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proteins (Escalante et al., 2006)), and their pro- or anticoagulant activities will not be
considered further here. However, it is likely that functionally important interactions
occur among these venom components, and hypofibrinogenemia (TLE-catalyzed)
accompanied by structural degradation catalyzed by metalloproteinases may pro-
duced uncontrollable hemorrhage. For the snake, these actions are important for
prey incapacitation and facilitation of digestion; in human envenomations by vipers,
these proteinases produce some of the more debilitating and difficult to manage
effects (Gutiérrez et al., 2009).

Defining which of the myriad serine proteases often found in a single venom
is a TLE-SVSP can be challenging, as many have similar activities toward model
substrates such as paranitroaniline-derived peptides as well as toward native protein
substrates such as fibrinogen. Further, the term “thrombin-like” is also problematic,
because unlike most TLESs, thrombin is a multifunctional enzyme with rather differ-
ent roles depending on physiological environment (Kini, 2005; Phillips et al., 2009).
Additionally, most TLEs have not been assayed with a wide series of substrates
(some are defined by sequence homology only), so the true specificity of activity,
or lack thereof, is not well defined. Some of the SVSPs labeled as thrombin-like
enzymes in the databases are incorrectly assigned to this activity, and some (par-
ticularly sequences derived from cDNA libraries) are labeled as TLEs because of
sequence homologies but without any activity data. A more limiting definition of
venom TLEs is needed, but for the present review, SVSPs which have specific cat-
alytic activity toward fibrinogen Aa or/and B chains will be considered as TLEs. A
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functional trade-off between optimal enzyme activity and in vivo stability, suggest-
ing that the protective effect of glycosylation is not without some cost to enzyme
efficacy.

Two SVSPs with apparent thrombin-like activity were isolated from
Deinagkistrodon acutus venom and shown to be N-glycosylated at Asn35, as
observed from electron density maps of this region of the crystal structures
(Zhu et al., 2005). Because this glycosylation site occurs close to the active
site, it was interpreted to restrict access of larger molecules like STI and BPTI.
Structural analyses using superimposition of the venom SVSPs and trypsin-STI
complex demonstrated collision between side-chain residues of STI and the car-
bohydrate moieties of the SVSPs. Again, it appears that glycosylation of these
serine proteases creates steric hindrance of inhibitor binding, thereby protecting
the enzyme. Most TLEs also are glycosylated, and it is likely that glycosylation
has been selected for as a protective mechanism against endogenous serine pro-
tease inhibitors of snake prey species. The effect of glycosylation may therefore
be to increase effective half-life in prey tissues and to increase probability of
fibrinogen depletion. In human envenomations by rattlesnakes (Crotalus), recur-
rent coagulopathies are commonly encountered following antivenom treatment
(Boyer et al., 1999), and it would be of interest to determine if glycosylated TLEs
are involved in these persistent and recurrent cases of hypofibrinogenemia and
thrombocytopenia.

C c alSH & ¢ and S & al P edic{ionS

At present, no crystal structures of snake venom TLEs have been solved. The struc-
ture of a plasminogen activator from Trimeresurus stejnegeri venom was resolved at
2.5 A (Parry etal., 1998), and this protein has a high degree of sequence identity with
snake venom TLEs. Several glycosylated serine proteases from Deinagkistrodon
acutus
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Fig. 30.2 Space-filling models of serine proteases. (a) Bovine trypsin (PDB ID: 1AQ7); (b)
Bovine chymotrypsin B (PDB ID: 1DLK); (c) Venom serine proteinase Dav-PA (Deinagkistrodon
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Mechani m of E ot don of SV-TLE,

