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Objective: Hemocoagulase agkistrodon (HCA), a thrombin-like enzyme (TLE) from the venom
of the Chinese moccasin snake (Deinagkistrodon acutus), has been used in clinical practice as
a hemostatic compound. The aim of this study was to further investigate the pharmacological
properties of HCA.

Materials and methods: Sodium dodecyl sulfate or native polyacrylamide gel electrophoresis
(SDS- or N-PAGE) as well as enzyme linked immunosorbent assays (ELISAs) were conducted
to study the effects of HCA on the human plasma fibrinogen and prothrombin levels, as well as
its in vitro interactions with some coagulation factors. In addition, the bleeding time effects of
HCA in the mouse tail-bleeding model as well as its effects on the fibrinogen levels in rabbits
were determined in vivo.

Results: In vitro results revealed that HCA exerts its procoagulant activities by hydrolyzing
fibrinogen into segments that are easier to be absorbed, reducing the risk of thrombus formation.
Besides, HCA could significantly inhibit the activation of prothrombin at the concentration of
0.3 uM. Unexpectedly, we also found that HCA was able to strongly bind to factor X/Xa (in a
ratio of 1:1) and thus inhibit the acceleration of active factor X to tissue plasminogen activator-
catalyzed plasminogen activation, demonstrating that it could be less likely to lead to thrombus
formation. Finally, in vivo results indicated that HCA could significantly shorten the bleeding
time in the mouse tail-bleeding model and had no effect on the fibrinogen levels in rabbits.
Conclusion: In summary, HCA, a unique and new family member of TLEs, may become a
new clinical drug for the prevention and treatment of hemorrhage due to its unique and com-
plex interactions with the blood system. Clarification of these features will enable us to further
understand the mechanism of action of HCA and then promote its further application in clinical
practice as a therapeutic drug.

Keywords: thrombin-like enzymes, TLEs, coagulation factors, procoagulant activity, anti-
coagulant activity, FXa, t-PA

Introduction

Surgical operation or trauma not only increases blood loss, but also complicates the
surgical process, thus administration of effective hemostatic drugs is a prerequisite
for performing safe operations.!? It is generally recognized that a balance between
coagulation and anticoagulation is required for proper functioning of the blood clot-
ting system, which is key to maintain the normal body blood flow and prevent blood
loss.® The normal coagulation process in the body mainly depends on the structure
and functions of the intact blood vessel wall, the quality and quantity of platelets, the
normal activity of plasma coagulation factors, and the complex molecular regulation
involved in the whole process.* The coagulation process is generally divided into
endogenous coagulation, exogenous coagulation, and coagulum formation processes.’

submit your manuscript
e
in

Dove

http:

Drug Design, Development and Therapy 2018:12 13851398 1385
© 2018 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https:/www.dovepress.com/terms.php

T2l 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S159210
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:pjx@smu.edu.cn

Li et al

Dove

The endogenous coagulation pathway refers to the blood
coagulation process, which involves all the blood factors.
When the vessel wall is damaged, the subcutaneous tissues
are exposed, and the negatively charged subcutaneous col-
lagen fibers come in contact with the coagulation factors.
Then factor X (FX) activator complexes can be formed after
a series of reactions with the factor XII (FXII) collagen,
the collagen releasing enzyme, calcium ions, and platelet
phospholipids. The exogenous coagulation pathway refers
to the blood coagulation process which includes coagula-
tion factors all of which are not present in the blood. This
process is initiated from the exposure of tissue factors
(TFs) to blood in order to form FX activator complexes.
When tissue is damaged, the released TFs together with
the participation of calcium ions can form FX activator
complexes with active factor VIla (FVIla) and platelet
phospholipids. Both endogenous and exogenous coagula-
tion processes can activate the “final common pathway”
of FX, which leads to thrombin and fibrin formation.

At present, traditional hemostatic drugs can achieve
good hemostatic effects, but at the same time their applica-
tion has many drawbacks.® For example, complications are
often observed during the treatment with drugs inhibiting
the fibrinolysis system. Besides, the hemostatic drugs can
have negative effects on patients with coagulation factor
deficiency. Consequently, several snake venoms containing a
variety of protein components affecting the body’s coagula-
tion process have emerged.” > Among them, a class of serine
proteases, often called TLEs, can act directly on fibrinogen
to release FPA, such as batroxobin, ancrod, flavoxobin, and
bothrombin, FPB, such as contortrixobin and okinaxobin, or
FPAB, such as russelobin, resulting in the polymerization
of fibrin monomers, coagulation, or acting as defibrase.!>!*
TLEs are animal-derived protease hemostats which have
drawn great attention due to their outstanding features of low
toxicity, fast onset of action, long-lasting efficacy, and no
intravascular embolism. Since the first coagulation studies
onreptilase in 1957,'5 the primary structures of more than 40
TLEs have been elucidated, most of which are composed of
single-chain glycoproteins consisting of more than 200 amino
acid residues.'® 8 In addition, a large number of structurally
different snake venom proteins, such as acutobin, acutin,
and acuthrombin, have been isolated and purified.”” > In
early 1998, a new active ingredient-with hemostatic activ-
ity, called hemocoagulase agkistrodon (HCA), was isolated
from Agkistrodon acutus venom and purified. After exten-
sive research and development, in 2009 the ingredient was
approved to be listed in a class of national new drugs (Hemo-
coagulase Agkistrodon for Injection, named as HCA).

