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Flaveridin and echistatin, isalated from the venom of Trimeresurus flavoviridis snd Echis carinaties, respectively, belong to the disintegrin fumily

of integrin 8, ond F, inhibitors of low moleculur weight RGD-contiining, cysteing-rich peptides, Sinee disulllde bonds e sritieal for expression

of biological ustivity, we sought to determine their location in these two proteins, [n flavoridin, direst ¢vidence for the existence of linkage between

Cys*~Cys'* and between Cys® and Cys™ was obtained by nnalysis of prateslytic products. und indirest evidence suggests links between Cys*-Cys™
and Cys"~Cys™. [n echistatin, links between Cys"-Cys*? and Cys™-Cyx™ were identified by direst chemical analysis,

Iohibitar of integrin: Disintegrin: Disullide bridge; Eehistaling Flavoridin

l. INTRODUCTION

Disintegrins represent a novel family of integrin 8,
and £, inhibitory proteins isclatad from venoms of var-
ious vipers {family Viperidae) {1-4]. They interfere with
biological processes such as cell adhesion to extracellu-
lar matrix. including adhesion of melanoma cells and
fibreblasts to fibronectin [5,6]. and are potent inhibitors
of platelet aggregation (IC,=20-200 nM) [1-i 1]. Anal.
ysis of the amino acid sequences of disintegrins [1-4,
&-12] shows that the tripeptide, RGD, which represents
a cell attachment recognition sequence in a number of
adhsesive proteins {13], has been conserved in all but one
of these molecules. The exception is barbourin, where
lysine replacing arginine is thought to contribute to its
integrin all,/8, antagonist specificity [4]. The appropri-
ate spatial configuration of this recognition motif, de-
termined largely by disulfide bridges, is essential for the
inhibitory potency of disintegrins [3,5,7,14,18). In a pre-
vious study, we established the disulfide bond pattern
in albolabrin [15). The purpose of this study was to
determine the lacation of disulfide bridges in flavoridin,
as well as in natural and synthetic echistatin, by iscla-
tion and sequencing of proteclytic fragments.

2. MATERIALS AND METHODS

Synthetic echistutin was purchased from buchem Ine. (USA) and
was used without further purificution, Matural echistatin and fla.
volidin were punified by wverssphase HPLC from the lyophilized
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veaom of Echis corinetus and Teimereosurus fhvovicidis (Sigma Chem-
ical Co.. St. Louis, MO). respectively, using » Vydue CI8 eolumn
(Hesperin, CA) (044 x 25 cm. 300 A pore xize) und cluking with »
mixture of 0.1% (viv) TFA in water {solution A} and sectonitrile
{salution B). The column was first eluted isceratically (100% A) far
10 min, fellowsd by o linens gradient up to 80% B in 50 min, Active
peptides were identilied by their ability to inhibit ADP-induced plate-
let aggregation as deserived [15]

Echistuiin, either natural ar synthetie, and Naveridin, (2 mg/ml in
100 mM NHHCQ, pH #0) were digested with TPCK-trypsin
(Sigma) ot an engymeubstrale ratio of 1:50 (wiw) for 4 b at 37°C.
Digestion of cchistatin was stepped with farmic eid {final eancentra.
tion 30% (viv)), und the tryplic peplides were separnte by reverse.
phase HELC en a Lichraspher 100 RP-1%¢5 #M particle size) (Merck,
Duemstadt) ealumn equilibrated in a mixture of 0.1% (v/v} TFA in
wilter {solution A) and in acetonilrile {salution B) (25% A/5% B) and
cluted at 1 ml/min, at first isocratically for 5 min and then followed
by & linesr gradient up ta 46% 8 in 70 min.

The enzyme in the tryptic digest of flavoridin wus heat-inactivated
(100*C for § min}, endoproteinase AspsN (Boehringer-Munnheim,
Indispapolis, TN) wax added up to n finyl enayme:subitrate rutio of
1:35 (wiw) and incubated 6 h ut 37°C, Thereafter, the rexuliing pep-
tides were separated s above. Elution canditions were: § min iscerati-
eally (100% A) followed by a lneur gradient up te 30% B in 90 min.

