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Background. Proteolytic enzymes with a broad substrate specificity are of considerable interest for
potential application in biotechnology and medicine. Proteases with specificity for elastin, fibrinogen and
fibrinogen are of particular interest, in particular as antithrombotic agents. Marine microorganisms due to
adaptive mechanisms to environment could be a potential producers of enzymes capable of maintaining cata-
Iytic activity in a wide range of physicochemical conditions. Objective. The aim of this work was to purify the
protease produced by Bacillus licheniformis 249, isolated from the bottom sediments of the Black Sea and to
study the physicochemical and catalytic properties as well as substrate specificity of enzyme. Methods. The
enzyme was obtained from the supernatant of the bacterial culture liquid by precipitation with ammonium
sulfate (90% saturation) with subsequent gel-permeation chromatography on Toyopearl HW-65F and ion-
exchange chromatography on Toyopearl DEAE-650M. Results. The purified enzyme had a molecular weight
of about 30.0 kDa, maximal activity at 37°C, pH 8,0 and 11,0 and was characterized by high elastolytic,
fibrinogenolytic and fibrinolytic activities with a values of 2697.3; 1620 and 1615 U/mg protein, respectively.
Electrophoretic analysis of fibrinogen hydrolysis products revealed selective cleavage of the Ao, chain, which
allows us to attribute the studied enzyme to a-fibrinogenases. Conclusion. The combination of elastolytic and
fibrin(ogen)olytic activities, as well as stability in a wide range of physicochemical conditions, indicate the
promising potential of this enzyme for use in medicine and various biotechnological processes.

Keywords: Bacillus licheniformis, protease purification, pH and temperature optimum, Substrate
specificity, elastolytic and fibrin(ogen)olytic activity.

portant groups of biocatalysts that hydro-

lyze peptide bonds in proteins and play a
key role in the regulation of numerous physiological
processes [1, 2]. Among them, proteases with speci-
ficity for elastin, fibrinogen and fibrinogen, which
are involved in the degradation of structural and
plasma proteins, are of particular interest. Elastases
catalyze the hydrolysis of elastin, the main compo-
nent of connective tissue, which provides its elastici-
ty, and play important roles in both normal physio-
logical processes and the pathogenesis of a number
of diseases, in particular pulmonary emphysema,
cystic fibrosis, etc. [3, 4]. Fibrinolytic enzymes, in
turn, cleave fibrin, the key protein of the thrombus,

P roteolytic enzymes are one of the most im-

which determines their importance in the hemosta-
sis system and their potential as thrombolytic agents.
Fibrinogenolytic proteases are able to hydrolyze fi-
brinogen, a precursor of fibrin, which expands their
potential in the regulation of coagulation processes
[5, 6]. Most known proteases are characterized by
limited substrate specificity, showing activity mainly
towards one type of protein substrate. Enzymes that
combine elastase, fibrinolytic and fibrinogenolytic
activities are poorly studied, although such mul-
tifunctionality may indicate unique structural fea-
tures of the active center and mechanism of action
and determine their high biotechnological potential.
Microorganisms isolated from extreme sources are
of particular interest, since they are able to synthe-
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size enzymes with unique properties adapted to
various conditions of existence. Identification and
characterization of such enzymes open new pros-
pects for their use in medicine and in various bio-
technological processes. Previously [7], as a result
of our screening of bacteria isolated from Black Sea
bottom sediments at different depths, the Bacillus li-
cheniformis 249 strain was selected, which showed
a wide range of proteolytic activities, in particular
elastolytic, fibrinogenolytic, fibrinolytic, collagenase
and caseinolytic. In this regard, the aim of this work
was to purify and study the physicochemical, cata-
lytic properties and substrate specificity of Bacillus
licheniformis 249.

Materials and Methods

The object of the investigation was the strain of
Bacillus licheniformis 249, which was isolated from
bottom sediments at a depth of 1499 m in the Black
Sea. The sample from which the strain was isolated
was collected during the M 84/2 expedition of the
University of Bremen on the ship “Meteor” in March
2011 and transferred to the Odesa National Univer-
sity for microbiological research. The selected strain
was identified by the authors by fatty acid spectra
using the Sherlock Microbial Identification System.