Gene Duplication

A common means by which diversity is generated in a specific protein family is
via gene duplication. In a critically important component of a complex system,
such as thrombin in the blood clot cascade, mutation of specific residues which
change activity levels or specificity of substrate recognition could be lethal muta-
tions. However, when the gene is duplicated and one member remains static, the
functional product of the original gene remains intact. The other gene copy is freed
from selective constraints favoring conservation of original structure/function, and
mutations can then lead to production of a novel activity. Repeated gene dupli-
cation can result in multiple copies of closely related genes being present, and
over evolutionary time, a diverse set of pharmacologies within a structurally con-
served protein family may result (Ogawa et al., 1996; Nobuhisa et al., 1996; Kini
and Chan, 1999). This appears to be of common occurrence among snake ven-
oms, and venom gene duplication has resulted in a multigene family of SVSPs
(Deshimaru et al., 1996), giving rise to venoms with numerous serine proteinases.
For example, in the venom of the Desert Massasauga (Sstrurus catenatus edward-
Sii), 24% of the proteome (Sanz et al., 2006) and >37% of the transcriptome consists
of serine proteinases (Pahari et al., 2007). The transcriptome analysis showed
12 distinct isoforms of SVSPs, and fractionation of the venom has revealed at least 8
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high rate of substitution has contributed in part to the diversification of functionality.
The ratios of non-synonymous to synonymous substitutions within coding regions
were generally greater than 1 (0.67-1.64), whereas these ratios in typical isozyme
genes were typically less than 0.2 (Deshimaru et al., 1996), again highlighting the
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point mutations occur in the rest of the molecule; among SVSPs, this includes
those regions associated with substrate binding. ASSET therefore could produce
rapid functional differentiation of gene products which share a highly conserved
molecular fold and apparent surface topology (see Fig. 30.2). In viperid venoms
in particular, numerous SVSP cDNAs have been sequenced, including many from
Mridovipera stejnegeri (Tsai and Wang, 2001), Deinagkistrodon acutus (Zhang
et al., 2006) and Sstrurus catenatus edwardsii (Pahari et al., 2007), demonstrat-
ing the high level of multiplicity of SVSPs in the venom and gland transcriptome
of even a single individual. At least part of this diversification has occurred via
ASSET.

ASSET has been hypothesized to be a mechanism of accelerated evolution of
venom toxins which can confer new pharmacological functionalities on a conserved
molecular fold, as is common among venom proteins. By switching functionally
important segments of gene (protein) sequence, such as that important to sub-
strate binding, rapid large scale changes in substrate specificity can occur. Such
a mechanism appears to be important in the evolution of SVSPs (Doley et al.,
2009), as the regions of exchange include those known to involve substrate binding
(Fig. 30.3). ASSET can result in large-scale functional changes, with accelerated
point mutations “fine-tuning” substrate fit. This hypothetical scenario may explain
the variety of substrate specificities (thrombin-like, kallikrein-like, plasmin-like,
arginine esterase, etc) seen among the SVSPs.

SH & aland Ph logenec Rela{im% hi]g

As mentioned above, SVSPs including TLEs show a high level of sequence iden-
tity, and the genes are obviously closely related. One might predict that functional
classes of the SVSPs (thrombin-like, kallikrein-like, plasmin-like, etc) should clus-
ter following structural cladistic analyses, and this prediction has been borne out
by some studies (i.e., Wang et al., 2001). In this study, three functional subtypes
clustered into discrete groups (thrombin-like {coagulating}, kallikrein-like {kinino-
genase} and plasminogen activators). However, a different analysis (Lee and Park,
2000) resulted in the clustering of functionally different SVSPs. A more recent anal-
ysis of sequence relationships among TLEs indicated a common ancestry among
the SVSPs analyzed but did not demonstrate unequivocal clustering of functional
subtypes (Castro et al., 2004). Because of these discrepancies, a phylogenetic anal-
ysis of TLEs and other SVSPs was undertaken using ClustalX and bootstrapped
neighbor-joining method. One hundred and fifty-one snake venom serine protease
sequences were retrieved from the UniProtKB database (http://www.uniprot.org/;
January 2010) using the primary sequence of batroxobin in a BLAST search and the
criterion of having >50% sequence identity with this target. Five SP sequences from
lizards (sequence identity ~40%) were also included. Bovine and human trypsin
sequences were used as outgroups, and bovine chymotrypsinogen and human
thrombin were included in alignments and subsequent analyses (160 sequences
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functionality based on database-reported activity. The majority of sequences were
identified as thrombin-like enzymes in the UniProt database, with a smaller number
of kallikrein-like (14) and plasminogen activator (5) sequences identified; 28 were
of unknown/undefined activity. Although there is a tendency for similar function
sequences to cluster (Fig. 30.4), there are instances of all three activities occurring
within many clades, suggesting that functionality is not dependent on sequence fea-
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patients or in ninety day mortality levels, and the incidence of symptomatic intracra-
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batroxobin may have efficacy for controlling some specific types of coagulopathies,
it is not generally indicated for all such conditions.

