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Abstract

The structure and function of snake venom proteases are briefly reviewed by putting the focus on their effects on
hemostasis and thrombosis and comparing with their mammalian counterparts. Up to date, more than 150 different
proteases have been isolated and about one third of them structurally characterized. Those proteases are classified into serine
proteases and metalloproteinases. A number of the serine proteases show fibrin(ogen)olytic (thrombin-like) activities, which
are not susceptible to hirudin or heparin and perhaps to most endogenous serine protease inhibitors, and form abnormal
fibrin clots. Some of them have kininogenase (kallikrein-like) activity releasing hypotensive bradykinin. A few venom serine
proteases specifically activate coagulation factor V, protein C, plasminogen or platelets. The venom metalloproteinases,
belonging to the metzincin family, generally show fibrin(ogen)olytic and extracellular matrix-degrading (hemorrhagic)
activities. A few venom metalloproteinases show a unique substrate specificity toward coagulation factor X, platelet
membrane receptors or von Willebrand factor. A number of the metalloproteinases have chimeric structures composed of
several domains such as proteinase, disintegrin-like, Cys-rich and lectin-like domains. The disintegrin-like domain seems to
facilitate the action of those metalloproteinases by interacting with platelet receptors. A more detailed analysis of snake
venom proteases should find their usefulness for the medical and pharmacological applications in the field of thrombosis and
hemostasis. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

At present, there are more than 200 species of
venomous snakes on the earth. They are classified
into four major families: (1) Hydrophiae, (2) Elapi-
dae, (3) Viperidae and (4) Crotalidae. To provide
victims with various damages, they have a venom
gland that synthesizes, stores and secretes about
50-60 protein/peptide components with different
structures and functions, as either the active or the
inactive precursor form, into the site of their bite.
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The precursor forms of components are activated
by a special mechanism after the secretion. The ven-
om components seem to be fairly common and sim-
ilar to one another within each family of snakes (e.g.,
nerve toxins are generally found in the Hydrophidae
and FElapidae venoms and hemorrhagic and myone-
crotic toxins are generally found in the venoms of the
other two families of snakes), but they are basically
different depending on each snake species [1,2]. There
are several unique components that have been so far
isolated from the venom of only one snake species.
Recently Daltry et al. [3] have published an interest-
ing report that venom components have a consider-
able geographical variation even within each snake
species in close association with its diet, in accord
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with the previous observation that venom compo-
nents even from the same snake species happens to
be quite different depending on a batch of the ven-
om.

These venom components include neurotoxins, cy-
totoxins, cardiotoxins, nerve growth factors, lectins,
von Willebrand factor (VWF)-binding proteins, fac-
tor IX/X-binding protein, platelet glycoprotein (GP)
Ib-binding proteins, disintegrins, bradykinin-potenti-
ating peptides (angiotensin-converting enzyme inhib-
itors), natriuretic peptides, various enzymes (e.g.,
proteases, phospholipases, phosphodiesterases, cho-
line esterases, aminotransferases, L-amino acid oxi-
dase, catalase, ATPase, hyaluronidase, NAD nucleo-
sidase, and P-glucosaminidase) and enzyme
inhibitors [1,2].

Since proteases are present in most of the venoms
except for the Hydrophiae venoms, they have been
studied by many investigators since the beginning
of this century when the blood clotting by a snake
venom was first recognized, although the first venom
protease with a clotting activity was purified in the
1950s. Proteases so far isolated are generally classi-
fied by the structure into (1) serine proteases and (2)
metalloproteinases. There is only a weak or indirect
evidence for the presence of thiol proteases and as-
partic proteases in the venoms. Some of them seem
to degrade mammalian tissue proteins in the site of
bites in a nonspecific manner to immobilize the vic-
tims. A number of them, however, cleave some of
plasma proteins of the victims in a relatively specific
manner to give potent effects, as either the activators
or the inhibitors, on their hemostasis and thrombo-
sis, such as blood coagulation, fibrinolysis and plate-
let aggregation [1,2,4-8].

The purpose of this short review is to discuss the
literature and the authors’ own data recently pub-
lished on the biochemical, enzymatic and structural
properties of those snake venom proteases affecting
hemostasis and thrombosis.

2. Snake venom proteases

According to the research [4-8] on an inventory of
snake venom proteases, more than 150 different pro-
teases have been so far purified, either completely or
partially, and functionally characterized since the

1950s. The complete amino acid sequences of about
40 out of those proteases have been determined by
protein sequencing or deduced from the nucleotide
sequence of the cDNA. Recently, the three-dimen-
sional (3D) structures of five venom proteases, four
metalloproteinases [9-12] and one serine protease
[13], have been determined by X-ray crystallographic
analysis and have made it possible to understand
their structure—function relationships in more detail.

The venom proteases so far structurally character-
ized are either serine proteases or metalloproteinases
with fibrin(ogen)olytic activity with a few exceptions.
It is not unusual to find one venom containing both
fibrinolytic (anticoagulant) and fibrinogenolytic (co-
agulant) activities or one protease showing both ac-
tivities. Such a venom or protease may exert antico-
agulant or coagulant effects depending on the
concentration used.