For the accumulation of the enzyme B. licheni-
formis 249 was cultivated on a liquid medium, (g/1):
KH,PO, — 1.6; MgSO,-7H,0 - 0.75; ZnSO,7H,0 —
0.25; (NH,),SO, - 0.5; maltose - 1.0; gelatin - 10.0;
yeast autolysate — 0.15, pH 7.0. The strain was cul-
tivated for three to six days (72-144 h) in flasks on
shakers (100 ml of medium, 28°C, 244 rpm). The in-
oculum was taken on the same medium for 24 h and
inoculated in flasks at a quantity of 105-106 colony-
forming units (CFU).

Cells were separated from the culture liquid
medium by centrifugation at 5000 g for 30 min.
Dry ammonium sulfate salt was added to the culture
liquid supernatant to a final concentration of 90%.
The mixture was kept for 24 h at 4°C, centrifuged at
5000 g for 30 min and the precipitate was collected,
dissolved in 1.5 volumes of 0.01 M Tris-HCI buffer,
pH 7.8 and applied to a column (1.8x40 cm) with
neutral TSK gel - Toyopearl HW-65F (Toyosoda, Ja-
pan). The sample was eluted with the same buffer.
Fractions with elastase and fibrin(ogen)olytic activity
were combined and applied to a column (2.5%40 cm)
with Toyopearl DEAE-650(M) (Toyosoda, Japan).
Protein content at all stages of purification was re-
corded at 280 nm. The molecular mass of the B. li-
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cheniformis 249 enzyme was determined under
the conditions of SDS-PAAG electrophoresis using
marker proteins (Thermo Fisher Scientific, USA)
(250, 130, 100, 70, 55, 35, 25, 15, 10 kDa). Electro-
phoresis in a polyacrylamide gel (PAAG) according
to the Laemmli method [8] was performed using the
Tris-glycine system. Protein separation was carried
out at a current of 19 mA for the stacking gel and
35 mA for the separating gel. Gels were developed
by staining in a solution (0.01% Coomassie G—250
25% isopropanol and 10% acetic acid) for 15 min.
A 2—-8% solution of acetic acid was used to remove
dye residues.

Purified enzyme preparations were used to
study the effects of pH and temperature on enzyme
activity. The enzyme activity was investigated in
the temperature range from 4 to 90°C and pH from
2.0 to 12.0, the latter was created with 0.05 M stock
phosphate buffer.

Protein content was evaluated by the Lowry
method [9]. Bovine serum albumin (1 mg/ml) was
used as a standard.

Enzymatic activities were determined in the
culture liquid supernatant and in the preparations
after each stage of purification. Caseinolytic (total
proteolytic) activity was determined by the Anson
method [10], and elastase activity colorimetrically by
the intensity of the solution color upon enzymatic
hydrolysis of elastin stained with Congo red [11].
The incubation mixture contained 2.5 ml of 0.01 M
Tris-HCI buffer (pH 7.5), 5 mg of elastin stained
with 0.002% Congo red solution and 1 ml of enzyme
preparation. The reaction mixture was incubated for
5 hat 37°C. The reaction was stopped by keeping the
test tubes with the reaction mixture in an ice bath for
30 min. Unhydrolyzed elastin was separated by cen-
trifugation for 10 min at 10 000 g. The color inten-
sity was measured at 515 nm. The amount of enzyme
that catalyzes the hydrolysis of 1 mg of substrate per
hour under standard conditions was taken as a unit
of elastase activity. To determine fibrinogenolytic
activity [12], 1 mg of fibrinogen, 1.8 ml of Tris-HCI
buffer (pH 7.5) and 0.2 ml of the studied prepara-
tion were added to the test sample and incubated
for 30—45 min at 37°C. The reaction was stopped
by adding 2 ml of 10% trichloroacetic acid (TCA).
TCA was added to the control sample immediately.
Samples were kept at room temperature for 20 min
and then centrifuged at 10 000 g for 10 min to re-
move precipitated protein. Absorption was measured
at 275 nm. The amount of enzyme that, under the
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conditions of the experiment, increases absorption
by 0.01 in 1 min was taken as a unit of activity. Fi-
brinolytic activity was determined according to the
Masada method [13]. The formation of fibrin cleava-
ge products was measured at 275 nm. The amount
of enzyme that increased the optical density of the
reaction mixture by 0.01 in 1 min was taken as a unit
of fibrinolytic activity.