The isolated peptides were chaructesized by amino acid analysis
Calter ueid hydrolysis with 6 N HCl for 24 hat 110°C using u Biotronic
{amino acids annlyzer) and amino-terminal sequence analysis {using
an Applicd Biosysterns. San Francisca, CA) gus-phuss seguencer
medel 473A. Muss specira were recorded with a mass spectromeler
MAT 900 {Finnigus MAT. Bremen, FRG) equipped with liquid ses-
ondary ion ionizition system.

3, RESULTS
3.1, Disulfide bridge pattern of flaveridin

Proteolytic digestion of flavoridin with trypsin and
endoproteinase Asp-N gave nine {ractions (Table I).
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Table 1

Amine acid sequence af fuvoridin [1) und of peptides obtained by
reverseephuse MPLC afier s digestion with trypsin and eadopra-
teindse AspsN
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Tuble [I

Amino ucid sequence of echistatin und of peplides obtained by its
digestion with TPCK-trypsin (the order of some products has been
altered to shew u degrudation puthway from T-3 through T-5)

Flaworigin:
GEECDCGSPINPCCOANTCRLAPGAGSADSLECOGSRFRRRRTICRTARGOF FPORCTGLINCCIRINOL
i ) H 30 40 (1) 60 70

+
L]

Trypsin
Rt
Felt 30 IR 0
47 [AR 44
M X ]
F=-2r 1 GEIC 3
15 QMATCE 10
F-3: 18 FReR 41
[ 69
F-4: 21 LRPGAQ 13
F-8: 27 CA 28
2 3
68 CTYGLSH [ ]
F-61 43 TICR 48
64 OtrR 47
f=-7: 58 YA [-}]
F-B: 8 DCGSRSHMCC 14
14 0qeR 17
F=$: 21 LAPGAQEADGLEC > )
s C

Two fractions, F-2 and F-6 (M + H” = 979.1}, each
contained two sequences in a 1:1 melar rutio, indicating
the existence of disulfide bonds between Cys* and Cys"
in fraction F-2, and between Cys** and Cys™ in fraction
F-6. On the other hund, fractions F-S, F-8 and F-9 each
contained four cysteine residues involved in the forma-
tion of two disulfide bridges. Although at this stage the
actual pairing could not be established, the fact that a
disulfide bond between adjacent cysteings is sterically
hindered limits to four the actual pairing possibilities,
Thus, Cys* cannot be paired with Cys™, since such a
pairing would leave two adjucent cysteines, Cys'* and
Cys™, unpaired. The puiring of Cys"'~Cys™ is ulso for-
bidden, since this would leave Cys* and Cys™ unpaired.
Among the remaining possibilities. bonding between
Cys*~Cys", Cys""-Cys*, Cys**~Cys™, and Cys*’-Cys"
would be consistent with the recently reported NMR
solutien structure of kistrin [16], a similar disintegrin

(2l

3.2. Disulfede bridge pattern of echistatin

The tryptic peptides of synthetic echistatin are shown
in Table I1. T-1, T-2 an T-5 were final digestion prod-
ucts, while T-3 was a partial digestion product that gave
rica 1o T-6, T-4 and T-5 in that order, This established
that the first eleavage sites occur at bonds K¥'.-R*®,
R¥-A%, R¥-G¥, RY-N*" and K*-G*, indicating that
the RGD recognition motif and the Ceterminal tail are

Echistatin: ECESGPCLRACKFLREGTICRRARGODMODYCNGTCOPANPHRGRAT
1 16 20 39 40
]
¢
TPER-Trypsin
T=1r 42 NPRK 45
46 GPAT 49
Te2: 13 FLK 18
T-3r 1 ECESGPCCARCRFLEESTICK 21
25 GDOMDRYCNGETCOCAR LH
T-6: 1 ECESGPCCRNCK 12
i6 EGTICE 21
25 GODMDDYCNGKTCOCPR 4l
T~4: 1 ECESGRCCR ]
10 HeR 12
28 GDOMDOYCHGRTCOCPR LY
T-&: 1 ECESGPCCR 8
10 NCR 12
16 gorIcK 21
25 GDLMDOYCKNGR 35
36 TCOCPR 41

both readily exposed: the other bonds, K!:-F', K'*-
E', R*-N'"and K*-T*, were presumably less accessi-
ble. The final tryptic degradation preduct, T-5 (Table
11) wus composed of five fragments cross-linked by four
disullide bonds giving rise to several possibilities for
disulfide bridges,