3. Serine proteases

Some of the serine proteases have both fibrinoge-
nolytic and fibrinolytic activities, but a number of
them have only fibrinogenolytic activity and are
also called ‘thrombin-like’ proteases if they show ‘fi-
brinogen clotting’ activity [4-8]. However, their ac-
tions toward fibrinogen as well as the other sub-
strates of thrombin are not exactly identical to
those of thrombin. Instead of fibrin(ogen)olytic ac-
tivity, several venom serine proteases have the activ-
ity for releasing bradykinin from kininogen like
mammalian kallikrein (or kininogenase) [14,15] and
are also called ‘kallikrein-like’ proteases [15]. In ad-
dition, there have been a few reports on the venom
serine proteases with a unique activity, such as the
activation of factor V [16], protein C [17], plasmino-
gen [18,19] or platelets [20].

3.1. Thrombin-like serine proteases

Mammalian o-thrombin (an activated form of
prothrombin (blood coagulation factor II)) is a mul-
tifunctional serine protease. The previous extensive
studies both on the function and the structure by
many investigators have revealed that thrombin
plays various important roles in hemostasis and
thrombosis in mammals. Since its major role is to
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Table 1

Venom serine proteases with the complete amino acid sequence

Common name (species source) Substrate(s) Ref.
Thrombin-like

Ancrod (Calloselasma rhodostoma, formerly Agkistrodon rhodostoma) Fibrinogen (A,[B])?, factor XIII [23,24]
Batroxobin (Bothrops atrox moojeni) Fibrinogen (A,[B]), factor XIII? [25]
Bilineobin (A. binlineatus) Fibrinogen (B,[A]) [26]
Bothrombin (B. jararaca) Fibrinogen (A), factor VIII? [27]
Calobin (Crotalus atrox) Fibrinogen (A,[B]) [28]
Crotalase (C. adamanteus) Fibrinogen (A,[B]) [29]
Flavoxobin (Trimeresurus flavoviridis) Fibrinogen (A) [30]
Gyroxin analogue (Lachesis muta muta) Fibrinogen (A,[B]) [31]
TM-VIG (T. mucrosquamatas) Fibrinogen (B) [32]
Kallikrein-like

Halystase (4. halys blomhoffii) Kininogen, fibrinogen® [33]
Gilatoxin (Heloderma horridum horridum) Kininogen [34]
Others

ACC-C (A. contortrix contortrix) Protein C [17]
PA-BJ (B. jararaca) Platelets [20]
RVV-V (Vipera russelli) Factor V [16]
TSV-PA (T. stejnegeri) Plasminogen [18,19]

4Released fibrinopeptides are shown in parentheses. The fibrinopeptide in brackets is released much slower than the other.
PFibrinogen is degraded without releasing either fibrinopeptide A or B (see the text).

convert fibrinogen (factor I) to fibrin clots, which is
then cross-linked by activated factor XIII, by releas-
ing fibrinopeptides A and B from the Aa and Bp
chains of fibrinogen, respectively, by limited proteol-
ysis, it is also called fibrinogenase. However, in ad-
dition to the action on fibrinogen, thrombin is also
involved in the stimulation of blood coagulation by
activating factor V, VIII and XIII (and possibly fac-
tor VII and XI). Its complex with thrombomodulin
in endothelial cells in turn activates protein C to
inhibit blood coagulation by inactivating the acti-
vated forms of factor V and VIII. Furthermore, it
also stimulates fibrinolysis and activates platelet ag-
gregation [21,22].

Table 1 lists most of the venom serine proteases of
the known complete amino acid sequences (Fig. 1).
There are many more serine proteases that have been
isolated from the venoms, but not yet structurally
characterized. Some venoms contain more than one
serine proteases with similar or different activities,
generating some confusion. For example, the two
complete amino acid sequences of ancrod with 62
different residues have been published [23,24]. The
first sequence has been determined by direct protein

sequencing of a thrombin-like enzyme isolated from
the venom of Calloselasma rhodostoma, formerly
called Agkistrodon rhodostoma [23], and the second
sequence has been deduced from the nucleotide se-
quence of the cDNA perhaps encoding a similar en-
zyme from the same venom [24], raising a question
whether the second sequence is for ancrod or another
thrombin-like serine protease in the same venom.
Another problem is the terminological confusion.
For example, an extract with the fibrinogen clotting
activity from the venom of Bothrops jararaca was
first termed ‘reptilase’ in 1957 [35]. This term, how-
ever, has been used incorrectly afterwards in many
literatures as the trivial name synonymous with ‘ba-
troxobin’ from the venom of B. atrox moojeni. To
avoid this sort of terminological problem, we gave a
new term ‘bothrombin’ to a thrombin-like serine pro-
tease that had been isolated from the venom of
B. jararaca and structurally characterized, because
we were unaware of the identity between ‘reptilase’
and ‘bothrombin’ without knowing the amino acid
sequence of reptilase first recognized in the venom of
B. jararaca [27].

