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a  b  s  t  r  a  c  t

The  snake  venom  may  be  considered  as a  potent  source  of  untapped  therapeutic  proteins  and  pep-
tides.  The  peptide  mass  fingerprinting  and  N-terminal  sequence  alignment  of  a 6.9  kDa  peptide  named
Rusvikunin  from  Daboia  russelii  russelii  venom  show  the presence  of  putative  conserved  domains  of  the  KU
superfamily.  Further,  BLAST  analysis  of two  of the de  novo  peptide  sequences  of  Rusvikunin  demonstrates
significant  sequence  homology  with  serine  proteases  reported  in  the  NCBI  database.  Rusvikunin  pos-
sesses  conserved  cysteine  residues  and  Arg15  at the  P1  position.  It inhibits  amidolytic  activity  of  trypsin
(IC50 =  50  nmol/l),  plasmin  (IC50 = 1.1 �mol/l),  and  fibrinogen  clotting  as  well  as  plasma  clotting  activ-
ity  of  thrombin  (IC50 = 1.3 �mol/l);  however,  it does  not  inhibit  the  amidolytic  activity  of  chymotrypsin,
thrombin,  factor  Xa, and  tissue  plasminogen  activator.  Rusvikunin  is  a  glycoprotein,  demonstrates  dose-
hrombin inhibitor
nticoagulant
nti-plasmin

dependent  BAEE-esterase  activity.  It  does  not  show  lethality  in mice  or in  vitro  cytotoxicity  against
mammalian  cells  but shows  in  vivo anticoagulant  activity  6 h after  i.p. injection  in  the  mouse  model.
The  commercial  polyvalent  and  monovalent  antivenom  failed  to inhibit  the functional  properties  of
Rusvikunin.  The  possible  biomedical  applications  of  Rusvikunin  in  the  treatment  and/or  prevention  of
cardiovascular  disorders  such  as  thrombosis  and  trypsin-induced  inflammation  are  suggested.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Death or morbidity due to snakebite is a significant and recur-
ent occupational hazard in many parts of the world. Numerous
enomous species occur in Asia, but Russell’s Vipers (family
iperidae) are broadly distributed in at least 10 south-east Asian
ountries, including the Indian subcontinent [1]. Envenomation by
ussell’s Vipers (Daboia russelii russelii)  accounts for much of the
nakebite-caused mortality and it is therefore considered as a cat-
gory I medically important snake in India [2].

The mechanisms of toxicity and structure–function properties
f several different major components of Russell’s Viper venom
RVV), such as proteinases, phospholipase A2, myotoxins and L-

mino acid oxidase, have been explored [2–6]. However, studies
rom our laboratory have provided convincing evidence of the pres-
nce of several low molecular weight toxins (<8 kDa) in venom

∗ Corresponding author at: Department of Molecular Biology and Biotechnology,
ezpur University, Tezpur 784 028, Assam, India. Tel.: +91 7896003886;
ax: +91 3712267005/267006.

E-mail address: akm@tezu.ernet.in (A.K. Mukherjee).

ttp://dx.doi.org/10.1016/j.ijbiomac.2014.02.058
141-8130/© 2014 Elsevier B.V. All rights reserved.
of D. r. russelii (unpublished observation). Functional characteri-
zation of such novel components of venom will not only advance
our understanding of the molecular mechanism(s) of pathogenicity
of snakebite, but also has the potential to contribute to the discov-
ery of therapeutically important proteins from RVV as lead drug
molecules.

Kunitz-type serine protease inhibitors are low molecular mass
snake venom peptides which consist of 50–60 amino acid residues
and are homologous with the conserved Kunitz motif present in
bovine pancreatic trypsin inhibitor, or BPTI [7–11]. The major-
ity of these have been shown to possess classical disulfide-rich
alpha/beta fold structures with a conserved active site (P1 site)
responsible for binding and subsequent inhibition of specific ser-
ine proteases [8–10]. Despite structural similarities, Kunitz-type
serine protease inhibitors are reported to exhibit a wide variety
of biological functions, such as inhibition of one or more serine
proteases, blocking of ion-channels, interference with blood coagu-
lation, inflammation and fibrinolysis [8–10,12]. Nonetheless, many

other biological functions of this class of biomolecules, includ-
ing their pathophysiological significance in snakebite, remain to
be explored. Studies have also provided convincing evidence of
the therapeutic potential of Kunitz-type/BPTI peptides from snake

dx.doi.org/10.1016/j.ijbiomac.2014.02.058
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2014.02.058&domain=pdf
mailto:akm@tezu.ernet.in
dx.doi.org/10.1016/j.ijbiomac.2014.02.058
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enom, and therefore exploration of further areas for biomedical
pplications such as cardiovascular drug development is a promis-
ng and challenging task [13].

The goal of the present study is the functional characterization
f a 6.9 kDa basic protein (named Rusvikunin) purified from the
enom of Russell’s Viper (D. r. russelii) of Pakistan origin. Further,
ossible biomedical applications of Rusvikunin in the treatment
nd/or prevention of cardiovascular disorders such as thrombosis
nd trypsin-induced inflammation are suggested. To the best of our
nowledge, this report provides the first evidence of antithrom-
in activity of Kunitz-type protease inhibitor isolated from snake
enom.