Several additional TLEs are undergoing evaluation in animal models for
antithrombotic use. Acutobin, a TLE derived from Deinagkistrodon acutus venom,
was reported to be effective in reducing mortality and brain damage following
ischemia and reperfusion of the cerebral artery in hyperglycemic rats (Wei et al.,
2004). This model mimics a condition particularly at risk of brain tissue injury fol-
lowing ischemia, and acutobin treatment resulted in increased brain tissue perfusion
and a reduction in the size of infarct. In a very different application of a snake
venom TLE, a dental fibrin adhesive was produced from fibrinogen hydrolyzed by
TLE from Crotalus durissus terrificus venom (Barbosa et al., 2008). Free gingival
grafts were immobilized using either TLE or sutures, and at 7 days post-treatment,
inflammatory cell density was lower in the TLE treatment group. By 14 and 45 days,
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of the creative ways in which venom TLEs are being utilized in both applied clinical
and basic research.

F'Y ePogngalfo SV-TLE

There is a continuing need for safe and effective drugs to treat coagulation disor-
ders such as venous thromboembolic disease and stroke (Spyropoulos, 2008), and
research into thrombin-like enzymes from snake venoms could provide novel lead
compounds or enzymes which could be directly useful. There is an obvious diver-
sity of SVSPs from front-fanged snakes which could provide a source of novel
compounds. However, though variation in component number can exceed 100 pro-
tein/peptide compounds in a single venom, there is a relatively small diversity of
protein families so far described from venoms (Juarez et al., 2004), and TLEs
described thus far appear to possess conserved functional variation along a common
theme. This scenario may change as newer methods allow a deeper probe of the
venom proteome and reveal diversity of structure (and likely function) among the
much less abundant minor venom components (Bandow, 2010; Calvete et al., 2009;
Polaskova et al., 2010), but other sources, such as among venoms from rear-fanged
snakes, may prove to contain novel TLEs.

Snake venom serine proteases have proven to be useful in various applications
in biotechnology and basic research (Wisner et al., 2001), and their specificities
could perhaps be exploited for use in mass spectrometry applications currently dom-
inated by trypsin use, such as peptide fingerprinting, MS/MS sequencing, etc. It may
be that the most useful applications of SVSPs like the TLEs may lie in research
purposes rather than drug development.

Summary and Conclusion

Snake venom thrombin-like enzymes are important components of most viperid
snake venoms and are less broadly occurring among other squamate reptile ven-
oms. As part of the biological weaponry of venomous species, their actions in vivo
can cause cataclysmic coagulopathies which may become life-threatening. Purified
and characterized, TLEs have many applications in biomedicine as well as basic
and applied research. Rapid advances in genomics and proteomics have provided
sequences for many venom serine proteinases, including TLEs, and detailed struc-
ture/activity data is available for a smaller subset of these. There is a need for
rigorous substrate specificity studies to be conducted with the naturally expressed
venom serine proteinases, particularly for those species with extensive transcrip-
tome and proteome datasets. Such functional data will help to answer the remaining
questions related to the observed diversity of actions of these structurally conser-
vative venom components. Further, there are many species of front-fanged and
rear-fanged snakes whose venoms are poorly known, and it is likely that additional
interesting variants of this family of proteinases remain to be described.
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Accession  Protein names Organism Length
BOVXT5  Serine proteinase isoform 3 Sistrurus catenatus edwardsii (Desert 257
massasauga)
BOVXT6  Serine proteinase isoform 4 Sistrurus catenatus edwardsii (Desert 258
massasauga)
BOVXT7  Serine proteinase isoform 5 Sistrurus catenatus edwardsii (Desert 258
massasauga)
BOVXT8  Serine proteinase isoform 6 Sistrurus catenatus edwardsii (Desert 242
(Fragment) massasauga)
BOVXT9  Serine proteinase isoform 7 Sstrurus catenatus edwardsii (Desert 273
massasauga)
BOVXUO  Serine proteinase isoform 8 Sstrurus catenatus edwardsii (Desert 258
massasauga)
BOVXU1  Serine proteinase isoform 9 Sstrurus catenatus edwardsii (Desert 260
massasauga)
BOVXU2  Serine proteinase isoform 10 Sstrurus catenatus edwardsii (Desert 260
massasauga)
BOVXUS3  Serine proteinase isoform 11 Sstrurus catenatus edwardsii (Desert 257
massasauga)
B0ZT25 Snake venom serine protease Protobothrops (Trimeresurus) jerdonii 260
homolog (TjsvSPH) (Jerdon’s pit-viper)
B3Vv4z6  Thrombin-like protein Deinagkistrodon acutus (Hundred-pace 260
DAV-WY snake)
B5U6Y3  Serine proteinase Echis ocellatus (Ocellated saw-scaled 258
viper)
B6CJUS Kallikrein toxin Var13 Varanus komodoensis (Komodo dragon) 258
C6EVG4  Kallikrein toxin 1 Heloderma suspectum cinctum 255
013057 \enom serine proteinase 2 Protobothrops (Trimeresurus) 260
(EC3.4.21) flavoviridis (Habu)
013058 \enom serine proteinase 3 Protobothrops (Trimeresurus) 257
(EC3.4.21) flavoviridis (Habu)
013059 \enom serine proteinase 1 Trimeresurus gramineus (Indian green 258
(EC 3.4.21) tree viper)
013060 \enom serine proteinase 2A Trimeresurus gramineus (Indian green 260
(EC3.4.21) tree viper)
013061 \enom serine proteinase 2B Trimeresurus gramineus (Indian green 260
(EC3.4.21) tree viper)
013062 \Venom serine proteinase 2C Trimeresurus gramineus (Indian green 257
(EC3.4.21) tree viper)
013063 \enom serine proteinase 3 Trimeresurus gramineus (Indian green 258
(EC3.4.21) tree viper)
013069 Kinin-releasing/fibrinogen- Bothrops jararaca (Jararaca) 257
clotting serine proteinase 2
(EC 3.4.21) (KN-BJ 2)
042207 Capillary Gloydius ussuriensis (Ussuri mamushi) 258
permeability-increasing (Agkistrodon caliginosus)
enzyme 2 (CPl-enzyme 2)
(EC3.4.21)
073800 Thrombin-like enzyme Gloydius (Agkistrodon) halys pallas 260