Since all of the serine proteases listed in Table 1
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VIGGDECNINEHRFLVAVYEGTNWTFICGGVLIHPEWVITAEHCA----~ RRRMN-----
VIGGDECDINEHPFLAFMY--YSPRYFCGMTLINQEWVLTAAHCN----~ RRFMR-----
IIGGDECNINEHRFLVALYDVWSGSFLCGGTLINQEWVLTAAHCN----- MSNIY-----
VIGGDECDINEHPFLAFMY--YSPQYFCGMTLINQEWVLTAAHCD----- KTYMR-----
VIGGDECNINEHRFLVALYNSRSRTLFCGGTLINQEWVLTAAHCE----- RNNFR-----
VIGGDECNINEHRFLVALYDYWSQLFLCGGTLINNEWVLTAAHCD----- RTHIL-----

VIGGDECNINEHPFLVALYDAWSGRFLCGGTLINPEWVLTAAHCD--
VIGGDECNINEHRFLVALYDGLSGTFLCGGTLINQEWVLTAQHCN
VIGGDECNINEHPFLVLVYYD---DYQCGGTLLNEEWVLTAAHCN
IIGGDECNINEHRFLVALYTPRSRTLFCGGTLINQEWVLTAAHCD

IIGGQECDETGHPWLALLHRSEGSTW--SGVLLNRDWILTAAHCEE----LGPMK-----
VIGGDECNINEHRFLALVYANGS---LCGGTLINQEWVLTARHCD- -~~~ RGNMR-----
VVGGRPCKINVHRSLVLLYNSSS--LLCSGTLINQEWVLTAAHCD----~ SKNFK-----
VVGGDECNINEHPFLVALYTSTSSTIHCGGALINREWVLTAAHCD----~ RRNIR-----
VFGGDECNINEHRSLVVLFNSNG--FLCGGTLINQDWVVTAAHCD- -~~~ SNNFQ-----
IVEGQDAEVGLSPWQVMLFRKSPQELLCGASLISDRWVLTAAHCLLY PPWDKNFTVDDLL
IIGGRECEKNSHPWQVAIYHYSS--FQCGGVLVNPKWVLTAAHCK----- NDNYE-----
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LVFGMHRKS-EKFDD-EQERYPKKRYFIRC-NKTRTS- -~
THLGKHAGS-VANYD-EVVRYPKEKFI--CPNKKKNVI
IYLGMHNQS~VQFDD-EERRYPKEKYLFRC--SKNFTK
IYLGIHTRS-VANDD-EVIRYPKEKFI--CPNKKKNVI--
IKLGIHSK-KVPNED-EQTRVPKEKFF--CLSSKNYTL---~

IYVGVHDRS-VQFDK-EQRRFPKEKYFFDC-~-SNNFTK---- ---WDKDI-------
MKLGAHSQ-KVLNED-EQIRNPKEKFI--CPNKKNTEV---- ---LDKDI-------
IYLGMHNK-NVKFDD-EQRRYPKKKYFFRC--NKNFTK---~ ---WDEDI-------

IYLGVHSK-KVPNKD-VQRRVPKEKFF-~-CDSSKTYTK---~
IKLGMHSK-KVPNKD-EQTRVPKEKFF--CLSSKNYTL--~~-~-~~~ WDKDI
ICFGMKNR-NVLRGD-EQVKVAAVK---KCYPATAGTIYNCNYVNTVLMNNDLLKRELFP
IYLGMHNL-KVLNKD-ALRRFPKEKYF-~-CLNTRNDTI----
MKLGVHSI-KIRNKN-ERTRHPKEKFI--CPNRKKDDV--
IKLGMHSK-NIRNED-EQIRVPRGKYF-~-CLNTKFPNG--
LLFGVHSK-KILNED-EQTRDPKEKFF --CPNRKKDDE-~
VRIGKHSRTRYERKV-EKISMLDKIYIH--PRYNWKEN--
VWLGRHNL- -FENENTAQFFGVTADF PHPGFNLSADGKD -~ ~~-~~-~~~

130 140 150 160 170 180
MLIRLNKPVNNSEHIAPLSLPSNPPI-----VGSDCRVMGWGSIN----- RRIDVLSDEP
MLIRLDRPVKNSEHIAPLSLPSNPPS-----VGSVCRIMGWGAIT----- TSEDTYPDVP
MLIRLNKPVRNSEHIAPLSLPSSPPI-----VGSVCRVMGWGTIT---~-~- SPNETLPDVP
MLIRLNRPVKNSTHIAPISLPSNPPS-----VGSVCRIMGWGAIT-~-~--' TSEDTYPDVP
MLIRLDSPVSNSEHIAPLSLPSSPPS-----VGSVCRIMGWGRIS----- PTKETYPDVP
MLIRLNKPVSYSEHIAPLSLPSSPPI- -SPQETLPDVP
MLIRLDSPVSYSEHIAPLSLPSSPPS- -PVEETFPDVP
---RLNRPVRFSAHIEPLSLPSNPPS- -SPPETLPDVP
NLIRLDRPVRKSAHIAPLSLPSSPPS- -SPQETYPDVP
MLIRLDSPVKNSTHIEPFSLPSSPPS- -PTEETFPDVP
MLIKLDSSVDYNERVAPLSLPTSPAS-----LGAECSVLGWGTTT----~ PDDVTLPDVP