. Materials and methods

Pre-cast NuPAGE Novex® Bis-Tris Mini Gels, buffers and Mark
2 unstained molecular mass standards were obtained from Invit-
ogen Inc, USA. Russell’s Viper (D. r. russelii) venom of Pakistan
rigin was a gift from the Kentucky Reptile Zoo. Protein concen-
ration standard reagents were purchased from BioRad Inc, USA.
ll other chemicals used were of analytical grade and procured

rom Sigma-Aldrich, USA. ATCC®MTT  Cell Proliferation Assay kit
as procured from American Type Culture Collection, Manassas,
A. The diagnostic biochemistry kits were procured from Fisher Sci-
ntific. Equine monovalent antivenom (lyophilized) against crude
ussell’s Viper venom was a gift from Vins Bioproducts Limited,

ndia.

.1. Purification of a low molecular mass anticoagulant peptide
rom Russell’s viper venom

The Bio Gel P-100 gel filtration of lyophilized D. russelii russelii
enom (500 mg  dry weight) was done as described by us [5]. The
ow molecular mass gel-filtration fractions (tubes 131–135) were
ooled, desalted and concentrated by centrifugation using Nanosep

 K Omega membrane filters. These proteins were then subjected
o separation on a MonoS 5/50 GL cation exchange column using
n AKTA Purifier Fast Protein Liquid Chromatography System (GE
ealthcare). The column was first washed with equilibration buffer

 (20 mM MES, pH 6.0) for 10 min  to remove any unbound protein,
nd the bound proteins were eluted with a gradient of buffer B
20 mM MES  containing 1.0 M NaCl, pH 6.0) for 60 min. The elution
f proteins was monitored at 280 nm and 0.75 ml  fractions were
ollected.

The MonoS 5/50 GL peak was further fractionated on a Jupiter
18 reverse-phase high pressure liquid chromatography column
250 mm × 4.6 mm)  previously equilibrated with 0.1% (v/v) triflu-
roacetic acid (TFA), using a Waters HPLC system operating under
mpower software. After washing the column with 0.1% TFA for
0 min, the bound proteins were eluted with a linear gradient over
5 min  from 0 to 40% (v/v) acetonitrile (ACN) containing 0.1% (v/v)
FA (flow rate of 1 ml/min). The elution of protein was monitored
t 280 nm and the protein peaks were screened for anticoagulant
ctivity.

.2. Determination of purity and molecular weight of
nticoagulant protein
The molecular weight and purity of preparations were deter-
ined by 12.5% SDS-PAGE (NuPAGE Novex® Bis-Tris Mini Gels)

nder both non-reduced and reduced conditions as described pre-
iously [5]. The purity as well as molecular weight of the purified
rotein was also determined by MALDI-TOF mass spectrometry
Bruker Ultraflex).
logical Macromolecules 67 (2014) 154–162 155

2.3. N-terminal sequencing

The N-terminal sequencing (15 residues) of PVDF membrane-
blotted protein (5 �g) was  performed by Edman degradation in
a gas-phase protein sequencer (PPSQ-10) connected to an on-
line PTH analyzer and a CR-7A data processor. Protein homology
searches were performed using the online BLASTP (Basic Local
Alignment Search Tool) program of the National Center for Biotech-
nology Information (www.ncbi.nlm.nih.gov). Multiple alignments
of homologous sequences from snake venom were performed using
COBALT (Constraint-based Multiple Alignment Tool; NCBI).

2.4. Peptide mass fingerprinting and de novo sequencing

The in-gel tryptic digestion of alkylated and reduced protein was
done following the procedure described by Thiede et al. [14]. For
PMF and de novo sequencing, LC/MS/MS of tryptic digested peptides
was performed on a Brucker nano Advance UHPLC coupled with
maXis 4G mass spectrometer using a reversed phase Magic C18
AQ 0.1 × 150 mm column [5]. The MS/MS  spectra were searched
against the NCBI data base of non-redundant protein sequence
(NCBI nr) using the Mascot database search engine (version 2.3).
The de novo sequences of the peptides obtained from Mascot pro-
tein identification were subjected to a BLAST search in NCBI nr
against a snake venom protein database (snakes, taxid: 8570) using
the blastp algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.5. Assay of amidolytic activity

The following chromogenic substrates (final concentration
0.2 mM)  were examined for amidolytic activity assay fol-
lowing a previously described procedure [5,15]: N-Benzoyl-
Pro-Phe-Arg-p-nitroanilide hydrochloride (substrate for plasma
kallikrein), N�-Benzoyl-DL-arginine 4-nitroanilide hydrochlo-
ride (substrate for trypsin), D-Val-Leu-Lys-p-nitroanilide dihy-
drochloride (substrate for plasmin), N-Benzoyl-Ile-Glu-Gly-Arg-
p-nitroanilide acetate salt (substrate for factor Xa), N-(p-Tosyl)-
Gly-Pro-Arg-p-nitroanilide acetate and N-Benzoyl-L-Phe-L-Val-
L-Arg-p-nitroanilide hydrochloride (substrates for thrombin),
and N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (substrate for chy-
motrypsin).