To establish the actual disulfide bridge arrangement
in echistatin, T-5 was further degraded with elastase,
and the resulting peptides werc isclated by reverse-
phase HPLC. This yielded a set of suecessively degraded
products from which a degradation pattern as well as
the position of disulfide bridges could be deduced
(Table I11). On degradation of T-5/E-7 to T-$/E-6, Cys®
and Cys"™ both disappeared indicating that Cys* and
Cys® were disulfide linked. This confirms NMR studies
{17=21]. Cleavage of T-5/E-5 (M + M* = 2,239.8) to
T-5/E-4 resulied in the loss of Cys® and Cys* indicating
that they were disulfide bonded. Analysis of fragment
T-5/E-1 (M + H* = 1,311.1) did not show whether Cys’
was paired to Cys' or Cys®, The second pessibility
would agree with recently reported '"H NMR studies of
synthetic echistatin in solution [16-20]. Furthermors, an
S-S bond between Cys® and Cys'! has been described
[18]). The resonance studies could not distinguish be-
tween the pairing possibilities Cys'-Cys*:Cys'- Cys®,
and Cys*-Cys*:Cys'-Cys*), Qur protein-chemical
data established the Cys"-Cys*” linkage, which was pre-
viously predicted on the basis of the disulfide bridgs
pattern reported for albolabrin [14].

317



Volume 309, number 3

Table L1

Amino acld sequence of the digestion praducis of peplide T-5 by
porcing pansreatic clustase (3 degrudation pathway for T-S/E-8
through T-S/E-! can be followed)

T-8/8-1: 7 CCR g
c 20
c i1 ar 32

36 TCOCPR 41
T-5/E=2: 16 &6T! 19
1-5/6-3: 25 qOODMDDY 3l
T-8/E-4: 1 ECESGRC §
10 MCK 12
25 GooHORYC 32
T-5/E-8: 1 ECESGRCC -]
10 NCK 12
23 GDOMEDYC az

37 ¢
T-BJE-6: 1 ECESGACLR 9
10 KCK 12
25 GDODMDOYCHOR 35
36 TCD -}
T8/8~7: 1 ECESGRLCR 4
10 NCK 12
20 CK 21
25 GDOMODYCHGK 3k
36 1C0C 3
T-8/6-8: 1 ECESGPCCRC 8
10 NCK 12
18 EGTICK 21
25 GDUMDDYCHGK 35
38 1C0C k[

When natural echistatin was proteolytically degraded
in the same way as the synthetic malecule, a very minor
component (estimated to represent less than 3%}, which
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contained the peptides 'ECESG* and ¥GDD-
MDDYC* disulfide bridged (M + H® = 1,454.5) was
found. Whaether this peptide resulted from limited disul-
fide bridge rearrangement during isolution and/or deg-
radation of the protein, or wether it reflects the existence
of a small echistatin population with an alternative di-
sulfide bridge pattern (which interestingly would be sim-
ilar to the one found in albolabrin [15]) cannet ke con-
cluded from our data. Nevertheless, computer mod-
elling of this alternative pairing showed that it would
not intreduce significant changes into the conformation
of the RGD laop.

4. DISCUSSION

Sines disulfide bridges are cssential for expression of
the biological uctivity of disintegrins [3.4,11.13,18], we
were interested in the disulfide bridge putierns in these
peptides. Isolution, amino acid sequencing and anulysis
of proteolytic fragments of flavoridin (Table 1) and
echistatin (Tubles [1 and I11) enabled us to identify some
disulfide bridges (Fig. 1). The disulfide bridge pattern
of albolabrin as previously described [15] was added for
comparison. We identified two S-S bridges in fla-
voridin, and the ather ones were deduced. Qur observa-
tions on echistatin confirm the location of two disulfide
bridges (Cys*-Cys'' and Cys™-Cys™) previously pro-
posed on the busis of NMR studies [17,18]. We were
able to add the location of one more (Cys*-Cys*") based
on our protein chemistry data. Bond Cys™-Cys™ was
deduced since these were the only remaining cysteines.

