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ABSTRACT

Cloning and characterization of a recombinant
metalloprotease rvFMP as a thrombolytic enzyme in human

plasma and rat thrombosis models

Do Sung Lim
Advisor : Prof. Jung Sup Lee, Ph.D.
Department of Integrative Biological Sciences

Graduate School of Chosun University

Cardiovascular diseases are the number one cause of death
worldwide, which can be mainly induced by the fibrin deposits remained in
arteries.  Although  several enzymes, including urokinase (uPA),
streptokinase, and tissue-type plasminogen activator (tPA) are currently
being used for a thrombolytic medication, they are all indirect enzymes
activating plasminogen to plasmin that actually cleaves fibrin clots
deposited in a blood vessel. However, the plasminogen activators show
side effects such as bleeding, low blood pressure, nausea, and allergic
reactions. This study was performed to develop a novel recombinant
thrombolytic enzyme that can directly digest fibrin clots from Vibrio furnissii
, a free-living marine bacterium that can be associated with gastroenteritis
and skin lesions. There has been no report on extracellular protease(s)
from V. furnissii in terms of developing a thrombolytic agent. This

bacterium produces an extracellular 44 kDa metalloprotease named vFMP
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(stands for V. furnissii metalloprotease) as found by this laboratory. In this
study, a vFMP-encoding gene was cloned from the genomic DNA of V.
furnissii strain KCCM41679 using polymerase chain reaction (PCR) and
expressed in Escherichia coli, from which a recombinant vFMP (named
rvFMP; stands for recombinant V. furnissii metalloprotease) was purified
and characterized. The sequencing data (deposited in the GenBank
database under an accession number MG954380) showed that the
vFMP-encoding gene contains an open reading frame (ORF) composed of
1,827 nucleotides, which can encode 608 amino acids with a predicted
molecular mass of 67443.71 Da. The start and stop codons of the cloned
gene were found to be ATG and TAA, respectively. When the deduced
amino acid sequence of the cloned gene was compared with those of five
other Vibrio-derived proteases from V. fluvialis (WP_020431607.1), Vibrio
sp. RC586 (EEY99547.1), V. anguillarum (AAM15681.1), V. mimicus
(BAG30958.1), and V. wulnificus (ALM73800.1) (number in parenthesis
indicates GenBank accession number), there was an average of
approximately 80.8% sequence similarity between their mature peptide
regions. These results suggest that they are highly conserved proteases.
The sequence comparison data also showed that the cloned gene can
produce a prepro-rvFMP composed of 608 amino acids, which is organized
with a signal peptide (24 amino acids), an N-terminal propeptide (173
amino acids), and a catalytic domain (411 amino acids) containing a
typical Zn?*-binding motif (HEXXHG-X1s-E) that is often found from other
bacterial metalloproteases. The recombinant vFMP enzyme (rvFMP)
expressed in E. coli was purified using two anion chromatographic steps
employing HiTrap Q FF and Source 15 Q 4.6/100 PE columns and an
additional size exclusion chromatography with Superdex 75 10/300 GL

_Xl_
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gel in order. The molecular masses of the purified enzymes were found to
be approximately 44 kDa (processed form) and 39 kDa (truncated form) as
determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The optimal pH and temperature for the rvFMP activity were
found to be 7.0 and 50°C, respectively, when azocasein was used as a
substrate. The proteolytic activity of rvFMP could be inhibited by typical
metalloprotease inhibitors such as ethylenediaminetetraacetic acid (EDTA)
and 1,10-phenanthroline (1,10-PT), but not by serine protease inhibitors,
including phenylmethylsulfonyl fluoride (PMSF) and diisopropyl
fluorophosphate (DFP). These results suggest that rvFMP is a typical
metalloprotease. The purified protease was able to cleave various plasma
proteins, including BSA, fibrinogen, prothrombin, collagen type 1V, and
plasminogen. The putative proteolytic cleavage site of rvFMP was a
peptide bond located in the amino side of valine, as judged by N-terminal
sequencing with two-digests of fibrinogen. The rvFMP enzyme showed
fibrinogenolytic and fibrinolytic activities, as determined by in vitro cleavage
assay. rvFMP could cleave all chains of fibrinogen, in which the Aa and B
B chains could be digested completely within 1 min with a mass ratio of
1:7.9 (enzyme vs fibrinogen). The turbidity assay also showed that the
relative turbidity of the fibrin polymer was decreased with plasmin (used as
a positive control) or rvFMP treatment in a time-dependent manner. These
results suggest that rvFMP has an enzyme activity to digest fibrin polymer
actively. In addition, rvFMP could cleave cross-linked fibrin (XL-fibrin), as
shown by SDS-PAGE and fibrin plate assay. In particular, plasmin (2 pg)
and rvFMP (2 pg) could form clear halo-zones with diameters of 0.7 cm
and 1.1cm, respectively, on fibrin plate. These results suggest that rvFMP

has a clear XL-fibrin cleavage activity, approximately 2.5 times stronger

- Xl =
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than the same amount of plasmin in vitro. In this study, the in vivo
anti-thrombotic effect of rvFMP on vascular thrombosis induced by FeCl;
exposure in rat carotid artery or kappa-carrageenan treatment in rat tail
was also examined. Phosphate buffered saline (PBS), uPA (5.24 mg/kg),
or rvFMP alone (100 ug/kg) showed no effect on the induction of the
thrombus formation in the rat carotid artery, whereas the exposure of
FeCl; resulted in an extensive arterial thrombosis as expected. However,
the formation of thrombi by the exposure of FeCls could be clearly
reduced in a dose-dependent manner, when various doses of rvFMP
(10-100 pg/kg) were pre-injected. This anti-thrombotic activity of rvFMP was
also confirmed with the kappa-carrageenan-induced rat tail thrombosis
model. The formation of vascular thrombi caused by 4 mg/kg of the
carrageenan was clearly and dose-dependently decreased by the
administration of uPA (5.24 mg/kg) or various concentrations of rvFMP
(25-100 pg/kg). All these results suggest that rvFMP can digest effectively
vascular thrombi in vivo. It was also revealed that rvFMP (1.5 mg/kg)
evokes no internal bleeding and plasma fibrinogen depletion significantly,
with no lethal effect on mice. In addition, the recombinant enzyme also
showed no cytotoxicity and could not evoke the production of a typical
inflammatory cytokine, tumour necrosis factor-a (TNF-a) in Raw 264.7 cells.
Taken together, all these results demonstrate that rvFMP can be a

candidate protease capable of being developed as a novel direct-acting

thrombolytic agent.

- Xl =
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1. INTRODUCTION

Blood hemostasis is a physiological system that stops bleeding and keeps
blood in damaged blood vessels (Clemetson et al., 2012). This system maintains
the cardiovascular, digestive, respiratory, endocrine, and other systems essential
and functionally (Marieb et al, 2010). A normal hemostatic system inhibits
thrombosis in the bloodstream but prevents bleeding in response to vascular
damage. Blood constancy is maintained by the balance between fibrin formation
and decomposition (Fig. 1). According to a recent report by the World Health
Organization (WHO, 2016), cardiovascular disease (CVD) are the number one
cause of death globally: more people die annually from CVDs than from any
other cause. An estimated 17.9 million people died from CVDs in 2016,
representing 31% of all global deaths. Of these deaths, approximately 85% are
due to heart attack and stroke (WHO, 2016). Heart attacks and strokes are
usually acute events and are mostly caused by blockages that prevent blood
from flowing to the heart or brain. The most common reason for this is the
accumulation of fat in the lining of the blood vessels that supply the heart or
brain. A stroke can also be caused by bleeding from blood vessels or blood
clots in the brain. Intravascular thrombosis, the formation of a clot of blood in a
blood vessel, is one of the main causes of various CVDs (WHO, 2016). The
major protein component of fibrin clots is formed from fibrinogen via
thrombin-mediated proteolysis (Goldhaber et al., 2001).

However, the fibrin clots can be hydrolyzed by plasmin to remove
thrombosis from blood vessels. In some situations, there is an imbalance due to
some disorders and not hydrolyzed clots, resulting in thrombosis (Tough et al,,
2005). Over the years, thrombolytic therapies like injecting or orally

administrating thrombolytic agents to lyse thrombi in blood vessels have been
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Correspondence, Niraj & Mishra, Niraj. (2012). Antithrombotic therapy: current status and future developments. theHealth. 3. 98-108.

Fig. 1. The balance between coagulation and fibrinolysis. The coagulation
cascade ultimately generates thrombin, which catalyzes the conversion of
fibrinogen to the fibrin clot. The fibrinolytic cascade generates plasmin, which
catalyzes solubilization of the Fibrin. The thrombin-thrombomodulin complex
promotes down-regulation of thrombin formation by generating activated protein C
(APC). It also suppresses fibrinolysis by forming TAFla. The two cascades are

thereby linked through the thrombin, thrombomodulin, and TAFI pathway.
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extensively investigated (Peng et al., 2005). However, blood clots formed in
blood vessels can interfere with blood flow through the circulatory system. When
blood vessels are damaged, the body uses platelets and fibre to form blood
clots to prevent blood loss (Marieb et al., 2010). A clot that is freely looted and
begins to move around the body is called an embolus (Boon et al., 1993). A
heart attack or stroke may occur when an area of plaque ruptures and a clot
forms over the location, blocking the flow of blood to the organ's tissues. Deep
vein thrombosis is a condition where blood clots develop usually in the deep
veins of the legs. Pulmonary embolus occurs when these clots break away from
the walls of the vein and travel to the pulmonary arteries supplying to the lungs
through the heart (Lippi et al, 2013). The formation of a thrombus is a
dependent on both the activation of platelets, leading to platelet aggregation,
and the activation of the coagulation cascade, leading to fibrin formation (Lippi
et al., 2013; Pancioli et al., 2009). In recent years, many researchers have
developed many anticoagulants and fibre-soluble enzymes to treat thrombosis.
Anticoagulants can reduce the ability of the blood to clot (Blann et al., 2002;
Perler et al., 2005). These remedial agents were developed after discovering the
mechanisms of blood coagulation and fibrinolysis.

Blood coagulation cascades are divided into external (also called tissue
factors) and intrinsic (also known as contact activation). The beginning of both
paths leads to the activation of factor X (FX), which induces thrombin formation,
which is called a common path (Nesheim et al, 2003) (Fig. 2). In extrinsic
pathways, vascular damage and exposure to tissue factors (TFs) can lead to
platelets or endothelial cell activation. TFs combine coagulation factor VII (FVII)
to initiate the formation of TF-FVII enabled complex. The TF-FVlla complex can
activate factor IX (FIX) through protein decomposition. Activated FIX (FIXa) may

also activate FX with the presence of an active secondary factor VIII (FVllla)
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Fig. 2. Blood coagulation cascade. Two pathways lead to the formation of a fibrin
clot: the intrinsic and the extrinsic pathway. The extrinsic pathway is the
response to tissue injury, meanwhile the intrinsic pathway is the response to an
abnormal vessel wall. Although they are initiated by distinct mechanisms, the two

converge on a common pathway that leads to clot formation.
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(Hoffman and Monroe, 2007) (Fig. 2). Factor XlI triggers the intrinsic pathway
(FXII, also called Hageman factor) when it contacts with a negatively charged
surface such as glass or membrane of an activated platelet, provided the
prekallikrein and its cofactor with high molecular weight kininogen (HMWK)
(Hoffman and Monroe, 2007). Activated FXIl (FXlla) proteolytically cleaved factor
Xl (FXI) and then factor IX is activated by the FXla (Riddel et al., 2007;
Tanaka et al., 2009) (Fig. 2). The common pathway is initiated by activation of
FX by either intrinsic or extrinsic pathways. Circulating activated factor VIl (Vlla)
combined with tissue factor (TF) derived from damaged tissues or expressed on
activated monocytes (Fig. 2). In the presence of tissue factor, Vlla provides a
potent stimulus for the activation of factor X to Xa. This pathway initiates
physiologic hemostasis, generating small amounts of thrombin, which then feeds
back to activate the intrinsic coagulation factors and subsequently generate
higher thrombin levels. Then it catalyzes the proteolysis of the soluble plasma
protein fibrinogen to fibrin. The fibrin monomers polymerize to form insoluble
fibrin (Carter Angela et al., 2007). In the cascade's final step, soluble fibrinogen
is converted to insoluble fibrin by a serine protease called thrombin. The
resulting fibrin monomers are spontaneously polymerized into cross-linked fibrin
fibore in the presence of fibrin stabilizing factor FXllla (Carter Angela et al,
2007).

Fibrinogen and fibrin play essential roles in blood clotting, wound healing,
cell-to-cell interactions, and inflammatory responses (Jennewein et al., 2011)
(Fig. 3A). As shown in Fig. 3A, the fibrinogen is composed of six polypeptide
chains: two each of Aa, BB, and vy, joined by disulfide bonds and the dimeric
structure can be categorized into four major domains: central E domain, two
identical terminal D domain, and coiled-coil C domain (Mosesson et al., 2005).