2.6. Assay of anticoagulant activity

Platelet-poor plasma (PPP) from citrated goat blood was pre-
pared and plasma re-calcification times by graded amounts of
purified peptide were measured by our previously described proce-
dure [16,17]. A control was run in parallel where buffer was  added
and plasma clotting time was  determined under identical experi-
mental conditions. One unit of anticoagulant activity has arbitrarily
been defined as crude venom/purified peptide that induces a 1-
second increase in the clotting of the PPP compared with the
clotting time of normal plasma [16,17]. In another set of experi-
ments, a fixed amount of Rusvikunin was  added to PPP and the
mixture was pre-incubated for 3–10 min  before the addition of
CaCl2. The plasma clotting time was recorded and compared with
the control (clotting time without addition of Rusvikunin).

2.7. Determination of serine protease inhibition activity
Inhibitory activity of Rusvikunin against a panel of serine pro-
teases (trypsin, chymotrypsin, thrombin, plasmin, factor Xa, t-PA
and Russelobin, a thrombin-like serine protease isolated from RVV
[5] was also determined. A fixed concentration of serine protease

http://www.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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5 �mol/l trypsin or Russelobin; 0.5 �mol/l plasmin, thrombin or
-PA; 0.15 �mol/l FXa) was pre-incubated with graded concentra-
ions of Rusvikunin at 37 ◦C for 30 min, followed by assay of residual
nzyme activity (except t-PA) with the respective chromogenic
ubstrate (0.2 mM)  as described by Mukherjee and Mackessy, 2013
5]. The following chromogenic substrates were used for amidolytic
ctivity assay: N-�-Benzoyl-DL-arginine 4-nitroanilide hydrochlo-
ide (substrate for trypsin), N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide
cetate (substrate for thrombin), N-Benzoyl-Ile-Glu-Gly-Arg-p-
itroanilide acetate salt (substrate for factor Xa) and, D-Val-Leu-
ys-p-nitroanilide dihydrochloride (substrate for plasmin). The
nhibitory activity against t-PA was assessed by an indirect method;
lasminogen was converted by t-PA to plasmin and the activity
f latter protease was assayed using D-Val-Leu-Lys-p-nitroanilide
ihydrochloride as a substrate. The percent inhibition (PI) of ser-

ne protease activity was calculated by considering the activity of
nzyme in absence of inhibitor as 100%.

The FXa inhibition by Rusvikunin, if any, was also assessed
y incubating 0.5 �M Rusvikunin with 0.26 �M FXa (two times

ts physiological concentration) at room temperature for 30 min.
 control was set up where the factor Xa was incubated with
uffer instead of Rusvikunin under identical experimental condi-
ions. Thereafter, prothrombin (14 �M)  was added and incubated
or another 60 min  at 37 ◦C. Formation of thrombin from prothrom-
in by FXa alone or in presence of Rusvikunin was  assayed by
nalyzing the prothrombin activation products by 12.5% SDS-PAGE.
he activity of FXa alone was considered as 100% activity and other
alue was compared with that.

The time-dependent inhibition was also assayed by pre-
ncubating Rusvikunin with serine protease (trypsin/plasmin/
hrombin) from 5–30 min  and then assaying the enzyme activity
gainst the preferred chromogenic substrate for trypsin/plasmin
nd against fibrinogen for thrombin. The effect of pH on trypsin
nd plasmin inhibition was determined by incubating the inhibitor
ith trypsin or plasmin at different pH (7.5–9.0) and then assaying

he activity of enzyme against the suitable chromogenic substrate.

.8. Assay of inhibition of plasmin and thrombin towards their
hysiological substrates

To assay the inhibition of activity of plasmin toward its physio-
ogical substrate fibrin, 10 �l of thrombin (1 NIH U/ml) was  added
o 90 �l of human fibrinogen solution (2.5 mg/ml) and the fibrin
lot was allowed to form at room temperature. To this clot, 5 �g of
uman plasmin, pre-incubated with different doses of Rusvikunin
1.0–6.0 �mol/l), was added and the final volume was made up to
0 �l with 50 mM Tris-HCl, pH 7.4. The mixture was incubated at
7 ◦C for 45 min  and then 50 �l of 10% (v/v) ice-cold TCA was  added
o stop the reaction. The mixture was centrifuged at 10,000 rpm
or 10 min  and release of tyrosine in the supernatant was deter-

ined at 280 nm.  The fibrinolytic activity of plasmin alone (without
nhibitor) was considered as 100% activity and inhibitory effect
f Rusvikunin on plasmin (antifibrinolytic activity) was  expressed
s percent reduction in its fibrinolytic activity in the presence of
nhibitor [18].

To study the inhibitory effect of Rusvikunin on fibrinogen
lotting activity of thrombin, 250 �l of human fibrinogen solution
2.5 mg/ml) was incubated with 10 �l of thrombin (1 NIH U/ml)
re-incubated with different doses of Rusvikunin (0–9.0 �mol/l)
nd the final volume was adjusted to 300 �l. The time of clot
ormation (in sec) was recorded with a coagulometer and percent
nhibition of Rusvikunin-mediated clotting ability of thrombin
as calculated as above. Further, release of fibrinopeptides A
nd B by thrombin either in the presence or absence of graded
oncentrations of Rusvikunin was also determined by RP-HPLC
nalysis [5]. From a standard curve of fibrinopeptides A and B,
logical Macromolecules 67 (2014) 154–162

the amount of these peptides released by thrombin either in the
presence or absence of Rusvikunin was determined [5].