MLIRLNRPVRNSAHIAPLSLPSNPPS-----VGSVCRIMGWGTIT----~ SPNATLPDVP
MLIRLNRPVSNSEHIAPLSLPSSPPS-----VGSVCYVMGWGKIS----- STKETYPDVP
MLIRLRRPVTYSTHIAPVSLPSRSRG----~VGSRCRIMGWGKIS-~-~-~-~ TTEDTYPDVP
MLIKLDSSVSNSEHIAPLSLPSSPPS----- VGSVCRIMGWGKTI----- PTKEIYPDVP
ALLKLKRPIELSDYIHPVCLPDKQTAAKLLHAGFKGRVTGWGNRRETWTTSVAEVQPSVL
MLLRLQSPAKITDAVKVLELPTQEPE---~~- LGSTCEASGWGSIE---PGPDDFEFPDEI
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RCANINLHNFTMCHGLFR-~-KMPKKGRVLCAGDLRG-RR--DSCNSDSGGPLICNEELH-
HCANINLFNNTVCREAYN--GLPA--KTLCAGVLQG-GI--DTCGGDSGGPLICNGQFQ-
RCVNINLFNYTVCRGVFP--RLPERSRILCAGVLEG-GI--DTCKRDSGGPLICNGQFQ-
HCANINLFNNTVCREAYN--GLPA--KTLCAGVLQG-GI--DTCGGDSGGPLICNGQFQ-
HCANINLLEYEMCRAPYPEFGLPATSRTLCAGILEG-GK--DTCRGDSGGPLICNGQFQ-
HCANINLLDYEVCRTAHPQFRLPATSRTLCAGVLEG-GI--DTCNRDSGGPLICNGQFQ-
HCANINLLDDVECKPGYPEL-LPEY-RTLCAGVLQG-GI~-~-DTCGFDSGTPLICNGQFQ-
HCANINLFNYTVCRGAYP--RMP--TKVLCAGVLEG-GI--DTCNRDSGGPLICNGQFQ-
HCANINLLDYEVCRAAYA--GLPATSRTLCAGILEG-GK--DSCVGDSGGPLICNGQFQ-
HCVNINLLEYEMCRAPYPEFELPATSRTLCAGILEG-GK--DTCRGDSGGPLICNGQFQ-
VCVNIEIFNNAVCQVARDL--WKFT-NKLCAGVDFG-GK-~-DSCKGDSGGPLVCDNQLT-
HCANINILDYAVCQAAYK----GLAATTLCAGILEG-GK--DTCKGDSGGPLICNGQFQ-
HCAKINILDHAVCRAAYTW--WPATSTTLCAGILQG-GK~~-DTCEGDSGGPLICNG-LQ-
HCTNIFIVKHKWCEPLYPW--VPADSRTLCAGILKG-GR--DTCHGDSGGPLICNGQIQ-
HCANINILDHAVCRTAYSWRQVANT--TLCAGILQG-GR~~DTCHFDSGGPLICNGIFQ-
QVVNLPLVERPVCKASTRI-~--RITDNMFCAGYKPGEGKRGDACEGDSGGPFVMKSPYNN
QCVQITLLONTFCADAHPD-~~-KVTESMLCAGYLPG-GK~~-DTCMGDSGGPLICNGMWQ-

250 260 270 280
————— GIVARGPNPCAQPNKPALYTSI--YDYRDWVNNVIAGN--ATCSP
—————— GILSWGSDPCAEPRKPAFYTKV--FDYLPWIQSIIAGNKTATC-P
~GIVSWGPKRCAQPRKPALYSKV--FDHLDWIQSIIAGNKTVNC-P
-GILSWGSDPCAEPRKPAFYTKV--FDYLPWIQSIIAGNKTATCPP
-GIASWGDDPCAQPHKPAAYTKV--FDHLDWIQSITIAGNTDASCPP
~GIVFWGPDPCAQPDKPGLYTKV--FDHLDWIQSIIAGEKTVNC-P
-GIVYIGSHPCGQSRKPGIYTKV--FDYNAWIQSIIAGNTAATCLP
————— GIVFWGPDPCAQPDKPGVYTKV--FDYLDWIQSVIAGNT--TCS
————— GIVSWGGDPCAQPREPGVCTNV--FDHLVWIKGIIAGNTDVTC-PL
***** GIASWGDDPCAQPHKPAAYTKV--FDHLDWIKSIIAGNTDASCPP
————— GNVSWGFN-CEQGEKYG-YIKLIKFNF--WIQNIIQGGT--TC-P
————— GILSVGGNPCAQPRKPGIYTKV--FDYTDWIQSIISGNTDAICPP
————— GIVSGGGNPCGQPRKPALYTKV--FDYLPWIESIIAGTTTATC-P
————— GIVAGGSEPCGQHLKPAVYTKV--FDYNNWIQNIIAGNRTVTCPP
————— GIVSWGGHPCGQPGEPGVYTKV--FDYLDWIKSIIAGNKDATCPP
RWYQMGIVSWG-EGCDRDGKYGFYTHV-~FRLKKWIQKVIDRLGS
————— GITSWGHTPCGSANKPSIYTKL--IFYLDWINDTITENP