salmobin (EC 3.4.21)

(Chinese water mocassin)
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Accession  Protein names Organism Length
Q71QH7  Venom serine protease PA (EC  Trimeresurus stejnegeri (Chinese green 258
3.4.21) tree viper)
Q71QH8  Serine protease CL4 Trimeresurus stejnegeri (Chinese green 257
tree viper)
Q71QH9  Venom serine protease KN14  Trimeresurus stejnegeri (Chinese green 260
(EC 3.4.21) tree viper)
Q71Ql0 Venom serine protease KN7 Trimeresurus stejnegeri (Chinese green 260
homolog tree viper)
Q71QI1 Venom serine protease KN12  Trimeresurus stejnegeri (Chinese green 258
(EC 3.4.21) tree viper)
Q71QI2 \enom serine protease CL2 Trimeresurus stejnegeri (Chinese green 258
(EC 3.4.21) tree viper)
Q71QI3 \enom serine protease CL5 Trimeresurus stejnegeri (Chinese green 257
(EC 3.4.21) tree viper)
Q71Ql4 Venom serine protease KN5 Trimeresurus stejnegeri (Chinese green 260
(EC 3.4.21) tree viper)
Q71QI5 Venom serine protease KN3 Trimeresurus stejnegeri (Chinese green 257
(EC 3.4.21) tree viper)
Q71Ql6 Serine protease CL3 Trimeresurus stejnegeri (Chinese green 257
tree viper)
Q71Ql7 \Venom serine protease KN11  Trimeresurus stejnegeri (Chinese green 257
(EC 3.4.21) tree viper)
Q71QI8 Venom serine protease KN10  Trimeresurus stejnegeri (Chinese green 257
(EC3.4.21) tree viper)
Q71QI9 Serine protease CL1 Trimeresurus stejnegeri (Chinese green 260
tree viper)
Q71QJ0 \Venom serine protease KN2 Trimeresurus stejnegeri (Chinese green 257
(EC 3.4.21) tree viper)
Q71QJ1 \Venom serine protease KN9 Trimeresurus stejnegeri (Chinese green 257
(EC3.4.21) tree viper)
Q71QJ2 \Venom serine protease KN6 Trimeresurus stejnegeri (Chinese green 260
(EC3.4.21) tree viper)
Q71QJ3 \Venom serine protease KN1 Trimeresurus stejnegeri (Chinese green 257
(EC3.4.21) tree viper)
Q71QJ4 \Venom serine protease KN4 Trimeresurus stejnegeri (Chinese green 260
homolog tree viper)
Q7SYF1  Cerastocytin (EC 3.4.21.74) Cerastes cerastes (Horned desert viper) 256
(Proaggregant serine
proteinase) (CC-PPP)
Q7SZE1  Thrombin-like enzyme Gloydius (Agkistrodon) saxatilis (Rock 258
defibrase (EC 3.4.21) mamushi)
Q7SZE2  Bradykinin-releasing enzyme  Gloydius ussuriensis (Ussuri mamushi) 234
KR-E-1 (Thrombin-like (Agkistrodon caliginosus)
defibrase) (EC 3.4.21)
Q71229 \enom serine protease