In another set of experiments, 5.0 nM of thrombin was incubated
with graded concentrations of Rusvikunin at room temperature for
10 min. Then 300 �l of PPP was added to this mixture and plasma
clotting time was  measured and compared with control (thrombin
without Rusvikunin). To assure the reproducibility, all assays were
carried out in triplicate.

2.9. Determination of protein–protein interaction by fluorescence
spectroscopy

Measurement of interaction of purified Rusvikunin with ser-
ine proteases (trypsin, plasmin, and thrombin) and fibrinogen was
studied using a Perkin Elmer (LS55) fluorescence spectrometer
with an excitation wavelength of 280 nm,  emission wavelength
was monitored from 290 to 500 nm,  with excitation and emission
slits of 5 nm.  All measurements were carried out in triplicate after
thermal equilibrium in a thermo stated cell holder maintained at
30 ◦C (±0.05 ◦C). Wavelength shifts were measured by taking the
midpoint at two-thirds maximum height of the spectrum. The max-
imum fluorescence of free protein (I0) was also measured [3].

2.10. Effect of antivenom on protease inhibitory activity of
Rusvikunin

In order to determine the degree of neutralization of
trypsin/plasmin/thrombin inhibitory activity of Rusvikunin by a
commercial equine monovalent antivenom (against crude RVV),
Rusvikunin and antivenom were mixed in different ratios (1:1 to
1:100, w/w).  The mixture was pre-incubated for 30 min  at room
temperature and thereafter, the protein was  assayed for neutral-
ization of above stated activities in the corresponding assay system.
The activity in absence of antivenom was considered as 100% activ-
ity and other values were compared with this.

2.11. Assessment of in vitro pharmacological properties

Dose-dependent hemolytic activity (0.5–1.5 �mol/l) of purified
Rusvikunin against 5% (v/v) washed erythrocytes from goat were
assayed as described earlier [5]. Briefly, to 5% (v/v) erythrocyte sus-
pension (0.5 ml)  different amounts of Rusvikunin (0.5–5.0 �M)  in a
final volume of 0.5 ml  were added and the mixture was incubated
for 60 min  at 37 ◦C. Tubes were then centrifuged at 10,000 rpm for
5 min, and the absorbance of the supernatant was measured at
540 nm.  Dose-dependent in vitro cytotoxicity against mammalian
cells (Colo-205 human colorectal adenocarcinoma, MCF-7 human
breast adenocarcinoma and 3T3 mouse embryo fibroblast) was
assayed by adding graded amounts of Rusvikunin (0.5–1.5 �mol/l)
to culture medium containing 1 × 105 cells/ml [5]. Cytotoxicity
(percent cell death) was assayed by an MTT-based method fol-
lowing the instructions of the manufacturer. Enzyme-induced
cytotoxicity, if any, was expressed as percent cell death as deter-
mined by comparison with values obtained from a standard curve
of control cells [5]. An anticancer drug cytosine-�-D-arabinose
furanosidase hydrochloride (Sigma) at a concentration of 1 mg/ml
and respective growth media were used as positive and negative
controls, respectively.

Rusvikunin induced nuclear damage in Colo-205 and MCF-7
cells, if any, was measured by Hoechst 33253 staining. Briefly, both
floating and trypsinized adherent cells were collected and washed
in PBS. The cells were then fixed in 1% formaldehyde (in PBS) for

30 min  at room temperature. After washing the cells with PBS, they
were re-suspended in 100 �l respective growth medium and incu-
bated with 5 �l of Hoeschst 33258 (10 mg/ml) for 30 min at 37 ◦C/5%
CO2 in a humidified incubator. Thereafter, cells were washed in PBS
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nd observed under a fluorescence microscope at 400× magnifica-
ion. The percentage of apoptotic cells were counted from all cells
rom four random microscopic fields at 400× magnification.

The antibacterial activity of Rusvikunin (0.1–5.0 �M)  was
ssayed against 1.0 ml  mid-logarithmic culture (O.D.630 ∼0.3) of
ram negative Escherichia coli and Gram positive Bacillus subtilis
acteria [19]. As a positive control, the bacterial cultures were
reated with ampicillin and tetracycline to inhibit the growth of
. coli and B. subtilis,  respectively.

.12. Assessment of in vivo toxicity towards mice and lizards

Laboratory inbred, pathogen-free non-Swiss albino mice (strain
SA) weighing between 18 and 20 g and House Geckos (Hemi-
actylus frenatus) weighing between 1.5 and 3.5 g were used for

n vivo toxicity experiments. All experimental protocols using ani-
als were approved by the UNC IACUC (protocol 9401). For toxicity

ssessment, purified Rusvikunin (in 0.2 ml  of PBS, pH 7.4) was
njected i.p (1.0 mg/kg to 4.0 mg/kg body weights) into mice. The
ontrol animals received only 0.2 ml  of PBS, pH 7.4 (placebo). House
eckos received the same dose in a total volume of 75 �l. The ani-
als were observed at regular intervals up to 72 h post-injection

or death or any physical or behavioral changes.
For determining the in vivo blood clotting activity of Rusvikunin,

roups of three NSA strain albino mice weighing 28–30 g were i.p.
njected with Rusvikunin at two doses (2.0 and 4.0 mg/kg) in a total
olume of 0.2 ml  PBS, pH 7.2. The control group of mice received the
njection of the same volume of PBS only. The blood clotting time
rom treated or control group of mice were determined 8 h after i.p
njection.

