-291 and 386-389, respectively
(25). A third region of interest in echistatinis the hexapeptide
cysteine-glutamic acid-serine-glycine-proline-cysteine (residues 2-7), which shows striking homology to residues 9-14 of
the light chain of GP IIb (cysteine-aspartic acid-serine-alanine-proline-cysteine) (27). Further studies will be required
to determine the roles of specific disulfide bonds, and of
specific amino acid sequences, in the ability of echistatin to
inhibit plateletaggregation. The availability of echistatin will
permit further insights into the contribution of the arginineglycine-aspartic acid sequence to theobserved binding affinity
of ligands containing this sequence.
Echistatin inhibits plateletaggregation with a potency similar to thatreported for several monoclonal antibodies to GP
IIb/IIIa (28-30). These antibodies have been shown to be
effective in animal models of thrombosis (31-34), and echistatin should be similarly effective.
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