homolog
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Accession  Protein names Organism Length
Q802F0 Thrombin-like enzyme PTLE1  Gloydius (Agkistrodon) halys pallas 258
(EC 3.4.21) (Chinese water mocassin)
Q8AY78  Venom serine protease 5 (EC ~ Trimeresurus stejnegeri (Chinese green 258
3.4.21) tree viper)
Q8AY79  Thrombin-like enzyme Trimeresurus stejnegeri (Chinese green 258
stejnefibrase-2 (EC 3.4.21) tree viper)
Q8AY80  Thrombin-like enzyme Trimeresurus stejnegeri (Chinese green 258
stejnefibrase-1 (EC 3.4.21) tree viper)
Q8AY81  Thrombin-like enzyme Trimeresurus stejnegeri (Chinese green 260
stejnobin (EC 3.4.21) tree viper)
Q8AY82  Venom serine protease 1 Trimeresurus stejnegeri (Chinese green 260
homolog tree viper)
Q8JH62 Serine beta-fibrinogenase (EC ~ Mipera lebetina (Elephant snake) 257
3.4.21) (VLBF) (Leventine viper)
Q8JH85 Serine alpha-fibrinogenase Vipera lebetina (Elephant snake) 258
(EC 3.4.21) (VLAF) (Leventine viper)
Q8QG86  Serine proteinase BITS01A Bothropsinsularis (Island jararaca) 257
(EC 3.4.21)
Q8QHK2  Catroxase-2 (EC 3.4.21) Crotalus atrox (Western diamondback 258
(Catroxase I1) (EI) rattlesnake)
Q8QHK3  Catroxase-1 (EC 3.4.21) Crotalus atrox (Western diamondback 262
(Catroxase I) rattlesnake)
Q8UUJ1  Thrombin-like enzyme Gloydius ussuriensis (Ussuri mamushi) 233
ussurase (EC 3.4.21) (Agkistrodon caliginosus)
Q8UUJ2  Thrombin-like enzyme ussurin  Gloydius ussuriensis (Ussuri mamushi) 236
(EC 3.4.21) (Agkistrodon caliginosus)
Q8UUK2  Venom serine proteinase Spl Crotalus adamanteus (Eastern 259
(EC3.4.21) diamondback rattlesnake)
Q8UVX1 Thrombin-like enzyme Gloydius ussuriensis (Ussuri mamushi) 260
gussurobin (EC 3.4.21) (Agkistrodon caliginosus)
Q90z47 Venom thrombin-like enzyme  Deinagkistrodon acutus (Hundred-pace 235
snake)
Q91053 Thrombin-like enzyme Gloydius ussuriensis (Ussuri mamushi) 262
calobin-1 (EC 3.4.21) (Agkistrodon caliginosus)
(Calobin 1)
Q91507 Mucrofibrase-1 (EC 3.4.21) Protobothrops (Trimeresurus) 257
mucrosquamatus (Taiwan habu)
Q91508 Mucrofibrase-2 (EC 3.4.21) Protobothrops (Trimeresurus) 257
(Trimubin) mucrosquamatus (Taiwan habu)
Q91509 Mucrofibrase-3 (EC 3.4.21) Protobothrops (Trimeresurus) 257
mucrosquamatus (Taiwan habu)
Q91510 Mucrofibrase-4 (EC 3.4.21) Protobothrops (Trimeresurus) 257
mucrosquamatus (Taiwan habu)
Q91511 Mucrofibrase-5 (EC 3.4.21) Protobothrops (Trimeresurus) 257

mucrosquamatus (Taiwan habu)
Q91516 Venom plasminogen activator ~ Trimeresurus stejnegeri (Chinese green 258
(EC 3.4.21) (TSV-PA) tree viper)
Q98TT5  Thrombin-like enzyme Deinagkistrodon acutus (Hundred-pace 258
snake)
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QI9DF66  Venom serine proteinase 3 Protobothrops (Trimeresurus) jerdonii 258
(SP3) (EC 3.4.21) (Jerdon’s pit-viper)