Fig. 1. Comparison of the amino acid sequences of snake (or
lizard) venom and mammalian serine proteases. Anc, ancrod
[23]; Bat, batroxobin [25]; Bil, bilineobin [26]; Bot, bothrombin
[27]; Cal, calobin [28]; Cro, crotalase [29]; Fla, flavoxobin [30];
Gyr, gyroxin analogue [31]; TM-VIG [32]; Hal, halystase [33];
Gil, gilatoxin (lizard) [34]; ACC-C [17]; PA-BJ [20]; RVV-V
[16]; TSV-PA [18]; a-Thr, bovine o-thrombin [36]; Kal, porcine
glandular kallikrein [37]. Gaps have been inserted to maximize
similarities. Tentative catalytic triad residues and the major sub-

strate-binding site are indicated by * and O, respectively.
-

have His, Asp and Ser residues in the corresponding
positions to the catalytic triad established in mam-
malian serine proteases (Fig. 1) and are inhibited by
common serine protease inhibitors such as diisoprop-
yl fluorophosphate (DFP) and phenylmethylsulfonyl
fluoride (PMSF), it is obvious that they are serine
proteases. All of these serine proteases are likely to
be glycoproteins each containing a few Asn (N)-
linked glycosylation sites in non-homologous posi-
tions to one another in the sequence. Cys residues
in their molecules are all disulfide-linked, and their
pairing is identical to that of mammalian trypsin
[25,26].

As shown in Table 1, most of the venom throm-
bin-like serine proteases preferentially release either
fibrinopeptide A or B from fibrinogen to produce
abnormal fibrin clots composed of short polymers
that are rapidly dispersed and no longer cross-linked
by activated factor XIII, resulting in the disruption
of the blood coagulation system of victims. This im-
plies that many or most of 11 basic amino acid res-
idues implicated in the fibrinogen recognition exo-
cites 1 and 2 near the active site cleft of thrombin
and probably involved in binding to hirudin and
heparin are not homologously present in the venom
thrombin-like serine proteases, in accord with their
insensitivity to hirudin (a thrombin-specific inhibitor)
and in most cases to SERPINs (endogenous serine
protease inhibitors) such as antithrombin-III (AT-
III). However, the possibility remains that their fi-
brinogen recognition may depend on some basically
different mechanism of interaction.

In addition to their action toward fibrinogen dif-
ferent from that of thrombin, none of the venom
thrombin-like serine proteases shows all the multi-
functions of thrombin, although some of them also
activate factor VIII and/or XIII or aggregate plate-



150 T. Matsui et al. | Biochimica et Biophysica Acta 1477 (2000) 146-156

lets like thrombin. In our recent study [27], bothrom-
bin releases only fibrinopeptide A from fibrinogen,
but in a longer incubation, it cleaves the B chain
at Arg42 (T. Matsui, unpublished data). In addition,
it activates factor VIII with a much lower specific
activity than that of thrombin, and also induces
platelet aggregation, but without releasing serotonin
and only in the presence of exogenous fibrinogen in a
manner entirely different from that of thrombin.

3.2. Kallikrein-like serine proteases

The second group of the venom serine proteases
are kallikrein-like enzymes and release hypotensive
bradykinin from kininogen in mammalian plasma.
Recently, we have isolated a kallikrein-like serine
protease from the A. halys blomhoffii venom and
termed halystase [33]. Interestingly, the enzyme has
higher sequence similarities to kallikrein (42% iden-
tity) than thrombin (26%), although it has also high
similarities to the venom thrombin-like serine pro-
teases (66—72%) and shows some fibrinogenolytic ac-
tivity. It cleaves the BP chain at Arg42 and slowly
degrades the Ao chain of fibrinogen to generate a
product that is no longer converted to normal fibrin
clots by thrombin, resulting in the inhibition of nor-
mal fibrinogen clotting. Therefore, this serine pro-
tease induces the reduction of blood pressure as
well as the inhibition of blood coagulation in the
victims. The presence of another kallikrein-like serine
protease with a potent activity but with different
physicochemical properties from those of halystase
has been recognized in the same venom, and a num-
ber of the other kallikrein-like serine proteases have
been isolated from the venoms of A. caliginosus,
C. atrox and C. viridis, but not yet structurally char-
acterized [14,15]. Recently, a serine protease termed
gilatoxin with kallikrein-like activity has been iso-
lated from the venomous lizard (Heloderma horridum
horridum) and structurally characterized as shown in
Table 1 and Fig. 1 [34].

3.3. Other unique serine proteases

As shown in Table 1, some other venom proteases
with a unique activity have been isolated and struc-
turally characterized as serine proteases. These in-
clude RVV-V (factor V-activating enzyme) from the

V. russelli venom [16], ACC-C (protein C activator)
from the A. contortrix venom [13], PA-BJ (platelet
aggregating enzyme) from the B. jararaca venom
[20], and TSV-PA (plasminogen activator) from the
T. stejnegeri venom [18,19]. Interestingly, TSV-PA
cleaves the same peptide bond in plasminogen as
mammalian plasminogen activators, but it lacks the
kringle and finger domains that provide the fibrin-
binding specificity.