Our preliminary studies (unpublished data) have shown
that the hemostatic mechanism of HCA is to promote FPA
release from fibrinogen without activating factor FXIII (FXIII).
Only one peptide fragment of fibrinogen is cleaved by HCA
to form the fibrin monomers, and these monomers are
polymerized into soluble fibrin polymers by non-covalent
cross-linking, thus HCA exerts a hemostatic effect without
leading to thrombus formation. Unlike other traditional con-
geners such as batroxobin and hemocoagulase, HCA contains
only a single thrombin-like component and does not contain
active factor X (FXa). The absence of FXa reduces the risk
of thrombotic adverse reactions, since FXa normally plays
a decisive role in the production and formation of thrombin,
which may lead to thrombosis. Another advantage of HCA
not activating coagulation FXIII is that it produces a higher
concentration of soluble fibrins by its intravascular action,
thereby accelerating hemostasis at the wound site but with-
out causing aggregation of insoluble fibrin complexes by
re-cross-linking between the fibrins molecules. As a result,
thrombosis is prevented in the normal blood vessels.

Clinically, HCA injection is widely used to prevent clot-
ting in the local area of superficial wound bleeding during
surgical operations.?*? However, the mechanisms of function
of HCA and its potential to be applied worldwide in clinical
practice need to be further studied. Therefore, following our
previous research and in order to promote the application of
HCA in clinical practice, we further studied the mechanism
of action of HCA and its effects on coagulation factors and
their functions.

Materials and methods

Reagents

HCA (Beijing, Konruns Pharmaceutical Co., Ltd.); DEAE-
Sepharose Fast Flow and Sephadex-G25 were obtained from
Amersham Biosciences (Uppsala, Sweden); peroxidase-conju-
gated goat anti-rabbit I[gG was purchased from BoaoBioTech
(Beijing, People’s Republic of China); human fibrinogen, FPA,
FPB, phenylmethanesulfonyl fluoride (PMSF), egg-yolk L-o-
phosphatidylcholine, and bovine brain L-o-phosphatidylserine
were from Sigma-Aldrich Co. (St Louis, MO, USA); human
prothrombin (FII), thrombin, active factor V (FVa), FVIl/
Vlla, factor IX (FIX)/IXa, and FX/Xa were purchased from
Hematologic Technologies (Burlington, VT, USA); the chro-
mogenic substrate H-D-Phe-Pip-Arg-pNa+s2HCI (S2238) was
from Hyphen BioMed (Neuville-Sur-Oise, France); rabbit
anti-HCA polyclonal antibodies were prepared in our labora-
tory as described in Supplementary materials® (section “The
preparation of polyclonal antibody”) and its ELISA titer was
above 1:1,000,00. The specificity of polyclonal antibodies was
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confirmed by Western blot analysis (data not shown). All other
chemicals and reagents were of the purest grade available.

In vitro study

Biochemical properties of HCA

Effect of pH on the coagulation activity of HCA

HCA was dissolved in buffer solutions with pH values rang-
ing from 4 to 9. Then, 0.2 mL of each HCA solution (8 U/mL)
was mixed with 0.2 mL of ox plasma. Coagulometer was
used to determine the optimum pH by measuring the clotting
time of the mixtures.

Effect of temperature on the coagulation activity of HCA
One milliliter of HCA solution and 1 mL of ox plasma were
incubated for 3 min at different temperatures (20°C-50°C)
before mixing in the tube. Clotting time of the mixtures was
recorded when the solution became cloudy, at which point
the optimum temperature was determined.

Effect of Ca?* concentration on the coagulation

activity of HCA

Solutions containing 8 mg/mL of human fibrinogen and
1 U/mL of HCA were prepared with injection water and
then 100 uL of each solution was taken and mixed. After
incubation for 3 min, 20 puL of different concentrations of
CaCl, solutions was added into 200 UL of mixture, making
the final concentration of CaCl, in the solutions to be in the
range of 0.45-9.0 mM. The clotting time of each mixture
was tested to measure the influence of Ca** on the clotting
time of the fibrinogen mediated by HCA.

Effect of PMSF on the release activity of fibrinopeptide
mediated by HCA

Fibrinogen solution (1%) and 35 g/mL of HCA were indi-
vidually prepared with physiological saline. PMSF was dis-
solved in isopropanol at various concentrations (0—100 uM).
Physiological saline (10 pL), isopropanol, and various con-
centrations of PMSF were added into tubes. Then, 200 uL of
HCA was added into each tube, and the tubes were incubated
for 5 min at 37°C. Subsequently 200 uL of fibrinogen solu-
tion was added into each tube, and immediately followed
by clotting time counting while shaking the tubes gently in
a water bath at 37°C.