Q9DF67  Venom serine proteinase 2 Protobothrops (Trimeresurus) jerdonii 258
(SP2) (EC 3.4.21) (Jerdon’s pit-viper)

Q9DF68  Venom serine proteinase-like  Protobothrops (Trimeresurus) jerdonii 260
protein (SP1) (Jerdon’s pit-viper)

Q9IDG83  Serpentokallikrein-1 (EC Protobothrops (Trimeresurus) 260
3.4.21) mucrosquamatus (Taiwan habu)

Q9DG84  Serpentokallikrein-2 (EC Protobothrops (Trimeresurus) 257
3.4.21) mucrosquamatus (Taiwan habu)

Q918W9  Venom serine proteinase Deinagkistrodon acutus (Hundred-pace 260
Dav-X (EC 3.4.21) snake)

Q918X0 \enom serine proteinase Deinagkistrodon acutus (Hundred-pace 257
Dav-KN (EC 3.4.21) snake)

Q918X1 \enom serine proteinase Deinagkistrodon acutus (Hundred-pace 258
Dav-PA (AaV-SP-I) snake)
(AaV-SP-I1) (EC 3.4.21)

Q918X2 Thrombin-like enzyme Deinagkistrodon acutus (Hundred-pace 260
acutobin (EC 3.4.21) snake)
(Acuthrombin) (Acutase)

Q91961 Acubin2 Deinagkistrodon acutus (Hundred-pace 258

snake)

Q9PSN3  Thrombin-like enzyme Agkistrodon bilineatus (Cantil) (Tropical 235
bilineobin (EC 3.4.21) moccasin)

Q9PT40 \Venom serine proteinase-like  Vipera Iebetina (Leventine viper) 260
protein 2

Q9PT41 Factor V-activating enzyme Vipera lebetina (Leventine viper) 259
(FVA) (EC 3.4.21)

Q9PT51 Brevinase (EC 3.4.21) Gloydius (Agkistrodon) halys blomhoffi 233
[Brevinase chain A & B] (Mamushi)

Q9PTL3  Thrombin-like enzyme Gloydius (Agkistrodon) halys 257
salmonase (EC 3.4.21) brevicaudus (Korean slamosa snake)

Q9PTU8  Venom serine proteinase A Bothrops jararaca (Jararaca) 258
(EC 3.4.21)

Q9W7S1  Acubin Deinagkistrodon acutus (Hundred-pace 258

snake)

Q9YGI6  Thrombin-like enzyme Gloydius (Agkistrodon) halys pallas 260
pallabin-2 (EC 3.4.21) (Chinese water mocassin)

Q9YGJ2  Thrombin-like enzyme Gloydius (Agkistrodon) halys pallas 260
pallabin (EC 3.4.21) (Chinese water mocassin)

Q9YGJ8  Plasminogen activator Gloydius (Agkistrodon) halys pallas 258
Haly-PA (EC 3.4.21) (Chinese water mocassin)

Q9YGJ9  Serine protease Haly-2 (EC Gloydius (Agkistrodon) halys pallas 257
3.4.21) (Chinese water mocassin)

Q9YGS1  Thrombin-like defibrase 1 Deinagkistrodon acutus (Hundred-pace 234

(Fragment)

snake)




30 Thrombin-Like Enzymes in Snake Venoms 551
References

Alape-Girén, A., Sanz, L., Escolano, J., Flores-Diaz, M., Madrigal, M., Sasa, M., Calvete, J.J.,
2008. Snake venomics of the lancehead pitviper Bothrops asper: geographic, individual, and
ontogenetic variations. J. Proteome Res. 7, 3556-3571.

Alexander, G., Grothusen, J., Zepeda, H., Schwartzman, R.J., 1988. Gyroxin, a toxin from the
venom of Crotalus durissusterrificus






30 Thrombin-Like Enzymes in Snake Venoms 553

Hahn, B.S., Yang, K.Y., Park, E.M., Chang, I.M., Kim, Y.S., 1996. Purification and molecular
cloning of calobin, a thrombin-like enzyme from Agkistrodon caliginosus (Korean viper). J.
Biochem. (Tokyo) 119, 835-843.

Hahn, B.S., Baek, K., Kim, W.S., Lee, C.S., Chang, I.L., Kim, Y.S., 1998. Molecular cloning
of capillary permeability-increasing enzyme-2 from Agkistrodon caliginosus (Korean viper).
Toxicon 36, 1887-1893.