Collagenase activity was determined by the
content of free amino acids in the reaction mixture
[14]. The unit of activity was the number of mi-
cromoles of released amino acids according to the
standard curve plotted for leucine. Human blood
plasma was used to isolate and purify fibrinogen
[15]. BaSO, (30 g per liter of plasma) was added to
the blood plasma with constant stirring to remove
vitamin K-dependent proteins. The plasma was
stirred for an hour. Then the plasma was centri-
fuged at 1300 g for 10 min. The procedure of adding
BaSO, was repeated twice. Then the blood plasma
was heated in a water bath to no more than 27°C for
30 min and 1/10 of the total volume of 1 M glycine
buffer, pH 9.0 was added, and with constant stirring,
16% Na,SO, was slowly added in small portions.
The resulting precipitate was separated by centrifu-
gation (1300 g, 30 min) at room temperature, and a
16% Na,SO, solution was added to the supernatant,
centrifuged at 1300 g for 30 min at 10-15°C, and a
fibrinogen precipitate was obtained. The precipitate
was dissolved in 0.2 M NaCl. Fibrinogen was then
reprecipitated with an equal volume of 16% Na,SO,.
Next, the redeposited fibrinogen was dissolved at
room temperature in 0.15 M NaCl and stored at
—20°C.

Proteolysis of fibrinogen was carried out at a
final concentration of 2 mg/ml in 0.05 M Tris-HCI
buffer, pH 7.4, which contained 0.13 M NaCl at 37°C.
The proteolytic enzyme was added to a final concen-
tration of 0.005 mg/ml and incubated for 5-60 min.
The hydrolysis reaction was stopped by adding sam-
ple buffer containing B-mercaptoethanol and then
boiling the resulting mixture.

To study fibrin hydrolysis, a thrombin solution
(to an activity of 0.25 NIH/ml) and a proteolytic en-
zyme purified from the culture medium of B. licheni-
formis 249 were added to the fibrinogen solution at
a final concentration of 2 mg/ml. The reaction mix-
tures were incubated at 37°C for 5-60 min. A buffer
solution for electrophoretic samples was added to the
prepared samples containing f-mercaptoethanol in a
ratio of 1:1.

Elastin hydrolysis products were obtained as
described in the method for determining elastase
activity.

All experiments were performed in 3-5 rep-
etitions. The Student’s t-test was used for statistical
analysis. Data are presented as mean * standard de-
viation error (M = m) and are considered significant
at P < 0.05. The results, presented in graphs, were
processed using Microsoft Excel 2007.

Results

As a result of our previous [7] screening of bac-
teria isolated from bottom sediments of the Black
Sea at different depths, a strain was selected that was
characterized by a wide spectrum of proteolytic ac-
tivities (Table 1). In the culture liquid supernatant
(CLS) of Bacillus licheniformis 249, a rather wide
spectrum of proteolytic activities was detected, in-
cluding fibrinogenolytic, fibrinolytic, elastolytic,
caseinolytic, and collagenolytic activities (Table 1).

As a result of precipitation of B. licheniformis
249 CLS with 90% ammonium sulfate saturation,
elastolytic, fibrinogenolytic and fibrinolytic activi-
ties were increased by 4.45, 7.0 and 7.29 times, re-
spectively. Further purification by gel permeation
chromatography allowed to obtain one fraction, in
which elastolytic (666.6 U/mg protein), fibrinogeno-
lytic (600.0 U/mg protein) and fibrinolytic (598.5 U/
mg protein) activities were detected, which are 20,
30 and 31.5 times higher, respectively, compared to
the initial activity (Fig. 1, Table 2). The fraction ob-
tained after TSK-HW-65F (pH 7.8) was subjected to
ion-exchange chromatography on Toyopearl DEAE
650(M) TSK-gel. The separation conditions were
selected so that only ballast proteins bound to the
ion exchanger (Fig. 2, Table 2). It was shown that
using 0.01 M Tris-HCI buffer pH 7.8 in a salt gra-
dient (Fig. 2) it was possible to remove of protein
impurities in the preparation, while the elastolytic,