.13. Statistical analysis

Statistical analysis of the data was done by Student’s t test using
he software Sigma Plot 11.0 for Windows (version 7.0). The value
f p ≤ 0.05 was considered as significant.

. Results

.1. Purification of a low molecular mass anticoagulant peptide

Gel filtration fractions 131–135, which showed strong anticoag-
lant activity (Fig. 1A), were pooled, desalted and then applied to a
ono S 5/50 GL cation exchange FPLC column. Rusvikunin eluted

rom the column with 0.3 M NaCl as a sharp symmetrical peak
a protein complex) (Fig. 1B). This protein complex was termed
usvikunin complex. Interestingly, FPLC cation exchange under
everal different chromatographic conditions could not separate
he components of Rusvikunin complex. The RP-HPLC fraction-
tion of Rusvikunin complex resulted in its separation into two
rotein peaks-one large peak (retention time 34.2 min, RP-34) and

 small peak with a retention time of 44.1 min  (RP-44; Fig. 1C).
he HPLC peak RP-44 prolonged the clotting time of platelet poor
lasma (see below) and displayed a single band on SDS-PAGE in
oth reduced and non-reduced conditions and its molecular mass
as determined as ∼7 kDa (Fig. 1D). The molecular mass of this
urified protein by MALDI-TOF-MS was found to be 6936.89 Da
Fig. 1E). This protein, named Rusvikunin, represents 0.01% of the
otal protein of RVV.

.2. N-terminal sequence, peptide mass fingerprinting and
ultiple sequence alignment
The homology search in the NCBI database (taxid: snake) of
he first 15 N-terminal amino acid residues of purified Rusvikunin
HDRPTFCNLAPESGR) demonstrated 100% sequence identity with
logical Macromolecules 67 (2014) 154–162 157

the N-terminal sequences of some previously reported Kunitz-type
protease inhibitors/trypsin inhibitors from Russell’s Viper venom
(Table 1). The N-terminal sequences of Russell’s Viper venom pro-
tease inhibitors are all highly conserved.

When the tryptic peptide sequences of purified Rusvikunin (RP-
44) were subjected to a BLAST search in the NCBI database, they
showed significant similarity with venom basic protease inhibitor 2
(BPI-2) reported from D. r. siamensis venom (Supplementary Fig.S1).
The peptide mass fingerprinting analysis of Rusvikunin also indi-
cates that it is a C1-type protease inhibitor. Based on PMF analysis
and N-terminal sequence alignment, purified Rusvikunin (RP-44)
showed significant sequence similarity with venom basic protease
inhibitors, Kunitz-type protease inhibitors and trypsin inhibitors
from Viperidae venoms (Table 2). Like other trypsin inhibitors, the
highly conserved cysteine residues and arginine (R15) at the P1
site were observed. Furthermore, the KU superfamily of putative
conserved domains, which are common features of BPTI/Kunitz
family of serine protease inhibitors, were detected in Rusvikunin
by BLAST analysis. This reinforces that RP-44 is structurally similar
to other Kunitz-type serine protease inhibitors from snake venom.
Therefore, based on structural similarity, RP-44 peptide was named
Rusvikunin (Russell’s viper Kunitz-type protease inhibitor).

3.3. Biochemical characterization

Rusvikunin did not show amidolytic activity against any chro-
mogenic substrates tested except a very marginal activity against
the substrate for thrombin (N-Bz-Phe-Val-Arg-pNA. HCl), with a
specific activity of 7.4 Units/mg proteins (data not shown). How-
ever, unlike thrombin, Rusvikunin did not show fibrinogen clotting
activity. The secondary structure of Rusvikunin as determined by
CD analysis shows it is made up of 58.4% �-sheet, 37.2% random coil,
3.4% �-helix and 0% turn (Fig. 2). Rusvikunin retained 100% serine
protease (trypsin/plasmin/thrombin) inhibitory activity even after
5 cycles of freeze-thawing.

3.4. Inhibition of serine proteases

The inhibitory activity of Rusvikunin against a panel of ser-
ine proteases demonstrated that it showed significant inhibition
of trypsin towards its chromogenic substrate BApNA with an IC50
value of 50 nmol/l (Fig. 3A), followed by plasmin (IC50 = 1.1 �mol/l)
(Fig. 3B). However, no detectable inhibition of thrombin, chy-
motrypsin, t-PA, factor Xa or Russelobin (thrombin-like serine
protease from RVV) towards their chromogenic substrates was
observed under identical experimental conditions. Interestingly,
Rusvikunin dose-dependently inhibited the fibrinogen clotting and
plasma clotting activity of thrombin (Fig. 3C) with an IC50 value of
∼1.3 �mol/l.

As demonstrated by both SDS-PAGE and RP-HPLC analyses,
Rusvikunin did not degrade trypsin, plasmin or t-PA, and a high
molecular mass complex of Rusvikunin with trypsin or plasmin
was not detected (data not shown).Rusvikunin at a concentration of
5.0 �M did not inhibit the prothrombin activation by factors Xa/Va
because equal amount of thrombin was  formed by FXa/Va complex
in presence or absence of prothrombin (data not shown).

Rusvikunin-mediated inhibition of the above serine proteases
was not strongly pH dependent, because equal inhibition was
observed in the pH range of 7.5–9.5. Furthermore, the inhibitory
effect of Rusvikunin was  unaltered when pre-incubated with
trypsin, plasmin or thrombin for different times (5–30 min)
before chromogenic substrate addition, suggesting that binding

of Rusvikunin with these serine proteases was  a rapid event.
Increasing the chromogenic substrate concentration in the reaction
mixture did not overcome Rusvikunin-mediated inhibition, indi-
cating Rusvikunin did not compete with substrate. Kinetic analysis
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Fig. 1. (A) Fractionation of crude D. russelii russelii venom on size-exclusion BioGel P-100 column (2.8 × 80 cm). The arrow indicates elution of proteins showing fibrinogenolytic
activity. (B) FPLC cation exchange of BioGel peak in (A) using a Tricorn MonoS 5/50 column. (C) Fractionation of FPLC-cation exchange eluted protein complex (Rusvikunin
complex) on a C18 RP-HPLC column. Rusvikunin was  eluted at 44.2 min  (RP-44). (D) Determination of purity and molecular mass of Rusvikunin by SDS-PAGE; Lane 1, protein
molecular markers; lane, 2 reduced crude RVV (20 �g); lane 3, reduced gel-filtration fraction (8 �g); lanes 4 and 7, reduced and non-reduced Rusvikunin (3.0 �g), respectively.
(E)  MALDI-TOF-MS of Rusvikunin (∼2 �g).
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Table  1
Multiple sequence alignment of N-terminal sequence of RP-44 with other known protease inhibitors from snake venom. *Sequence of mature peptide.

Accession/Reference Description Species N-terminal sequence Residues

This work Rusvikunin Daboia russelii russelii HDRPTFCNLAPESGR 1–15
P00990.1 Venom basic protease inhibitor II D. russelii siamensis HDRPTFCNLAPESGR 1–15
Q2ES50.1 Kunitz protease inhibitor 1 D. russelii russelli HDRPTFCNLAPESGR 1–15
AFE83617.1 Kunitz-type protease inhibitor D. russelii russelii HDRPTFCNLAPESGR 1–15*
AFB74192.1 Protease inhibitor D. russelii russelii HDRPTFCNLAPESGR 1–15*
A8Y7P4.1 Trypsin inhibitor B4 Daboia russelii siamensis HDRPTFCNLAPESGR 1–15*
A8Y7P3.1 Trypsin inhibitor B3 Daboia russelii siamensis HDRPTFCNLAPESGR 1–15*
A8Y7P2.1 Trypsin inhibitor B2 Daboia russelii siamensis HDRPTFCNLAPESGR 1–15*
A8Y7N8.1 Trypsin inhibitor C5 Daboia russelii siamensis HDRPTFCNLAPESGR 1–15*
Guo  et al. (2013) CBPTI-2 D. russelii siamensis HDRPTFCNLAPESGR 1–15

Table 2
Partial sequence of Rusvikunin aligned with homologous sequences from snake venom using CLUSTALO1.0.

Inhibi tors Seq uence
Pro tease  inhi bitor C5 MSSGGLLLLLALL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN PDSN KCE-VF60
Pro tease  inhi bitor C1 MSSGGLLLLLGLL TLWAELTPI SGQDRPKFCN LAPESG RCRGH LRR IYYN PDSN KCE-VF60
Kunitz-type pr ot.i nhi . MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN LESN KCK-VF60
Pro tease  inhi bitor  B3 MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN LESN KCE-VF60
Pro tease  inhi bitor  B2 MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN LESN KCN -VF60
Pro tease  inhi bitor 1 MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN LESN KCK-VF60
Pro tease  inhi bitor MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRAHLRR IYYN LESN KCE-VF60
Pro tease  inhi bitor  B4 MSSGGLLLLLGLL TLWAELTPI SGHDRPTFCN LAPESG RCRGH LRR IYYN LESN KCE-VF60
Rusvikuni n -------- ---------------- HDRPTFCN LAPESG R------RIYYN PDSN KCEYVF36

:***.**********      ***** :****: **

Pro tease  inhi bitor C5 FYGGCGGNDNN FETRKKCRQTCGAPRK GRPT 90
Pro tease  inhi bitor C1 FYGGCGGNDNN FETRKKCRQTCGAPRK GRPT 90
Kunitz-type pr ot.Inhi . FYGGCGGNDNN FETRDE CRQTCG----GK-- 84
Pro tease  inhi bitor  B3 FYGGCGGNDNN FST RDE CRHTCV----GK-- 84
Pro tease  inhi bitor  B2 FYGGCGGNDNN FETRDE CRQTCG----GK-- 84
Protease inhibitor 1 FYGGCGGNANNFETRDECRQTCG----GK-- 84
Pro tease  inhi bitor FYGGCGGNDNN FST WDE CRHTCV----GK-- 84
Protease inhibitor B4 FYGGCGGNDNNFSTWDECRHTCV----GK-- 84
Rusvikuni n FYGGCGGNDNN FETR----QTCGAP R----- 67

******** ***.*    :**         

*Indicates identical residues in all sequences; (:) = highly conserved; (.) = moderately conserved.
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3.5. Spectrofluorometric analysis of interaction of Rusvikunin
with trypsin, thrombin and plasmin

The interaction between Rusvikunin and trypsin/fibrinogen at
a 1:1 molar ratio was studied by a spectrofluorometric method.
Excitation of trypsin or thrombin at 280 nm shows an emission
maximum at 362 nm and 366 nm,  respectively. However, no change
in the fluorescence intensity of trypsin or thrombin post-incubation
with Rusvikunin was detected (Supplementary Figs.S2A and S2B).
The identical result was obtained upon incubation with plasmin.

