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Abstract—Thrombin inhibitors from bloodsucking leeches and insects that block conversion of fibrinogen to fibrin are con-
sidered. Regulatory mechanisms influencing the fibrinogen—fibrin system in leeches include fibrinogen degradation, inhi-
bition of factor XIIlIa, and lysis of fibrin clots. The review also summarizes recent data on plasminogen activator from the
vampire bat Desmodus rotundus and a role of fibrin as its cofactor.
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The fibrinogen—fibrin system controls hemostatic
balance. This system plays a major role in maintenance of
blood viscosity under normal conditions and in hemosta-
sis under threats of bleeding [1]. It is activated by various
enzymes acting in an opposite manner. Thrombin is
responsible for the formation of insoluble fibrin, whereas
plasmin is a fibrinolytic and thrombolytic enzyme.
Thrombin is formed during activation of vascular—
platelet and plasma mechanisms of blood coagulation.
Thrombin lacks specific sites (Gla-domain) responsible
for binding to plasma membranes of cells involved in the
activation of prothrombin complex proteins. It appears in
the bloodstream and can interact not only with highly
specific cell surface receptors but also with fibrinogen
(under a certain blood antithrombin potential).
Conversion of plasminogen into plasmin requires plas-
minogen activators. These include tissue activator and
urokinase type activator. The activation of plasminogen
preferentially occurs on the surface of a fibrin clot and
forming plasmin dissolves blood clots. The activity of
plasmin and its activators in blood is controlled by
inhibitors, o,-antiplasmin and PAI-1 and PAI-2 (Plas-
minogen Activator Inhibitor) produced by monocytes
and endothelial cells. The thrombin-activated plasma
carboxypeptidase TAFIa (Thrombin Activated Fibrinoly-
sis Inhibitor) inhibits fibrinolysis (and plasmin activity)
by cleaving fibrin C-terminal residues Lys and/or Arg
involved in plasmin and plasminogen activator binding
[2]; otherwise, plasmin will cause proteolytic degradation
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of fibrinogen and other proteins involved in blood clot-
ting. Platelets play an important role in the regulation of
this system [3]. Transglutaminase, fibrin-stabilizing factor
(factor XIIIa), has an independent function. Its activa-
tion is mediated by thrombin, which converts inactive
precursor factor XIII into the active form. In the presence
of calcium ions, factor XIIIa forms e-(y-Glu)-Lys isopep-
tide bonds between adjacent fibrin monomers and there-
fore regulates hemostatic properties of forming fibrin.
Factor XIIIa also stimulates formation of such bonds
between fibrinogen and fibrin, fibrin and o,-antiplasmin,
fibrin and fibronectin [4].

An evolutionarily conserved mode of feeding of
bloodsuckers (insects, worms, mammals) by blood of
poikilothermic and homoiothermic animals requires their
active intervention into hemostasis of the hosts. The first
variant of such intervention represents the most optimal
pathway of inhibition of host hemostasis by highly specif-
ic biologically active compounds produced by salivary
glands of the bloodsuckers [5, 6]. The second pathway
includes proteolytic degradation of blood plasma fibrino-
gen by salivary gland secreted proteases. This blocks
thrombin mediated conversion of fibrinogen into fibrin
and therefore blocks plasma clot formation. The third
pathway includes activation of host blood plasminogen
into plasmin by salivary gland secretion followed by
degradation of fibrinogen and fibrin.

The mechanism of blood protein degradation by
endo- and exopeptidase of bloodsuckers requires pro-
longed sucked blood digestion in their gut channel. This
process is regulated by proteolytic enzyme inhibitors
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secreted by salivary glands and/or gut channel wall [5].
The maintenance of liquid state of sucked blood is an
important precondition for successful blood digestion in
the gut channels of bloodsuckers. This is regulated by spe-
cific fibrinolytic enzymes present in salivary gland secret
of some bloodsuckers or by compounds influencing disso-
lution of fibrin clot. In the present review, we consider
components of the fibrinogen—fibrin system of blood-
suckers.

THROMBIN INHIBITORS

Thrombin completes a cascade of enzymatic reac-
tions of the plasma component of hemostasis. However,
thrombin not only converts fibrinogen into fibrin clot, but
it also regulates the activity of blood coagulation factors
and stimulates platelet reactions. Thrombin directly
influences hemostatic functions of vascular endothelium
and regulates non-hemostatic functions of blood cells [7,
8]. Thus, thrombin inhibition is an effective tool for reg-
ulation of blood coagulation and modulation of various
complex thrombin-mediated functions.

Since salivary gland secretion of bloodsuckers con-
tains inhibitors of early stages of the hemostatic process
(platelet adhesion and aggregation, activator of factor Xa
and factor Xa itself), thrombin-inhibitory activity of
bloodsucker secretions may inhibit not only blood coagu-
lating activity of this enzyme but also its related functions.

Leeches. Hirudin produced by medicinal leeches
Hirudo medicinalis is the most known natural antithrom-
bin. This polypeptide of molecular mass ~7 kD consists of
65-66 amino acid residues. Leeches produce a family of
peptide iso-inhibitors which share 85-90% homology
with the amino acid sequence of hirudin.

Hirudin is a unique thrombin inhibitor forming a
tight stoichiometric complex with the enzyme. It is the
only inhibitor that blocks thrombin activity at very low
(picomolar) concentrations. Such unique efficacy is
explained by the specific mechanism of multiple
enzyme—inhibitor interaction which was recognized dur-
ing analysis of corresponding crystals. In contrast to other
known inhibitors of serine proteinases, which contact
with the primary binding pocket of the active site, the
region of thrombin contact with hirudin is located near
this pocket. Hirudin inhibits both free and fibrin clot-
bound thrombin [9]. Studies with recombinant hirudin
(the gene encoding hirudin was cloned in 1986 [10])
resulted in the appearance of various structural variants of
the natural inhibitor; they all share one common proper-
ty, non-sulfated Tyr63. The latter determined a common
name of these inhibiors as “de-sulfohirudins” or
“desirudins” [11]. In contrast to the natural inhibitor,
recombinant hirudins are characterized by lower affinity
to thrombin although anticoagulant properties are the
same as in the natural inhibitor. Besides recombinant
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hirudin, shorter peptides resembling the structure of
functional domains of hirudin have been synthesized;
they also exhibit antithrombin activity [12].