Table 1. Proteolytic activities in the culture liquid
supernatant (CLS) B. licheniformis 249

Activity indicators,

Type of activity u/ml
Elastolytic 33.30 £ 0.05
Fibrinogenolytic 20.00 £ 0.05
Fibrinolytic 19.00 £ 0.07
Collagenolytic 0.25 £ 0.09
Caseinolytic 0.09 £ 0.09
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Fig. 1. Elution profile of the B. licheniformis 249 enzyme preparation on TSK-HW-65F (pH 7.8)

Table 2. Purification steps of B. licheniformis 249 enzyme preparation

Specific
Purification steps To.tal Total activity, U activity, Yield, % De.gree 0 f
protein, mg U/mg purification
of protein
Supernatant of culture 550 a-18315 a-33.3 100 1
liquid (0.51) b-11000 b-20.0
¢-10450 c-19.0
90% ammonium sulfate 357.5 a-52500 a-146.85 65.0 a-4.45
b-50000 b-139.86 b-7.0
c-49500 c-138.46 c-7.29
TSK-gel Toyopearl HW-65F 220 a-435380 a-666.6 43.84 a-20.0
b-219780 b-600.0 b-30.0
c-219780 c-598.5 c-31.5
Toyopearl DEAE-650M 38.5 a-103854 a-2697.3 7 a-81
b-62370 b-1620 b-81
c-62177.5 c-1615 c-85

Note. a - Elastolytic, b - fibrinogenolytic, ¢ - fibrinolytic activity.

fibrinogenolytic and fibrinolytic activities increased
by 81 times (2697.3 U/mg protein, 1620 U/mg protein
and 1615 U/mg protein), and 85 times (1615 U/mg
protein), respectively (Table 2) and were detected in
one fraction.

It was shown that the enzyme preparation of
B. licheniformis 249 was homogeneous and repre-
sented by a single line with a molecular weight of
about 30 kDa (Fig. 3).
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An important characteristic of enzyme prepa-
rations is the optimal conditions of their action, in
particular pH and temperature. It was shown (Fig. 4)
that the purified enzyme preparation B. licheni-
formis 249 was active in a wide pH range from 2.0 to
12.0, while when splitting elastin and fibrin(ogen) it
demonstrated two pH optima — 8.0 and 11.0 (Fig. 4).
That is, the maximum values of activities were noted
in the alkaline region. The first maximum activi-
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Fig. 2. Elution profile of the B. licheniformis 249 enzyme preparation on Toyopearl DEAE-650M in a 0-1 M

NaCl gradient

ty was observed at pH 8.0, where elastase activity
reached about 100%, and fibrin(ogen)olytic activi-
ty — about 97%. With a further increase in pH to 9,
the activity of the preparation decreased (to ~ 65—
70% for elastase and ~ 55% for fibrin(ogen)ase).
The second maximum of activity was recorded
at pH 11.0: elastase activity was about 99%, and
fibrin(ogen)olytic activity reached a maximum value
of 100%. With a further increase in pH to 12.0 a
decrease in activity to 80—-85% for elastase and ap-
proximately 60% for fibrin(ogen)olytic activity was
observed. In an acidic environment (pH 2.0—4.0)
all activities remained relatively low and amounted
to approximately 25-35% of the optimal values
for elastase and 30-35% for fibrin(ogen)ase. With
an increase in pH to neutral values (pH 6.0-7.0), a
gradual increase in activities to the level of 45-55%
was observed.

The enzyme preparation was active in the tem-
perature range from 4 to 60°C (Fig. 5), with a ther-
mooptimum at 37°C. It was found (Fig. 5) that all
activities increase with increasing temperature in the
range of 4-37°C. However, at 4°C, fibrin(ogen)olytic
activity increases from 57%, and elastolytic from
21%, but all activities reach a maximum at 37°C.
After reaching the optimum, a significant decrease
in activities is observed, but the dynamics are some-

M E

25
-

20-

17-

11-
Fig. 3. SDS-PAAG electrophoregram of the enzyme

preparation Bacillus licheniformis 249. M — molecu-
lar weight markers (kDa); E — enzyme preparation
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Fig. 5. Effects of temperature on the B. licheniformis 249 enzyme preparation with fibrin(ogen)olytic and

elastase activities (pH 8.0)

what different. Fibrin(ogen)olytic activity decreases
sharply already at 50°C (to ~36%) and is practically
lost at 70—-80°C. In contrast, elastase activity is more
thermostable: at 50°C, it remains at the level of about
90%, decreasing to 50% at 60°C and 30% at 70°C.
Complete inactivation of all enzyme activities oc-
curs at a temperature of 80°C.
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Studies of the substrate specificity of the puri-
fied enzyme B. licheniformis 249 showed (Table 3)
that it hydrolyzed elastin best and hydrolyzed fi-
brinogen and fibrin to almost the same extent, and
almost did not hydrolyze casein and had no effect on
collagen at all.
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Table 3. Substrate specificity of B. licheniformis
249 enzyme preparation

Substrate ‘ Specific activity, U/mg protein
Elastin 2697.30 + 0.25
Fibrinogen 1620.00 = 0.07
Fibrin 1615.0 £ 0.5
Collagen 0
Casein 0.12 £0.01

To identify the region of fibrinogen and fi-
brin on which fibrin(ogen)ase B. licheniformis 249
acts, their hydrolysis products were analyzed by
SDS-PAAG electrophoresis. During the hydroly-
sis of fibrinogen, cleavage of the Aa chain was ob-
served, while the Bf and y chains remained intact.
This allows us to attribute the studied enzyme to
a-fibrinogenases. During the reaction, the accumu-
lation of hydrolysis products with molecular weights
from 11 to 48 kDa occurs, which indicates several
sites of action on the fibrinogen molecule (Fig. 6).

Electrophoretic study of fibrin hydrolysis re-
vealed a similar result in comparison with the effect
on fibrinogen. B. licheniformis 249 enzyme prepara-

M K 7.5 15

180-
130-

100-
75-

———
63- s CHED | S

tion. cleaved mainly the a-chain of fibrin with an ef-
ficiency corresponding to the effect on the Aa-chain
of fibrinogen (Fig. 7). During the purification of fi-
brinogen, a small amount of factor XIII (transglu-
taminase) remains associated with it. After fibrin
formation and its self-association, factor XIII, acti-
vated by thrombin, catalyzes the formation of cova-
lently cross-linked fibrin chains, predominantly y—y.
Therefore, during fibrin electrophoresis, we observe
a somewhat different pattern in the control samples
compared to that seen in the analysis of fibrinogen.
Using Western blot with antibodies II-5C to the
N-terminal region of the Aa chain of fibrinogen, it
was found that high-molecular hydrolysis products
with masses of about 33, 35 and 48 kDa contain the
native N-terminus of the chain. Another reaction
product with a mass of about 55 kDa was also de-
tected, which was not detected electrophoretically.
This is explained by the fact that this fragment of
the Aa chain of fibrinogen is close in mass to the Bf
chain, therefore it visually merges with it (Fig. 8).
Therefore, the detected low-molecular fragments
of fibrinogen are cleaved from the C-terminus of
the Aa chain. A fragment with a mass of 55 kDa is
formed when acting on the aC domain of fibrino-
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Fig. 6. Electrophoresis of fibrinogen hydrolysis products of B. licheniformis 249 enzyme preparation.
M — molecular weight markers (kDa), K — native fibrinogen; 7.5, 15, 30, 60 — incubation time with the enzyme;
Aa, Bp, y — chains of the fibrinogen molecule; arrows indicate the products of fibrinogen hydrolysis. Samples
were prepared in the presence of 0.2% [-mercaptoethanol
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Fig. 7. Electrophoresis of fibrin hydrolysis products of B. licheniformis 249 enzyme preparation. M — markers,
KO — native fibrin; K60 — native fibrin after 60 min of incubation with thrombin, 7.5, 15, 30, 60 — incubation
time with enzyme, a, f, y — chains of fibrin molecule, y-y — covalently stabilized y chains of fibrin; arrows indi-
cate fibrin hydrolysis products. Samples were prepared in the presence of 0.2% [-mercaptoethanol
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Fig. 8. Western blot with antibodies 1I-5C to the N-terminus of the Aa chain of fibrinogen. M — molecular
weight markers (kDa); K — native fibrinogen; 7.5, 15, 30, 60 — incubation time with the enzyme; Aa — chain of
the fibrinogen molecule; arrows indicate the products of fibrinogen hydrolysis. Samples were prepared in the
presence of 0.2% p-mercaptoethanol
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Fig. 9. Western blot with antibodies 2d2a to the N-
terminus of the Bf-chain of fibrinogen. M — molecu-
lar weight markers (kDa); K — native fibrinogen, 7.5,
15, 30, 60 — incubation time with the enzyme; Bff —
chain of the fibrinogen molecule. Samples were pre-
pared in the presence of 0.2% f-mercaptoethanol