The N-terminus of the central E domain is composed of the fibrinopeptides A
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and B. During the coagulation process (Fig. 3B), the conversion of fibrinogen to
fibrin occurs after the removal of fibrinopeptides A (FPA) and B (FPB) by
thrombin from the N-termini of the Aa and BB chains (Mosesson et al., 2005).
The fibrin monomers devoid of the fibrinopeptides have (apy)2 structures and
then exposed the polymerization site of E domain that interacts to D domain of
fibrin monomer (Mosesson et al., 2005). Fibrin polymer continues to make
entangled long fibres, the fibrin clot. In the presence of FXllla, the fibrin clot is
stabilized to form y-y dimer and a-a polymers (Mosesson et al., 2005). These
cross-links help strengthen the fibrin clot, making it more resistant to physical
and chemical damage (Mosesson et al., 2005). The fibrin deposits formed in
arteries cause an intravascular thrombosis, which can induce cardiovascular
diseases, such as myocardial infarction (Acharya and Dimichele, 2008).
Therefore, fibrin clots formed eventually should be broken down into soluble
peptides to be removed from the vessel, in which an endogenous serine
protease, plasmin is directly involved (Lippi et al., 2013; Pancioli et al., 2009;
Ghosh et al., 2012; Sakuragawa et al., 1975). Fibrin formation from fibrinogen is
summarized in Fig. 3B.

The fibrin clotting is subsequently digested by the fibrinolytic system (Fig.
4). The enzyme plasmin is proteolytically generated from the zymogen called
plasminogen by plasminogen activators (PAs), such as tissue-type plasminogen
activator (tPA) and urokinase-type plasminogen activator (uPA) (Collen et al.,
1986). Plasmin is activated by itself in plasminogen by the production of uPA
and tPA. However, the conversion of uPA and tPA is regulated by plasminogen
activation inhibitors -1 and -2 (PAI1 and PAI2). Furthermore, activated plasmin is
inhibited by a2-antiplasmin and a2-macroglobulin (Shanmukhappa et al., 2005)
(Fig. 4).

Several types of PAs derived from tPA and uPA are currently being used
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clinically as therapeutic agents to dissolve the fibrin deposits in the blood
vessels (Ghosh et al., 2012). However, they are all indirect thrombolytic
enzymes because the enzymes are acting as just activators for plasminogen to
yield plasmin (Ghosh et al., 2012; Sakuragawa et al., 1975; Collen et al., 1986;
Verstraete et al., 2000) (Tables 1 and 2). Moreover, they have a limitation in
use due to their risks of bleeding complication, including intracranial
haemorrhage, low fibrin specificity resulted from “plasminogen steal”’, a short
half-life, and immunogenicity resulting in drug resistance, fever, and allergic
reactions (Ghosh et al., 2012; Verstraete et al., 2000; Arnold et al., 1995).
These are the reasons why novel thrombolytic agents that can directly act on
fibrin clots to cleave and also show no or significantly alleviated side effects
should still be screened and developed from various sources. To date, many
fibrin(ogen)olytic enzymes have been purified and characterized from snake
venoms (De-Simone et al., 2005; Leonardi et al., 2002), marine green algae
(Matsubara et al., 2000; Amarant et al., 1991, Matsushima et al., 1993),
earthworm (Akazawa et al., 2018), and polychaete worms (Park et al., 2013).
However, a safe, inexpensive, and effective direct-acting thrombolytic enzyme
has not yet been developed.

Vibrio furnissii is a free-living marine bacterium. It is ubiquitously present in
marine environments and is one of the 11 non-cholera vibrio species pathogenic
in humans, which can lead to human gastroenteritis and extra-intestinal
manifestations (Brenner et al., 1983; Derber et al, 2011; Ballal et al, 2017),
and its whole genome sequence has been determined in 2011 (Lux et al.,
2011). It produces a variety of secondary metabolites such as ectoine and
bacteriocin that can be used as an active ingredient in skin care for sunlight
protection, a replacement for antibiotics, and food preservative (Giubergia et al.,

2016). In addition, several Vibrio strains are known to secrete a variety of
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Table 1. Thrombolytic agents currently being used in clinic.

Product name Origin Company Country Features & Side effects
Alteplase® Human tPA produced by » Fibrinolytic through plasminogen activation
TNKase® recombinant DNA Genetech, Inc. USA » Medical (vascular injection)
(rt-PA) technology * Recombinant protein
: ® Human neonatal kidney * Fibrinolytic through plasminogen activation
'(A\L,tl)r%?(ii(rlwgisee)) cells grown in tissue fgl?g:;tories USA * Bleeding and hypersensitivity reactions
culture » Medical (vascular injection)

+ Fibrinolytic through plasminogen activation
Aventis France * Bleeding and hypersensitivity reactions
» Antigen-acting antibody formation

Streptase® Group C (beta) —hemolytic
(Streptokinase, SK) Streptococci

+ Fibrinolytic through plasminogen activation
Urokinase Human urine Green Cross Korea » Bleeding and hypersensitivity reactions
* Medical (vascular injection)

Mucolase Tab. Group C hemolytic Hanmi Pharm. Elriiegdei?mga;?r?g hgﬁt?ggggs}g\%yatggﬁctions
(Streptokinase) Streptococci Co. - Medical (oral administration)

» Health supplements (blood circulation

Lumbriko Gold Lumbricusrubellus Lumbriko .
: USA improvement)
(Lumbrokinase) (blood worm) World, Inc. - Includes thrombolytic enzyme
® : Canada RNA » Health supplements (blood circulation
ﬁ_(zjlumobkr?)kinase) (Léfgotg'%'g(%eﬂus Biochemical, Canada improvement)
Inc. * Includes thrombolytic enzyme
. Allergy » Health supplements (blood circulation
Lumbrokinase (Lé:gvobdr/%lg;‘%ellus Research China improvement)
Group * Includes thrombolytic enzyme
Nattokinase Natto Allergy » Health supplements (blood circulation
NSK-SD® (Bacillus subtilis sub sp. Research China improvement)
Natto) Group * Includes thrombolytic enzyme
— 10 —
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Table 2. Representative thrombolytic enzymes and blood circulation improving agents.

Product name Origin Company Country Features & Side effects
Human tPA produced by Genetech « Fibrinolytic through plasminogen activation
Urokinase recombinant DNA ’ USA » Bleeding and hypersensitivity reactions
technology Inc. - Medical (vascular injection)
_ * Relieving symptoms of sinusitis and
Mucolase Human neonatal kidney Abbott thrombo%hlgbitis
Tab.(Streptokinase cells grown in tissue L . USA » Bleeding and hypersensitivity reactions
&Streptodornase)  culture aboratories » Antigen-acting antibody formation
* Medical (Oral administration)
; i . » Health supplements (blood circulation
Natto NKCP Natto (Bacillus subtilis IL-YANG Japan improvement)
sub sp. Natto) PHARM. * Includes thrombolytic enzyme
Natto (Bacillus subtilis CKD » Health supplements (blood circulation
MegaNattokinase Japan improvement)
sub sp. Natto) Healthcare + Includes thrombolytic enzyme
: i » Health supplements (blood circulation
Natokinase Gold Natto (Bacillus subtilis Kyung Nam Korea improvement)
sub sp. Natto) Pharm

* Includes thrombolytic enzyme
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proteases that can cleave fibrinogen and fibrin. They include vEP-45 from V.
vulnificus ATCC29307 (Chang et al., 2005), vEP-MO6 from V. vulnificus, MOG6
24/0 (Kwon et al., 2007), and AKP-Vm from V. metschnikovii (Park et al., 2012).
This means that there may be a chance to find enzymes that can directly and
effectively degrade blood clots. However, there is no report on any extracellular
protease from V. furnissii in terms of the development of a thrombolytic agent.
In this study, a metalloprotease vFMP-encoding gene was cloned from the
genomic DNA of V. furnissii KCCM41679, sequenced, and expressed in
Escherichia coli. The recombinant vFMP (named rvFMP; stands for recombinant
V. fumnissii  metalloprotease) expressed was purified using several
chromatographic steps and its biochemical properties were characterized in
terms of in vitro fibrin(ogen)olytic activity and in vivo thrombolytic ability in two

kinds of rat thrombosis models.
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2. MATERIALS AND METHODS

2-1. Bacterial strains and materials

Vibrio furnissii strain KCCM41679 was purchased from Korean Culture
Center of Microorganisms (KCCM; Seoul, Republic of Korea) and cultivated in
Luria-Bertani (LB) medium containing 3% NaCl (w/v) at 37°C with by shaking at
150-250 rpm on a rotary platform. Escherichia coli DH5a cells were from Life
Technologies (Carlsbad, CA, USA) and also grown in LB medium at 37°C as
described previously (Chang et al., 2005; Chang et al., 2007). This E. coli strain
was routinely used as host cell for amplifying recombinant plasmid and
expressing recombinant enzyme. Diisopropyl fluorophosphate (DFP), azocasein,
ammonium sulphate, bovine serum albumin (BSA), trizma base, human
fibrinogen, plasmin, plasminogen, collagen type IV, vy-globulin, and other
chemicals were purchased from Sigma (St. Louis, MO, USA). Human FXllla and
prothrombin were purchased from Enzyme Research Laboratories (South Bend,
IN, USA). The chromatographic columns, including HiTrap Q FF, Source 15 Q
4.6/100 PE, Superdex 75 10/300 GL, and PD-10 were purchased from
Amersham Pharmacia Biotech Co. (Uppsala, Sweden). YM10 membrane was
obtained from Millipore (Billerica, MA, USA). Yeast extract, tryptone, and Bacto
agar were obtained from Becton Dickinson (Baltimore, MD, USA). The restriction
enzyme EcoRl and the T4 DNA ligase were purchased from New England
BioLabs (Beverly, MA, USA). PCR purification kit and i-Pfu DNA polymerase
were from iINtRON Biotechnology (Seongnam, Korea). Plasmid extraction kit, 100
bp DNA ladder, and A/Hindlll marker were purchased from BIONEER (Daejeon,
Korea). Anyfusion was from Genemed Inc. (Seoul, Korea). Plasmid pFLAG-ATS

was purchased from Sigma (St. Louis, MO, USA). Human plasma was prepared
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as described previously (Adkins et al., 2002; Anderson et al., 1977) under an
Institutional Review Board (IRB No. Chosun 2016-10-005-009) issued by Chosun

University Hospital (Gwangju, Korea).

2-2. Experimental animals

Sprague-Dawley (SD) rats and BALB/c mice were purchased from
OrientBio (Seongnam, Korea) and all animal procedures were conducted in
compliance with protocols approved by the Chosun University Institutional Animal
Care and Use Committee (IACUC) (Gwangju, Korea) under approval numbers
CIACUC2017-S0035 for rat and CIACUC2019-A0016 for the mouse. During the
animal acclimation, the animals were housed in stainless steel cages with
noncontact bedding and maintained under controlled environmental conditions (22
+ 2°C, 12 h light/dark cycle), during which food (Certified Rodent Diet 5002;

OrientBio) and tap water were given ad libitum.

2-3. Molecular cloning and nucleotide sequence analysis of

rvFMP gene

The entire coding region of rvFMP gene was amplified by polymerase
chain reaction (PCR) from the genomic DNA of V. furnissi KCCM41679 using
i-Pfu DNA polymerase and a pair of forward (5
-CAAGCTTCTCGAGAATTCATGAAAACATTACAAC-3) and reverse (5
-TGCAGGTACCCGGGAATTCTTAGTCCAGACGCAG-3') primers (underlined bases
indicate EcoRI restriction sites). The amplified PCR product (approximately 1.8
kb) was completely digested with EcoRI, ligated with EcoRI-cleaved pFLAG-ATS

vector using T, DNA ligase, and then transformed into E. coli DH5a cells as

_14_
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described (Kostylev et al., 2015). A recombinant plasmid containing 1.8 kb insert
DNA was isolated and designated to as pvFMP harbouring rvFMP gene. The
cloned gene was sequenced by dideoxy chain termination method as described

previously (Park et al., 2011).

2-4. Expression and purification of a recombinant enzyme

An E. coli colony harbouring a recombinant plasmid pvFMP was initially
grown overnight in 50 ml of LB medium containing 100 pg/ml of ampicillin at
37°C. Twenty ml of the culture was then inoculated into 2 L of LB broth
containing 100 pg/ml of ampicillin and the cells were grown at 37°C until ODggo
reached 0.8. Target protein expression was induced by adding 0.2 mM
isopropyl-1-thio-B-d-galactopyranoside (IPTG), followed by overnight incubation at
37°C. The cells were then harvested by centrifugation, resuspended in 100 ml
of lysis buffer [30 mM Tris-HCI, pH 8.0, 20% sucrose, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.3 mg/ml lysozyme] to give an
osmotic shock (Zhu et al., 1999), and incubated for 30 min at 4°C. The cell
suspension was centrifuged for 20 min at 22,000 xg and 4°C and the
supernatant containing periplasmic proteins was collected as described previously
(Zhu et al., 1999). To purify rvFMP enzyme, the supernatant obtained was first
subjected to an ammonium sulphate precipitation at a saturation concentration of
70% and the resulting protein pellet was collected by centrifuging for 40 min at
22,000 xg and 4°C. The proteins were then dissolved in 25 mM Tris-HCI buffer
(pH 7.5) and applied to a PD-10 column to remove residual ammonium
sulphate. The desalted proteins were loaded onto a HiTrap Q FF column
equilibrated with 25 mM Tris-HCI (pH 7.5) and the bound proteins were eluted

with a linear gradient of NaCl ranging from 0 to 0.7 M in the same buffer. The
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active fractions were pooled, concentrated with an YM10 membrane, and
desalted on a PD-10 column equilibrated with 25 mM Tris-HCI (pH 7.5). The
desalted proteins were then loaded onto a Source Q 4.6/100 PE column
equilibrated with 25 mM Tris-HCI (pH 7.5) and the bound proteins were eluted
with a NaCl linear gradient of 0 to 0.4 M in the same buffer. The active
fractions were pooled, concentrated, and finally loaded on a Superdex 75 10/300
GL gel filtration column equilibrated with 25 mM Tris-HCI (pH 7.5) containing
0.15 M NaCl. The active fractions were collected, pooled, and stored at -70°C
as purified enzyme. In each purification step, protein concentration was
determined by Bradford method as described (Bradford et al., 1976).