Bufrugin. This thrombin inhibitor was isolated from
the cephalic region of Hirudinaria mannilensis, a leech
belonging to the same family as the medicinal leech. This
protein of molecular mass ~7 kD shares ~66% homology
with medicinal leech hirudin. In the test of partial throm-
boplastin time, bufrugin has the same anticoagulant
activity as hirudin. The recombinant variant of this
inhibitor was obtained using DNA cloning and expression
of cDNA in F. coli [12, 13].

Haemadin. This tight-binding thrombin inhibitor of
molecular mass ~5 kD was isolated from the leech
Haemadipsa silvestris. Although the amino acid sequence
of this inhibitor lacks homology with hirudin, the mech-
anisms of thrombin inhibition by these inhibitors are the
same. Expression of the haemadin gene in E. coli cells
provided recombinant protein possessing the same bio-
logical activity as the native inhibitor [14].

Theromin. This potent thrombin inhibitor was isolat-
ed from the leech Theromyzon tessulatum. It is a homod-
imer that consists of 67 amino acid residues (including 16
cysteine residues). The amino acid sequence of theromin
lacks homology with any known thrombin inhibitor.
Besides thrombin inhibition, theromin was shown to
decrease in a dose-dependent manner lipopolysaccha-
ride-induced activation of human monocytes and granu-
locytes [15].

Granulin. A cysteine rich (~20%) polypeptide of
6 kD was isolated from the leech Hirudo nipponia. The
amino acid composition of this acidic peptide (p/ 3.75) is
close to granulin (or epithelin). It also inhibits thrombin
activity [16].

Insects. Antithrombin agents have also been isolated
from various insect bloodsuckers. They have been found
in some species of assassin bugs (Reduviidae). Prolixin
was isolated from Rhodnius prolixus; triatomin and macu-
latin were isolated from Triatoma infestans and
FEutriatoma maculata, respectively. Like hirudin, they
exhibit anticoagulant activity by blocking thrombin; the
mechanism of their action is similar to hirudin and there-
fore they may be a modification of the same type of
inhibitors.

Prolixin, the thrombin inhibitor isolated from
Rhodnius prolixus, has been studied in detail. This highly
specific inhibitor is a protein of molecular mass 11 kD
consisting of 103 amino acid residues. The recombinant
form of this inhibitor was obtained by expression in E.
coli. Homology of amino acid residues 6-48 and 57-101
inside this sequence suggests two-domain structure of this
protein. The amino acid sequence and two-domain struc-
ture refer indicate that this inhibitor is a Kazal type
inhibitor. Prolixin forms 1 : 1 stoichiometric complex
with thrombin. The inhibition constant for both native
and recombinant proteins is 2-107" M [12].
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Triabin. This thrombin inhibitor was isolated from
saliva of the bloodsucking bug Triatoma pallidipensis. 1t
forms a noncovalent complex with thrombin in molar
ratio 1 : 1. Triabin effectively inhibits thrombin-induced
platelet aggregation and prolongs thrombin and partial
thromboplastin coagulation time, but it is less effective in
inhibiting amidolytic thrombin activity assayed with low
molecular mass chromogenic substrate. Triabin totally
inhibits trypsinolysis of thrombin; this effect is attributed
to blockade of an anion-binding exo-site (ABE-1). In a
dose-dependent manner, triabin inhibits the of effect
thrombomodulin on thrombin. These data suggest that
triabin directly acts at the anion-binding exo-site.
Determination of the N-terminal amino acid sequence
was used to obtain cDNA, and four isoforms of this pro-
tein containing 142 amino acid residues were recognized.
Recombinant triabin expressed by FE. coli cells was found
in their periplasm; it was active in the test of thrombin-
induced platelet aggregation and inhibited fibrinogen
hydrolysis by thrombin with K; =3 mM [17].

The potent and specific thrombin inhibitor 777
(Tsetse Thrombin Inhibitor) was found in extracts of sali-
vary glands of the tsetse fly (Glossina morsitans morsitans).
This is a low molecular mass peptide (3.53 kD). It does
not have any homology with known anticoagulants. TTI
is a stoichiometric thrombin inhibitor (K; = 584:10~!° M).
It can inhibit thrombin-induced platelet aggregation [18].

Tabanin. This highly effective inhibitor was isolated
from salivary glands of the bloodsucking female gadfly
Tabanus bovinus [12]. The mechanism of its action is sim-
ilar to that of hirudin.

Anophelin. This polypeptide of molecular mass
6.34 kD was isolated from salivary glands of the mosquito
Anopheles albimanus. It inhibits thrombin-induced
platelet aggregation, esterase activity of thrombin
(assayed with synthetic substrate), and fibrinogen cleav-
age by thrombin [19]. Anophelin is a reversible competi-
tive thrombin inhibitor (K; = 5.87 + 1.46 pM) forming a
tight stoichiometric complex with a-thrombin. lonic
interactions influence the inhibitory activity. In the pres-
ence of 0.15 and 0.4 M NadCl, the K, values increased by
17.6- and 207-fold, respectively. Studies of the interac-
tions of anophelin with a- and y-thrombin revealed that
anophelin inhibits both the catalytic site and anion-bind-
ing exo-site 1 of thrombin [20].

Secretion of salivary glands of some bloodsucking
flies (Diptera: Simuliidae) possesses anticoagulant activi-
ty. Extracts of salivary glands of Simulium argus Williston
and Simulium vittatum Zetterstedt exhibit antithrombin
activity [21].

Ticks. Thrombin inhibitors were isolated from sali-
vary glands of ticks of the genus Ornithodoros:
Ornithodoros moubata and Ornithodoros savingnyi. They
were named ornithodorin and savignin, respectively.

Ornithodorin. This is a potent (K, = 1072 M) and
highly selective thrombin inhibitor. This protein is char-
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acterized by two-domain structure. Each domain has
some similarity with Kunitz pancreatic trypsin inhibitor
and with TAP (Tick Anticoagulant Peptide) isolated from
the same organism [22]. Like hirudin, the N-terminal
part of the ornithodorin polypeptide chain binds near the
catalytic site of thrombin, whereas the C-terminal
domain interacts with the exo-site of fibrinogen recogni-
tion [22, 23].

Savignin. This is a polypeptide of molecular mass
12.43 kD. It inhibits thrombin-induced platelet aggrega-
tion but does not influence ADP- or collagen-induced
platelet aggregation. Kinetic experiments revealed that
savignin is competitive thrombin inhibitor that is more
selective for a-thrombin (K; = 4.89 * 1.39 pM) than for
y-thrombin (K; = 22.3 +£ 5.9 nM). It is inactive with
respect to plasmin, factor Xa, and trypsin [24].

Thrombin inhibitor was also isolated from the tick
Ixodes ricinus; it was named ixin. The specific antithrom-
bin activity of this mini-protein is 250 U per mg protein
[25].

REGULATORS OF FIBRINOGENOLYSIS
AND FIBRINOLYSIS

Under conditions of physiological hemostasis there
is a dynamic equilibrium between fibrin formation by
thrombin, its stabilization by factor XIIIa, and the fibrin
degrading system. It should be noted that stabilized fibrin
is much more resistant to the action of blood proteolytic
enzymes than fibrinogen and non-stabilized fibrin.

Various antithrombins found in saliva and/or extracts
of the bloodsuckers together with inhibitors of
platelet—vascular and plasma hemostases not only main-
tain anticoagulant potential of the salivary gland secre-
tions but also play a role of blood preservatives in the gut
channel of the bloodsuckers.

Little is known on the degradation of fibrinogen and
fibrin by secretions of bloodsuckers. Here we summarize
data obtained using probostic leeches Haementeria, jaw
leech Hirudo medicinalis, and the bloodsucking vampire
bat. We did not find any information on the presence of
such biological activity in the salivary gland secretions of
the bloodsucking insects.

Leeches. The giant proboscis leech Haementeria
ghilianii can be 50 cm long and its proboscis is about
10 cm. Using this proboscis the leech sucks blood and
blood coagulation is blocked in the proboscis by secretion
produced by four salivary glands [26]. Blood (15 ml) pass-
es along the proboscis at the rate ~0.14 ml/min. The
secretion of these leeches does enter the wound, and this
explains lack of bleeding of the bitten animals [27].
Besides factor Xa inhibitor [28], the salivary gland secre-
tion contains an enzyme known as hementin. The latter is
responsible for proteolysis of blood fibrinogen with for-
mation of products which block conversion of fibrinogen
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into fibrin catalyzed by thrombin [29]. Since fibrinogen is
involved in formation of platelet aggregates (acting as a
bridge between separate cells), this prevents platelet
aggregation induced by ADP and collagen. Hementin can
also induce deaggregation of platelet aggregation induced
by ADP, but not collagen [30]. Hementin has a low affin-
ity to fibrin. However, taking into consideration that the
sucked blood contacts the salivary gland secretion and
passes the proboscis quicker (about 1 min) than it is
required for spontaneous blood coagulation accompanied
by fibrin formation, it was suggested that hementin can
cause fibrinogen degradation and therefore leave forming
thrombin without its natural substrate; besides, fibrinogen
degradation prevents platelet aggregation [27]. So
hementin is the single exogenic regulator of hemostasis
produced by Haementeria ghilianii. However, salivary
gland secretion of these leeches contains factor XlIIla
inhibitor, tridegin, which readily forms a complex with
the A- and B-subunits of factor XIIla. The presence of
tridegin together with hementin in the secretion questions
the lack of fibrin formation in the leech proboscis and/or
in the gut channel during blood storage. It is possible that
this inhibitor prevents formation of stabilized fibrin,
which is hydrolyzed by hementin at very low rate.
Inhibitors of proteolytic enzymes, inhibitors of trypsin,
plasmin, a.-chymotrypsin, and granulocyte elastase, were
found in extracts of salivary glands of Haementeria ghil-
ianii [31]. Perhaps, they are involved in preservation of
the sucked blood and regulate its digestion like proteinase
inhibitors of the medicinal leech (Hirudo medicinalis) [5].

Hementin. This is a neutral Ca-dependent metallo-
proteinase with pH optimum at 7.5 [32]. It consists of a
single polypeptide chain with molecular mass 80-120 kD
[33]. The amino terminal sequence was determined to be
TTLTE-PEPDL [34]. Hementin can induce proteolytic
degradation of fibrinogen [29] with K, 1.0 = 0.1 uM [32].
As in the case of plasmin, fibrinogen degradation by
hementin results in Y-, D-, and E-fragments. However, a
unique action of hementin consists in initial proteolytic
attack of oa-helical regions connecting the D- and E-
domains of fibrinogen, and three peptide bonds are
cleaved (Asn102—Asnl03 in the Ao-chain, Lys130—
GInl31 in the BB-chain, and Pro76—Asn77 in the y-
chain). In contrast to plasmin, splitting out 111 amino
acid residues from the C-terminal region of Ac-chain
occurs very slowly [35]. Hementin-induced fibrinogen
degradation results in formation of three pairs of products
with molecular masses 320 and 300, 225 and 200, and 157
and 132 kD. In each pair the fragment of higher molecu-
lar mass contains intact C-terminal regions of Aa-, Bf3-,
and y-chains. The fragment of 225 kD contains intact
Aa-, BB-, and y-chains of the initial fibrinogen. Products
of hementin-induced fibrinogen degradation inhibit fib-
rinogen coagulation by thrombin [29]. However,
hementin cannot induce degradation of isolated chains of
fibrinogen. This suggests the requirement of native fib-
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rinogen conformation for recognition by the enzyme
[33]. Hementin-treated fibrinogen cannot undergo
thrombin-induced coagulation even in the presence of
blood plasma proteinase inhibitors [29]. Hementin does
not influence the activity of plasma proteins other than
fibrinogen. The level of blood coagulation factors II, V,
VII-XII, prekallikrein, and high molecular weight
kininogen remains unchanged in the presence of
hementin [32]. Hementin can lyse fibrin clots; however,
its fibrinolytic activity is less pronounced than the fib-
rinogenolytic one [29].

Tridegin. This polypeptide consists of 66 amino acid
residues (molecular mass 7.6 kD). It shares high homolo-
gy with two isoforms of ornatin, antagonist of glycopro-
tein IIb/Illa (platelet receptor). Ornatin was isolated
from leeches Placobdella ornata (related to Haementeria
ghilianii). Some homology (33%) exists between tridegin
and ghilanten, inhibitor of factor Xa also isolated from
the leech Haementeria ghilianii. However, tridegin does
inhibit platelet aggregation (as ornatin) and does not
block activity of factor Xa (as ghilanten) [36]. Tridegin is
the only natural inhibitor, which blocks both the activity
of blood plasma fibrin-stabilizing factor and platelet fib-
rin-stabilizing factor of factor XIIlIAa (IC,, =
0.44 pg/ml). (The latter represents the catalytic A subunit
of factor XlIIla.) Tridegin also inhibits activity of tissue
transglutaminase (IC5, = 1.7 pg/ml). It does not influ-
ence (even at high concentration) activity of other thiol-
dependent enzymes such as papain, bromelain, and
cathepsin G [37]. The inhibitory effect of tridegin on tis-
sue transglutaminase depends on calcium ions, whereas
inhibition of plasma factor XIIla is Ca®"-insensitive.
Tridegin inhibits cross-linking (formation of isopeptide
bonds) between fibrin and PAI-2 (see above) stimulated
by factor XIIIa or tissue transglutaminase. This identified
GIn83 and GIn86 in PAI-2 as amino acid residues
involved into formation of isopeptide bonds with fibrin
and revealed the mechanism responsible for the location
of PAI-2 on fibrin, where it inhibits fibrinolysis provoked
by urokinase type plasminogen activator [38]. Tridegin
does not exhibit total anticoagulant activity. It blocks only
the phase of fibrin stabilization [36]: the formation of &-
(y-Glu)-Lys isopeptide bonds between y-y- and a-o-
chains fibrin does not occur and therefore it is not accom-
panied by the formation of D-D-dimer. Lack of isopep-
tide bonds leads to rapid lysis of plasma clot, which is
stimulated by streptokinase, tissue plasminogen activator
or hementin [39]. Plasma clots formed in the presence of
tridegin are more sensitive to lysis by hementin (time
required for 50% lysis in the presence and absence of
hementin was 16 and 22.3 h, respectively) [40]. Study of
lysis of clots formed from platelet rich plasma revealed
that in the presence of tridegin the effect of fibrinolytic
enzymes was the same as in platelet poor plasma, where-
as lysis of platelet-containing clots occurred slower. This
suggests an important role of platelets in the resistance of
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plasma clots to fibrinolytic enzymes and importance of
cross-linking in this process [39].

All these data on the effects of hementin and tridegin
suggest synergic action of these components of salivary
glands of Haementeria ghilianii. They may be considered
as promising thrombolytic agents.

Hementerin. This protein exhibiting fibrino(geno)-
Iytic activity was isolated from salivary gland extracts of
the leech Haementeria depressa. Highly purified
hementerin consists of a single polypeptide chain with
molecular mass of 80 kD. This Ca?"-dependent metallo-
proteinase specifically hydrolyses fibrin(ogen) irrespec-
tively to activation by plasminogen. N-terminal octapep-
tide sequence shares 80% homology with hementin.
However, these proteins differ in kinetic constants and
mode of fibrin(ogen) cleavage. Hementerin cleavage of
Aa-, BB-, and y-chains of fibrinogen yields degradation
products with molecular masses ranging from 270 to
67 kD; they differ from degradation products obtained
after fibrinogen cleavage by plasmin and hementin.
Hementerin can hydrolyze stabilized fibrin and lyse blood
clots at a lower rate than plasmin [41].

Destabilase. Secretion of salivary glands of the
medicinal leech Hirudo medicinalis does not contain pro-
teolytic activity; it is also unable to activate plasminogen
[42]. However, leech therapy is known to be very effective
in the treatment of various thrombophlebites [43]. In fact,
leech secretion does not affect non-stabilized fibrin; how-
ever, stabilized fibrin is lysed during prolonged incubation
(for 40 h and even longer) at 37°C and efficacy of lysis
depends on the degree of fibrin stabilization. In contrast
to monomeric fibrin, the resulting products do not under-
go polymerization after dilution with saline [42]. These
results suggested the existence of some enzyme specifical-
ly hydrolyzing endo-g-(y-Glu)-Lys isopeptide bonds
accompanied by formation of modified fibrin monomers.
These modified monomers may appear after the sponta-
neous depolymerization of destabilized fibrin. Such
depolymerization stems from charge redistribution,
which occurs after isopeptidolysis: instead of GIn and Lys
residues initially involved in isopeptide bond formation
(during fibrin stabilization) Glu and Lys appear. The
enzyme responsible for such activity in the salivary gland
secretion of the medicinal leech is called destabilase [42].
Its molecular mass (determined by SDS-PAGE) is
12.3 kD [44].

Under intravenous injection, partially purified desta-
bilase preparations exhibited thrombolytic properties and
thrombi preformed in the rat were lysed by 75 and 100%
in 67 and 137 h after intravenous injection of destabilase,
respectively [45]. The low rate of thrombolysis correlated
with low rate of vascular wall repair. Inconsistency
between these parameters during urgent thrombolytic
therapy with streptokinase and tissue plasminogen activa-
tor is often (in 30% of cases) complicated by repeated
thromboses, which are not seen during the leech therapy
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of thrombophlebites. The latter may be attributed to the
thrombolytic properties of the leech secretion.
D-D-dimer, a protein of molecular mass 190 kD, is
the substrate of destabilase. This protein contains frag-
ments of all three chains of monomer fibrin (o, B, y). The
D-D-dimer represents a fragment of stabilized fibrin; it
contains two isopeptide bonds formed by Lys405 and
GIn397 in C-terminal regions of y-chains [46].
Destabilase causes monomerization of D-D-dimer [47],
and there is a nonlinear dependence of the reaction rate
on substrate concentration [48]. Sequence analysis
revealed the identity of three N-terminal amino acids
from the y-y-chains of D-D-dimer and y-chains of
formed D-monomer indicating preservation of the
integrity of these polypeptide chains. These results agree
with the hypothesis that the isopeptide bonds are cleaved
during the monomerization of D-D-dimer by destabilase
[49, 50]. The stabilized fibrin is also a substrate of desta-
bilase, which catalyzes hydrolysis of isopeptide bonds
connecting y-y- and a-a-chains of this protein [47].
Decoding of the primary structure of this enzyme
allowed the synthesis of primers and the revelation of a
family of three genes encoding destabilase; they encode
proteins differing by some substitutions in the primary
structure [51, 52]. Attempts to express the gene encoding
destabilase in FE. coli or yeast cells were not successful.
Recombinant protein containing seven disulfide bonds
was elaborated as inclusion bodies and it was impossible
to solubilize them. Only expression in a baculoviral sys-
tem provided cell extract containing catalytically active
recombinant destabilase exhibiting monomerization of
D-D-dimer [51]. The comparison of the amino acid
sequence of destabilase revealed high homology of this
protein with invertebrate lysozyme. Besides D-D-dimer
monomerizing activity, it also exhibited lysozyme activity
with respect cell walls of Microccocus lysodeikticus.
Repeated expression of the destabilase gene in the bac-
uloviral system revealed lysozyme activity in the cell
extracts; it was demonstrated that the sensitivity of the
lysozyme test was significantly higher than the D-D-
dimer monomerizing one. For example, lysozyme activi-
ty can be detected when 4.5-10° active molecules per cell
are present, whereas D-D-dimer monomerizing activity
is detected only at the level not less than 10® active mole-
cules per cell [53]. So until recently, it remained unclear
whether these activities represent a characteristic proper-
ty of one or two proteins, and what is the ratio between D-
D-dimer monomerizing and lysozyme activities in the
cell extracts. Recently these two activities were separated
using reversed-phase chromatography of highly purified
protein using a C18 column; these activities were also
separated by HPLC of salivary gland secretion of the
medicinal leech using Superose S-12 gel filtration [54].
Further experiments are required to demonstrate whether
these activities can be attributed to two different proteins
or to isoforms of one protein. It is known that destabilase
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is very sensitive to external effects; for example, low con-
centrations of any detergents convert destabilase into a
highly active proteinase that can hydrolyze not only D-
D-dimer, but also casein and bovine serum albumin [55].

y-Glutamyl transpeptidase. This protein catalyzing
cleavage of the synthetic substrate y-Glu-pNA (p-
nitroaniline) was isolated from salivary gland secretion
and gut channel content of the medicinal leech Hirudo
medicinalis. It consists of 600 amino acid residues and has
molecular mass of 65.52 kD. The complete nucleotide
sequence of the gene coding this protein and primary
structure of the protein are revealed. The N-terminal
region of y-glutamyl transpeptidase shares 41.5% identity
with a large subunit of human blood y-glutamyl transpep-
tidase; the C-terminal region of the leech enzyme shares
48.9% identity with the small subunit of the human blood
enzyme [56]. Binding of this protein to concanavalin A
suggests its glycosylation. SDS-PAGE revealed that this
enzyme can cleave a-o- and y-y-chains of stabilized fib-
rin which are linked by &-(y-Glu)-Lys isopeptide bonds.
The appearance of additional bands suggests that proteol-
ysis also occurs. The properties of this enzyme are similar
to those of bovine y-glutamyl transpeptidase [56].

Proteinase AhP (A. hydrophyla proteinase). This
enzyme is secreted by symbiotic bacteria of the medicinal
leech, Aeromonas hydrophyla, which inhabit the leech gut
channel [57]. AhP is Zn-dependent proteinase of molec-
ular mass 19 kD containing one zinc atom per molecule;
it is sensitive to inhibition by 1,10-phenanthroline.
Iodoacetate, leupeptin, DFP, PMSEF, pepstatin, and o,-
macroglobulin do not influence AhP activity. The N-ter-
minal amino acid sequence shares 50% identity with
some known Zn-dependent proteinases. AhP selectively
cleaves the peptide bond after the second Gly residues in
the sequence Gly-Gly-Xxx;-Xxx,. The dimer of y-chain
of fibrin containing the sequence Gly-Gly-Ala-Lys-N,-y-
Glu in the region of isopeptide bond formation (g-(y-
Glu)-Lys) is the substrate of this enzyme. In stabilized
fibrin, AhP hydrolyzes the peptide bond Gly-Ala and this
is accompanied by the formation of two “pseudo y-
monomers” [58]. In contrast to stabilized fibrin, fibrino-
gen is not a substrate for AhP because it contains unsub-
stituted Lys residue in the sequence Gly-Gly-Ala-Lys,
which is a potential region for cross-linking; this provides
a conformation of the fibrinogen molecule that differs
from that of fibrin. With substrate Suc-Gly-Gly-N-
CONH, (where N, is p-nitrophenylalanine) /K, is
140-1000 M~'sec™!. The presence of AhP accelerates
lysis of stabilized fibrin by tissue activator of plasminogen
[58]. A similar mechanism was recognized for the matrix
metalloproteinases stomelysin and martilysin, and mem-
brane matrix metalloproteinase type I [59].

Attempts to apply the same mechanism to D-D-
dimer monomerizing activity of destabilase are not cor-
rect because the latter is not a metalloproteinase enzyme
(unpublished observation).

DSPA (Desmodus Salivary Plasminogen Activator).
This protein activating conversion of plasminogen into
plasmin was isolated from saliva of the South American
vampire bat Desmodus rotundus [60]. It exists as four
genetically and biochemically distinct isoforms each of
which has a certain combination of structural fragments
(domains) also typical for urokinase and tissue activators
of plasminogen. They are the so-called finger (F)
domain, epidermal growth factor-like (E) domain,
kringle (K), and protease (P) domain. The latter is typical
for serine proteinases. The isoforms are designated as
FEKP (DSPAa-1 and a-2), EKP (DSPAB), and KP
(DSPAYy) [61]. They all represent single chain glycosylat-
ed proteins with molecular masses of 49, 42, and 40 kD.
The primary structure of DSPA (FEKP) shares 85%
homology with tissue plasminogen activator (t-PA) [62].
In the absence of fibrin, neither form can activate conver-
sion of Glu-plasminogen into plasmin, and the /K,
value is only 4 M~!:sec™! (with t-PA this parameter is sig-
nificantly higher, 42 M~!sec™!). However, in the presence
of fibrin monomers the activating effect of DSPAa-1 and
a.-2 sharply increases (the k,/K,, value is 970 M~'-sec™).
In the presence of non-stabilized and stabilized fibrin this
effect is much higher (54,000 and 174,000 M~'sec™!,
respectively). Similar catalytic behavior was also typical
for t-PA in the presence of fibrin-2 [63]. This implies the
important role of binding of DSPAa-1 and a-2 with fib-
rin. In fact, non-protease domains and the protease
domain of this activator irreversibly bind to fibrin, but the
mechanisms of this binding are different [64]. The cofac-
tor effect of fibrin is known to be determined by its inter-
action with the activator and plasminogen [65]. In t-PA,
the F-domain and kringle-2 are involved in the interac-
tion with fibrin. In the case of DSPAa-1, its F-domain
also interacts with fibrin; since it lacks kringle-2, low
affinity sites of E- and K-domains are also involved in this
interaction. Involvement of these domains is supported by
the fact that DSPAPB and DSPAy are homologous to
DSPAa-1 by 89 and 90%, respectively, but lacking the F-
domain are also stimulated by fibrin (although to a lesser
extent) during activation of plasminogen [61].
Comparison of the characteristic features of DSPA and t-
PA is important because DSPAa-1 has some advantages
over this widely used thrombolytic agent. Fibrin stimu-
lates the catalytic efficacy (k./K,) of DSPAa-1 up to
100,000-fold, whereas in the case of t-PA this stimulation
is “only” 550-fold. The selectivity of the fibrin effect
(evaluated as fibrin/fibrinogen ratio of the bimolecular
rate constants of plasminogen activation) is 13,000,
6,500, 250, 90, and 72 for DSPAa-1, DSPAa-2, DSPAB,
DSPAy, and t-PA, respectively [61]. High molecular
weight products of fibrin degradation can also act as
cofactors during plasminogen activation. The effect of
TAFIa reduces their efficacy with respect to DSPAa.-1 by
215 times, whereas t-PA activation was 90 times less after
treatment with TAFIa. This suggests the important role of
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F-domain binding sites for fibrin and products of its
degradation during DSPAa.-1 activation [66]. In contrast
to t-PA, intravenous administration of DSPA to animals
did not cause activation of blood plasma plasminogen and
degradation of fibrinogen and factor VIII. So DSPA
administration is much safer in terms of possibility of
increased bleeding which often accompanies t-PA injec-
tions [67, 68]. Preclinical and clinical trials revealed cer-
tain advantages of DSPA over t-PA, such as extremely
high affinity for fibrin and prolonged half-life time in
blood plasma (2.8 h for DSPA versus 4-8 min for t-PA);
thus, a single dose of DSPA may be sufficient for throm-
bolysis [69]. So, DSPA is considered now as an ideal
thrombolytic agent [70, 71] like tenecteplase, lan-
oteplase, staphylokinase, and saruplase [69].

This review provides convincing evidence that adap-
tation to feeding with vertebrate blood and its subsequent
digestion by bloodsuckers occurs via directed synthesis of
highly specific biologically active compounds in salivary
glands of these animals. Studies of the mechanisms of
their action on certain components of the hemostatic
process can be used to regulate particular stages of hemo-
stasis. Recombinant analogs of these compounds are
already used in clinical practice (e.g., hirudin) [72] or
intensively studied in preclinical and clinical trials: DSPA
[69], antistasin, and TAP as factor Xa inhibitors from the
leech (Haementeria officinalis) and the tick (Ornithodorus
moubata), respectively [73], and also inhibitors of adhe-
sion and platelet aggregation from leeches [74]. Thus, it is
important to extend the use of exogenous regulators of
hemostasis as effective and safe agents for the treatment
of various cardiovascular diseases.

REFERENCES

1. Sidelmann, J. J., Gram, J., Jespersen, J., and Kluft, C.
(2000) Sem. Thromb. Hemost., 26, 605-618.

2. Wang, W., Boffa, M., Bajzar, L., Walker, J. B., and
Neisheim, M. E. (1998) J. Biol. Chem., 273, 27176-27181.

3. Devine, D. V., and Carter, C. J. (1995) Coron. Artery Dis.,
6, 915-922.

4. Lorand, L. (2000) Arterioscler. Thromb. Vasc. Biol., 20, 2-9.

5. Baskova, 1. P., and Zavalova, L. L. (2001) Biochemistry
(Moscow), 66, 703-714.

6. Basanova, A. V., Baskova, 1. P., and Zavalova, L. L. (2002)
Biochemistry (Moscow), 67, 143-150.

7. Strukova, S. M. (2001) Biochemistry (Moscow), 66, 8-18.

8. Coughlin, S. R. (2001) Thromb. Haemost., 86, 298-307.

9. Markwardt, F. (1994) Thromb. Res., 74, 1-23.

0. Harvey, R. P, Degryse, E., Stefani, L., Schamber, FE,
Cazenave, J. P, Courtney, M., Tolstshev, P, and Lecocq, J.
P. (1986) Proc. Natl. Acad. Sci. USA, 83, 1084-1088.

11. Matheson, A. J., and Goa, K. L. (2000) Drugs, 60, 679-700.

12. Markwardt, F (1996) Clin. Appl. Thrombosis/Hemostasis, 2,

75-82.
13. Electricwala, A., Sawyer, R. T., Jones, C. P., and Atkinson,
T. (1991) Blood Coagul. Fibrinolysis, 2, 83-89.

BIOCHEMISTRY (Moscow) Vol. 67 No.1 2002

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

141

Strube, K. H., Kroger, B., Bialojan, S., Otte, M., and
Dodt, J. (1993) J. Biol. Chem., 268, 8590-8595.

Salzet, M., Chopin, V., Baert, J., Matias, 1., and Malecha,
J. (2000) J. Biol. Chem., 275, 30774-30780.

Hong, S.J., and Kang, K. W. (1999) Protein Exp. Purif., 16,
340-346.

Noeske-Jungblut, C., Haendler, B., Donner, P., Alagon,
A., Possani, L., and Schleuning, O. (1995) J. Biol. Chem.,
270, 28629-28634.

Cappello, M., Bergum, P. W., Vlasuk, G. P., Furmidge, B.
A., Pritchard, D. 1., and Aksoy, S. (1996) Am. J. Trop. Med.
Hyg., 54, 475-480.

Valenzuela, J. G., Francischetti, I. M., and Ribeiro, J. M.
(1999) Biochemistry, 38, 11209-11215.

Francischetti, I. M., Valenzuela, J. G., and Ribeiro, J. M.
(1999) Biochemistry, 38, 16678-16685.

Abebe, M., Cupp, M. S., Ramberg, F. B., and Cupp, E. W.
(1994) J. Med. Entomol., 31, 908-911.

Van de Locht, A., Stubbs, M. T., Bode, W., Friedrich, T.,
Bollschweiler, C., Hoffken, W., and Huber, R. (1996)
EMBO J., 15, 6011-6017.

Klinger, J., and Friedrich, T. (1997) Biophys. J., 73, 2195-
2200.

Nienaber, J., Gaspar, A. R., and Neitz, A. W. (1999) Exp.
Parasitol., 93, 82-91.

Hoffmann, A., Walsmann, P., Riesener, G., Paintz, M., and
Markwardt, E (1991) Pharmazie, 46, 209-212.

Sawyer, R. T., Casellas, M., Munro, R., and Jones, C. P.
(1991) Comp. Haematol. Int., 1, 35-41.

Sawyer, R. T., Jones, C. P, and Munro, R. (1991) Blood
Coagul. Fibrinolysis, 2, 153-159.

Theunissen, H. J., Dijkema, R., Swinkels, J. C., de Poorter,
T. L., Vink, P. M., and van Dinter, T. G. (1994) Thromb.
Res., 75, 41-50.

Budzynski, A. Z., Olexa, S. A., and Sawyer, R. T. (1981)
Soc. Exp. Biol. Med., 168, 259-265.

Munro, R., Jones, C. P, and Sawyer, R. T. (1991) Platelets,
2, 55-56.

Murer, E. H., James, H. L., Budzynski, A. Z.,
Malinconico, S. M., and Gasic, G. J. (1984) Thromb.
Haemost., 51, 24-26.

Malinconico, S. M., Katz, J. B., and Budzynski, A. Z.
(1984) J. Lab. Clin. Med., 103, 44-58.

Budzynski, A. Z. (1991) Blood Coagul. Fibrinolysis, 2, 149-152.
Swedesh, J. K., Huang, I. Y., and Budzynski, A. Z. (1990)
J. Chromatogr., 502, 359-369.

Kirschbaum, N. E., and Budzynski, A. Z. (1990) J. Biol.
Chem., 265, 13669-13676.

Finney, S., Seale, L., Sawyer, R. T., and Wallis, R. B. (1997)
Biochem. J., 324, 797-805.

Finney, S., Seale, L., Sawyer, R. T., and Wallis, R. B. (1996)
Blood Coagul. Fibrinolysis, 7, 730-737.

Ritchie, H., Robbie, L. A., Kinghorn, S., Exley, R., and
Booth, N. A. (1999) Thromb. Haemost., 81, 96-103.

Seale, L., Finney, S., Sawyer, R. T., and Wallis, R. B. (1997)
Thromb. Haemost., 77, 959-963.

Wallis, R. B., Seale, L., Finney, S., Sawyer, R. T., Bennett,
G. V,, and Ross-Murphy, S. B. (1997) Blood Coagul.
Fibrinolysis, 8, 291-295.

Chudzinski-Tavassi, A. M., Kelen, E. M., de Paula Rosa,
A. P, Loyau, S., Sampaio, C. A., Bon, C., and Angles-
Cano, E. (1998) Thromb. Haemost., 80, 155-160.



142
42.

43,
44,
45,

46.
47.

48.
49.
50.

51

52.

53.

54.
55.

56.

ZAVALOVA et al.

Baskova, I. P., and Nikonov, G. 1. (1985) Biokhimiya, 50,
424-431.

Zaitsev, G. G. (1942) Thrombophlebites [in Russian],
Medizdat, Moscow.

Baskova, I. P., Nikonov, G. I., Zavalova, L. L., and
Larionova, N. 1. (1990) Biokhimiya, 55, 674-679.

Baskova, I. P., and Nikonov, G. 1. (1990) Blood Coagul.
Fibrinolysis, 2, 167-172.

Doolittle, R. T. (1984) Ann. Rev. Biochem., 53, 195-229.
Zavalova, L. L., Nikonov, G. 1., Kuzina, E. V., Popova, G.
Yu., and Baskova, 1. P. (1991) Biokhimiya, 56, 115-124.
Baskova, I. P, Zavalova, L. L., Basanova, A. V., and
Grigor’eva, O. 1. (1999) Bioorg. Khim., 25, 435-438.
Zavalova, L. L., Kuzina, E. V., Levina, N. B., and Baskova,
1. P. (1992) Biokhimiya, 57, 468-472.

Zavalova, L. L., Kuzina, E. V., Levina, N. B., and Baskova,
1. P. (1993) Thromb. Res., 71, 241-244.

Zavalova, L., Lukyanov, S., Baskova, 1., Snezhkov, E.,
Berezhnoy, S., Bogdanova, E., Barsova, E., and Sverdlov,
E. (1996) Mol. Gen. Genet., 253, 20-25.

Fradkov, A., Berezhnoy, S., Barsova, E., Zavalova, L.,
Lukyanov, S., Baskova, 1., and Sverdlov, E. (1996) FEBS
Lett., 390, 145-148.

Zavalova, L. L., Baskova, I. P., Lukyanov, S. A., Sass, A. V.,
Snezhkov, E. V., Akopov, S. B., Artamonova, I. I.,
Archipova, V. S., Nesmeyanov, V. A., Kozlov, D. G,
Benevolensky, S. V., Kiseleva, V. I., Poverenny, A. M., and
Sverdlov, E. D. (2000) Biochim. Biophys. Acta, 1487, 69-77.
Baskova, 1. P., Zavalova, L. L., Basanova, A. V., and Sass,
A. V. (2001) Biochemistry (Moscow), 66, 1368-1373.
Zavalova, L. L., Kuzina, E. V., and Baskova, 1. P. (1994)
Biochemistry (Moscow), 59, 675-680.

Friedrich, T., Kroger, B., Koerwer, W., Strube, K.-H.,
Meyer, T., and Bialojan, S. (1998) Eur. J. Biochem., 256,
297-302.

57.

58.

59.

60.

6l.

62.

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

Loewy, A. C., Santer, U. V., Wieczorek, M., Blodgett, J.,
Jones, S., and Cheronis, J. (1990) in Abst. Comm.: Int.
Symp. on Peptide Inhibitors of Proteolytic Enzymes,
Montpillier, France, p. 75.

Loewy, A. G., Santer, U. V., Wieczorek, M., Blodgett, J.
K., Jones, S. W., and Cheronis, J. C. (1993) J. Biol. Chem.,
268, 9071-9078.

Bini, A., Wu, D., Schnuer, J., and Kudryk, B. J. (1999)
Biochemistry, 38, 13928-13936.

Hawkey, A. (1967) Br. J. Haematol., 13, 1014-1016.
Bringmann, P., Gruber, D., Liese, A., Toschi, L.,
Kratzchmar, J., Schleuning, W. D., and Donner, P. (1995)
J. Biol. Chem., 270, 25596-25603.

Gardell, S., Dujng, L. T., Diehl, R. E., York, J. D., Hare, T.
R., Register, R. B., Jacobs, J. W., Dixon, R. A. F.,, and
Friedman, A. P. (1989) J. Biol. Chem., 264, 17947-17952.
Bergum, P. W,, and Gardell, S. J. (1992) J. Biol. Chem.,
267, 17726-17731.

Toschi, L., Bringmann, P., Petri, T., Donner, P.,, and
Schleuning, W. D. (1998) Eur. J. Biochem., 252, 108-112.
Horrevoets, A. J. G., Pannekoek, H., and Nesheim, M. E.
(1997) J. Biol. Chem., 272, 2183-2191.

Walker, J. B., and Nesheim, M. E. (2001) J. Biol. Chem.,
276, 3138-3148.

Mellott, M. J., Ramjit, D. R., Stabilito, I. I., Hare, T. R.,
Senderak, E. T., Lynch, J. J., and Gardell, S. J. (1995)
Thromb. Haemost., 73, 478-483.

Weitz, J. 1. (1995) J. Vasc. Interv. Radiol., 6, 195-23S.

Van de Werf, F J. (1999) Eur. Heart J., 20, 1452-1458.
Gardell, S. J. (1993) Toxicol. Pathol., 21, 190-198.
Verstraete, M. (2000) Am. J. Med., 109, 52-58.

Wallis, R. B. (1996) Semin. Thromb. Hemost., 22, 185-196.
Markwardt, E. (1996) Clin. Appl. Thrombosis/Hemostasis, 2,
75-82.

Salzet, M. (2001) FEBS Lett., 492, 187-192.

BIOCHEMISTRY (Moscow) Vol. 67 No.1 2002