Hydrolysis of the fibrinogen from human standard
plasma mediated by HCA

HCA (20 pg/mL) and human thrombin (8 U/mL) solutions
were individually prepared with 0.05 mol/L Tris-HCI buffer
(pH 7.4), and the prepared solutions were incubated in a water
bath at 37°C. Seven EP tubes (2 mL) were used and numbered

from 1 to 7 and then the solution was added as follows: 0.25 mL
of human plasma was aliquoted into each tube, and 0.25 mL
of 0.05 mol/L Tris-HCI buffer (pH 7.4) was added to tube 1,
0.25 mL of 4 U/mL HCA solution was added to tubes 2—6, and
0.25 mL of 8 U/mL human thrombin solution was added to
tube 7. All tubes were mixed and then individually incubated.
Tubes 1 and 7 were incubated for 16 h, while tubes 2—6 were
incubated for 1, 4, 8, 12, and 16 h, respectively, in a water
bath at 37°C. After incubation, the samples were centrifuged,
the supernatant was discarded, and the clots were rinsed with
adequate 0.15 M NaCl solution. Following this, 0.5 mL of
5 mol/L urea solution (2% SDS, 2% B-mercaptoethanol,
0.1 M sodium phosphate, pH 7.15) was added in each tube,
and then the tubes were vigorously shaken to dissolve the clot.
The abovementioned reaction was repeated by adding 5 uL
of 0.8 M CaCl, solution to each of the previously mentioned
reaction systems. The sample and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) sample load-
ing buffer were mixed in a ratio of 4:1 and boiled for 3—-5 min
after the fibrinogen clot was dissolved. Finally, 10 UL of the
sample was tested by native PAGE (N-PAGE).

Binding affinity of HCA to coagulation factors
N-PAGE was chosen for its advantage to maintain the func-
tional properties of the separated proteins and its high effi-
ciency in protein separation and identification. The binding
affinities of HCA to the coagulation factors FX/FXa, FIX/
active factor IX (FIXa), FVII/FVIla, and FII were analyzed
by N-PAGE as follows. HCA (24 uM) and FX/FXa, FIX/
FIXa, FVII/FVIla, and FII (16 uM) were prepared by mixing
with 0.05 mol/L Tris-HCL (pH 7.4, containing 0.1 M NacCl,
1 mM CaCl)). A certain amount of solution was taken out
and used for N-PAGE after 90 min of incubation at 37°C.
Then, 1 mM of Ca?* was individually added into each sample
solution, 0.05 mol/L Tris-HCL (pH 7.4, containing 0.1 M
NaCl, 1 mM CaCl,) buffer, and separating and stacking gels,
to assure adequate Ca* concentration.

To investigate the molecular proportion between HCA
and the coagulation factors in the formed complexes, HCA
(16 uM), FX/FXa, and FIX/FIXa (16 uM) were used. The
samples were prepared as described earlier.

In order to quantify the binding affinity of HCA to the
abovementioned factors, an ELISA method was applied.
First, 10 nM of FX, FIX, FVII, and FII solutions were
prepared with Tris-HCI coating buffer (0.1 M, pH 8.8), and
the wells in the microtiter plate were coated with the corre-
sponding solutions. Second, HCA at various concentrations
was added into the wells. Third, polyclonal antibody and
secondary antibodies were added. A chromogenic substrate
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was used, and the values at OD,, were measured for affin-
ity detection.

Effect of HCA on the FIl complex

FX/FXa and FIX/FIXa are vital parts of FII complexes and the
complexes of endogenous and exogenous FX activators. Bind-
ing between HCA and those factors can influence the function
of the factors, thus inhibiting the complexes mentioned earlier.
PCPS (prepared according to the procedure of Higgins and
Mann?’ and the detailed protocol is given in Supplementary
materials under the section “The preparation of PCPS”) were
used to investigate the effects of HCA on the FII complexes. FII
complex solutions were prepared with assay buffer (containing
0.02 M HEPES, 0.15 M NaCl, 5 mM Ca*, pH 7.4). Mixtures of
FXa (3nM)and HCA (15 nM, 60 nM, 0.3 uM) were incubated
for 30 min at 37°C and then mixtures of FII (1.4 uM), FVa (20
nM), and PCPS (40 uM) were added. The reactions were set
up at 30°C and then 100 pL of each sample was removed after
2,10, 20, 30, 40, 50, 60, 80 and 100 min of incubation. EDTA
(50 mM) was added to terminate the reactions. Then, 1 uM of
chromogenic substrate (S2238) was added, and OD,; values
were measured. The amount and activation extent (percentage)
of Flla (thrombin) at various time points were calculated.

ELISA for detection of tissue plasminogen activator
(t-PA) hydrolysis by HCA

Solutions of 60 nM of HCA (or ancrod and batroxobin) and
60 nM of t-PA were mixed and incubated in a water bath at
37°C. Then 10 uL of reaction solution was removed at 0, 5,
10, 20, 30, 40, 50, 60, 120, 240 and 480 min, and 200 puL of
specific chromogenic substrate containing S2408 and EDTA
(50 mM) was added into each solution. After 2 min, the OD,
values were determined.