Hartley, B.S., Kilby, B.A., 1954. The reaction of p-nitrophenyl esters with chymotrypsin and
insulin. Biochem. J. 56, 288-297.

Henschen-Edman, A.H., Theodor, I., Edwards, B.F., Pirkle, H., 1999. Crotalase, a fibrinogen-
clotting snake venom enzyme: primary structure and evidence for a fibrinogen recognition



554 S.P. Mackessy

Mackessy, S.P., 1996. Characterization of the major metalloprotease isolated from the venom of
Crotalus viridis oreganus. Toxicon 34, 1277-1285.

Mackessy, S.P. 2002. Biochemistry and pharmacology of colubrid snake venoms. J. Toxicol.-Toxin
Rev. 21, 43-83.

Mackessy, S.P., 2009. The field of reptile toxinology: snakes, lizards and their venoms, in:
Mackessy, S.P. (Ed.), Handbook of Venoms and Toxins of Reptiles. CRC Press/Taylor &
Francis Group, Boca Raton, FL, pp. 3-23.

MacSweeney, A., Birrane, G., Walsh, M.A., O Connell, T., Malthouse, J.P., Higgins, T.M. 2000.
Crystal structure of delta-chymotrypsin bound to a peptidyl chloromethyl ketone inhibitor. Acta
Crystallogr., Sect. D 56, 280-286.

Magalhées, A., Da Fonseca, B.C., Diniz, C.R., Gilroy, J., Richardson, M., 1993. The com-
plete amino acid sequence of a thrombin-like enzyme/gyroxin analogue from venom of the
bushmaster snake (Lachesis muta muta). FEBS Lett. 329:116-20.

Magalhdes, A., Magalhdes, H.P.B., Richardson, M., Gontijo, S., Ferreira, R.N., Almeida, A.P.,
Sanchez, E.F., 2007. Purification and properties of a coagulant thrombin-like enzyme from the
venom of Bothrops leucurus. Comp. Biochem. Physiol. 146A, 565-575.

Marchler-Bauer, A., Anderson, J.B., Chitsaz, F., Derbyshire, M.K., DeWeese-Scott, C., Fong, J.H.,
Geer, L.Y., Geer, R.C., Gonzales, N.R., Gwadz, M., He, S., Hurwitz, D.l., Jackson, J.D., Ke, Z.,
Lanczycki, C.J., Liebert, C.A., Liu, C., Lu, F., Lu, S., Marchler, G.H., Mullokandov, M., Song,
J.S., Tasneem, A., Thanki, N., Yamashita, R.A., Zhang, D., Zhang, N., Bryant, S.H. 2009.
CDD: specific functional annotation with the Conserved Domain Database. Nucleic Acids Res.
37, 205-210.

Markland, F.S., Jr., 1976. Crotalase. Methods Enzymol. 45, 223-236.

Markland, F.S., Jr., 1998. Snake venoms and the hemostatic system. Toxicon 36, 1749-1800.

Markland, F.S., Jr., Kettner, C., Schiffman, S., Shaw, E., Bajwa, S.S., Reddy, K.N., Kirakossian, H.,
Patkos, G.B., Theodor, I., Pirkle, H., 1982. Kallikrein-like activity of crotalase, a snake venom
enzyme that clots fibrinogen. Proc. Natl Acad. Sci. U.S.A. 79, 1688-1692.

Marrakchi, N., Zingali, R.B., Karoui, H., Bon, C., el Ayeb, M., 1995. Cerastocytin, a new thrombin-
like platelet activator from the venom of the Tunisian viper Cerastes cerastes. Biochim.
Biophys. Acta 1244, 147-156.

Marrakchi, N., Barbouche, R., Guermazi, S., Karoui, H., Bon, C., El Ayeb, M., 1997. Cerastotin,
a serine protease from Cerastes cerastes venom, with platelet-aggregating and agglutinating
properties. Eur. J. Biochem. 247, 121-128.

Marsh, N., Williams, V., 2005. Practical applications of snake venom toxins in haemostasis.
Toxicon 45, 1171-1181.

Matsui, T., Sakurai, Y., Fujimura, Y., Hayashi, I., Oh-Ishi, S., Suzuki, M., Hamako, J., Yamamoto,
Y., Yamazaki, J., Kinoshita, M., Titani, K., 1998. Purification and amino acid sequence of
halystase from snake venom of Agkistrodon halys blomhoffii, a serine protease that cleaves
specifically fibrinogen and kininogen. Eur. J. Biochem. 252, 569-575.