4. Metalloproteinases

The venoms contain a variety of metalloprotein-
ases that are highly toxic, resulting in a severe
bleeding by interfering with the blood coagulation
and hemostatic plug formation or by degrading the
basement membrane or extracellular matrix compo-
nents of the victims [38-40]. More than 100 metal-
loproteinases, including the isozymes from the same
species, have been isolated and the amino acid se-
quences of about 20 enzymes have been determined.
They are all zinc (Zn’>") metalloproteinases with a
Zn’*-binding motif of HEXXHXXGXXH and be-
long to the metzincin family as well as matrixins
such as mammalian matrix metalloproteinases, asta-
cins such as crayfish collagenolytic protease and ser-
ralysins such as bacterial metalloproteinases [41].
Chelation of the Zn?* ion with EDTA or 1,10-phen-
anthroline deprives them of their proteolytic and
hemorrhagic activities.

4.1. Substrate specificities of metalloproteinases

Most of the venom metalloproteinases, either hem-
orrhagic or non-hemorrhagic, are fibrin(ogen)olytic
enzymes as well as the serine proteases, cleaving pref-
erentially the Ao-chain and slowly the BB-chain of
fibrinogen [42]. Fibrolase from A. contortrix contor-
trix [43], atroxase from C. atrox [44] and lebetase
from V. lebetina [45] degrade the a-chain of fibrin
and fibrinogen faster than the B-chain. There is no
report on venom fibrin(ogen)olytic metalloproteinase
that specifically cleaves the y-chain of fibrin(ogen)
except for atrolysin F (Ht-f) from C. atrox [46].
Like the serine proteases, the metalloproteinases
with the fibrin(ogen)olytic activity are also applicable
for a medical treatment that lowers the fibrinogen
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Fig. 2. Schematic structures of snake venom metalloproteinases. Snake venom metalloproteinases are classified into four groups by the
domain structures [38,39]. Preprosequence deduced from the cDNA containing the signal peptide (18 residues) and the prosequence
(about 170 residues) with a cysteine-switch motif (PKMCGYV) is removed by the signal peptidase and autolytically or by the action of
another unknown protease. The metalloproteinase domain (about 200 residues) has the Zn>*-binding motif (HEXXHXXGXXH). The
disintegrin-like domain has a XXCD sequence instead of the RGD sequence in disintegrins. Class P-I consists of low molecular mass
metalloproteinases such as HR2a, HT-2, atrolysin (Ht) B, C, E, LHF-II and trimerelysin II (H,-proteinase). Class P-1I consists of pre-
cursor proteins of disintegrins (trigramin, rhodostomin, etc.) and atrolysin E. The disintegrin domain might be released autolytically
or by the action of another unknown protease. Class P-III consists of high molecular mass metalloproteinases such as trimerelysin I
(HR1B), atrolysin (Ht) A and jararhagin composed of metalloproteinase, disintegrin-like and cysteine-rich domains. Class P-IV con-
sists of high molecular mass metalloproteinases containing an additional disulfide-linked C-type lectin-like domain such as russellysin
(RVV-X), carinactivase-1 and mucrotoxin A, although the preprosequence is still hypothetical since the cDNA has not yet been char-
acterized.

level in plasma or solubilizes the coagulated plasma nectin. The initial cleavage site of type IV collagen by
(thrombolysis). atrolysin E (Ht-e) has been identified to be the
Substrate specificities of metalloproteinase have Ala258-GIn259 bond located in a pepsin-susceptible
been assayed with casein, insulin B peptides and triplet interruption region of the al(IV) chain and
intermolecularly quenched fluorogenic peptide sub- Gly191-Leul92 bond located in a triple-helical re-
strates [38,39,47]. The hemorrhagic metalloprotein- gion of the o2(IV) chain [39,49]. The metallopro-
ases trimerelysin I (HR1A), HR2a and non-hemor- teinase atrolysin C (Ht-d) cleaves the cartilage aggre-
rhagic  trimerelysin Il  (Hj-proteinase) from can core protein at two sites of Asn341-Phe342 and
T. flavoviridis as well as Cbfib2 (C. basiliscus) prefer- Glu373-Ala374 bonds [50].
entially cleave at the peptidyl bond of Pro 516 and Hemorrhagic and fibrin(ogen)olytic metallopro-
Met 517 in the Aca-chain of fibrinogen. These en- teinases have been mainly purified from the crotalid
zymes generally have the primary specificity toward and viperid venoms, but recently, some interesting
substrates of more than pentapeptides with a hydro- homologues have been also isolated from the elapid
phobic and bulky P1’ residue such as Leu and Met venom. Mocarhagin, a metalloproteinase purified
[38]. Factor X activator (russellysin or RVV-X) from from the cobra venom of Naja mocambique mocam-

Russell’s viper (V. russelli) venom [48], which also bique, preferentially cleaves the Glu282-Asp283 bond
activates factor IX, seems to require Arg residue at of platelet GPIba. that plays a key role in the platelet
the PI1 site [47]. Hemorrhagic atrolysins (Hts) from aggregation by interacting with plasma VWF, and
C. artox degrade basement membrane proteins, in- also the Tyrl0-Aspll bond of neutrophil P-selectin
cluding type IV collagen, nidogen, laminin and fibro- glycoprotein ligand-1 that mediates neutrophil roll-
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ing at the site of inflammation [51]. Those cleavage
sites are within a negatively charged amino acid se-
quence beginning with Asp residue and ending in
close proximity to sulfated Tyr residue(s). Mocarha-
gin can also cleave human fibrinogen Ao-chain at
Lys413-Leu414 and Phe501-Asp502 bonds in a
long incubation. It also shows a lectin-like activity,
as assayed by hemagglutination, that can be inhib-
ited with sulfated polysaccharides but not with
EDTA [52]. The mocarhagin-like metalloproteinases
cleaving GP Ibo seem to be widely distributed in the
viperid venoms.

We have recently purified another unique metal-
loproteinase, kaouthiagin, from the cobra venom of
N. kaouthia that specifically binds and cleaves human
VWEF at a single peptide bond between Pro708 and
Asp709 to diminish the multimeric structures of
VWEF, resulting in loss of both the ristocetin-induced
platelet aggregating and collagen-binding activities of
VWEF [53]. This cleavage site of VWF is located with-
in a cluster of negatively charged O-glycosides.
Kaouthiagin cleaves neither fibrinogen nor synthetic
peptide substrates for trimerelysins. These elapid
metalloproteinases seem to cleave the amino-terminal
side of Asp residue in a region containing many neg-
atively charged residues.

Jararhagin from the venom of B. jararaca has been
shown to degrade platelet collagen receptor o2l
integrin (GP la/lla) in addition to fibrinogen and
VWE, resulting in the inhibition of platelet aggrega-
tion [54]. Ivaska et al. [55] have shown that the arti-
ficial cyclic peptide, (C)TRKKHDNAQ(C), where
the N- and C-terminal Cys forms the disulfide
bond, designed on the basis of residues 90-98 of
jararhagin in the proteinase domain inhibits the in-
teraction between the integrin o2 subunit and colla-
gen. Although a number of the metalloproteinases
are o-fibrinogenase and inhibit platelet aggregation,
it is possible that they interact with or degrade the
receptors on platelets (integrins) essential for the ag-
gregation either by the proteinase or the disintegrin-
like domain (see next section).

4.2. Structures of metalloproteinases
The venom metalloproteinases are classified into

four major groups by their domain structures of pro-
teins or their cDNAs [38,39,56] (Fig. 2). Low molec-

ular mass hemorrhagic or non-hemorrhagic metallo-
proteinases (class P-1), such as HR2a, HR2b and
trimerelysin I (H-proteinase) from 7. flavoviridis,
ruberlysin (HT-2) from C. ruber ruber, atrolysin C
(Ht-d) and E (Ht-e) from C. atrox, adamalysin II
from C. adamanteus and LHF-1I from Lachesis
muta muta, consist of only the proteinase domain
of about 25 kDa.

High molecular mass hemorrhagic metalloprotein-
ases, such as trimerelysin I (HR1B) from 7. flavo-
viridis, atrolysin A (Ht-a) from C. atrox and jarar-
rhagin from B. jararaca, contain the disintegrin-like
and Cys-rich domains following the proteinase do-
main (class P-III). Disintegrins such as trigramin
and rhodostomin are venom peptides of about 50—
60 residues containing the RGD sequence that
strongly inhibit platelet aggregation by interacting
with platelet olIbB3 integrin (GP IIb/IIla) [57]. It
has been proposed that these disintegrins are gener-
ated by proteolytic processing of the precursor pro-
tein composed of the proteinase and disintegrin do-
mains (class P-II). Instead of the RGD-containing
disintegrin domain, class P-III metalloproteinases
have the disintegrin-like domain containing a disul-
fide-bonded XXCD (mostly SECD) sequence in
place of the RGD sequence. We have isolated jarar-
hagin C from the venom of B. jararaca that has the
identical sequence to the disintegrin-like domain of
jararhagin and inhibits collagen- or ADP-induced
platelet aggregation [58]. Recently, a recombinant
protein composed of the disintegrin-like and Cys-
rich domains of atrolysin A (Ht-a) has been shown
to inhibit collagen- and ADP-stimulated platelet ag-
gregation in a similar manner to disintegrins [59].
These findings suggest that the disintegrin-like do-
main also interact with integrin molecules or other
receptors. Class P-III metalloproteinases are gener-
ally more hemorrhagic than those of class P-I, sug-
gesting that the disintegrin-like domains play a key
role in facilitating the action of these metallopro-
teinases by affecting platelet aggregation.

Another class of the venom metalloproteinases
have an additional disulfide-linked C-type lectin do-
main (class P-IV). RVV-X [60] and carinactivase-1,
the prothrombin activator from Echis carinatus [61],
are members of this class, although none of their
entire cDNAs has yet been characterized. The chi-
meric structures of the venom metalloproteinases (es-
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pecially those containing the disintegrin-like domain)
have been identified in mammalian membrane-an-
chored reproductive proteins (fertilins), myogenetic
proteins (meltrins) and TNFo convertase (TACE),
suggesting that they are members of the widely dis-
tributed basic protein family so called MDC,
ADAMS or reprolysins [39,62].

These metalloproteinases are synthesized and
stored in the venom gland as the inactive zymogens
with a conserved thiol group in the prosequence
PKMCGYV blocking the active site by binding to
Zn>* ion. After the secretion from the gland, the

Fig. 3. Amino acid sequences of four snake venom metallopro-
teinases and the crystal structure of trimerelysin II (H, -protein-
ase). (A) Comparison of the amino acid sequences of adamaly-
sin Il (C. adamanteus), atrolysin C (C. atrox), trymerelysin II
(T. flavoviridis) and acutolysin A (A4. acutus). The o-helices and
B-sheets from adamalysin II are expressed by hatched and white
bars, respectively. The metzincin consensus sequence for the
Zn>*-binding motif (@) and the Met-turn residue (O) are
shown. (B) The crystal structure of H,-proteinase is shown as a
ribbon model. The model was rendered on an IRIS Indigo
2 workstation using the Insight II (molecular simulations) and
SYBYL/Base software packages. It is composed of two domains
that are separated by a cleft occupied by the catalytic center
consisting of Zn>* ion and its chelators. The N-terminal region
has the central core domain composed of five B-sheets (yellow)
and four o-helices (red), whereas the C-terminal region has one
helix and an irregularly folded portion [11]. N and C denote
the N- and C-terminus of the polypeptide, respectively.

«—

proteolytic processing converts the zymogen to the
active enzyme by removing this thiol group. This
Cys-switch type activation mechanism, like that for
mammalian matrix metalloproteinases, has been pro-
posed for the venom metalloproteinases [56,63,64].

The 3D structures have been elucidated by X-ray
crystallographic analysis with four venom metallo-
proteinases, adamalysin II from the C. adamanteus
venom [9], atrolysin C [10], trimerelysin II [11] and
acutolysin A from the 4. acutus [12] (Fig. 3A). These
results have revealed that they are ellipsoidal mole-
cules with the shallow active site cleft separating a
relatively irregular folded lower subdomain from the
upper major domain composed of five stranded
B-sheets and four a-helices (Fig. 3B). The catalytic
Zn>" ion in the active-site cleft is surrounded by
three His residues (142, 146 and 152) and a water
molecule is anchored to Glul43 in a tetrahedral man-
ner. The substrate binding site is bordered by a Met
turn (Met166), which forms a ‘basement’, and two
‘walls’ formed by a strand (residues 168-172) and an
antiparallel B-strand of the upper main domain (res-
idues 108-112). In general, the overall structure of
the venom metalloproteinases appears to be similar
to that of the astacin family, but distinct from that of
the thermolysin family.

5. Perspectives

The recent advance in the studies on the venom



154 T. Matsui et al. | Biochimica et Biophysica Acta 1477 (2000) 146-156

proteases affecting mammalian hemostasis and
thrombosis are briefly reviewed in this article. The
interesting results that the venom fibrin(ogen)olytic
proteases have the activity to degrade fibrin clots
or to produce abnormal fibrin clots of short poly-
mers that are rapidly dispersed and perhaps lack
the susceptibility to SERPINs have generated interest
in their potential therapeutic application for the
treatment of patients with occlusive arterial or ve-
nous thrombotic diseases without stimulating the en-
dogenous fibrinolysis system [2,5,42,65].

The elucidation of the interacting and signal-trans-
ducing mechanisms through the integrins on platelets
and the disintegrin-like domains of highly hemorrha-
gic metalloproteinases should bring some insights
into the regulation of platelet aggregation. Synergis-
tic effects of the disintegrin-like domain on the hem-
orrhage by the venom metalloproteinases suggest the
presence of novel integrin molecules on platelets.
Substrate specificities of the venom metallopro-
teinases toward VWEF, aggrecan (ECM) and platelet
receptors similar to those observed in proteolysis in
vivo suggest that endogenous metalloproteinases be-
longing to the metzincin family may be present in
mammalian plasma and participate in the degrada-
tion control of those proteins. Recently, the presence
of an endogenous VWF-cleaving metalloproteinase
has been recognized in human plasma, although it
has not yet been completely purified and character-
ized [66,67]. It cleaves a single Tyr842-Met843 bond
of VWF to produce a variety of the multimer struc-
tures. Since the extent of multimer sizes is parallel to
the activity of VWF, it is possible to regulate the
VWEF activity in human plasma using a VWF-specific
venom metalloproteinase such as kaouthiagin.

Snake venoms have been reported to stimulate the
release of plasminogen activators from endothelial
cells. This activity was most pronounced in the ven-
oms of the rattlesnakes C. atrox and C. adamanteus
[68]. A venom plasminogen activator (TSV-PA) (Ta-
ble 1) [18,19] may act through a different mechanism
from that of mammalian plasminogen activators and
may be not inhibited by most SERPINs, suggesting
that it may have certain advantages over the mam-
malian enzymes in the clinical use.

More detailed analysis of these unique snake ven-
om proteases including the structural elucidation
should provide some useful information for the

drug design that could be applied to the medical
and pharmacological fields of hemostasis and throm-
bosis.
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