2-5. Protease activity assay and biochemical assessment

Azocasein assay was routinely used to measure protease activity through
the chromatographic steps and also to examine the temperature and pH
requirements for the purified enzyme as described previously (Chang et al.,
2005). In typical azocasein assay, a reaction mixture (typically 200 pl) composed
of enzyme to be tested, 25 mM Tris-HCI (pH 7.5), and 0.25% azocasein was
incubated for 15 min at 37°C and then the reaction was terminated by adding
100 pl of 10% trichloroacetic acid. After centrifuging for 10 min at 13,000 xg,
200 pl of the supernatant was withdrawn and the absorbance at 440 nm was
measured. In this assay, one unit of enzyme activity was defined as the amount
of protease needed to digest 1 pug of azocasein per min. The buffer systems
used for the assay were as follows: 25 mM sodium acetate (pH 4.0-6.0), 25
mM Tris-HCI (pH 6.5-9.5), and 25 mM glycine-NaOH (pH 10.0-11.0). Effects of
various temperatures on enzyme activity were also examined using azocasein

assay. To examine the thermo-stability of rvFMP, the enzyme (2 pg) was
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pre-incubated at 37, 45, 55, 65, and 75°C for 20 min and reacted with 0.25%
azocasein as a substrate for 15 min at 37°C. Apoenzyme of rvFMP (named
apo-rvFMP) was prepared as described by Hirose et al. with minor modification.
The purified rvFMP (100 pg) was dialyzed successively in 1,200 sample
volumes each of 25 mM Tris-HCI (pH 7.5) containing 1 mM 1,10-PT, distilled
water, and then 25 mM Tris-HCI (pH 7.5) for each 24 h at 4°C. The enzyme
activity of apo-rvFMP (1 pg) was also examined in the absence or presence of
various concentrations of ZnCl, (0, 0.01, 0.02, 0.05, and 0.1 mM) with

azocasein assay as described above.

2-6. N-terminal sequencing of the purified enzyme

Protein samples were separated by SDS-PAGE on a 10% gel and
transferred to PVDF membrane in 10 mM 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS) buffer (pH 11.0) containing 10% methanol. Target bands were
excised from the blot and subjected to N-terminal sequencing as described
previously (Chang et al., 2005). The sequencing was performed using Edman
degradation in Korea Basic Research Institute (Seoul, Korea) with a Procise 491

HT protein Sequencer (Applied Biosystems).

2-7. rvFMP-mediated cleavage of FXIIl, FXI, FX, and PPK

The reaction mixture consisted of 10 ug each of proteins to be digested
(FXII, FXI, FX, and PPK) and 0.2 ug of rvFMP in a reaction buffer (25 mM Tris
—HCI, pH 7.5, 0.9% NaCl, and 0.1 mg/ml BSA) was incubated for 1 or 5 min at
37°C. Thereafter, the reaction was terminated by the additon of 1 mM of

1,10-PT and the resulting products were electrophoresed on 12% SDS-

_17_

Collection @ chosun



polyacrylamide gel, followed by staining with Coomassie brilliant blue to visualize
(Park et al., 2014).

2-8. Activation of FXIl, FXI, FX, and PPK by rvFMP

The reaction mixture consisted of 5 ug each of zymogens (FXII, FXI,
FX, and PPK) and 0.2 yg of rvFMP in the same reaction buffer (25 mM Tris—
HCI, pH 7.5, 0.1 mg/ml BSA, and 0.9% NaCl) was incubated for 1 or 5 min at
37°C and the reaction was terminated by the addition of 1 mM of 1,10-PT.
Thereafter, the activated enzyme activities were observed as follows: FXlla, FXla
and FXa activities were examined with the chromogenic substrate S-2302,
S-2366, and S-2765 in which the increases in absorbance at 405 nm were
monitored every 30 s for 10 min at 37°C in a 96-well plate reader (Molecular
Devices). Kallikrein activity was assayed with 0.4 mM of H-D-Val-Leu-Arg-AFC
by measuring Aem= 505 nm and Aex= 400 nm every 30 s at 37°C for 10 min in
a micro spectrofluorometer (Molecular Devices), from which the activity resulted

was expressed as the relative fluorescence unit (RFU) (Park et al., 2014).

2-9. Activation of the components of the contact system

in plasma milieu by rvFMP

Human plasma was prepared as follows: blood samples collected from
healthy volunteers were put into a BD vacutainer tube containing 0.072 ml of
7.5% EDTA (Becton and Dickinson, NJ, USA) to prevent coagulation and
centrifuged for 15 min at 3000 xg to remove blood cells (Park JW et al., 2013).
The resulting plasma was stored at -70°C until used and diluted with

phosphate-buffered saline (PBS) to a final concentration of 10%. To examine the
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activation of contact system components, 90 pl of 10% plasma and 10 pl of
rvFMP (1 ug) were mixed in the presence or absence of 1 mM of 1,10-PT and
then 0.4 mM each of various synthetic peptide substrates (S-2302 for FXlla,
S-2366 for FXla, S-2765 for FXa and H-D-Val-Leu-Arg-AFC for kallikrein) was
added. The activity produced was then monitored every 2 min for 30 min at

37°C as described in Section 2-8.

2-10. Fibrin(ogen)olytic activity assay

Fibrinogenolytic activity assay was performed in a reaction mixture (total
180 pl) consisted in 270 pg of fibrinogen and 4.5 pg of rvFMP enzyme in 25
mM Tris-HCI (pH 7.5) at 37°C. During the reaction, 20 pl each of sample was
withdrawn at various time intervals and the reaction was stopped by adding 2 pl
of 10 mM 1,10-PT and the resulting products were analysed by SDS-PAGE on
a 12% gel as described previously (Chang et al., 2005; Chang et al., 2007).
Fibrinolytic activity of the enzyme was measured on a fibrin plate (Chang et al.,
2005) and also by a turbidity assay (Park et al., 2013; Bello et al., 2006). For
the fibrin plate assay, the plate was prepared by mixing 2 ml of 1% agarose, 2
ml of 1% fibrinogen, and 70 pl of 17.7 U/ml thrombin in 25 mM Tris-HCI (pH
7.5) and then allowed to harden at room temperature (RT) for 2 h. Thereafter,
20 pl each of Tris-buffered saline (TBS; pH 7.5) as a negative control, purified
enzyme (2 pg) or plasmin (2 pg) as a positive control was inoculated into the
wells (3 mm in diameter) that were pre-made in the plate and incubated for 5 h
at 37°C to visualize halo zones (Chang et al., 2005). On the other hands,
turbidity assay was performed by determining the decrease in turbidity of fibrin
polymers in a 96-well plate as described previously (Park et al., 2013), in which

90 pl of 1 mg/ml fibrinogen (dissolved in 25 mM Tris-HCI, pH 7.5) were mixed
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with 10 pl of 17.7 U/ml thrombin and then incubated for 1 h at 25°C to allow
the formation of fibrin polymers. Thereafter, rvFMP (2, 4, or 6 pg) or plasmin (2
Mg) was added and incubated for 2 h at 37°C, during which the decrease in
absorbance at 350 nm was then recorded with a 96-well plate reader. The
proteolytic ability of rvFMP to cross-linked fibrin (XL-fibrin) was investigated as
follows: To prepare the XL-fibrin, 30 pg fibrinogen, 0.04 U thrombin, 0.004 U
FXllla, 1 mM CaCl,, and 25 mM Tris-HCI (pH 7.5) were mixed and incubated
for 1 h at 25°C. The enzyme (0.5 pg) was then added to the XL-fibrin prepared
and incubated at 37°C for 30 min. The reaction was stopped by adding 6 ul of
6 x SDS-PAGE sample buffer and heated for 3 min at 100°C. The resulting
products were separated by SDS-PAGE on an 8% gel and visualized by
staining with Coomassie Brilliant Blue as described previously (Park et al., 2013;
Park et al., 2011).

2-11. Turbidimetric lysis assay of human plasma clot

Human plasma clot formation and lysis assay was performed as
described previously (Carter Angela et al., 2007; Park et al., 2013). Briefly, 90
Ml of 10% human blood plasma and 10 ul of 17.7 U thrombin were mixed and
incubated for 1 h at RT to allow the formation of plasma clot. Thereafter, 10 pl
each of TBS (pH 7.5), rvFMP (2, 4, and 6 pg), and plasmin (2 ug) was added
and further incubated for 2 h at 37°C, during which the decrease in absorbance
at 350 nm was recorded every 10 min with a 96-well plate reader. The relative
turbidity was expressed as a percentage of a decrease in turbidity, relative to

that at the beginning of incubation.

2-12. Measurement of thrombin time
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Thrombin time (TT) was measured as described (Avecilla et al., 2012;
Jacquemin et al., 2017). Typically, 10 upl each of rvFMP (1, 2, and 4 ug),
heparin (0.001 or 0.01 ug), and uPA (5, 10, 20, and 40 pg) was mixed with
100 pl of human plasma and pre-incubated for 1 min at 37°C. To start the
reaction, 10 ul of 17.7 U/ml thrombin and 50 uyl of 20 mM CaCl, were added to
the mixture and the time taken for clotting was measured using a KC-1 delta
coagulometer (Amelung, Lemgo, Germany) at the end point, in which TT was

calculated as the mean + S.D. of triplicates.

2-13. FeCl;-induced rat thrombosis model

To examine the effects of rvFMP and uPA on FeCls-induced arterial
thrombosis (Li et al., 2017; Boulaftali et al., 2010), SD rats (220-250 g) were
first anaesthetized with 1.5% isoflurane in a mixture of nitrous oxide (70%) and
oxygen (30%), administered intravenously with PBS, uPA (5.24 mg/kg), or
rvFMP (10, 25, 50, 75, and 100 ug/kg), and kept for 10 min. Vessel segments
were then harvested from the right carotid arteries and fully covered with filter
papers (6 mm x 6 mm) saturated with 4% FeCl; for 10 min to induce the
thrombi. The induced regions (approximately 20 mm in length) were then cut out
from the vessels and fixed overnight with 4% paraformaldehyde at 4°C. The
fixed tissues were washed twice with ice-cold PBS and immobilized with
commercially available specimen matrices called Tissue-Tek O.C.T. (optimal
cutting temperature compound; Sakura Finetek, Torrance, CA, USA). The
cryostat cuttings were then performed to obtain 20 uym slices in thickness with a
microtome HM 400R (Microm International GmbH, Walldorf, Germany) as
described (Barthel et al., 1990; Kuenzi et al., 1995). After mounting on slide

glass, samples were observed and photographed under a microscope.
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2-14. Carrageenan-induced rat tail thrombosis model

The in vivo anti-thrombolytic activity of rvFMP was examined using
k-carrageenan-induced thrombosis rat model (Wang et al., 2005; Hagimori et al.,
2009 ; Choi et al., 2014; Majumdar et al., 2016) with a slight modification. SD
rat (male; 6 weeks old) was administrated intravenously at tail with 200 ul each
of PBS (pH 7.4; as negative control), urokinase (uPA; 5.24 mg/kg as positive
control) or rvFMP (25, 50, 75, and 100 pg/kg) and kept for 10 min at RT. The
area 13 cm away from the tip of the tail was tied and then xk-carrageenan (4
mg/kg) was injected intravenously to induce thrombus formation. After keeping
on ice for 10 min, the tail was untied. The resulting thrombus length was
measured and photographed 24 h later. The percentage of in vivo thrombus

dissolution was also calculated using an equation shown by Majumdar et al.

2-15. Measurement of the concentration of fibrinogen in mouse

plasma

The concentration of plasma fibrinogen was measured using ELISA with
monoclonal anti-fibrinogen antibody (Sakamoto et al., 2018). To establish
standard curve, 100 pl each of various concentrations of fibrinogen (0, 0.1, 0.2,
0.8, 1, 2, and 3 ug/ml; serially diluted in PBS, pH 7.5) was added into the
wells of a 96 well immuno plate (SPL Life Sciences, Pocheon, Korea),
incubated overnight at 4°C, washed with PBS (pH 7.5) three times, and then
blocked with a blocking buffer (5% BSA in PBS, pH 7.5) for 2 h at room
temperature. After washing the plate three times with PBS (pH 7.5), 100 pl of
monoclonal anti-fibrinogen-a antibody (Santa Cruz Biotechnology Inc., CA, USA)

(diluted 1:1,000 in blocking buffer) per well were added and incubated for 2 h
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at room temperature. After the incubation, the wells were washed with PBS (pH
7.5) four times and incubated with 100 pl of anti-mouse IgG coupled to
horseradish peroxidase (HRP) (Bioss Antibodies Inc., MA, USA) (diluted 1:1,000
in blocking buffer) for 2 h at room temperature. After washing with PBS (pH
7.5) five times, 100 pl of tetramethylbenzidine (TMB) was added and incubated
for 20 min at room temperature. The reaction was stopped by adding 50 ul of
0.9 N sulfuric acid and the absorbance at 450 nm was measured using a
SpectraMax M3 microplate reader (Molecular Devices, CA, USA). A standard
curve for fibrinogen concentration was generated from the absorbance data
using a sigmoidal 4 parameter curve fitting. To measure the plasma fibrinogen
concentration in vivo, BALB/c mice (n = 4 per group) were injected with uPA
(5.24 mg/kg) or rvFMP (0, 0.5, and 0.9 mg/kg) via intravenous tail vein and
plasma samples were collected 10 min later. The plasma obtained was diluted
1:100 in PBS (pH 7.5) and 100 pl each of samples was used for ELISA, from
which the concentration of fibrinogen was determined depending on the standard

curve for fibrinogen. All ELISA experiments were performed in triplicate.