Mukherjee, A.K., 2008. Characterization of a novel pro-coagulant metalloprotease (RVBCMP)
possessing a-fibrinogenase and tissue hemorrhagic activity from the venom of Daboia russelli
russelli (Russell’s viper): evidence of distinct coagulant and haemorrhagic sites in RVBCMP.
Toxicon 51, 923-933.

Nakashima, K., Nobuhisa, I., Deshimaru, M., Nakai, M., Ogawa, T., Shimohigashi, Y., Fukumaki,
Y., Hattori, M., Sakaki, Y., Hattori, S., 1995. Accelerated evolution in the protein-coding
regions is universal in crotalinae snake venom gland phospholipase A, isozyme genes. Proc.
Natl. Acad. Sci. U.S.A. 92, 5605-5609.

Nakashima, K., Ogawa, T., Oda, N., Hattori, M., Sakaki, Y., Kihara, H., Ohno, M., 1993.
Accelerated evolution of Trimeresurus flavoviridis venom gland phospholipase A, isozymes.
Proc. Natl. Acad. Sci. U.S.A. 90, 5964-5968.



30 Thrombin-Like Enzymes in Snake Venoms 555

Nikai, T., Ohara, A., Komori, Y., Fox, J.W., Sugihara, H., 1995. Primary structure of a coagu-
lant enzyme, bilineobin, from Agkistrodon bilineatus venom. Arch. Biochem. Biophys. 318,
89-96.

Nishida, S., Fujimura, Y., Miura, S., Ozaki, Y., Usami, Y., Suzuki, M., Titari, K., Yoshida, E.,
Sugimoto, M., Yoshioka, A., Fukui, H., 1994. Purification and characterization of bothrombin,
a fibrinogen-clotting serine protease from the venom of Bothrops jararaca. Biochemistry 33,
1843-1849.

Nirthanan, S., Gwee, M.C.E., 2004. Three-finger a-neurotoxins and the nicotinic acetylcholine
receptor, forty years on. J. Pharmacol. Sci. 94, 1-17.

Nobuhisa, I., Nakashima, K., Deshimaru, M., Ogawa, T., Shimohigashi, Y., Fukumaki, Y., Sakaki,
Y., Hattori, S., Kihara, H., Ohno, M., 1996. Accelerated evolution of Trimeresurus okinavensis
venom gland phospholipase Az isozyme-encoding genes. Gene 172, 267-272.

Nolan, C., Hall, L.S., Barlow, G.H., 1976. Ancrod, the coagulating enzyme from Malayan pit viper
(Agkistrodon rhodostoma) venom. Methods Enzymol. 45, 205-213.

Ogawa, T., Nakashima, K., Nobuhisa, 1., Deshimaru, M., Shimohigashi, Y., Fukumaki, Y., Sakaki,
Y., Hattori, S., Ohno, M., 1996. Accelerated evolution of snake venom phospholipase Az
isozymes for acquisition of diverse physiological functions. Toxicon 34, 1229-1236.



556 S.P. Mackessy

Rowe, S.L., Stegemann, J.P., 2009. Microstructure and mechanics of collagen-fibrin matri-
ces polymerized using ancrod snake venom enzyme. J. Biomech. Eng. 131, 061012. doi:
10.1115/1.3128673.

Sanz, L., Gibbs, H.L., Mackessy, S.P., Calvete, J.J., 2006. Venom proteomes of closely related
Sistrurus






	30 Thrombin-Like Enzymes in Snake Venoms
	Introduction
	Structural Features of Snake Venom TLEs
	Primary and Secondary Structure
	Glycosylation

	Crystal Structures and Structural Predictions
	Gene Structures
	Relations to the Charge Relay Catalytic System of Model Serine Proteases: Chymotrypsin/Trypsin

	Distribution and Evolution of Snake Venom TLEs
	Occurrence and Relative Abundance in Snake Venoms
	Mechanisms of Evolution of SV-TLEs
	Gene Duplication
	Accelerated Point Mutation
	ASSET

	Structural and Phylogenetic Relationships

	Biomedical Applications of SV-TLEs
	Therapeutic Use and Drug Discovery
	Use in Basic xxxÖ±²¥ and Diagnostics
	Future Potential for SV-TLEs

	Summary and Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel



