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Background: Snake venoms are rich in Kunitz-type protease inhibitors that may have therapeutic applications.
However, apart from trypsin or chymotrypsin inhibition, the functions of most of these inhibitors have not
been elucidated. A detailed functional characterization of these inhibitors may lead to valuable drug candidates.
Methods: A Kunitz-type protease inhibitor, named DrKIn-II, was tested for its ability to inhibit plasmin using
various approaches such as far western blotting, kinetic analyses, fibrin plate assay and euglobulin clot lysis
assay. In addition, the antifibrinolytic activity of DrKIn-II was demonstrated in vivo.
Results:DrKIn-II potently decreased the amidolytic activity of plasmin in a dose-dependentmanner, with a global
inhibition constant of 0.2 nM. Inhibition kinetics demonstrated that the initial binding of DrKIn-II causes the
enzyme to isomerize, leading to the formation of a much tighter enzyme-inhibitor complex. DrKIn-II also dem-
onstrated antifibrinolytic activity in fibrin plate assay and significantly prolonged the lysis of the euglobulin
clot. Screening of DrKIn-II against a panel of serine proteases indicated that plasmin is the preferential target
of DrKIn-II. Furthermore, DrKIn-II treatment prevented the increase of FDP in coagulation-stimulated mice and

significantly reduced the bleeding time in a murine tail bleeding model.
Conclusion: DrKIn-II is a potent, slow and tight-binding plasmin inhibitor that demonstrates antifibrinolytic
activity both in vitro and in vivo.
General significance: This is the first in-depth functional characterization of a plasmin inhibitor from a viperid
snake. The potent antifibrinolytic activity of DrKIn-II makes it a potential candidate for the development of
novel antifibrinolytic agents.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Plasmin is a serine protease that plays a pivotal role in maintaining
the patency of blood vessels by degrading the fibrin clots in blood, a
process known as fibrinolysis [1]. It has been established that plasmin
inhibition, either directly or through the inhibition of plasminogen acti-
vation, has the clinical advantage of reducing blood loss in cardiac sur-
geries that involve cardiopulmonary bypass or organ transplantation
[2]. One of the antifibrinolytic agents used under such conditions was
aprotinin, a Kunitz-type protease inhibitor that inhibits plasmin. How-
ever, due to the various negative reports concerning the safety of
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aprotinin, the drugwas no longer prescribed [3,4]. A newplasmin inhib-
itor is therefore needed, and peptides from snake venoms may repre-
sent a useful pool of therapeutic agents to replace the old drug [5].

Viperidae and Elapidae snake venomsare generally rich in serinepro-
tease inhibitors belonging to the Kunitz/BPTI (bovine pancreatic trypsin
inhibitor) family [6–12]. These Kunitz-type protease inhibitors are ap-
proximately 60 amino acids long and are characterized by the presence
of a canonical binding loopwhich interacts specificallywith the enzyme
and six conserved cysteine residues that form three pairs of disulfide
bonds to stabilize the overall structure [13]. Most of these venom-
derived protease inhibitors have been classified into trypsin or chymo-
trypsin inhibitors, based on whether the P1 site contains a basic or a
non-basic residue [14]. The best studied examples of snake venom
Kunitz type protease inhibitors are the potassium channel blockers
from Dendroaspis species [15,16] and the plasmin inhibitors from
Pseudonaja textilis [11]. However, for the majority of all the other inhib-
itors from snake venoms, apart from trypsin or chymotrypsin inhibition,
their functional roles remain largely unknown.

The aim of this study was to elucidate the functions of a Kunitz-type
protease inhibitor, named DrKIn-II (Daboia russelii Kunitz Inhibitor-II),
that was recently isolated from the venom of Daboia russelii russelii
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[17]. It is a viperid snake that is responsible for a large proportion
of mortality and morbidity in many parts of Southeast Asia and
India, and many of the patients envenomed by this snake suffer
from spontaneous bleeding and incoagulable blood [18,19]. Based
on these symptoms of coagulopathy, it was speculated that this
venom could contain both potent and specific antifibrinolytic
agents, like the plasmin inhibitors from P. textilis. Here, we describe
the physiological target, kinetics, binding mechanism and functions
of this Kunitz inhibitor. In addition, its therapeutic implication is
discussed.

2. Materials and methods

2.1. Materials

Lyophilized Daboia russelii russelii venom (Pakistan) was purchased
from Latoxan (Valence, France). DrKIn-II was purified from the venom
by gel filtration followed by reversed-phase HPLC as described previ-
ously [17]. Purified human plasmin, activated protein C (APC), factor
XIIa (FXIIa), factor XIa, factor Xa (FXa), factor IXa (FIXa), factor VIIa
(FVIIa), factor Va (FVa), thrombin, and plasma kallikrein were pur-
chased fromHaematologic Technologies Inc. (VT, USA). Urokinase plas-
minogen activator (uPA) was a gift from Polyamine Corp. (Taiwan).
Trypsin and tissue plasminogen activator (tPA) were obtained from
Merck Chemicals (Darmstadt, Germany). Chromogenic substrates
S-2222, S-2303, S2366, S-2288 and S-2251 were purchased from
Chromogenix (Milano, Italy), while Spectrozyme PCa, Spectrozyme
tPA and Spectrozyme FIXa were from American Diagnostica (CT, USA).
Citrated human plasma was purchased from HYPHEN Biomed
(Andresy, France), and human fibrinogen was from Sigma Aldrich
(MO, USA).

2.2. Biotinylation of DrKIn-II

DrKIn-II was biotinylated using the Sulfo-NHS-LC-Biotin labeling kit
(Pierce, IL, USA) according to the manufacturer's protocol. Briefly,
180 μg of DrKIn-II dissolved in PBS was mixed with 50 μl of 10 mM
biotin reagent and incubated on ice for 2 h. DrKIn-II was then purified
from the excess biotin reagent by Zebra Desalt Spin Column (Pierce,
IL, USA) and stored at−20 °C until use.

2.3. Far-western blotting

Purified human plasmin, tPA and uPA were subjected to SDS-
PAGE under non-reducing conditions and blotted onto a PVDF
membrane. The membrane was blocked with 3% skim milk
dissolved in TBST–Ca buffer (TBS containing 0.05% Triton X-100
and 2.5 mM CaCl2). Subsequently, the membrane was incubated
with 1 μg/ml of biotinylated DrKIn-II for 1 h at room temperature
in TBST–Ca containing 0.3% BSA. After three 5 min washes with
TBST–Ca, ExtrAvidin Peroxidase (Sigma Aldrich, MO, USA), diluted
5000-fold in TBST–Ca containing 0.3% BSA, was added and incubated
for 1 h at room temperature. The bound DrKIn-II was then visualized
by ECL reagent.

2.4. Kinetics of plasmin inhibition by DrKIn-II

2.4.1. Tight binding kinetics
Plasmin (20 nM) was incubated with different concentrations of

DrKIn-II for 40 min in a buffer containing 25 mM Tris HCl, 0.15 M
NaCl, 2.5 mM CaCl2 and 0.1% PEG (pH 8.0). Chromogenic substrate
S-2251 was then added to a final concentration of 0.2 mM and the
rate of p-nitroaniline release was monitored at 405 nm for 10 min at
37 °C using SpectraMax M2e Microplate Reader (Molecular Devices,
CA, USA). Dose response curve was fitted by non-linear regression
using GraphPad Prism (GraphPad Software, CA, USA). Fractional
velocities were plotted against inhibitor concentrations and the values
were fitted to Morrison's tight binding equation [20]:
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where Vi is the steady state velocity in the presence of inhibitor and V0 is
the uninhibited velocity. [E] is the total enzyme concentration and [I] is
the total inhibitor concentration. Ki

⁎
app is the apparent inhibition constant

and is related to the true inhibition constant (Ki⁎) by the following equation:
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�
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where [S] is the substrate concentration and Km is the Michaelis–
Menten constant for S-2251.

2.4.2. Slow binding kinetics
Plasmin (20 nM)was added to amixture containing S-2251 (1 mM)

and varying concentrations of DrKIn-II in a buffer containing 25 mM
Tris HCl, 0.15 M NaCl, 2.5 mM CaCl2 and 0.1% PEG (pH 8.0) and the
rate of product formationwasmeasured at 37 °C using Spectrophotom-
eter U-3200 (Hitachi, Japan). The progress curves were analyzed by the
following equation for time dependent inhibition [21]:

P½ � ¼ vst þ
vi−vs
kobs

1− exp −kobstð Þ½ � ð3Þ

where [P] is the amount of p-nitroaniline released from substrate hydro-
lysis, vi and vs are the initial and steady state velocities, respectively,
in the presence of inhibitor, and kobs is the apparent first order rate
constant for the interconversion between vi and vs.

For inhibitors that bind to the enzyme rapidly and cause the enzyme
to isomerize slowly, the reaction mechanism can be described by the
following scheme:

Eþ I⇋
k1

k‐1
EI⇋

k2

k‐2
E�I ðScheme1Þ

where EI is the initial loose complex and E∗I is the final isomerized com-
plex. In this mechanism, kobs is related to k2 and k−2 and to the equilib-
rium dissociation constant of the initial loose complex (Ki = k−1/k1) by
Eq. (4):

kobs ¼ k−2 þ
k2 I½ �

I½ � þ Ki 1þ S½ �=Kmð Þ : ð4Þ

The values of k2, k−2 and Ki were determined by computer fitting to
Eq. (4). These values were then used to determine the overall inhibition
constant (Ki

⁎) according to Eq. (5):

Ki
� ¼ Kik−2

k2 þ k−2
: ð5Þ

All computer fittings were performed using GraphPad Prism
(GraphPad Software, CA, USA).

2.5. Fibrin plate assay

The assay was performed with 10 ml of purified human fibrinogen
(0.5%) clotted with 3 units of α-thrombin in a 9 cm Petri dish. After
30 min, 10 μl of plasmin (0.05 μg/μl), with or without DrKIn-II
(0.05 μg/μl), was dropped onto the fibrin plate and incubated at 37 °C
for various time periods. Fibrinolytic activity was determined by the
formation of clear area on the fibrin plate.
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2.6. Euglobulin clot lysis assay

For the preparation of euglobulin fraction, 2 ml of normal plasma
was added to 36 ml of acetic acid (0.016% v/v) and incubated on ice
for 20 min. After centrifuging the solution at 1100 g for 15 min, the
pellet was resuspended in 2 ml of 2.6 mM sodium borate solution con-
taining 0.15 M NaCl, pH 9.0. The solution was placed in a 37 °C water
bath for 90 s, mixed and placed back into the water bath for another
90 s. The euglobulin fraction (125 μl)was thenmixedwith the indicated
concentrations of DrKIn-II or aprotinin in a flat bottom microtiter plate
(Nalge Nunc International, NY, USA). Finally, CaCl2 was added to a final
concentration of 12.5 mM to initiate clotting. The microtiter plate was
kept at 37 °C and the absorbance at 340 nm of each well was read
every 10 min for 20 h. Lysis time was defined as the time point at
which the absorbance values returned to baseline.

2.7. Selectivity profile of DrKIn-II

DrKIn-II was screened for its inhibitory activity against trypsin,
activated protein C and also against serine proteases in the coagulation
cascade (FXIIa, FXIa, FXa, FIXa, thrombin and kallikrein) and in the
fibrinolytic system (plasmin, tPA and uPA). The amidolytic activities
of these proteases were determined in the presence or absence of equi-
molar concentrations of DrKIn-II using their respective chromogenic
substrates.

2.8. Coagulation tests

All coagulation tests were performed with a coagulometer
(Hemostasis Analyzer KC-1, Sigma Diagnostics) at 37 °C.

2.8.1. Activated partial thromboplastin time (APTT)
Normal coagulation control plasma (50 μl) wasmixedwith the indi-

cated concentrations of DrKIn-II. After incubation for 1 min at 37 °C,
50 μl of activated partial thromboplastin reagent (HYPHEN Biomed)
was added and further incubated for 1 min. Clotting was initiated by
the addition of 50 μl of 20 mM CaCl2 and the coagulation time was
recorded.

2.8.2. Prothrombin time (PT)
Normal coagulation control plasma (50 μl) wasmixedwith the indi-

cated concentrations of DrKIn-II. After incubation for 1 min at 37 °C,
100 μl of thromboplastin reagent (Helena Laboratories, TX, USA) was
added to trigger the coagulation and the time required for clot forma-
tion was measured.

2.9. In vivo assays

All animal experiments were approved by Academia Sinica Institu-
tional Animal Care and Utilization Committee.

2.9.1. Determination of FDP concentrations
ICRmice (~35 g)were injected intravenouslywith RVV-X (0.01 μg/g)

or RVV-X (0.01 μg/g) plus DrKIn-II (0.1 μg/g). 8 h after injection, plasma
was obtained by cardiac puncture and FDP levels were quantitated using
NANOPIA P-FDP kit (Daiichi Pure Chemicals, Tokyo, Japan) according to
the manufacturer's protocol.

2.9.2. Murine tail bleeding model
DrKIn-II (100 μl) was injected into the tail veins of adult ICR mice

(30–33 g) that had been anesthetizedwith 60 μg/g of sodiumpentobar-
bital to achieve a DrKIn-II concentration of 0.1 μg/g. After 30 min, the
distal 4 mm of the tail was transected and the tail was immediately
placed in PBS at 37 °C. An equal volume of PBSwas injected into control
animals. Bleeding timewas defined as the time point of first cessation of
bleeding. All experimentswere carried out on coded animals by person-
nel who were blinded to experimental groups.

2.10. Statistics

Statistical analyseswere performed using GraphPad Prism (GraphPad
Software, CA, USA). Paired t-tests were used to compare between two
different treatment groups in our in vivo assays.

3. Results

3.1. Sequence alignment of DrKIn-II with textilinin-1 and aprotinin

In order to determine the function of DrKIn-II, the primary sequence
of DrKIn-II was first comparedwith Kunitz inhibitors that had beenwell
characterized, namely textilinin-1, a potent plasmin inhibitor from
P. textilis [22], and aprotinin, a classical trypsin, plasmin and kallikrein
inhibitor derived frombovine lungs [23,24]. Sequence alignment imme-
diately reveals that DrKIn-II shares the common Kunitz type scaffold,
with six conserved cysteine residues and a P1 site (Fig. 1A). The pres-
ence of a basic P1 arginine suggests that DrKIn-II, like textilinin-1,
belongs to the family of venom trypsin inhibitors according to the clas-
sification by Yuan et al. [25]. Since DrKIn-II shares a sequence identity of
48% and 40% with textilinin-1 and aprotinin, respectively, DrKIn-II was
tested for its antifibrinolytic potential.

3.2. Far western blotting

The interactions of DrKIn-II with plasmin and other fibrinolytic
serine proteases, namely tPA and uPA, were probed using far western
blotting. Purified human plasmin, tPA and uPA were blotted onto a
PVDF membrane and incubated with biotinylated DrKIn-II. As shown
in Fig. 1B, DrKIn-II bound to plasmin, but not tPA and uPA.

3.3. DrKIn-II is a tight binding and time-dependent inhibitor of plasmin

The ability of DrKIn-II to inhibit plasminwas assayedwith a synthetic
chromogenic substrate, S-2251. As shown in Fig. 2A, DrKIn-II potently
inhibited the amidolytic activity of plasmin in a dose-dependentmanner.
TheHill coefficient,which represents the steepness of the dose–response
curve, was estimated to be 2.2, indicating the tight binding nature of
inhibition. A non-linear regression fit of the fractional velocity data to
Morrison's competitive tight binding equation yielded an inhibition
constant (Ki

⁎) of 0.19 ± 0.04 nM for DrKIn-II (Fig. 2B). Since the progress
curves for DrKIn-II-mediated plasmin inhibition displayed a quasi-linear
relationship with time (Fig. 2C), the effect of DrKIn-II concentration on
the apparent first-order rate constant kobs was determined. As shown
in Fig. 2D, kobs varied as a hyperbolic function of DrKIn-II concentration
in accordance with the mechanism shown in Scheme 1. This indicates
that the initial rapid binding of DrKIn-II to plasmin causes the enzyme
to isomerize slowly which leads to a much tighter binding between the
enzyme and the inhibitor. The values of k2 and k−2, obtained from the
plot of kobs versus DrKIn-II concentration, were 0.043 ± 0.003 s−1 and
0.0022 ± 0.0010 s−1, respectively. The equilibrium dissociation con-
stant of the initial loose enzyme-inhibitor complex (Ki) was found to
be 6.7 ± 1.5 nM, which was higher than the overall inhibition constant
(Ki
⁎) of 0.3 ± 0.1 nM determined from the values of k2, k−2 and Ki. The

value of Ki
⁎ also compared very well with that obtained through the fit

of steady-state data to Morrison's equation.

3.4. DrKIn-II exhibits antifibrinolytic activity

The antifibrinolytic activity of DrKIn-II was assayed on a fibrin plate
(Fig. 3A). In the absence of DrKIn-II, plasmin degraded the fibrin clot
in a time-dependent manner. The addition of DrKIn-II significantly
inhibited the formation of clear area on the fibrin plate, confirming
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Fig. 1.A. Amino acid sequence alignment of DrKIn-II with textilinin-1 and aprotinin. Bold letters denote identical amino acids. Conserved cysteine residues are highlighted in gray, and the
P1position ismarkedby an asterisk. B. Analysis of binding betweenDrKIn-II and plasmin. Left: Coomassie staining of plasmin, tPA and uPA (2 μg each) after SDS-PAGE under non-reducing
conditions. Right: the protein bands were blotted onto a PVDF membrane and probed with 1 μg/ml of biotinylated DrKIn-II. The interaction was detected with the ExtrAvidin Peroxidase
system.
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the antifibrinolytic property of DrKIn-II. Next, we performed euglobulin
clot lysis assay in the presence of different concentrations of DrKIn-II
and compared the antifibrinolytic effect of DrKIn-II with aprotinin. As
expected, DrKIn-II prolonged the clot lysis time in a dose-dependent
manner (Fig. 3B). DrKIn-II at a concentration of 100 nM prolonged the
clot lysis time by almost 10 h, and at a concentration of 500 nM,
DrKIn-II completely abrogated the lysis of the euglobulin clot. At room
temperature, no lysis was observed even after 48 h when 500 nM
of DrKIn-II was added (data not shown). However, at all inhibitor
Fig. 2.Kinetic analyses of DrKIn-II. A. Dose–response curve of plasmin inhibition byDrKIn-II. Init
presence of increasing concentrations of DrKIn-II (0–200 nM). B. Non-linear regression fit of the
inhibition constant (Ki

⁎) of 0.19 ± 0.04 nM. C. Progress curves for the inhibition of plasmin. The enz
of DrKIn-II (0, 2.5, 5, 10, 20 and 40 nM). Black traces represent the best fits to Eq. (3) fromwhich the
concentration. The black line represents the best fit to Eq. (4) according to the mechanism shown i
concentrations, aprotinin exhibited better antifibrinolytic activity com-
pared to DrKIn-II.

3.5. Specificity of DrKIn-II

In order to determine the specificity of DrKIn-II, the inhibitory activ-
ity of DrKIn-II was screened against trypsin and also against serine pro-
teases in the coagulation and fibrinolytic systems using their respective
chromogenic substrates. As shown in Fig. 4A, DrKIn-II at the samemolar
ial velocities of plasmin (20 nM)weremeasuredusing S-2251 (0.2 mM) as substrate in the
same fractional velocity data toMorrison's competitive tight binding equation, yielding an
yme (20 nM)was added to a mixture containing S-2251 (1 mM) and different concentrations
apparent first-order rate constants (kobs) were obtained. D. Plot of kobs as a function of DrKIn-II
n Scheme 1.



Fig. 3. DrKIn-II exhibits antifibrinolytic activity. A. The degradation of fibrin by plasmin (0.5 μg) was monitored on a fibrin plate for various periods of time at 37 °C in the absence or
presence of DrKIn-II (0.5 μg). B. Different concentrations of DrKIn-II or aprotinin were added to the euglobulin fraction before coagulation was initiated with 25 mM CaCl2. Clot lysis
was measured spectrophotometrically at 340 nm. Results shown are means ± S.D. of three experiments.
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concentration as the enzyme active site inhibited primarily plasmin,
with a percent inhibition of approximately 90%. Apart from plasmin,
DrKIn-II also inhibited the amidolytic activities of trypsin (70% inhibi-
tion), FXIa (37% inhibition) and FXa (20% inhibition). While DrKIn-II at
a final concentration of 1 μM prolonged the activated partial thrombo-
plastin time by 32 s, DrKIn-II failed to prolong the prothrombin time
at all the concentrations tested (Fig. 4B), implying that DrKIn-II, even
at high concentrations, has absolutely no inhibitory effect on serine pro-
teases in the extrinsic pathway of coagulation. These results suggest
that plasmin is the primary physiological target of DrKIn-II.
3.6. Effect of DrKIn-II on FDP levels in mice

Since FDP is produced through the degradation of fibrinogen or
fibrin by plasmin, FDP should be a good indicator of fibrinolysis in
vivo. In order to induce fibrinolysis, a sub-lethal dose of FX activator
from Russell's viper venom (RVV-X) was injected into ICR mice. As
shown in Fig. 5A, there was a 3-fold increase in FDP level after RVV-X
injection. However, with the co-injection of DrKIn-II, the rise in FDP
level was abolished.
3.7. Effect of DrKIn-II on tail bleeding time

Given that DrKIn-II exhibits antifibrinolytic activities in vivo, we
tested the ability of DrKIn-II to reduce blood loss in a murine tail
bleeding model. As expected, DrKIn-II treatment significantly reduced
the median bleeding time from 180 s to 43 s (Fig. 5B). Combined, our
results demonstrate that DrKIn-II is a potent antifibrinolytic agent in
vivo and has the potential to reduce massive blood loss in clinical
settings.
4. Discussion

DrKIn-II is not the only plasmin inhibitor isolated from Russell's
viper venom. In 1974, Takahashi et al. described a very similar Kunitz-
type protease inhibitor that differed from DrKIn-II by seven amino
acid substitutions, namely G18A, K33E, A44D, E48S, R50W, E55H and
G58V [26]. However, apart from testing the effects of this inhibitor on
the amidolytic activities of plasmin and other enzymes [27], no addi-
tional assays were performed. More recently, a trypsin inhibitor was
purified from the venom of Daboia russelii siamensis that differed from
DrKIn-II by only one threonine to serine substitution at position 49
[8]. However, its functional role has not been determined. This is there-
fore the first time that a plasmin inhibitor from Russell's viper venom
has been characterized in relation to its binding mechanism and thera-
peutic potential, both in vitro and in vivo.

Our kinetic analyses indicate that DrKIn-II is a slow and tight binding
inhibitor of plasmin. Equimolar concentration of DrKIn-II inhibited the
amidolytic activity of plasmin by approximately 90%. The Ki

⁎ value of
DrKIn-II for plasmin inhibition (~0.2 nM) is at least 10-fold lower than
that of textilinin-1 (Ki

⁎ = 3.5 nM) [28]. DrKIn-II is also more potent
than those Kunitz inhibitors derived from invertebrates like Bombus
ignitus (bumblebee) and Araneus ventricosus (spider) [29,30]. To ob-
serve a slow onset of inhibition, the overall inhibition constant Ki

⁎

must be less than the dissociation constant of the initial loose
enzyme-inhibitor complex Ki [21]. In our experiment, the Ki

⁎ value
was at least 20 times lower than the Ki value. The low values of k2 and
k−2 (0.043 s−1 and 0.0022 s−1, respectively) also confirmed the slow
transition from EI to E ∗ I (the final isomerized complex). In fact,
textilinin-1 also displayed a similar mode of inhibition [11]. This type
of time-dependent inhibition probably gives these venom-derived
Kunitz inhibitors the potency comparable to that of irreversible suicide
inhibitors and increases their efficacy by extending the dissociative half-

image of Fig.�3


Fig. 4. Selectivity analyses of DrKIn-II. A. The inhibitory activity of DrKIn-II was screened
against trypsin and also against serine proteases in the coagulation and fibrinolytic
systems. In each test, equal molar concentrations of protease active site and DrKIn-II
were mixed. The final concentrations of these proteases and their respective substrates
were as follows: FXIIa (20 nM)/S-2302 (0.2 mM), FXIa (2.5 nM)/S-2366 (0.2 mM), FXa
(10 nM)/S-2222 (1.3 mM), FIXa (200 nM)/Spectrozyme FIXa (1.3 mM), thrombin
(5 nM)/T-1637 (0.2 mM), kallikrein (5 nM)/S-2302 (0.2 mM), plasmin (20 nM)/S-2251
(0.2 mM), tPA (80 nM)/Spectrozyme tPA (0.2 mM), uPA (100 nM)/S-2288 (1.3 mM),
APC (10 nM)/Spectrozyme PCa (0.2 mM) and trypsin (5 nM)/S-2222 (0.2 mM). Values
are means ± S.D. of triplicate determinations. B. APTT (●) and PT (○) of normal plasma
in the presence of the indicated concentrations of DrKIn-II.

A

B

Fig. 5. DrKIn-II demonstrates antifibrinolytic activities in vivo. A. Animals were injected
with RVV-X (0.01 μg/g) alone or together with DrKIn-II (0.1 μg/g) and the FDP levels
were determined 8 h after injection. Results shown are means ± SEM (n = 5 for each
group). B. Effect of DrKIn-II (0.1 μg/g) injection on murine tail bleeding time. Control
animals received an equal volume of PBS. Horizontal lines represent the median values
(n = 13 for each group).
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life of the enzyme-inhibitor complex [31,32]. As a potential therapeutic
agent, this two stagemode of inhibition also has the added advantage of
longer binary complex residence time, the period for which the enzyme
is occupied by an inhibitor [32].