gen, with the cleavage of a region with a mass of
about 12 kDa. The product with a mass of 48 kDa
corresponds to the Aa chain almost completely de-
void of the aC domain. The protein components with
masses of 33 and 35 kDa are formed by the action of
the studied enzyme on the connector site of the aC
region of fibrinogen.

The Western blot performed with antibodies
to the BP chain of fibrinogen revealed a slight ef-
fect on this part of the fibrinogen molecule. A slight
decrease in the content of the native chain was ob-
served only after 60 min of incubation with the en-
zyme. The antibodies used are specific to the N-ter-
minus, and no reaction products are formed during
the reaction. From this, we can conclude that under
the action of this protease, a small section is cleaved
from the N-terminus of the Bf chain (Fig. 9).

Discussion

The search for new biocatalysts with defined
functional properties is one of the priority areas of
modern biotechnology. In this context, various eco-
systems, including forests, savannas, polar regions,
deserts and marine biotopes, are considered as po-

tential sources of microorganisms - producers of en-
zymes with unique properties. Marine ecosystems,
which are often characterized as extreme due to sig-
nificant variations in salinity, hydrostatic pressure,
temperature and limited availability of nutrients, at-
tract the special attention of researchers. Adaptive
mechanisms of marine microorganisms determine
the synthesis of enzymes capable of maintaining
catalytic activity in a wide range of physicochemical
conditions.

Previously [7], we showed that strains of Ba-
cillus sp. isolated from the bottom sediments of
the Black Sea exhibit a wide range of proteolytic
activities. Among them, the strain B. licheniformis
249 was of particular interest, in the supernatant of
which high enzymatic activity was found against
various protein substrates: elastin (33.3 U/ml), fi-
brinogen (20.0 U/ml), fibrin (19.0 U/ml), collagen
(0.25 U/ml) and casein (0.09 U/ml). As part of the
conducted studies, a purified enzyme preparation of
B. licheniformis 249 was obtained. It was homoge-
neous and characterized by three types of proteo-
lytic activity: fibrinogenolytic, fibrinolytic and elas-
tolytic (1620 U/mg protein, 1615 U/mg protein and
2697.3 U/mg protein, respectively) with a molecular
weight of about 30 kDa, which is consistent with the
literature data for bacillary proteases.

In particular, the molecular weight of elastase
isolated from Priestia megaterium was about 30 kDa
[16], while the molecular weight of velefibrinase was
approximately 32.3 kDa, which corresponds to the
range of 18-38 kDa typical for fibrinolytic enzymes.
The studied enzyme preparation was characterized
by the ability to maintain high activity in a wide
range of pH (2,0-12,0) and temperature (4-37°C)
with an optimum of action at 8.0 and 11.0 and a tem-
perature of 37°C. Similar properties have been de-
scribed for a number of fibrinolytic enzymes of ma-
rine origin, in particular Streptomyces radiopugnans
VITSDS [17] and Serratia marcescens [18]. An im-
portant characteristic of enzymes is their substrate
specificity, which determines possible directions of
practical application. Substrate specificity studies
showed preferential hydrolysis of elastin, as well as
efficient cleavage of fibrinogen and fibrin, while col-
lagen and casein were hydrolyzed slightly or not at
all.