3.6. The in vitro and in vivo pharmacological properties of
Rusvikunin and neutralization by commercial antivenom

Under in vitro conditions, Rusvikunin dose-dependently pro-
longed the Ca-clotting time of citrated goat plasma (Fig. 4A) and
demonstrated antiplasmin activity by significantly inhibiting the
plasmin-mediated degradation of fibrin (Fig. 4B). At a concentration
of 1.5 �mol/l, Rusvikunin did not show cytotoxicity against Colo-
205, MCF-7 or 3T3 cells after 72 h of incubation and it was devoid
of hemolytic activity against washed mammalian erythrocytes.

At a dose of 1:100 Rusvikunin:antivenom (protein:protein) ratio,
the serine protease inhibitory activity or anticoagulant activity of
Rusvikunin was not inhibited (P < 0.05) by commercial polyvalent
or monovalent antivenom (data not shown).
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Injection of Rusvikunin at a dose of 4 mg/kg body weight did not
ause mortality in mice or house geckos, and no behavioral changes
ere observed in animals up to 72 h post-injection. The treated ani-
als did not show features of neurotoxicity, and light microscopic

xamination of cardiac, hepatic and renal tissues from Rusvikunin-
reated mice did not show morphological alterations, evidence of
ntravascular coagulation or extravasation of erythrocytes (micro-
raphs not shown). Six hour after i.p administration, Rusvikunin
ose-dependently prolonged the in vitro coagulation time of blood
f treated mice as compared to control mice (Fig. 5).

. Discussion

Animal venoms contain a variety of potent biological activi-
ies with great potential for use as drugs or in drug development
6,13,20], and reptile venoms have been a particularly success-
ul source for novel drug discovery [21,22]. Snake venom trypsin
nhibitors have been explored for their clinical applications in the
reatment of trypsin-mediated inflammatory reactions in cardio-
ascular and nervous system disorders, as well as in pancreatitis

23,24]. In 1972, Takahashi et al. [7] described a protease inhibitor
solated from Russell’s viper venom showing specific inhibition of
rypsin. Rusvikunin, with a molecular mass of 6.9 kDa, is typical of
ize of Kunitz-type/BPTI peptides from snake venom, which consist
 of trypsin (5 �M),  (B) amidolytic activity of plasmin (0.5 �M),  and (C) fibrinogen
e determinations.

of 57–65 amino acids residues and contain six cysteines [8–11].
Based on a mean residual molecular mass of 113 Da per amino
acid, Rusvikunin likely consists of approximately 60–61 amino acid
residues, and it shows significant sequence identity with Kunitz-
type protease inhibitors from snake venom. An analysis of peptide
sequences of snake venom Kunitz-type/BPTIs suggests their evo-
lution by gene duplication followed by subsequent diversification,
resulting in a wide variety of biological functions by different iso-
forms of this class of venom peptides [10,25].

Kunitz-type serine protease inhibitors were reported to show
inhibitory activity against trypsin or chymotrypsin, and in some
rare instances, both [9–11,26,27]. Moreover, several of these
inhibitors were also shown to inhibit protein C, plasmin and plasma
kallikrein [8,27]. Rusvikunin was  found to inhibit trypsin specifi-
cally, and to a significantly lesser extent, it showed anti-plasmin
and anti-thrombin (fibrinogen clotting activity) effects; this is
the first report showing an antithrombin effect of Kunitz/BPTI
homologs from RVV. Specific inhibitory activity of Kunitz-type pro-
tease inhibitors results from binding of the main protease contact
site (P1) to the active site (S1 binding pocket) of serine proteases in
a substrate-like conformation. However, unlike the scissile bond of

the appropriate protein substrates, the peptide bond of inhibitors
undergoes extremely slow hydrolysis [8,28]. A minor substitu-
tion in the P1 site of the inhibitor may  lead to a change in its
specificity towards proteases [28]. Kunitz-type protease inhibitors
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possessing a basic residue Arg or Lys at the P1 position show
trypsin inhibitory activity, whereas an inhibitor with a P1 site occu-
pied by a large hydrophobic residue (such as Met, Phe, Leu, Trp
or Tyr) exhibits anti-chymotrypsin activity [9–11,27]. Therefore,
potent antitrypsin activity and the lack of chymotrypsin inhibition
by Rusvikunin suggest that Arg15 is at the P1 position. It is to be
noted that in contrast to Rusvikunin, CBPF-2 (GenBank: AM411362)
which is closely homologous with Rusvikunin [10], inhibited both
trypsin and chymotrypsin. According to Zupunski et al. [29], the
Kunitz/BPTI homologs from snake venoms are encoded by multi-
gene families that resulted in diversification by positive Darwinian
selection. This reinforces the observation that despite having a very
close structural similarity, even a minor difference in the primary
structure of Kunitz/BPTIs may  lead to altered specificities towards
proteases.