2-16. Measurement of the TNF-a production

Raw 264.7 cells (1 x 10°) were plated on 48-well plates the day before
rvFMP stimulation. Cells were treated with LPS or rvFMP (0-20 pg/ml) for 3 h
at 37°C. The TNF-a protein levels were determined using ELISA kit (R&D
system, Minneapolis, USA) according to the manufacturer's instruction.
Absorbance at 450 nm was read with a 96-well microplate spectrophotometer
(SpectraMax 190, Molecular Devices). Sample concentrations were determined

by interpolation from a TNF-a standard curve.

2-17. Mouse tail bleeding assay
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Bleeding time was measured using mouse tail bleeding assay as
described previously (Liu et al., 2012). BALB/c mice (n = 4 per group) were
anaesthetized with 1.5% isoflurane in a mixture of nitrous oxide (70%) and
oxygen (30%), then injected with PBS, uPA (5.24 mg/kg) or rvFMP (0.5 and 0.9
mg/kg) into the tail veins, and kept for 10 min. The distal 5 mm segment of the
tail was then amputated with a surgical scissor and submerged in 50 ml of PBS
(pH 7.5) at 37°C. Bleeding time was then determined by measuring on/off

bleeding cycles with a stop clock for up to 20 min.

2-18. Mouse lethality assay

Three 6-week-old BALB/c male mice for each group were injected tail
intravenous with rvFMP of 0.5, 0.9, and 1.5 mg/kg, respectively. The injected

mice were then monitored daily for 5 days to measure survival.

2-19. Degradation of artificial blood clots

The in vitro fibrinolytic effect of the antithrombotic agent was examined
by an artificial blood clot degradation assay. An artificial blood clot was formed
by spontaneous coagulation (5, 10, and 15 ug) in a glass test tube using fresh
mouse blood. After 1 h, the artificial blood clot was rinsed, weighted, and then
dipped in various concentrations of the rvFMP containing the antithrombotic
agent at room temperature. Plasmin was used as a positive control condition.
After 1 h, the residual thrombus was isolated and weighted. The dissolve ratio
of thrombus was calculated using the following equation:

Weight, — Weight,
Weight,

The inhibition ratio = X 100

where Weight, was the thrombotic weight formed in a glass test tube and
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Weight, was the residual thrombotic weight.

2-20. Cleavages of complements C3, C4, and C5 by

rvFMP in plasma milieu

Human plasma was diluted with PBS (pH 7.5) to a final concentration of
10%. Reaction mixtures consisting of 10 pl of 10% human plasma and rvFMP
(10, 20, 30, or 40 ng) diluted in PBS (pH 7.5) were incubated for 3 min at
37°C. Thereafter, the reactions were terminated by the addition of 1 mM of
1,10-PT as described previously. The cleaved products were separated by

SDS-PAGE and detected by Western blottings with corresponding antibodies.

2-21. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis

SDS-PAGE was performed according to the method of Laemmli (Laemmli
et al., 1970). Protein samples were mixed with 6 x SDS-PAGE sample buffer,
heated at 3 min at 100°C and then protein samples and protein marker were
loaded onto 10% or 15% polyacrylamide gel. After the electrophoresis, protein
bands were visualized by staining the gel with Coomassie brilliant blue. The
electrophoresed proteins were then transferred onto PVDF membrane (Bio-Rad,
Hercules, CA, USA) and blocked with 5% skim milk in TBS-T (25 mM Tris-HCI,
pH 8.0, 150 mM NaCl, and 0.1% Tween 20) at room temperature (RT) for 2 h.
The membrane was then incubated with primary antibodies (1:4000 diluted in
the blocking buffer) overnight at 4°C. After washing six times with TBS-T buffer,
the membrane was then incubated with HRP-conjugated secondary antibodies

(1:4000 diluted in the blocking buffer) at RT for 2 h and washed five times with
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TBS-T buffer. The signals were detected using EZ-Western Lumi Plus system

(DaeilLab Service, Seoul, Korea).

2-22. Statistical analysis

All statistical data and graphs were analyzed using SigmaPlot 10.0
(Systat Software Inc., La Jolla, CA). Data were expressed as mean * standard
error of mean (S.E.M) and statistical significance was determined by t-test using

SigmaPlot software. p < 0.05 was considered a statistical significance.
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3. RESULTS AND DISCUSSION

3-1. Purification and characterization of rvFMP

3-1-1. Molecular cloning and purification of a recombinant protease

rvFMP expressed in E. coli

Vibrio furnissii KCCM41679 produces an extracellular protease named
vVFMP (data not shown). The full-length coding region of the vFMP gene was
amplified by using polymerase chain reaction (PCR) from the chromosomal DNA
of V. furnissi KCCM41679 as described in Materials and methods. A PCR
product (1.8 kb) obtained was cleaved with EcoRI and then ligated to EcoRI-cut
pFLAG-ATS vector (data not shown). The resulting recombinant plasmid
constructed (approximately 7.2 kb in total size) was designated as pvFMP and
the insert DNA was sequenced (Fig. 5). The sequence data of the cloned gene
have been submitted to the GenBank database under an accession number
MG954380. The sequencing results showed that the insert DNA contains an
open reading frame composed of 1,827 nucleotides, which could encode 608
amino acids with a predicted molecular mass of 67443.71 Da (Fig. 6). The start
and stop codons of cloned gene were found to be ATG and TAA, respectively.
When the deduced amino acid sequence of cloned gene was compared with
those of five other Vibrio-derived proteases from V. fluvialis (WP_020431607.1),
Vibrio sp. RC586 (EEY99547.1), V. anguillarum (AAM15681.1), V. mimicus
(BAG30958.1), and V. vulnificus (ALM73800.1) (number in parenthesis indicates
GenBank accession number), there was an average of approximately 55.8%
sequence similarity (Fig. 6). In addition, the sequence identity between their

mature peptide regions was much higher to be an average of 80.8%, suggesting

_27_

Collection @ chosun



Forward primer —
-18 CAAGCTTCTCGAGAATTC -1
1 ATGAAAACATTACAACGTCAAGTTAAAGCTTACTCGCAGTCGGTACGGTTATGGCT TTCCCGGTTTCGGCAGCGCAATGGGTCGCCGTCGAAGACAGTGGTCAGT 105
M K T L QR Q V KA AY S QS VRILWILSIRU FURI QRNGS P S KTV V S
106 TTCAGCAAACATAAGTGGCACAAAAAGGCAGCATCGTCACGCCTGCCAATGGCTATCAGGCCATCAAAACCATTCAACTGCCCAACGGAAAAGTTAAAGTGCGTT 210
F S K H K WHU XK KAAS S RULPMATIRU®PSIKU?PUF N CU?PTEI KTLKC V
211 ATCAGCAGTTGTATCACGGCGTTCCGGTATTCAACACGGCGGTGGTTTCGACCGAATCCGAGTAAAGGGATCACCAAAGTGCAGGGCAGGATGGCACAGGGCATTG 315
I s s ¢ I T A F RYSTIRIRWP FRUPNI®RVYVI K G S P KU CIRAGTWHTZRAL
316 AAGCCGATGTTGCCACCGTTAAGCCGACGCTCGATGAGAAGCAGGCCATCGCCAAAGCAGCAGACAATTTTAGCGCCGCCAACGCGTCATTTACGGGGCAGGATC 420
K p M L P PL SRR SM®RSURUP S P K QQ T TI L AUPUPTURHTILIRGIRI
421 TGCCGATGGAAAATCAATCGGCGGTATTTATGGTGCGCTTGGATGACCAGCAGCAGGCACAACTGGTGTATCTGGTTAACTTCTTTGTGGCGTCCGATACGCCTG 525
C R W XKIDNURRYILWOCAWMTSS RHNWUC CTIWI LT SUILWURU®PTIIRIL
526 CGCGTCTTTCTACTTCATGATGCCAACAGTGGCGACGTGGTGAAACAGTGGGATGGTTTGGCGCACGCGGAAGCGACGGGCACTGGCCCTGGCGGTAACCAGAAA 630
R v F L. L H D A NS GUD VYV K QWD GGULAHRAZEWATGT G P G G N Q K
631 ACAGGCATGTATCAATACGGCACCGATTATCCGGGATTTGCGGTGAGTAAAACCGGTTCAACCTGTACCATGCTGAGTTCTGCGGTCAAAACCGTAGACCTAAAG 735
T G MY Q Y GG TDYPGUF AV S KTGSTOCTMTLS S AUV KTV DUL K
736 AACAAAACATCAGGCACGACAGCCTACAGCTACGACTGTAACAACAGCAGTAACTACAACGATTACAAAGCGGTGAATGGTGCCTATTCGCCGCTCAATGACGCC 840
N K T s ¢ T T A ¥ S ¥ D CNNS S NYNDYZ KAV VDNGAY S P L ND A
841 CACTACTTCGGTAAAGTGGTGTTCGACATGTACAACGATTGGTTGAATACCTCGCCGCTGACGTTTCAGCTAACCATGCGTGTGCAT TACGGCAGCAATTATGAG 945
H Y F G K vvVv F DMYNDWIULNT S PLTU F QL TMU RV HY G S N Y E
946 AACGCGTTCTGGGATGGCTCTGCCATGACGTTTGGTGACGGCTATTCAACCTTTTATCCGCTGGTGGACATCAACGTGAGTGCGCACGAAGTCAGCCATGGCTTT 1050
N A F WD G S AMTU FGDGY S TVFY PLVDINVS AHEV S HGF
1051 ACTGAGCAAAACTCAGGTCTGGTATATGAAGGTATGTCAGGCGGTATCAACGAAGCCTACTCGGATATCGCGGGCGAAGCGGCGGAATACTACATGCGCGGTTCG 1155
T E Q N S G L VY EGMS GG GG I NZEAY S DIAGEWAAEYY YMU®RG S
1156 GTAGACTGGGTGGTCGGCAGCGACATCTTTAAGTCGTCCGGCGGCCTGCGCTACTTCGATACGCCGTCGAAAGATGGCAGCTCGATTGATCACGCTTCTCAGTAC 1260
VD WV V G s DIV F K S S GGGGLRYFUDTU®P S KDGS S I DUHASOQY
1261 TACAGCGGCATCGACGTGCACCATTCAAGCGGTGTGTTCAACCGTGCGTTCTACTTGCTTTCGAACAAACAAGGTTGGGATGTGCGCAAAGGTTTTGAAGTGTTT 1365
Y s G I b vV H H S S GV F NRAUVFYILILS NI KQGWD V RI KSGUFE V F
1366 GCCGTGGCAAACCAACTCTACTGGACGCCAAACAGCACCTTTGATGAAGGCGCGTGTGGTGTGGTGAAAGCTGCGCAAGATTTGGGTTACAACGTCAATGATGTG 1470
A VA NQ L Y WTPNSTU FDESGA AT CG GV VKA AAQDTILSGT YNV VNDYV
1471 ACTGCGGCCTTTACCACGGTTGGCGTGAACTCGTCATGTTCTGTGGATTCTGGCAATGAACTTGTTAAAGGCCAACCCGTGACTGGTCTTTCTGGTTCTGCGGGT 1575
T A A F T T V G V NS S C S VD S GGNUEULV KGQP V T GUL S G s A G
1576 TCTGAATCGTTCTACACCTTTACGGTGAACAGCGCGACAACCGCGACGGTCTCGATCAGTTCTGGTTCGGGTGATGTGGATCTGTACGTGAAAGCGGGCAGTAAA 1680
s E S FYTU F TV NSATTA ATV VS I S S G S GDVDILTYV KA ASG S K
1681 CCGACCACCAGTTCTTGGGATTGCCGTCCATATCGTTCGGGCAATAACGAGCAGTGTTCGATCTCGGCTGTTGCAGGCACCACGTATCACGTGATGCTGAAAGGC 1785
P T T s s WDCRUPYUR S G NN EQC S I S AV AGTTYHVMIULIK G
1786 TACAGCGCCTATTTGCCCGGTGTGACGCTGCGTCTGGACTAAGAATTCCCGGGTACCTGCA 1846
Y s A Y L P G V T L R L D * — Reverse primer

Fig. 5. The nucleotide and the deduced amino acid sequences of the cloned vFMP-encoding gene. The cloned
gene contains an open reading frame composed of 1,827 nucleotides, which can encode 608 amino acids with a

predicted molecular mass of 67,443.71 Da.
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r Signal peptide (24 a.a)

V. furnissii 1 -MKTLQRQVKAY SQSVRLWLSRFRQRNGS PSKTVVSF SKHKWHKKAAS SRLPMATRPSKPFNCPTEKLKCVI S SCITAFRY STRRWFRPNRVKGS PKCRAGWHRALKPML 109
V. fluvialis 1 -MKKLQRQVKGLLAVGSVMAFPVSAAQWVAVED SGQFQQALTEQKS SVVTQANRYKAVKT IKLPNGKVKVRY QQMYNGVPVFNTAVVATES SKGVTKVQGMMAQGIEADV 109
V. sp. RC586 1 - MAGAATGFPVYAAQMVTIDDASFVQQALVQQQYSMVSSANGFKAVNT IQLPNGKVKVRYQQLYNGVPVYGTAIVATESTKGITQVYGOMAQQLEADL 97
V. anguillarum 1 MKKVQROMKWLFLAASISAALPVSAAKMVQVDDPSLLEQALSMQARSIVPTQONGFQMVKSVTILPNGEVKVRYQOMYHGLPVENTSVVATQTEKGIGQVYGMMAQQIDSDV 110
V. mimicus 1 -MKQIQRPLNWLILAGAATGFPLYAAQMVTIDDVSIVEQALAQQQY SVVPAASGFKAVNTVQLPNGKVKVRY QQLYNGVEPVYGTVVVATESKKGI SQVYGOMAQQLEADL 109
V. vulnificus 1 -MKHNQRHRLGLMIAAVMCSLPVTAAEMVSVSDSAVLEQAL SVQARSLAPVENGFEAVKTIQLPNGKTKVRY QQTYLGLPVFDTAVVATEGRS GLSNVHGTMAQGLAADL 109

. . . . x . % . P .. .