To study the effects of HCA on the plasminogen activa-
tion by binding to FXa, the HCA (0.2 uM)/FXa (0.1 uM) or
ancrod (0.6 uM)/FXa (0.1 uM) mixtures were incubated in a
water bath at 37°C for 15 min. First, 130 uL of PCPS solution
and then 130 uL of Lys-plasminogen solution (0.5 uM) were
added. After incubation for 25 min at 22°C, 130 uL of 10 nM
t-PA solution was added and the mixture was incubated at
22°C. Afterward, 50 puL of the reaction solution was trans-
ferred into a 96-well plate at different time points. Finally,
200 uL of the chromogenic liquid was added, and the OD,
values were determined.

In vivo study

Animals

Kunming mice (KM; license number: SYXK [Guangdong]
2006-0074) and New Zealand white rabbits (license number:

SYXK [Guangdong] 2008-0002) were obtained from the
Animal Experiment Center of Southern Medical University,
People’s Republic of China. The animals were fed adaptively
for 7 days before experiments, where light and environment
were controlled for 12 h light and 12 h dark cycles, while
animals were provided with access to food and water. The
room temperature was controlled for 23°C-28°C and the
humidity was controlled for 40%—-60%. The procedures for
care and use of animals were approved by the Ethics Com-
mittee of Southern Medical University, and all applicable
institutional and governmental regulations concerning the
ethical use of animals were followed.

Mouse tail-bleeding model

HCA (n=10 per dose group) or a control was intravenously
injected 30 min before the mouse tails (non-anesthetized KM
mice) were transected at a distance of 4 mm from the tip. The
blood lost from the tail was continually absorbed with filter
papers until the tail stopped bleeding. The time until continu-
ous blood flow ceased for >10 s was recorded. In addition,
0.25 ng/kg of HCA was replaced by 0.5 kU/kg reptilase (Solco
Basle Ltd, Basle, Switzerland) as a positive control.

The determination of changes in fibrinogen

levels after dosing

Indwelling needles were implanted into the arteria auricu-
laris of the New Zealand rabbits (n=6 per group) mentioned
earlier. Whole blood was drawn pre-dose administration
and then corresponding drugs were injected into the ear
vein. Then 1 mL of whole blood was individually drawn
post-dose administration (0.5, 1, 2, 4, and 6 h). Sodium
citrate hydrochloride was added into the blood as an anti-
coagulant. Plasma was collected after centrifugation of the
blood at 3,000 rpm for 15 min. Finally, the concentrations of
fibrinogen were measured according to the method described
in the kit’s manual.

Statistical analyses

All results were expressed as mean + SEM. GraphPad Prism
5 was used for analyzing the data. Student’s ¢-test was
used to evaluate differences between groups. Differences
between groups were assumed significant when p-values
were <0.05.

Results

In vitro study

Biochemical properties of HCA

As shown in Figure 1A, the best pH value for the optimal
relative activity of HCA was determined to be 5.5, which
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Figure | Biochemical properties of HCA. (A) Activity—pH relationship curve; (B) activity—temperature relationship curve; (C) effects of Ca? on the fibrinogen clotting
activity; (D) effect of PMSF on the clotting time of fibrinogen solution after the addition of HCA. The values shown are the mean values + SEM (n=3).
Abbreviations: HCA, hemocoagulase agkistrodon; PMSF, phenylmethanesulfonyl fluoride; SEM, standard error of mean.

was in agreement with the result of defibrase extracted from
Cordyceps militaris.”® Besides, the optimal temperature was
determined to be 35°C, and its activity was relatively stable
between 35°C and 40°C (Figure 1B). In addition, we found
that with the increasing concentration of Ca*" ions, the clot-
ting time was shortened, which suggested that Ca** affects the
coagulation function of HCA (Figure 1C). As expected, the
HCA activity on fibrinogen clotting was markedly inhibited
by PMSF in a concentration-dependent manner (Figure 1D),
but heparin and EDTA did not influence the activity (data not
shown), which indicates that the active site of HCA involves
a serine residue, like in other TLEs, suggesting that HCA is
a snake venom serine protease.”’

Effects of HCA on the hydrolysis of the fibrinogen
from standard human plasma

Human plasma coagulation was applied to simulate the
coagulation environment in vivo. It was speculated that the
fibrin monomers formed by HCA during the hemostasis pro-
cess may form covalent cross-linkage within the y-chains, in
the absence (Figure 2A) or presence of Ca** ions (Figure 2B),

making it easier for the clot to be dissolved. Consequently,
thrombus formation would be prevented under the strong
hemostatic effect of HCA. At the same time, this experi-
ment also showed that, at the presence of appropriate Ca**
ion concentrations, the procoagulation effect of HCA can be
improved (Figure 2B).

The binding of HCA to coagulant factors

We further studied the influence of HCA on blood coagula-
tion factors and their functions, to investigate further the
mechanism of hemorrhage prevention by HCA. Curiously,
we observed that HCA was able to bind to FX. This sug-
gested that HCA was also able to bind to other vitamin
K-dependent clotting factors (II, VII, IX, X). Therefore,
the binding activities of HCA to other human vitamin
K-dependent clotting factors (11, VII, IX, X) were determined
by N-PAGE. The results are shown in Figure 3A. When
HCA was incubated with FX or factor IX, new bands, with
higher molecular weight than the bands of substrates, were
observed, which indicated that HCA had formed complexes
with FX and factor IX. However, in the mixtures of HCA
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Figure 2 Hydrolysis of HCA to fibrinogen from human standard plasma with time-course analysis by SDS-PAGE in the absence (A) or presence (B) of Ca?" (10% acrylamide gels).
Lane M: PMW markers; Lane F: fibrinogen solution for 16 h; Lanes |-16 h: fibrinogen from human standard plasma hydrolyzed by HCA for 1, 4, 8, 12, and 16 h; Lane S: standard
protein with B and y fragment; Lane T: fibrinogen from human standard plasma hydrolyzed by thrombin for 16 h; o, B, and y stand for the three subunit bands of fibrinogen.
Abbreviations: HCA, hemocoagulase agkistrodon; PMW, molecular weight of standard protein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

with factor VII or FII, only two bands (Figure 3A) were
detected on the N-PAGE, corresponding to the band of HCA
and coagulant factors, respectively, demonstrating that a
complex could not be formed under the same conditions.

A HCA+ HCA+
HCA FIX  FIX HCA  FX FX

B HCA+ HCA+

HCA FIX FIX HCA FX FX

To analyze the stoichiometry of HCA and the coagulation
factor in the complex, the mixtures of HCA and FX or factor
IX (molar ratio, 1:1) were subjected to N-PAGE. As shown
in Figure 3B, only one band was observed, and the bands

HCA+ HCA+
HCA Fll Fll HCA FVII FVII

2.0 +
1.8 1
1.6 1
1.4 1
1.2 1
1.0 1
0.8
0.6 -
0.4 4
0.2 4
0.0

1E-3 0.01 0.1 1 10 100
HCA (nM)

B FX
® FIX
A FVII
Y Fll

Absorbance at450 nm O

Figure 3 The binding of HCA to coagulant factors. (A) Analysis of the formation of a complex of HCA (0.24 uM) with relative coagulant factors (0.16 M) in a ratio of 1.5:1
by N-PAGE. (B) Analysis of the formation of a complex of HCA (0.16 uM) with FIX (0.16 uM) or FX (0.16 uM) in a ratio of I:1 by N-PAGE. (C) Binding activities of HCA

to solid-phase coagulation factors. The values shown are the mean values + SEM (n=3).

Abbreviations: FX, factor X; FIX, factor IX; FVII, factor VII; Fll, prothrombin; HCA, hemocoagulase agkistrodon; N-PAGE, native polyacrylamide gel electrophoresis; SEM,

standard error of mean.
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corresponding to substrates were absent on the gel. These
results indicate that HCA could form a complex with FX or
IX in a ratio of 1:1. However, HCA could not form a com-
plex with factor VII or FII from human sources.

The affinity of HCA for binding to various solid-phase
vitamin K-dependent clotting factors (II, VII, IX, X) was
further investigated by ELISA in the presence of 5 mM Ca**
ions. As shown in Figure 3C, HCA bound to FX and FIX
in a concentration-dependent manner. However, the extent
of HCA binding to FVII was very low at the concentrations
tested, and HCA did not bind to FII even at high concentra-
tions (even at 100 times the concentration used for FX).
Half-maximal binding of HCA to solid-phase human FX
and FIX occurred at 0.08 £ 0.007 nM (mean + SEM, n=5)
and 3.00 £ 0.20 nM (mean £ SEM, n=5), respectively, which
showed that HCA could bind to FX with a higher affinity
than with FIX.

Effects of HCA on the activation of Fll

by prothrombinase

When the wall of a blood vessel is damaged, FVIIa—tissue
factor complex initiates coagulation by activating FX and
FIX and by constituting prothrombinase (a complex of FII,
FXa, FVa, phospholipids, and Ca?"), which leads to the
formation of thrombin and ultimately a fibrin clot.*® FXa
plays an important role in the amplification of the coagula-
tion cascade during the process of coagulation. On the basis
of the abovementioned data, we hypothesized that HCA
regulates its anticoagulant activity by binding to FXa and
by inhibiting the activation of FII by prothrombinase. As
shown in Figure 4, in the presence of HCA (0, 15, 60, and

100 -

80

60 -

40

20

Prothrombin activation (%)

T ol T L T L T

0 20 40 60 80
Time (min)
Figure 4 Influence of HCA on the activation of Fll by prothrombinase. The values

shown are the mean values + SEM (n=3).
Abbreviations: Fll, prothrombin; HCA, hemocoagulase agkistrodon.

0.3 uM), the capacity of prothrombinase to produce thrombin
pronouncedly decreased in a dose-dependent manner and was
almost completely inhibited by a 100-fold molar excess of
HCA to FXa. Apparently, the inhibition of prothrombinase
by HCA is due to the binding of HCA to FXa (HCA could
not activate FII in the follow-up studies [data not shown]),
which probably indicates a potential anticoagulant activity
of HCA in vivo.

The indirect inhibitory effects of HCA on the
acceleration of FXa to t-PA-catalyzed plasminogen
activation

FXa enhances the activation of the fibrinolysis zymogen
plasminogen to plasmin by tissue plasminogen activator,*'
and HCA is therefore likely to have an indirect influence on
the fibrinolytic system by binding to FXa. The influence of
HCA on the acceleration of FXa to t-PA-catalyzed plasmi-
nogen activation was determined by reconstituting a complex
of plasminogen, FXa, t-PA, and phospholipids in vitro. The
results in Figure SA show that HCA, ancrod, and batroxobin
have no effects on the activation of t-PA. As shown in
Figure 5B, in the presence of HCA, the capacity of t-PA-
catalyzed plasminogen to produce plasmin was decreased,
indicating that HCA can present an indirect inhibitory effect
toward the acceleration of FXa to t-PA-catalyzed plasmino-
gen activation, but does not interact with t-PA directly.

In vivo study

Mouse tail-bleeding experiment

As shown in Table 1, compared with the control group, HCA
(0.25, 0.125, 0.0625 pg/kg) and reptilase markedly short-
ened the bleeding time in the hemorrhagic area after 30 min
(p<<0.05). The bleeding time of mice treated with HCA
(0.25 ng/kg) or reptilase showed no significant difference.

Effects of HCA on the fibrinogen levels in rabbits

As shown in Table 2, HCA can hardly influence the
blood levels of fibrinogen in rabbits. Compared to the
pre-administration data, no difference in the blood fibrino-
gen concentration was found in the rabbits administered
with HCA (HCA 0.25 and 0.125 pg/kg) (p>0.05) post-
administration. However, the content of fibrinogen in the
batroxobin group was significantly decreased after 0.5 and
2 h (p<<0.01), which is in agreement with previously pub-
lished findings.* These results indicate that HCA might not
activate the fibrinolytic system even after the formation of
fibrin monomers in the plasma and thus lead to reduction of
the content of fibrin (fibrinogen) in vivo.
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Figure 5 (A) Effect of HCA to the activation of t-PA; (B) The indirect inhibitory effects of HCA and ancrod on the acceleration of FXa to t-PA-catalyzed plasminogen
activation. $2403 is a kind of chromogenic substrate. The values shown are the mean + SEM (n=3).
Abbreviations: FXa, active factor X; HCA, hemocoagulase agkistrodon; Lys-Pg, Lys-plasminogen; NS, normal saline; PCPS, small unilamellar phospholipid vesicles; t-PA,

tissue plasminogen activator.

Discussion

TLEs are enzymes that are functionally related to thrombin.
These enzymes belong to a class of serine proteases that can
hydrolyze fibrinogen into fibrin, presenting in vitro coagula-
tion and in vivo defibrin(ogen)ation activities.**>” TLEs have
been widely investigated because of their ability to prevent
and stop surgical bleeding as well as to treat ischemic cerebral
infarction.’®“° Tang et al have isolated and characterized five
new TLEs from 4. acutus snake venom from 1993 to 2005."
HCA is also a type of TLEs purified from 4. acutus snake
venom, which has good hemostatic effects.

Our current study has shown that HCA could release
fibrous protein peptides (data shown in Figure S1); the
release of FPBs was observed 2 h after the treatment of
HCA, so we assume that this characteristic could strengthen

Table | Effects of HCA on the bleeding time in mouse tail-
bleeding model (x+SEM, n=10)

Group N Bleeding time (s)
Vehicle 10 153.5+32.1

HCA 0.25 ug/kg 10 71.7£21.2%

HCA 0.125 ug/kg 10 108.8+30.9*#

HCA 0.0625 ug/kg 10 109.14£36.3%#
Reptilase 0.5 kU/kg 10 87.9+14.8*

Notes: *Compared with vehicle, p<<0.05; *compared with HCA 0.25 ug/kg, p<<0.05.
Abbreviations: HCA, hemocoagulase agkistrodon; SEM, standard error of mean.

its hemostatic activity because of the role of FPBs in the
aggregation of the primary fibers. The formed fibrin mono-
mers produced by HCA in the hemostasis process may form
a covalent cross-linkage within the y-chains (data shown
in Figure S2), which might be engulfed by the reticuloen-
dothelial system and eliminated by the circulating system,
thus being dissolved easier. However, HCA was unable to
promote the activation of FXIII (data shown in Figure S3),
which is similar to other TLEs.?**! Moreover, HCA was
unable to promote the activation of FX, FII and plasminogen
(data shown in Figure S4), thus the activation of the coagu-
lation pathway and the fibrinolysis system could not occur,
eliminating the risk of thrombus formation and hyponatremia
in the body and avoiding risks associated with the injection
dosage. After further studying the in vitro influence of HCA
on the coagulation system, we also found that HCA did
not show any activity at pH 4.5, and was unable to achieve
plasma coagulation. As the pH increased, HCA showed
the highest activity in a partially acidic buffer solution at
pH 5.5, but poor activity in alkaline solution (Figure 1A).
Furthermore, the optimum temperature for HCA activity
was 35°C. Besides, with a continuous increase in the Ca?*
concentration, the fibrinogen clotting time was continu-
ously shortened, and the presence of Ca?* could contribute
to the coagulation of fibrinogen. In addition, as expected,
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Table 2 Effects of HCA on the rabbit blood fibrinogen (x£SEM, n=6)

Group Before Blood fibrinogen concentration (mg/dL) after administration (iv) at various
administration (iv) time points
0.5h Ih 2h 4h 6h
Vehicle 638.1165.1 625.3+65.3 611.8+66.3 609.7+67.8 631.0£52.6 653.0+57.4
HCA 0.25 ug/kg 468.7171.4 483.71£64.3 473.7166.4 475.1£65.0 484.6173.8 476.571.9
HCA 0.125 ug/kg 498.7+74.5 509.6+67.0 497.0+76.0 459.8+70.9 507.9+69.0 521.3+68.0
Batroxobin 0.5 BU/kg 526.0+38.9 483.5142.7+* 486.2+55.7+ 484.3147 .7+ 507.7+51.9 522.3+49.5

Note: **p<<0.01 by paired-samples t-test vs vehicle.

Abbreviations: HCA, hemocoagulase agkistrodon; SEM, standard error of mean; iv, intravenous.

PMSF could inhibit the coagulation activity of HCA in a
dose-dependent manner (Figure 1D), but heparin and EDTA
did not, which is similar to reptilase, indicating that HCA is
likely a serine protein-like venom thrombin. Many reports
have shown that Ca® plays a certain role in preventing the
thermal denaturation of fibrinogen, accelerating the whole
blood coagulation reaction, and protecting disulfide bonds
from breaking or inhibiting the plasmin to cleave some
special peptide bonds.*>* It is also believed that the uptake
of Ca?" is related to the release of fibrinopeptides, and the
release of FPB is often accompanied by Ca?* uptake; the
speed of the FPA release was four times faster than the
uptake process. The release of FPA is related to the accumu-
lation of fibrin and the formation of fibrin clots. However,
ancrod, a type of TLEs which can only release FPA, could
interact with Ca* at lower concentrations, indicating that the
Ca?" binding site of fibrin is likely located near to the FPB
release sites. With the concentration increased, the clotting
time mediated by HCA was constantly shortened. Above
all, it can be concluded that Ca?* can strengthen the activity
of HCA, as HCA was able to release the FPB in the pres-
ence of Ca*". According to the results from the simulated
coagulation environment by using standard human plasma,
we speculate that the formed fibrin monomers mediated by
HCA in the hemostasis process may form a covalent cross-
linkage within the y-chains in the absence or presence of
Ca?* (Figure 2A and B), thus making it easier for the clot
to be dissolved. In addition, the clot formed by HCA from
heparinized human plasma was strikingly more vulnerable to
5 M urea solution than the clot formed by reptilase (data not
shown). The reason is unclear, but the results indicated that
the fibrin clots produced by HCA probably have a different
structure compared with those produced by other TLEs.*#
In addition, HCA could obviously inhibit the action of the
FII complexes in a dose-dependent manner by significantly
reducing its activation degree and speed. The activation of
FII complexes by FII was almost completely inhibited when
the concentration of HCA reached 300 nM (Figure 4). The

results from studying the impact of HCA on the anticoagula-
tion system showed that HCA had a strong binding capac-
ity with the FX/FXa/FIX/FIXa complex in a ratio of 1:1,
and their binding capacity magnitude was in the order of:
FXa > FX > FIXa > FIX (Figure 3B and C). In addition,
HCA could not activate the profibrinolysin into fibrinolytic
enzyme directly, but could suppress the activation effect of
t-PA on the activation of profibrinolysin by binding to FXa
(Figure 5B). In summary, HCA can form complexes with
coagulation factors, thus inhibiting the partial anticoagulant
effects of FX/FXa/FIX/FIXa.** Additionally, HCA binding
to blood coagulation factors, within the range of effective
hemostatic concentrations, can inhibit the potent fibrinogen-
clotting action of HCA in vivo. Collectively, we speculate
that these unique biological functions of HCA, and possibly
other unknown biological properties, may contribute to the
hemostatic effect of HCA in the hemorrhagic area. However,
further research is required to illuminate the hemostatic
mechanisms of HCA in vivo and promote its therapeutic
use in clinical practice. The results obtained in this study
suggest that HCA could be potentially a safer hemostatic
drug for preventing thrombus formation due to its interac-
tions with the coagulation factors. It has been reported that
the inhibition of FXa can prevent thrombosis and blood
coagulation.*”* In this study, we have demonstrated for
the first time that HCA could bind to FXa, which supports
the potential therapeutic role of HCA in clinical practice as
a hemostatic drug for preventing thrombosis.