40 as 60 79

- L] - - [ ] L] L
MGIMWGBPWGEDMTGE&“GAQQ&IB& DQCBFMRRGTIGRRA | RGD | DLODYONGIAAGEPRNPLHA

AQ 1) 0 70

FPLDRSTGLENDQPRWNDL

X 10 20 30
Albolabzin
1 10 20
riavoridin GBECDCGBPENPCCDANTCELRPGAQS
Lemve—
1
Echistatin ECEBGPCCR]

i0 a0 0 40

RGD nunf:r_r:mmm:j;imnenm

Fig. }. Schematie representation of the structure of three disintegrins. Disulfide bonds that are conserved or semi-sonserved ase shawn by double
lines, ‘fhe other bonds are shown by single lines.
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In flavoridin und schistutin, as well as in albolabrin
(15}, the disulfide bonds form a complex puttern of over-
lapping loops and loops within loops (Tubles -1k, Fig.
1). This pattern extends from the first to the lust cysteine
in the peptide, and leaves only a Few N-terminal (one to
five) and C-terminal (six to ten) amino acids beyond
these loops [1-5, 6-10]. In all three disintegrins, two
disulfide bridges form an interesting motif with respect
to the RGD sequence. A domain containing the RGD
sequence is defined by a combination of two disulfide
bonds, One is formed between the cysteine closest to the
RGD sequence on the N-terminul end of the peptide
and the last cysteine in the peptide. This bond is highly
conserved. The other is between the cysicine closest to
the RGD sequence on the C-terminal end of the mole-
cule and ene cysieine of the N-terminal segment.

The formaticon of these two disulfide bridges has two
consequences, {i) delineation of un RGD-containing do-
main that has 11 amino acids between the eysteines, and
(ii) formation of & shorter (6 amino acid) segment of
peptide that limits the distance between the S-8 bridges
defining the RGD-containing domain (a ‘retainer® seg-
ment). Obviously this arrangement throws the RGD-
containing domain into a [oop, 4 finding consistent with
chservations made by NMMR [17-21]). This motif de-
pends on the presence of two or more cysteines, beth
C-terminal and N-terminal to the RGD sequence, and
the formation of at leust two trans-RGD disulfide
bonds. All disintegrins sequenced to date have two eys-
teines C-terminol to the RGD sequence, except for
echistatin and eristostatin which have three C-terminal
cysteines. All sequenced disintegrins have more than
two cysteines N-terminai to the RGD sequence, with the
number depending on the length of the peptide. If the
‘retainer® segment is able to changs its length by forming
a secondary structure, this arrangement might provide
a means {or varying the shape of the loop, thereby
influencing the configuration of the RGD sequence and
possibly the biojogical activity of the peptide.

Elucidation of the disulfide bridge patterns of fla.
voridin and echistatin (Fig. 1) provide information fer
revising our previous prediction that the disulfide bond
pattern would be the same in all disintegrins [15]. It is
noteworthy that flavoridin and kistrin [16] have identi-
cal patterns of 5-8 bridges [1¢]. The differences between
albolabrin compared to flavoridin and kistrin probably
depend on differences in folding which would bring
different cysteines within bonding distance of each
other. Differences in folding patterns probably depend
an differences in amino acid sequences in the peptides,

Three peptides with similar ability to antagonize the
platelet fibrinogen receptor have been isolated from
other sources and sequenced. They have litlle resem-

hlansn ¢m tha Azains i i iaha ima i om i
blencc to the disintegrins in sither amine acid LOMPpost~

tion ar arrangement of cysteines, Two peptides, de-
corsin and ornatin, isolated from leeches, have enly one
cysteine C-terminal to the RGD sequence [22,23]. Thus,
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only one trans-RGD disulfide bond cun be formed, i.e.
an RGD-contuining loop in these peptides must be de-
fined by one rather than two disulfide bonds. The other
peptide, mambin, was isolated from the venom of a
snake belonging to the family Elupidue. Mambin differs
from leech peptides as well as disintegrins [24). While
mumbin has three ¢ysteines C-terminal and five N-ter-
minal to the RGD sequence, McDowell et al, [24] sug-
gested that the RGD-contuining loop is defined by one
disulfide bond, that between Cys*-Cys®. The influence
of these different patterns of disulfide bonds on the
conformution of the RGD-containing loop and on bic-
logical functions of the various peptides will help to
establish strusture~function relationships.
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