Propeptide region (173 a.a) 1> VFMP-44 (411 a.a)
V. furnissii 110 PPLSRRSMRSRPSPKQQTILAPPTRHLRGRICRWKINRRYLWCAWMTS SRHNWCIWLT SLWRPIR-LRVFLLHDANSGDVVKQWDGLAHAEATGTGPGGNQKTGMYQYG— 217
V. fluvialis 110 ATVQPALDEKQAIAKAADNFSAANASFAGQELPMENQSAVLMVRLDDNQQAQLVYLVNFFVASDTPARPFYF IDANS GEVLKQWDGLAHADATGTGPGGNQKTGMYQYG - 218
V. sp. RC586 98 PSVAPDIDSQQAIALVTTHFGQQQANVLGETLPIENANAQLLVRLDGNQQAQLVYLVDFFVASDS PTRPFYFISATTGEVLEQWDGINHAQATGS GPGGNQKTGRYEYGS 207
V. anguillarum 111 VSTSPQVEQKQAVSIALTHYQQQNPSLT SADLVTENERAQLMVRLDENQMAQMVYLVDFFVATNE PARPFFF IDANS GDVLQTWEGLNHAEATGTGPGGNQKTGFYQYG - 219
V. mimicus 110 STVAPDIESKQAIALAVSHFGQQONAIDAGQTLPIENENAQLLVRLDENQQAQLVYLVDFFVASETPARPFYF INAATGEVLEQWDGINHAVATGTGPGGNQKTGRYEYGS 219
V. vulnificus 110 PSVSVNLDQQQAIALGKQRHQAKH - -ANAKALNTENETAQLMVRLDANNKAQLVYLVSFFVAEEEPSRPFMF IDANS GEILQVWDGLNHAQADGTGPGGNSKTGRYEFG - 216
L . * . . . koke ok sksirs Krks Kk K kakkhhk KEKE Kok
> rvFMP-39 (360 a.a)

V. furnissii 218 TDYPGFAVSKTGSTCTMLS SAVKTVDLKNKTSGTTAY SYDCNNS SNYNDYKAVNGAY S PLNDAHYFGKVVEDMYNDWLNT S PLTFQLTMRVHYGSNYENAFWDGSAMTFG 327
V. fluvialis 219 TNYPGFAISKTGSTCTMLS SAVKTVDLKNKTSGTTAYSYDCNNS SNYNDYKAVNGAYS PLNDAHYFGKVVEDMYNDWLNTS PLTFQLTMRVHYGNNYENAFWDGSAMTFG 328
V. sp. RC586 208 NGLPGFSIDKTGTTCTMNNSAVKTVNLNGGTTGTTAFSYACNDS TNYNSVKTVNGAYS PLNDAHYFGKVVFDMY QQWLNTS PLTFQLTMRVHY GSNYENAFWDGRAMTFG 317
V. anguillarum 220 TDFPGLVINKVGNTCSMVNSAVKTVDMKHATSGGSTF SYSCTDASNYNDYKAINGAYS PLNDAHYFGKVVEDMY KDWMNTT PLTFQLTMRVHYDSNYENAFWNGS SMTFG 329
V. mimicus 220 NGLPGFSIDKTGTTCTMNNTAVKTVNLNGGTTGS TAFNYACNDS TNYNSVKTVNGAYS PLNDAHYFGKVVEDMYQQWLNTS PLTFQLTMRVHY GSNYENAFWDGRAMTFG 329
V. vulnificus 217 TDYPSFVIDKVGTTCTMENSVVKTVDLQNRTSGSTAYSYSCPGASNYNDHKAVNGAYS PLNDAHYFGKVVYDMY KDWMNTAPLTFKLTMRVHY SSNYENAFWDGSAMTFG 326

Kos LK Kk kkok . kkkk s kek sk kK sakkk | ks okkhkkhhkkkhhhhkhhk o hhkk ok kkskkkk s kkkkkkk | kkkkkhk ok o kkkk

Putative zinc-binding domain
containing HEXXH motif

V. furnissii 328 DGYSTFYPLVDINVSAHEVSHGFTEQNSGLVYEGMSGGINEAY SDIAGEAAEYYMRGSVDWVVGSDIFKS SGGLRYFDTPSKDGSSIDHASQYYSGIDVHHS SGVENRAF 437
V. fluvialis 329 DGYSTFYPLVDINVSAHEVSHGFTEQNSGLVYEGMSGGINEAYSDIAGEAAEYYMRGSVDWVVGSDIFKSSGGLRYFDTPSKDGS SIDHASQYYSGIDVHHS SGVENRAF 438
V. sp. RC586 318 DGYTRFYPLVDINVSAHEVSHGFTEQNSGLVYKDMSGGINEAYSDIAGEAAEYYMRGS VDWVVGSDIFKS SGGLRYFDQPSRDGRS IDHASQYYSGIDVHHS SGVFNRAF 427
V. anguillarum 330 DGQNTFYPLVDINVSAHEVSHGFTEQNSGLVYQNMSGGINEAFSDIAGEAAEFYMKGS VDWVVGSDIFKS SGGLRYFDQPSKDGRS IDHASQYYNGLNVHYS SGVENRAY 439
V. mimicus 330 DGNTRFYPLVDINVSAHEVSHGFTEQNSGLVYKDMSGGINEAYSDIAGEAAEFFMRGS VDWVVGSDIFKSAGGLRYFDQPSRDGRS IDHASQYYSGLDVHHS SGVFNRAY 439
V. vulnificus 327 DGASTFYPLVDINVSAHEVSHGFTEQNSGLIY SNMSGGMNEAFSDIAGEAAEFYMKGS VDWIVGADIFKSNGGLRYFDQPSKDGRS IDHASQYYDGLNVHHS SGVYNRAF 436

hok | kkkkkkkhhh kAR A AR AR AR KA AR K gk kkkkokkk g kkkkkkkkk ok AR KA KK hk sk khhkkkkkhhk hk g kk Kkkkkkkhkk ko kK ihkh Ak kkk,
V. furnissii 438 YLLSNKQGWDVRKGFEVFAVANQLYWTPNS TFDEGACGVVKAAQDLGYNVNDVTAAFTTVGVNSSCSVDSGNE - - -LVKGQPVTGLSGSAGSESFYTFTVNSATTATVS I 544
V. fluvialis 439 YLLSNKQGWNVRKGFEVFAVANQLYWTPNS TFDEGACGVVKAAQDLGYNVNDVSAAFTTVGVNS SCSVDSGNE - - -LVKGQPVTGLSGSAGSETFYTFTVSSASTATVSI 545
V. sp. RC586 428 YLLANKTGWNVRKGFEVFAVANQLYWTPNSTFDQGACGVVKAAQDLSYNTADVVTAFNTVGVNAS CGTTPPPVGKVLEKGKPITGLSGLRGGEDFYTFTVINSGNVVVST 537
V. anguillarum 440 YLLANKANWSVRKGFEVFTVANQLYWTANS TFDQGGCGVAKAAQDLGYNKADVVDAFNQVGVNASCGVVEPTE -NVLEKGKPVIGLQGTRSSEAFYTFTVAS STSAKVS T 548
V. mimicus 440 YLLANKAGWNVRKGFEVFAVANQLYWTPNSTFDQGACGVVKAAQDLSYNTTDVVAAFNTVGVNAACGTTPPNN-NVLEKGKPITGLTGS SNGEDFYTFTVAASGSVVVST 548
V. vulnificus 437 YLLANKTGWNVRKGFEIFTLANQLYWTANS TFDAGACGVVKAAQDMGYNSNDVAEAFNQVGVNANCGVTPPSG-NVLKNNT PVSNLTGNKGSEVEYTFTVDRNATAVVS T 545

Kkkokk K kAR K Ky RERRARE KAKAK K Rkk Akkkky Kk Kk Kk KkEKy K Koo ky Lk kL% kkEEER T
V. furnissii 545 SSGSGDVDLYVKAGSKPTTSSWDCRPYRSGNNEQCS ISAVAGTTYHVMLKGY SAYLPGVTLRLD - 608
V. fluvialis 546 GSGTGDADLYVKAGSKPTTSSWDCRPYRSGNSEQCSISAVPGTTYHVMLKGYSAYS-GVTLRLD - 608
V. sp. RC586 538 SGGTGDVDLYVKAGSKPTTTVWDCRPYRSGNAEQCAISAVAGTTYHVMLRGY SNYS-SVTLRLD - 600
V. anguillarum 549 SLGSGDADLYVKAGSKPTTSSWDCRPYKSGNNEQCTISATPGTTYHVMLKGY SNYS-GVTLRLD - 611
V. mimicus 549 SGGTGDVDLYVKAGSKPTTTSWDCRPYRPGNAEQCTISATLAGTTYHVMLRGY SNYS-GVTLSLN - 611
V. vulnificus 546 SGGSGDADLYLKAGSKPTTSSWDCRPYRYGNNESCSVSAAPGTTYHVMIKGY SNY S -GMTLKLQY 609
Kokk KR REEEEEEE, KRARAR: Kk K kygkk kAR AAAA: cREE K kK K.

Fig. 6. Alignment of the amino acid sequence of rvFMP-44 with those of vibrio-derived metalloproteases.

(To be continued)
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Putative signal peptide (24 amino acids), propeptide (173 amino acids), and mature protease (411 amino acids)
regions that are located in prepro-rvFMP (total 608 amino acids) are compared with those of five vibrio proteases.
The N-terminal start points of rvFMP-44 (411 amino acids) and rvFMP-39 (360 amino acids) are indicated by
right-angled arrows and the authentic amino acid sequences found from the N-termini of rvFMP-44 and rvFMP-39 by
N-terminal sequencings are also underlined. A putative zinc-binding HEXXHG-X1s-E motif containing H**EXXH**® and
E3® is shown by gray-coloured boxes. The alignment was performed with the software Clustal W2 and the sequence

similarities are expressed as identical (*), strongly similar (:), and weakly similar (.).
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that they are highly conserved proteases. Data from the sequence comparison
also showed that the cloned gene could produce a prepro-rvFMP composed of
608 amino acids as described above, which is organized with a signal peptide
(24 amino acids), an N-terminal propeptide (173 amino acids), and a mature
peptide (411 amino acids) containing a typical Zn?*-binding  motif
(HEXXHG-X4s-E) (Hooper et al., 1994) (Fig. 6) that is often found from other
bacterial metalloproteases. These results suggest rvFMP can be a
zinc-metalloprotease, although the actual role(s) of this putative zinc-binding motif
stil remains to be elucidated further by using site-directed mutagenesis. To
express the cloned vFMP gene, the plasmid pvFMP was transformed into E. coli
DH5a cells and the recombinant enzyme (named rvFMP) was induced with
IPTG. The recombinant enzyme expressed was purified from the periplasmic
proteins of the cells using an ammonium sulphate precipitation and three
chromatographic steps employing HiTrap Q, Source Q, and Superdex G-75
columns in order (data not shown). The purified enzyme appeared to be
homogeneous and its apparent molecular mass was approximately 44 kDa
(named rvFMP-44) or 39 kDa (called rvFMP-39) as judged by SDS-PAGE (Fig.
7). The purification steps are summarized in Table 3. The specific activity of
finally purified enzyme was estimated to be 1,025.6 U/mg proteins as judged by
azocasein assay and 0.9 mg of enzyme could be obtained from 3,539 mg of
initial periplasmic lysate (Table 3). The preliminary N-terminal sequencing results
showed that the N-termini of rvFMP-44 and rvFMP-39 were composed of
AEATGTGP and SGTTAYSY, respectively (Fig. 8), which could be found from
the deduced amino acid sequence of the cloned gene (Fig. 6). Based on these
results, it was postulated that the protease is initially produced as a form of
zymogen (named prepro-rvFMP), converted to an active rvFMP-44 by losing the

N-terminal 197 amino acids that compose the signal peptide (24 amino acids)
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Fig. 7. Analysis of the purified proteins obtained by each
chromatographic step as indicated on 12%
SDS-polyacrylamide gel. Proteins collected from each
purification step were electrophoresed on a 12%
SDS-polyacrylamide gel and stained with Coomassie brilliant

blue to visualize.
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Table 3. Summary of the

purification of rvFMP from E. coli harbouring pvFMP.

Purification step Total protein (mg) Total activity (U)? Specific activity (U/mg) Yield (%)°
Crude cell extract 3,539 706,060.5 199.5 100
0-70% (NH4)2S04 39.7 9,5613.7 242.4 1.12
HiTrap Q 9.3 5,005.3 538.2 0.26
Source Q 25 1,303.7 651.9 0.07
Superdex 75 0.9 923.0 1,025.6 0.025

@0ne unit of enzyme is defined as the amount of protease that catalyses the proteolysis of 1 ug of azocasein

per min.

®Total activity in crude periplasmic extract is assigned the value of 100%. Data from two independent
experiments are expressed as mean value + S.D.

Collection @ chosun
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Signal Propeptide

peptide region Catalytic domain
(24 a.a.) (173 a.a.) (411 a.a)
| | | |
1 69 198 249 344 368 608
SRURNC  eworop soTavsy HeoH B DRSSV
NEBAEATGTGP HEXXH E - C rvFMP-44
NESGTTAYSY HEXXH E p-C rvFMP-39

Fig. 8. Overall organization of rvFMP protease. Prepro-rvFMP protease is composed of 608 amino acids, in
which three regions, composed of signal sequence (24 a.a.), propeptide (173 a.a.), and a catalytic domain
(411 a.a.) are located. Signal peptide targets the protein for secretion. Propeptide may act as inhibitor for
the proteolytic activity. Catalytic domain contains the catalytic machinery including a zinc-binding motif
(H344EXXH348_E368)_
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and the propeptide regions (173 amino acids) during the extracellular secretion,
and in turn an N-terminal 51 amino acid stretch breaks off further to remain
rvFMP-39, possibly resulted from the procedure of purification (Figs. 7 and 8).
However, the actual roles of the signal peptide and propeptide regions of
prepro-rvFMP  should be elucidated further in terms of the secretion into
periplasmic space and in controlling enzyme activity. There are reports that
some bacterial metalloproteases also have a tendency to undergo the
auto-degradation, resulting in remaining two forms of enzymes (mature and
truncated enzymes) during the course of secretion and physical purification
(Chang et al., 2007; Kothary et al., 2007; Miyoshi et al., 1997). As for an
extracellular metalloproteinase called VEP-45 protease (45 kDa in size) from V.
vulnificus, its N-terminal propeptide acts in fact as both an inhibitor of and a
substrate for the enzyme (Chang et al., 2005). It has also been reported that
some bacterial metalloproteases undergo auto-cleavage, resulting in producing
two forms of enzymes (mature and truncated enzymes) during the course of
secretion and physical purification (Chang et al., 2007; Kothary et al., 2007,
Miyoshi et al., 1997). For example, a Zn?*-metalloproteinase VEP-45 has a
proteolytic activity to be auto-degraded, producing another protease VEP-34 (34

kDa in size) by cleaving off the N-terminal amino acid stretch.

3-1-2. Biochemical properties of rvFMP protease

The purified rvFMP enzyme exhibited an optimal proteolytic activity under
pH 6.5-8.0 (Fig. 9) and at the temperature range of 30-50°C (Fig. 10). In
addition, the relative protease activity of ryvFMP was not significantly affected at
37, 45, and 55°C however, it decreased dramatically to 4.1 and 0.6% at 65 and
75°C, respectively, compared with that of at 37°C when the enzyme (2 pg)
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Fig. 9. Effects of various pHs on the enzyme activity of rvFMP enzyme.
rvFMP enzyme (0.5 pg) was incubated at 37°C for 30 min with azocasein
as a substrate under different pH conditions and the absorbance at 440 nm

was measured.
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Fig. 10. Effect of temperature on the enzyme activity of rvFMP enzyme. rvFMP
enzyme (0.5 ug) was incubated with azocasein as a substrate at various
temperatures for 30 min as indicated, and the absorbance at 440 nm was

measured.
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was pre-incubated at 37, 45, 55, 65, and 75°C for 20 minutes and reacted with
azocasein as a substrate at 37°C for 15 minutes under pH 7.5 (Fig. 11). The
loss of enzyme activity seemed to be directly related to the degradation of
rvFMP under the high incubation temperature. As shown in Fig. 12, rvFMP was
degraded totally under higher temperature than 65°C, however, the event could
be significantly prevented by the addition of 1,10-PT (1 mM) or NiCl, (1 mM) as
judged by SDS-PAGE (Fig. 12). The rvFMP-39 seemed to be more sensitive to
thermal degradation than rvFMP-44, as it started the degradation even at 55°C
(Fig. 12). These results suggest that rvFMP can be destabilized and
auto-cleaved under high temperature, as in vEP-45 protease (Chang et al.,
2005). All these results suggest that rvFMP can be stable up to 45°C and
auto-degraded at higher temperatures than 65°C. The proteolytic activity of
rvFMP was completely inhibited by a typical metalloprotease inhibitor 1,10-PT,
but not by a serine protease inhibitor DFP. Other protease inhibitors, including
TPCK (inhibitors of chymotrypsin-like serine proteases), TLCK, PMSF (typical
inhibitor of all serine proteases), and aprotinin (inhibitors of chymotrypsin-like
serine proteases) showed no significant inhibitory effects on the enzyme activity,
whereas divalent cation chelators such as EDTA and EGTA exhibited inhibitory
(Table 4). These results suggest that the enzyme is a typical metalloprotease.
Divalent cations such as Ca®*, Mg?, and Mn®* showed no effects on the
enzyme activity, whereas Cu®* and Ni** was inhibitory in significant at a final
concentration of 1 mM (Table 4). Azocasein assays also showed that the
proteolytic activity of apo-rvFMP enzyme decreased to approximately 20%,
compared to that of its holoenzyme, whereas the activities restored to 106.4%,
108.2, 110.7, and 102.3% by the additions of 0.01, 0.02, 0.05, and 0.1 mM of
ZnCl,, respectively, compared that of apo-rvFMP only (Fig. 13). These results

suggest that rvFMP is a zinc-metalloprotease. The rvFMP protease was able to
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Fig. 11. The thermo-stability of rvFMP under various temperatures. rvFMP
was pre-incubated at 37, 45, 55, 65, and 75°C for 20 min and reacted with

azocasein as a substrate at 37°C for 15 min under pH 7.5.
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Fig. 12. Examination of the thermo-stability of rvFMP under various temperatures. rvFMP (2
Mg) was incubated at 37, 45, 55, 65, or 75°C for 20 min in the absence (-) or presence

(+) of NiCl, (1 mM) or 1,10-PT (1 mM), separated by SDS-PAGE on a 12% gel, and
stained with Coomassie brilliant blue to visualize.

_40_

(*)Collection @ chosun



Table 4. Effects of various protease inhibitors and metal ions on rvFMP protease activity.

Additive Concentration (mM) Relative activity (%)?
Control - 100 £ 0.1
TPCK 0.1 82 + 0.07
TLCK 1 98 + 0.0
PMSF 1 89 + 0.01
Aprotinin 0.1 100 + 0.00
EGTA 1 64 + 0.02
EDTA 1 67 £ 0.01
DTT 1 56 + 0.01
DFP 1 100 £ 0.02
1,10-PT 1 0x0
Ca* 1 104 + 0.02
Cu®* 1 0£0
Mg?* 1 101 £ 0.0
Mn?* 1 97 + 0.01
Ni2* 1 26 + 0.01
Zn* 0.1 99 + 0.75

rvFMP protease activity was assayed with azocasein as a substrate with or without the corresponding
additives at 37°C for 20 min.
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Fig. 13. Effects of various concentrations of ZnCl, on the proteolytic
activities of holo- and apo-rvFMP enzymes. Apoenzyme of rvFMP (named
apo-rvFMP) was prepared by dialyzing successively in 25 mM Tris-HCI
(pH 7.5) containing 1 mM 1,10-PT, distilled water, and 25 mM Tris-HCI
(pH 7.5) for each 24 h at 4°C and then azocasein assays were
performed with 1 pg each of corresponding enzymes as described in
Materials and methods. *, p < 0.05; **, p < 0.005 versus compared to
that of holo-rvFMP.
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cleave efficiently various plasma proteins, including BSA, fibrinogen, prothrombin,
collagen type IV, and plasminogen, with a lowered cleavage of y-globulin (Fig.
14). Among the protein substrates examined, prothrombin and fibrinogen were
the most efficient substrates for the enzyme. The proteolytic cleavage site for
ryFMP on protein substrate could be determined in part by N-terminal
sequencings with two peptide fragments (P1 and P2 indicated in Fig. 14) from
the fibrinogen digests. The sequences for P1 and P2 were found to be
Val'**-lle-Glu-Lys-Val-GIn-His-lle"*? located in a-chain and
Val'®-Asn-Ser-Asn-lle-Pro-Thr-Asn'® in B-chain, respectively. Based on these

results, it is assumed that rvFMP can hydrolyse the peptide bond located in the

|145 |187

amino side of Val'* or Val'® rather than the carboxyl side of Lys'* or Thr'®
on fibrinogen substrate. Further studies are in progress to reveal the exact

cleavage site of rvFMP.

3-1-3. Fibrin(ogen)olytic activity of rvFMP

The rvFMP enzyme showed the activity of fibrinogenolytic and fibrinolytic.
The Aa and BB chains of fibrinogen could have been entirely cleaved by rvFMP
within 1 minute with a mass ratio of 1:7.9 (enzyme vs fibrinogen). However, the
y-chain was more resistant to be digested (Fig. 15). The turbidity analysis
showed that the relative turbidity of the fiber polymer decreases after being
treated with plasmin (as a positive control) or rvFMP in a time-dependent
manner (Fig. 16). These results suggest that rvFMP, like plasmin, has typical
fibrous-source decomposition activity and can actively cleave fibrous polymers
that are spontaneously polymerized from fibrous monomers (Ghosh et al., 2012;
Verstraete et al., 2000).In addition to the digestion ability to fibrin polymers,

rvFMP could also cleave the cross-linked fibrin (XL-fibrin) formed
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Fig. 14. Cleavage of various protein substrates by rvFMP. Various plasma
proteins (each 10 pg) were reacted with rvFMP (0.5 pg) at room temperature
for 20 minutes as indicated, separated by 12% SDS-PAGE, and stained with
Coomassie brilliant blue to visualize. Symbols + and - represent the addition
and the omission of rvFMP to the reactions, respectively. BSA, bovine serum
albumin; Fg, fibrinogen; PT, prothrombin; Col 1V, collagen type IV; PlIg,
plasminogen; y-glo, y-globulin. P1 and P2 indicate the peptide fragments, with

which the determined the N-terminal sequences.
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Fig. 15. SDS-PAGE analysis of fibrinogen cleavage by rvFMP. Fibrinogen
(30 pg) was incubated with rvFMP (0.5 pg) for various time periods at
37°C as indicated. The resulting products were separated by SDS-PAGE

on a 12% gel and stained with Coomassie brilliant blue to visualize.
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Fig. 16. Turbidity assay in vitro. To examine the proteolytic ability of rvFMP
to fibrin polymers, 90 ul each of fibrinogen (1 mg/ml) was pre-treated with 10
pl of thrombin (17.7 U/ml) for 1 h at 37°C and then 10 pl of TBS (pH 7.5),
plasmin (2 pg), or rvFMP (2, 4, and 6 pg) were added. The reaction was
continued for 1 h at 37°C and the decrease in absorbance at 350 nm was
recorded every 5 min using a 96-well plate reader. Relative turbidity is
expressed as a percentage of a decrease in turbidity, relative to that at the

beginning of incubation. Data are expressed as mean + S.D. of triplicates.
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under the presence of FXllla, as analyzed by SDS-PAGE (Fig. 17) and fibrin
plate analysis (Fig. 18). The a-a chains of fibrin were susceptible to cleavage
by the enzymes, with vulnerable to the y-y chains (Fig. 18). The ability of
rvFMP to XL-fibrin cleavage was also examined on the fibrin plate. As shown in
Fig. 18, clear halo zones appeared on the fibrin plate by inoculating plasmin (2
pMg) and rvFMP (2 pg) with diameters of 0.7 cm and 1.1cm, respectively. These
results indicate that rvFMP has apparent fibrin cleavage activity about 2.5 times
stronger than the same amount of plasmin in vitro. Most fibrino(geno)lytic
enzymes prefer to cleave the Aa and/or the BB chain(s) than the y chain of
fibrinogen (Swenson et al., 2005; Assakura et al., 1994). In addition, some
metalloproteases show somehow much stricter in digesting the fibrinogen chains.
For example, a-fibrinogenases such as Leuc-A (Bello et al., 2006) and halysase
(You et al., 2006) can digest a-chain only. In addition, B-fibrinogenases prefer B
B-chain to Aa- and y-chains in cleavingfibrinogen (Swenson et al., 2005).
Plasmin and rvFMP, they can actively digest the Aa and BB chains of
fibrinogen, with a limited proteolytic ability to cleave the y-chain (Figs. 15 and
18).

3-1-4. Cleavage of fibrin clots by rvFMP and its effect on

thrombin time in blood plasma milieu

It is well known that human blood plasma contains large amounts of
proteins (approximately 60-85 mg/ml), including albumin, globulin, fibrinogen,
(pro)enzymes and protease inhibitors (Anderson et al., 1977) together with
inorganic materials such as Na+, CI, K', and Mg2+ (Adkins et al., 2002).
Therefore, it was necessary to examine how the protease activity of the rvFMP,

mostly related with fibrin coagulation cleavage, could be affected by plasma
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Fig. 17. SDS-PAGE analysis of cross-linked (XL)-fibrin cleavage
by rvFMP. To allow the polymerization and cross-linking of fibrin
monomers, fibrinogen (30 pg) and thrombin (0.04 U) were
incubated in the presence of FXllla (0.004 U) for 1 h and the
resulting XL-fibrin was then cleaved with rvFMP (0.5 pg) for 30
min at 37°C. The reaction products were separated by
SDS-PAGE on an 8% gel and stained with Coomassie brilliant

(3]

blue to visualize. Symbols ‘+’ and represent the addition and

the omission of the corresponding additive, respectively. FDP

means fibrin degradation products.
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Fig. 18. Fibrin plate assay. To examine the fibrinolytic
activity of rvFMP, TBS (pH 7.5), plasmin (2 ug), or rvFMP
(2 pg) was inoculated into the wells pre-made in fibrin
plate as indicated, incubated for 5 h at 37°C, and then

photographed to show the halo zones appeared.
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components such as serum albumin, intrinsic protease inhibitors and cation, as
in multimodial CTSP protease from the polychaete Cirriformia tentaculata (Park
et al, 2005). As shown in Fig. 19, rvFMP can actively cleave fibrin coagulation
formed in human plasma on a dose-dependent manner, as judged by
turbidimetric lysis method (Carter et al., 2007; Park et al., 2005). The results
obtained showed that 2, 4, and 6 pg of rvFMP decreased dose-dependently the
turbidity of plasma clot to 8%, 18.3%, and 21.3%, respectively, at the incubation
time points of 2 hours, compared to that of non-treated control (Fig. 19).
Plasmin (2 pg) reduced turbidity to 9.3% under the same experimental
conditions (Fig. 19). These results suggest that the rvFMP can digest fibrin
coagulation in plasma environments, with almost the same activity as plasmin.
The thrombin time [TT; also known as thrombin clotting time (TCT)] has been
widely used for examining basically the conversion of fibrinogen to fibrin in
platelet-poor plasma treated with thrombin (Avecilla et al.,, 2012), to which the
time taken for the formation of a fibrin clot is measured (Jacquemin et al.,
2017). In this study, the effect of ryFMP on TT in human plasma with added
thrombin was investigated. As expected, 0.001 and 0.1 pg of heparin delayed
TTs by 8 and 21 seconds, respectively, compared to PBS. The TTs were also
delayed by 9.3, 20, and 34.6 sec when 10, 20, and 40 pg of uPA was added,
respectively. As shown in Fig. 20, 1, 2, and 4 ug of rvFMP could delay the TTs
to 8.6, 21, and 62.5 sec, respectively. These results clearly suggest that rvFMP

has an ability to delay TT in plasma.

3-2. Effect of rvFMP on the thrombus formation in animal

thrombosis models

3-2-1. Mouse lethality by rvFMP
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Fig. 19. Turbidity assay in plasma milieu. To examine the fibrinolytic
activity of rvFMP in plasma, 90 pl of 10% human plasma was pre-treated
with 10 pl of thrombin (17.7 U/ml) for 1 h at 37°C and then 10 pl of TBS
(pH 7.5), plasmin (2 ug), or rvFMP (2, 4, and 6 ug) were added. The
reaction was continued for 2 h at 37°C and the decrease in absorbance at
350 nm was recorded every 10 min using a 96-well plate reader. Relative
turbidity is expressed as a percentage of a decrease in turbidity, relative to
that at the beginning of incubation. Data are expressed as mean + S.D. of

triplicates.
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Fig. 20. Effect of rvFMP on thrombin time (TT) in human plasma. Ten
ul each of PBS (pH 7.5), heparin (0.001 or 0.01 pg), rvFMP (1, 2, or 4
Mg), and uPA (10, 20, or 40 pg) was mixed with 100 pl of human
plasma and pre-incubated for 1 min at 37°C, followed by the additions
of 10 pl of 17.7 U/ml of thrombin and 50 uyl of 20 mM CaCl,. TTs are
expressed as mean S.D. of ftriplicates. *, p < 0.001; **, p < 0.0001;

*** p < 0.00001 versus compared to that of PBS-treated control group.
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When various concentrations of rvFMP (0, 0.5, 0.9, and 1.5 mg/kg) were
treated through mouse tail veins and monitored for 5 days, all groups of mice

survived healthily with no internal bleedings (Fig. 21).

3-2-2. Effect of uPA or rvFMP on plasma fibrinogen

concentration in mouse

In mice, uPA (5.24 mg/kg) could decrease the plasma fibrinogen
concentration to about 5.9% compared to the non-treated control. Under the
same experimental conditions, 0.5 and 0.9 mg/kg of rvFMP also reduced the
fibrinogen concentrations to 4.8% and 6.9%, respectively (Fig. 22). These results
suggest that rvFMP does not significantly induce the depletion of fibrinogen in
plasma, compared to that by uPA (Hida et al., 2004).

3-2-3. Effect of rvFMP on FeCls-induced thrombus formation in rat

carotid artery

The effect of rvFMP on blood vessel thrombosis in rat carotid artery
exposed to FeCl; was investigated (Fig. 23). As shown in Fig. 23, non-treated
control (Fig. 23A), PBS (Fig. 23B), uPA (5.24 mg/kg) (Fig. 23C), or rvFMP (100
Mg/kg) (Fig. 23D) did not form thrombi in the carotid artery and showed no
effect, but vascular thrombi were caused by the exposure of FeCls (Fig. 23E-L).
As reported already, the development of vascular thrombi by FeCl; exposure
decreased clearly by the pre-injection of uPA (5.24 mg/kg) (Fig. 23G) (Yu et al.,
2017). The pre-injections of various concentrations of rvFMP (10-100 pg/kg) also
evidently reduced the formation of thrombi resulted from the exposure of FeCls

in the rat carotid artery (Fig. 23H-L). These results suggest
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Fig. 21. Examination of lethal and internal bleeding effects of rvFMP on

mice. Anatomical photograph showing no internal bleeding with rvFMP.
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Fig. 22. Effect of uPA or rvFMP on plasma fibrinogen concentration in mouse.
BALB/c mice (n = 4 per group) were administrated with various doses of
ryvFMP or uPA as indicated and plasma samples were collected 10 min later,
from which the fibrinogen concentrations were measured using ELISA with
monoclonal anti-fibrinogen antibody as described in Materials and methods. p

< 0.05; * versus compared to that of non-treated control group.
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Fig. 23. Effect of rvFMP on FeCls-induced thrombus formation in rat carotid
artery. (A-L) Rat tails were injected intravenously without (A) or with PBS (B and
F), uPA (C and G), or various concentrations of rvFMP (D and H-L) as indicated.
Ten min later, thrombi were induced without (A-D) and with 4% FeCls; (E-L) for
10 min in the right carotid arteries as described in Materials and methods. The
micro-slices (20 pym in thickness) were then obtained by cryostat sectionings and

the images were photographed.
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that the rvFMP has an antithrombotic activity.

3-2-4. Effect of rvFMP on k-carrageenan-induced thrombus

formation in rat tail

The anti-thrombotic effect of rvFMP was also confirmed using
Kk-carrageenan-induced rat tail thrombosis model (Fig. 24) (Majumdar et al.,
2016; Bekemeier et al., 1987; Ma et al., 2015). The vascular thrombi induced
by the injection of 4 mg/kg of carrageenan decreased in amount depending on
the treated with 5.24 mg/kg of uPA and various concentrations of rvFMP
(25-100 ug/kg) (Fig. 24). Under the experimental condition, the lengths of rat tail
thrombi induced by PBS and 5.24 mg/kg of uPA were estimated to be
approximately 12.93 and 10.3 cm, respectively, and those by 25, 50, 75, and
100 pg/kg of rvFMP were found to be about 12.03, 10.48, 9.11, and 6.03 cm,
respectively (Fig. 24A). These results indicate that the actual thrombus
dissolution by 5.24 mg/kg of uPA is 20.39% and those by 25, 50, 75, and 100
Mg/kg of rvFMP are 6.98, 18.94, 29.56, and 53.35%, respectively (Fig. 24B).
The results suggest that the rvFMP can dissolve the blood clots formed by

carrageenan.

3-2-5. Effect of uPA or rvFMP on bleeding time in mouse tail

The effect of rvFMP on bleeding time was investigated using the mouse
tail bleeding model (Fig. 25). As shown in Fig. 25, uPA (5.24 mg/kg) and
rvfFMP (0.5 and 0.9 mg/kg) extended the bleeding time by 3.95 min and an
average of 8.3 min, respectively, compared to the non-treated control (6.8

minutes). These results suggest that ryFMP may somewhat interfere with blood
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Fig. 24 . Effect of rvFMP on k-carrageenan-induced thrombus formation in rat tail. (A) The thrombolytic activity of

Dissolut
-—
o

rvFMP in vivo. Rat tail was administered intravenously with PBS, uPA (5.24 mg/kg) or various concentrations of
ryvFMP as indicated. Ten min later, the thrombi were induced with 4 mg/kg of k-carrageenan and photographed at
24 h. Symbols ‘+’ and ‘-’ represent the addition and the omission of the corresponding additive, respectively. (B)
Relative dissolution of xk-carrageenan-induced thrombi by rvFMP. The thrombus length was measured from (A) and
the dissolution of thrombus was calculated in percent as described in Materials and methods. *p < 0.05, **p <

0.005, and ***p < 0.0005 versus compared to that of PBS-dissolved k-carrageenan-treated group.
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Fig. 25. Effect of uPA or rvFMP on bleeding time in mouse tail.
BALB/c mice (n = 4 per group) were injected with various doses of
rvFMP or uPA as indicated and the bleeding time was measured for
20 min as described in Materials and methods. *, p < 0.05 versus

compared to that of non-treated control group.
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clotting at doses over 0.5 mg/kg in vivo.

3-2-6. Atrtificial blood clot degradation by rvFMP

The blood clot degradation by rvFMP was verified by voluntary
coagulation in test tube using fresh mouse blood (Fig. 26). The addition of
rvFMP resulted in dose-dependent degradation of the blood clot. When rvFMP
was treated at various concentrations (5, 10, and 15 ug), the solubilities of
blood clots were 56.7, 58.6, and 67.4%, respectively (Table 5). However, 50%
solubility of thrombosis was observed by 5 ug of plasmin. These results suggest

that rvFMP has higher fibrin degradation activity than plasmin.

3-3. Effect of rvFMP on innate immune response

3-3-1. Effect of ryFMP on human zymogens involved in contact

system

Contact system is widely involved in inflammatory response and
autoimmune disease. It has been known for a long time that the activation of
this system produces a potent pro-inflammatory non-peptide bradykinin through
cleavage of HK by PK. Thus the contact system was also named plasma
kallikrein-kinin system (Fedoseev et al., 1992). The ability of rvFMP to activate
the zymogens involved in the intrinsic pathway of coagulation and the
kallikrein/kinin system was first examined in vitro (Figs. 27-31). To confirm that
the polypeptide fragments that can constitute the active enzyme are produced
by rvFMP cleavage, 10 pg of zymogens (FXIl, FXI, FX, and PPK) was digested
with 0.2 pg for 1 or 5 min at 37°C and the result was analyzed on 12%

SDS-polyacrylamide gel (Figs. 27-31). The polypeptide fragments comparable
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Fig. 26. Fibrinolytic effect of rvFMP on artificial blood clot. (A) Blood clot lysis assay. a, control; b, 5 ug
rvFMP; ¢, 10 ug rvFMP; d, 15 ug rvFMP; e, 5 ug plasmin. (B) Comparison of in vitro blood clot lysis

by various concentrations of rvFMP and plasmin. The residual thrombi were isolated and weighted after

the treatments for 1 h at 37°C.
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Table 5. Clot lysis of blood samples treated with different concentrations of rvFMP.

Sample Thrombotic weight formed Residual thrombotic Degradation
(mg)? weight (mg)® ratio (%)°

Control 240 240.0 £ 0.0 0.0 £ 0.0
rvEMP (5 pg) 240 104 £ 1.9 56.7 £+ 0.8
rvFMP (10 pg) 240 995 + 1.8 58.6 + 0.8
rvEMP (15 pg) 240 786 £ 1.3 674 £ 0.2
Plasmin (5 pg) 240 1236 + 1.7 50.0 £ 0.7

°Inhibition ratio = (Weight® - Weight®) / Weight® x 100

_62_

Collection @ chosun



&
e
BT
kDa < e &
250 —
130 —
Ko}
100 — =,
75— <
—@— PBS only
55— —O— FXll only
- —52 kDa —¥— FMP only
—— FXlla only
- —— FXIl + vFMP (1 min)
— FXII + rvFMP (5 min)

35— ) PR P e e
25— ! - - —28 kDa i Y

0 2 4 6 8 10

Incubation time (min)
Fig. 27. Cleavage and activation of FXIl by rvFMP. (A) FXII (10 pg) was cleaved with rvFMP (0.2 pg) at 37°C for 1

min or 5 min and the resulting products were analyzed on 12% SDS-polyacrylamide gel, together with FXlla (5 pg) and
rvFMP (0.2 pg). (B) FXIl (5 ug) was cleaved with rvFMP (0.2 pg) at 37°C 1 min or 5 min, and then 1,10-PT (1 mM)
was added to inhibit the rvFMP activity. Thereafter, the activities derived from rvFMP-cleaved zymogens were examined
with 0.4 mM of S-2302. As a positive control, the activity of FXlla (1 pg) was also analyzed under the same

experimental condition. In the assay, amidolytic activity was measured every 30 s in A4 for 10 min at 37°C.
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Fig. 28. Cleavage and activation of FXI by rvFMP. (A) FXI (10 pg) was cleaved with rvFMP (0.2 pg) at 37°C for 1 min

or 5 min and the resulting products were analyzed on 12% SDS-polyacrylamide gel, together with FXla (5 pg) and
rvFMP (0.2 ug). (B) FXI (5 ug) was cleaved with rvFMP (0.2 pg) at 37°C 1 min or 5 min, and then 1,10-PT (1 mM)
was added to inhibit the rvFMP activity. Thereafter, the activities derived from rvFMP-cleaved zymogens were examined
with 0.4 mM S-2366. As a positive control, the activity of FXla (1 pg) was also analyzed under the same experimental

condition. In the assay, amidolytic activity was measured every 30 s in A4 for 10 min at 37°C.
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Fig. 29. Cleavage and activation of FX by rvFMP. (A) FX (10 pg) was cleaved with rvFMP (0.2 pg) at 37°C for 1 min

or 5 min and the resulting products were analyzed on 12% SDS-polyacrylamide gel, together with FXa (5 pg) and
rvFMP (0.2 ug). (B) FX (5 pg) was cleaved with rvFMP (0.2 pg) at 37°C 1 min or 5 min, and then 1,10-PT (1 mM)

was added to inhibit the rvFMP activity. Thereafter, the activities derived from rvFMP-cleaved zymogens were examined

condition. In the assay, amidolytic activity was measured every 30 s in A4 for 10 min at 37°C.
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Fig. 30. Cleavage and activation of PPK by rvFMP. (A) PPK (10 ug) was cleaved with rvFMP (0.2 pg) at 37°C for 1

min or 5 min and the resulting products were analyzed on 12% SDS-polyacrylamide gel, together with Kall (5 pg) and
rvFMP (0.2 pg). (B) PPK (5 pg) was cleaved with rvFMP (0.2 ug) at 37°C 1 min or 5 min, and then 1,10-PT (1 mM)
was added to inhibit the rvFMP activity. Thereafter, the activities derived from rvFMP-cleaved zymogens were examined
with 0.4 mM H-D-Val-Leu-Arg-AFC. As positive controls, the activities of the Kall (1 ug) was also analyzed under the
same experimental condition. The fluorescence was also monitored every 30 s at Aex = 400 nm and Aemy = 505 nm for

10 min at 37°C, in which the activity was expressed as the relative fluorescence unit (RFU).
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Fig. 31. Cleavage and activation of human zymogens involved in the
contact system by rvFMP. The enzyme activities derived from
rvFMP-cleaved zymogens were calculated, for which the mean values *
S.D. of three independent experiments at the incubation periods of 10
min were expressed as relative increases in fold, compared to that of

rvFMP-nontreated control.
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sizes to the chains comprising native enzymes seemed to be produced by
rvFMP cleavage from the corresponding zymogens (Figs. 27-30). These results
suggest that rvFMP may activate the zymogens through proteolysis. Based on
these results, the actual zymogen activation ability of rvFMP was examined in
vitro using chromogenic or fluorogenic peptide substrates specific for the
activated enzymes (Figs. 27-30). As shown in Fig. 27B, there was a clear
increase in absorbance at 405 nm when 5 ug of FXIl was digested with 0.2 ug
of rvFMP at 37°C for 1 or 5 min and then 0.4 mM of S-2302 was added as a
substrate, with no increase with zymogen only or rvFMP alone. The relative
FXlla activity derived from rvFMP-cleaved FXIl increased to an average of
25.5-folds, compared to that of non-cleaved zymogen (Fig. 31). These results
suggest that rvFMP can activate FXIl to active FXIlI by proteolysis. The ability of
rvFMP to activate, other zymogens including FXI, FX, and Kall under the same
experimental condition (Figs. 27-31). When S-2302 for FXla (Fig. 28B), S-2765
for FXa (Fig. 29B), or H-D-Val-Leu-Arg-AFC for Kall (Fig. 30B) was used as a
substrate for assaying rvFMP-induced activity, the relative fold increases were
found to be 21.5 from FXI, 15.1 from FX, and 2.96 from PPK (Fig. 31). These
results suggest that rvFMP exhibits a proteolytic activity to activate the
zymogens involved in the intrinsic pathway of coagulation, but not activate

kallikrein/kinin system.

3-3-2. Effect of rvFMP on the activation of blood contact system

The results obtained from in vitro experiments showed that rvFMP could
convert components of the contact system to the active forms of enzymes
except for PPK. Therefore, it was needed to confirm if rvFMP could activate the

zymogens present in the plasma. To examine the ability, 10% of blood plasma
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was treated with 1 ug of rvFMP for 1 or 5 min and the induced activities of
contact system components were observed with 0.4 mM each of synthetic
peptide substrates specific for the activated zymogens (Figs. 32-35). When
S-2302 was added to the rvFMP-treated plasma, the total activity of FXlla and
FXla increased to an average of 2.21 and 3.06-folds, compared to that of the
substrate added only (Fig. 36). However, a background level of the increase
could be observed with the same substrate when the enzyme was co-incubated
with 1,10-PT, a potent inhibitor of rvFMP (Figs. 32 and 33), suggesting that the
increase of amidolytic activity is directly related to the rvFMP-cleaved activation
of FXIl and FXI zymogens. Likewise, rvFMP also could activate other plasma
zymogens, such as FX (Fig. 34) and PPK (Fig. 35), in which the fold-increases
of FXa and Kall activities were found to be 2.24 and 1.09, respectively,
compared to those of their corresponding substrates only added (Fig. 31).
However, the activations were leveled down, compared to those in vitro because
the rvFMP activity must have been inhibited by physiological inhibitors such as
a2-macroglobulin present in plasma (Chang et al., 2005). The rvFMP could
convert inactive plasma FXIl, FXI, and FX zymogens to active FXlla, FXla, and
FXa, respectively, plasma milieu except for PPK. Kallikrein not only cleaves
HMWAK, generating bradykinin, but also cleaves several complement proteins
including C3, C5 and factor B. However, rvFMP could not evoke an
inflammatory reaction of the kallikrein/Kinin system because it could not activate

kallikrein.

3-3-3. Effect of rvFMP on complement system activation

The complement system is integral to innate immunity and shares

numerous interactions with components of the haemostatic pathway, helping to
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Fig. 32. rvFMP-induced activation of FXIl in plasma milieu. Blood
plasma (10%) was mixed with rvFMP (1 ug) in the absence or
presence of 1,10-PT (1 mM) and 0.4 mM of S-2302. The amidolytic
activities were monitored every 2 min for 30 min at 37°C by

measuring Asos.

_70_

Collection @ chosun



1.2 1 —@— rvFMP only
—(O— plasma only

—¥— S-2366 only
1.0 4 —/\— rVFMP+S-2366

—- FMP+S-2366+1.10-PT PIRVA A A A A A AT AN
— - $-2366+1.10-PT A
0.8 A
o A
o 0 -
= 0.6
< A
0.4

e | |
,ﬂ—.:l;‘."iv._—-.
B B B

/X
a (|
02 4 P "o o0—o0—o0—0—0—0—0—0—0—0—0

0.0

0 5 10 15 20 25 30

Incubation time (min)

Fig. 33. rvFMP-induced activation of FXI in plasma milieu. Blood
plasma (10%) was mixed with rvFMP (1 ug) in the absence or
presence of 1,10-PT (1 mM) and 0.4 mM of S-2366. The amidolytic
activities were monitored every 2 min for 30 min at 37°C by

measuring Asos.
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Fig. 34. rvFMP-induced activation of FX in plasma milieu. Blood
plasma (10%) was mixed with rvFMP (1 ug) in the absence or
presence of 1,10-PT (1 mM) and 0.4 mM of S-2765. The amidolytic
activities were monitored every 2 min for 30 min at 37°C by

measuring Asos.
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Fig. 35. rvFMP-induced activation of PPK in plasma milieu. Blood
plasma (10%) was mixed with rvFMP (1 ug) in the absence or
presence of 1,10-PT (1 mM) and 0.4 mM of H-D-Val-Leu-Arg-AFC.
The fluorescence produced was monitored every 2 min for 10 min at

37°C by measuring Aex = 400 nm and Aem = 505 nm.

_73_

Collection @ chosun



FXla
1
-o —I—
S 317
Y
= L FXlla
(O] f !
0
©
L 2-
£
p Kall
= 1
o=
©
0 1
x |
0 - -
rvFMP - + + - -+ + - -+ + - -+ -+
1,10-PT - - + + - -+ + - -+ 4+ - -+ +

Fig. 36. rvFMP-induced activation of contact system components in
plasma milieu. The enzyme activities derived from rvFMP-reacted
plasma were calculated, for which the mean values + S.D. of two
independent experiments at the incubation periods of 10 min were
expressed as relative increases in fold, compared to that of

rvFMP-nontreated control.
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maintain physiological equilibrium. The complement system can be activated via
three traditional pathways. The classical pathway (antigen: antibody complexes
on pathogen surfaces), mannose-binding lectin pathway (binding of mannan-
binding lectin, a serum protein, to mannose-containing carbohydrates on the
surface of bacteria or viruses) and the constitutively active alternative pathway
(initiated when a spontaneously activated complement component binds to the
pathogen surface). Each pathway, despite the different mechanisms of activation,
ultimately converges to generate the central protease C3 convertase. C3
convertase has further downstream actions; generating the potent anaphylatoxins
C3a and Cb5a as well as the membrane attack complex (MAC), C5b-9, which
serve pivotal roles in inflammation and the creation of transmembrane channels
within infected cellular membranes leading to cell lysis and death respectively (
Janeway et al., 2001; Huber-Lang et al., 2006; Arachchillage et al., 2016). To
examine the ability of rvFMP to activate the complement system in plasma, 10%
of human plasma was treated with rvFMP (10, 20, 30, or 40 ng) for 3 min at
37°C and subjected to Western blot analysis (Figs. 37-39). As shown in Figs.
37-39, the complement molecule C4a, C3a, and C5a were not produced from
C4, C3, and C5 by rvFMP. These results suggest that rvFMP could not convert

plasma C3, C4, and C5 to their respective active factors.

3-3-4. Effect of rvFMP on inflammatory response
in Raw 264.7 cells

It has been known that the inflammatory response and innate immunity
are closely related to each other, together with blood coagulation (Keragala et
al., 2018). Blood clot formation is a prime example of the innate immunity's

efforts to minimize infection, an inherent complication of wounds and
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Fig. 37. Cleavage of complement C4 by rvFMP in plasma. (A) Schematic diagram for the activation of C4. (B)
Human blood plasma (10%) was incubated with rvFMP (0-40 ng) for 3 min at 37°C and the resulting products
were separated by SDS-PAGE and Western blotting was performed using anti-C4 antibody or anti-C4a antibody.
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Fig. 38. Cleavage of complement C3 by rvFMP in plasma. (A) Schematic diagram for the activation of C3. (B)
Human blood plasma (10%) was incubated with rvFMP (0-40 ng) for 3 min at 37°C and the resulting products
were separated by SDS-PAGE and Western blotting was performed using anti-C3 antibody or anti-C3a antibody.

_77_

Collection @ chosun



A
rvFMP (ng)
o &S
kDa 0 10 2030 40 OO

Precursor Active form 130 - ﬁ i .
Cbha C5b

~115kDa
v Cleavage 100 - M 106 kDa
5 kD achain 9 kDa a chain
_.W ‘ — m 17 - C5a
- rsoa L BT e A
L -

Fig. 39. Cleavage of complement C5 by rvFMP in plasma. (A) Schematic diagram for the activation of C5. (B)
Human blood plasma (10%) was incubated with rvFMP (0-40 ng) for 3 min at 37°C and the resulting products
were separated by SDS-PAGE and Western blotting was performed using anti-C5 antibody or anti-C5a antibody.

_78_

Collection @ chosun



injuries. In addition, there are well-described changes in the inflammatory
response in patients with acute ischaemic cerebrovascular stroke and acute
myocardial infarction (Anrather & ladecola, 2016; Horvath et al., 2016). Similarly,
many invading bacteria have evolved a means to combat host defences by
generating antithrombotic and pro-fibrinolytic enzymes to remove restrictive
thrombi and achieve pathogen dissemination in the host. Although rvFMP shows
a clear arterial thrombolytic capability (Figs. 23 and 24) with its proteolytic ability
to digest blood clots (Fig. 20), there may be concerns that the injection of
rvFMP in vivo can provoke cytotoxicity, bleeding and/or inflammatory response.
However, results from MTT analysis (Stepanenko et al., 2015) and ELISA
(Kaiser et al., 2018) showed that rvFMP does not exhibit cytotoxicity, up to 20
pug/ml (data not shown) and could not induce tumour necrosis factor-alpha. TNF-
a is one of the typical cytokines involved in the inflammatory response of Raw
264.7 cells (Fig. 40). These results suggest that the rvFMP could not induce an

inflammatory response because it does not produce TNF-a.
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Fig. 40. Effects of rvFMP and lipopolysaccharide (LPS) on the induction
of tumour necrosis factor-alpha (TNF-a) in Raw 264.7 cells. Cells were
treated for 3 h with various concentrations of rvFMP or LPS as
indicated and the cell extracts were prepared as described elsewhere.
The production level of TNF-a was measured using ELISA kit for TNF-
a, in which the absorbance at 450 nm was examined. Data are

expressed as mean S.E.M. of triplicates.
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