Besides inhibiting the amidolytic activity of plasmin, DrKIn-II also
bound to plasmin (Fig. 1B) and demonstrated antifibrinolytic activity
in fibrin plate assay and euglobulin clot lysis assay (Fig. 3). Although
aprotinin showed better antifibrinolytic activity compared with
DrKIn-II, aprotinin was withdrawn from the market in 2008 due to its
treatment associated side effects such as acute renal failure, myocardial
infarction, stroke, encephalopathy and increased risk of death [3,4,33].
As suggested by Millers et al., the negative side effects of aprotinin
may stem from its overall lack of specificity for target proteases and
its virtually irreversible inhibition of plasmin [34]. The increased
incidence of postoperative thrombosis has also been attributed to the
inhibition of nitric oxide synthesis and the impairment of endothelial
function [35]. Currently, the only therapeutic antifibrinolytic agents
are the lysine analogs, aminocaproic acid and tranexamic acid, which
form reversible complexes with plasminogens and displace them from
the fibrin surfaces [36]. However, these lysine analogs inhibit only the
activation of plasmin and have no inhibitory effect on plasmin itself.
DrKIn-II may therefore be viewed as a potential candidate to replace
aprotinin as an antifibrinolytic agent. However, whether DrKIn-II has
any therapeutic advantages over aprotinin remains to be elucidated.
Recently, a recombinant form of textilinin-1, named Q8008, has gone
into preclinical development [37]. Q8008 has the added benefit of
fewer off-target effects and is at least as effective as aprotinin in reduc-
ing blood loss in vivo. The addition of DrKIn-II to the list of Kunitz-type
plasmin inhibitors should further aid in the design of drugs that have
greater potency and better pharmacological profiles.

Fromour results, it seems that DrKIn-II is not a very specific inhibitor
of plasmin, since it inhibited the amidolytic activity of FXIa and
prolonged the activated partial thromboplastin time. Textilinin-1, in
contrast with DrKIn-II, does not prolong APTT [28]. The presence of a
bulkier valine as the P1′ residue in textilinin-1, as opposed to the smaller
alanine in DrKIn-II, probably contributes to the narrower specificity of
textilinin-1 [38]. However, we can still propose that plasmin is the phys-
iological target of DrKIn-II. TheKi of DrKIn-II for plasmin (~0.2 nM) is ap-
proximately 30-fold lower than that for FXIa (~6 nM, data not shown).
Given that the physiological concentration of plasminogen (1.3 μM) is
much higher than that of FXI (0.03 μM) [39,40], we can safely speculate
that the vast majority of DrKIn-II in the blood stream would associate
withplasmin andnot FXIa. Even thoughDrKIn-II inhibited the amidolytic
activity of FXa, it failed to even slightly prolong the prothrombin time in
which FXa played a major role. This suggests that the interaction of ser-
ine proteaseswith each other and alsowith other plasmaproteins and/or
lipids may hinder the binding of DrKIn-II, making the inhibitor much
more specific for plasmin than for any other enzymes in the blood
stream.

The ability of DrKIn-II to prevent the increase in FDP concentration
after coagulation induction with RVV-X indicates that DrKIn-II inhibits
plasmin in vivo. It also suggests that DrKIn-II acts as a procoagulant in
Russell's viper venom which also contains factor V and X activators
[41]. DrKIn-II may also synergize with DrKIn-I, an APC inhibitor from

image of Fig.�4
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the same venom [17]. DrKIn-II, compared to saline injection, also effec-
tively reduced the bleeding time in our murine tail bleeding model
(p b 0.0001). Assuming that each mouse has a total blood volume of
2 ml, the final concentration of DrKIn-II injected should be approxi-
mately 200 nM. The low effective concentration of DrKIn-II for hemo-
stasis indicates that DrKIn-II is a potent antifibrinolytic agent in vivo.

Taken together, we have discovered a Kunitz-type protease inhibitor
from Russell's viper venom that acts as a slow and competitive tight
binding inhibitor of plasmin. DrKIn-II employs the two stage mode of
inhibition which involves the slow isomerization of the enzyme after
binding to the inhibitor. Besides nullifying the activity of plasmin in
fibrin plate assays, DrKIn-II also significantly prolonged the euglobulin
clot lysis time and reduced the tail bleeding time in mice. Our in vitro
and in vivo data thus open up further therapeutic possibilities for
DrKIn-II as an antifibrinolytic agent.
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