In addition to possessing a catalytic site with amidolytic activity
against small chromogenic substrates, thrombin has two  posi-
tively charged regions named anion binding exosites (ABE) I and
II [30]. The ABE-I is important for the binding of thrombin to
fibrinogen [30]. Inhibition of the fibrinogen clotting activity of
thrombin by Rusvikunin suggests that like the leech anticoagulant
hirudin [30], Rusvikunin binds to ABE-I. Nevertheless, this binding
does not inhibit the catalytic site of thrombin which was evident
from the same amidolytic activity against chromogenic sub-
strate for thrombin displayed by unbound and Rusvikunin bound
thrombin. Interestingly, Rusvikunin did not inhibit Russelobin, a
thrombin-like serine protease isolated from the same venom [5].
This suggests that snake venom Kunitz-type protease inhibitors
have probably undergone positive selection favoring the inhibi-
tion of protease(s) of prey, inducing pathogenicity in prey while
avoiding targeting of its own venom components.

The inhibitor studies have provided convincing evidence
that like many other Kunitz/BPTI reported from snake venom,
Rusvikunin inhibits serine proteases non-enzymatically by bind-
ing to the active site or an allosteric site of these serine
proteases in a non-competitive manner [8–10]. Our spectrofluo-
rometric results suggest that although Rusvikunin may  bind with
trypsin/plasmin/thrombin or fibrinogen, this binding induces a
negligible change in fluorescence signal of either fibrinogen or
trypsin molecules. Plasmin, which also shows fibrinogenolytic
activity, also induces a negligible change in the fluorescence
emission of native fibrinogen (Mukherjee, A. K. unpublished obser-
vations). However, a change in fluorescence intensity depends on
modulation of the microenvironment of tryptophan residue(s) of
interacting protein molecules [3], and in the absence of such mod-
ulation, change in the fluorescence intensity of two interacting
proteins may  not be detected.

Cardiovascular disorders such as thrombosis are a leading cause
of death worldwide, and anticoagulants can be used in vivo to
mitigate or prevent thrombotic disorder, myocardial infarction
and stroke. Unfortunately, many natural anticoagulants used to
prevent blood clotting show adverse side effects, such as bleed-
ing complications. Rusvikunin, on the other hand, was non-lethal
and did not show adverse pharmacological effects in experimen-
tal animals. Further, administration of Rusvikunin did not alter
biochemical parameters tested in mice, and Rusvikunin was  also
devoid of in vitro cytotoxicity against mammalian cells. Low toxi-
city anticoagulants are in great demand for therapeutic use in the
prevention and treatment of occlusive thrombosis [31], support-
ing the suitability of Rusvikunin for drug design applications as a
peptide-based cardiovascular drug [6,13].

The in vivo as well as in vitro anticoagulant activity of Rusvikunin

is supported by the ability of micro molar concentrations of
Rusvikunin to inhibit the fibrinogen clotting activity of thrombin
by a non-catalytic mechanism. However, antiplasmin activity is a
key regulator of fibrinolysis and its complete deficiency causes a
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evere bleeding disorder [32], so Rusvikunin, with low antiplasmin
ctivity, may  potentiate this observed anticoagulant effect.

Intravenous administration of polyvalent or monovalent
ntivenom is the only accepted therapy after Russell’s viper or
ny other snakebite; however, in India and in Pakistan polyvalent
ntivenom is most widely used. Due to geographical and species
ariations in venom composition, as well as low immunogenicity of
ow molecular weight components of venom; antivenom may  not
e able to neutralize all the toxic components of a venom [33,34].
he inability of neutralization of Rusvikunin by commercial poly-
alent or monovalent antivenom suggests the requirement of a
ell-designed immunization protocol with different components

f venom for further improving the quality, efficacy and safety of
ntivenom for the efficient management of snakebite patients [35].

The physiological significance of the presence of Kunitz-type
rotease inhibitors in snake venom is still obscure, and the non-
oxic nature and minor proportion of Rusvikunin in whole RVV
ndicates that it does not directly induce toxicity in prey. However,
he pathophysiological effect of Rusvikunin after a Russell’s Viper
nvenomation in target prey (mouse/rat) or in humans may  be sig-
ificant, because micromolar concentrations of Rusvikunin prolong
he clotting time of plasma and also show antiplasmin activity;
nticoagulation is the major clinical manifestation following RV
nvenomation in humans [2,4]. Rusvikunin likely exerts a syner-
istic effect with other venom components to enhance the lethality
f venom [36]. Exploration of the physiological role of this intrigu-
ng class of venom components is the goal of studies currently in
rogress.

. Conclusion

This is the first report describing the functional character-
zation of a Kunitz-type BPTI (Rusvikunin) from venom of D.
usselii russelii of Pakistan origin. In addition to displaying trypsin,
lasmin and thrombin inhibitory activity via a non-enzymatic
echanism, Rusvikunin demonstrated in vivo potent anticoag-

lation effect by targeting thrombin of treated mice. Clinical
pplication of Rusvikunin as a peptide-based drug to ameliorate
ardiovascular disorders, such as ocular thrombosis, trypsin-
ediated inflammatory reactions and anti-bleeding disorders due

o antiplasmin deficiencies, is indicated by its biochemical prop-
rties and non-toxic nature. Exploration of the pathophysiological
oles of Rusvikunin in RV envenomation is the goal of studies cur-
ently in progress.
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