Meanwhile, we have also investigated the effect of HCA
in vivo to further demonstrate its role in hemostasis. Data
from the mouse tail-bleeding assay showed that HCA could
significantly shorten the bleeding time (Table 1). Moreover,
results from the New Zealand rabbits showed that HCA
did not reduce the normal plasma fibrinogen levels even
when administered at the highest clinical dosage (Table 2).
However, a significant decrease could be observed after the
application of batroxobin (a type of defibrinogenase like
ancrod, which inhibits thrombus formation through FPA
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release and fibrinolysis system activation) for 0.5 h, indicat-
ing that the fibrin fragments hydrolyzed by HCA probably
do not activate the fibrinolytic system.

Conclusion

In summary, we have demonstrated that HCA, as a new fam-
ily member of TLEs, interacts with the blood coagulation
system in a distinctive and complex manner, which might
be beneficial for its application as a potent clinical drug for
the prevention and treatment of hemorrhagic diseases.> Our
findings are contradictory to the general concept that the
TLEs possess only enzymatic activity, and provide a new
insight into the understanding of the structure and function
of TLEs.!*133 However, more research is required to clarify
these features, which will enable us to further understand
the mechanism of action of HCA and promote its usage as
a potent hemostatic drug.
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The preparation of polyclonal antibody
Two milliliters of auricular vein blood was obtained from
male New Zealand rabbits weighing around 2 kg before
immunization. The serum was prepared as negative control
and stored at —20°C. For the primary immunization, 1 mg
of hemocoagulase agkistrodon (HCA) was dissolved in
3 mL of physiological saline and mixed (1:1) with complete
Freund’s adjuvant. The subcutaneous injections were made
in different regions of animals’ back and scapular region
in addition to one intramuscular injection. For subsequent
booster immunization, 0.5 mg of HCA was dissolved in 3 mL
of physiological saline mixed (1:1) with incomplete Freund’s
adjuvant and injected at 4th, 6th, 8th, and 10th weeks. After
5-7 days of the primary and booster immunizations, 2 mL
of rabbit auricular vein blood was collected, and the serum
was separated. Double immune-diffusion was performed to
test the antibody titer of the serum. Ten days after the last
immunization, 100 mL of whole blood was drawn from the
carotid artery and stored in refrigerator at 4°C for 4 h after
clotting at room temperature, and then the serum was sepa-
rated and frozen at —20°C.

The preparation of PCPS
L-o-phosphatidylcholine 7.5 mg and L-o-phosphatidylserine
2.5 mg were accurately weighted and placed into a 4 mL
Eppendorf (EP) tube, which was dried by using nitrogen.
Then 4 mL HEPES buffer (0.02 M HEPES, 0.15 M NacCl,
pH 7.4) was added and the mixture was vortexed evenly. The
above solution was dispensed into two 4 mL EP tubes. The EP
tubes equipped with small unilamellar phospholipid vesicles
(PCPS) were placed into an ice bath. Under the condition
of nitrogen flow, the PCPS suspension was sonicated with
a probe-type ultrasound with an ultrasonic power of 100 W
and an ultrasonic time of 30 min (until the solutions turned
to be transparent). The vesicle suspension was centrifuged
at 35,000 rpm for 30 min at 4°C; again, the suspension was
centrifuged at 40,000 rpm for 3 h at 4°C. Then the suspen-
sion was divided into three layers. The clear supernatant is
the uniform single-layer vesicle we are interested in. Then,
the concentration of the phospholipid in the phospholipid
vesicles was detected, and nitrogen gas was allowed to flow
into the tube containing the uniform monolayers of phospho-
lipid vesicles. The obtained samples were stored at 4°C and
were used within 24 h.
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Figure SI Analysis of fibrinopeptides using reverse-phase HPLC.
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Abbreviations: HCA, hemocoagulase agkistrodon; FPA, fibrinopeptide A; FPB, fibrinopeptide B; Fib, fibrinogen; HPLC, high-pressure liquid chromatography.
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Figure S2 Hydrolysis of HCA to fibrinogen with time-course analysis by SDS-PAGE in the absence (A) or presence (B) of Ca?* (10% acrylamide gels). Lane M: PMW markers;
Lane F: fibrinogen solution for 16 h; Lane 116 h: fibrinogen hydrolyzed by HCA for |, 4, 8, and 16 h; Lane T-I h and T-16 h: fibrinogen hydrolyzed by thrombin for | h
and 16 h, respectively; Lane R-1 h and R-16 h: fibrinogen hydrolyzed by reptilase for | h and 16 h, respectively. o, B, and v stand for the three subunit bands of fibrinogen.
Molecular masses of the markers are shown on the left.

Abbreviations: HCA, hemocoagulase agkistrodon; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; PMW, molecular weight of standard protein.
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Figure S3 Effects of HCA and thrombin on the activation activity of human factor XIlI.
Abbreviation: HCA, hemocoagulase agkistrodon.
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Figure S4 Effects of HCA and reptilase on the hydrolysis of FX.

Abbreviations: HCA, hemocoagulase agkistrodon; Flla, thrombin; FX, coagulation factor X; M, marker.
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