Since both elastase and fibrin(ogen)olytic ac-
tivities had similar pH and temperature profiles,
this may indicate that they are carried out by a sin-
gle enzyme with broad substrate specificity. It is
known [19] that the substrate binding specificity
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of different enzymes varies significantly: some en-
zymes catalyze reactions involving only one sub-
strate, while others are able to interact with several
chemically related compounds. Hamiche et al. [20]
described two extracellular proteases with keratino-
lytic and elastolytic activity, which were obtained
from the Bacillus amyloliquefaciens S13 strain
isolated from the brown alga Zonaria tournefortii.
The purified enzymes (KERZT-A and KERZT-B)
were monomers with molecular weights of 28 and
47 kDa, respectively, and their N-terminal amino
acid sequences showed high homology with kerati-
nases of the genus Bacillus. However, they differed
in physicochemical properties: KERZT-A showed
maximum activity at pH 6.5 and 50°C, while KER-
ZT-B at pH 8.0 and 60°C. In contrast to the above
data, the enzyme preparation B. licheniformis 249
was characterized by the ability to hydrolyze three
substrates. The ability of the B. licheniformis 249
enzyme preparation to show high substrate speci-
ficity to elastin (2697.3 U/mg protein), and also to
fibrinogen (1620 U/mg protein) and fibrin (1615 U/
mg protein) may be due to the fact that substrates
are glycoproteins that have common amino acids in
their structure: glycine and proline, and have peptide
regions with repetitive structures. For example, elas-
tin contains numerous repeating regions consisting
of such amino acids as glycine, alanine, and proline.
The fragment of fibrinogen Aa220-390 also contains
a number of repeated sequences, each of which con-
sists of 13 amino acid residues. There are 10 such se-
quences in human fibrinogen that are characterized
by an increased content of serine, glycine, threonine
and proline [21].

According to the nature of fibrinogen hydroly-
sis, the studied enzyme B. licheniformis 249 mainly
cleaves the Aa chain. Such specificity is characteris-
tic of a number of bacterial fibrinolytic enzymes [22]
and is of great importance from the point of view of
their potential application in thrombolytic therapy.
The highly selective cleavage of the Aa-chain repre-
sents an important advantage compared with human
plasmin, which non-selectively degrades the Aa-,
Bp-, and y-chains of fibrinogen, causing depletion of
plasma clotting factors and increasing hemorrhagic
risk [23]. In contrast, a-fibrinogenases of bacillary
origin preserve the structural integrity of the Bp-
and y-domains, thereby limiting systemic bleeding
complications.

The multifunctionality of the purified protease
from B. licheniformis 249 becomes especially evi-
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dent when compared with conventional thrombolytic
agents. Modern clinical thrombolytic therapy relies
heavily on plasminogen activators, such as Tissue
plasminogen activator, Urokinase, and Streptoki-
nase [24, 25]. However, these conventional agents
act indirectly, requiring the conversion of endoge-
nous plasminogen into active plasmin, which often
induces systemic lytic states and elevates hemor-
rhagic risks [26]. In contrast, the B. licheniformis
249 protease exhibits direct fibrin(ogen)olytic action,
actively degrading fibrin polymers independently of
host plasminogen. Such direct-acting microbial pro-
teases mimic the catalytic behavior of human plas-
min but bypass the slow activation cascade, render-
ing them highly efficient for rapid clot dissolution
[26]. In addition, the combination of elastolytic and
fibrin(ogen)olytic activities, together with stability
across a broad pH and temperature range, further
highlights the biotechnological and biomedical po-
tential of this enzyme preparation. Given its out-
standing specific activities (2697.3 U/mg for elastin
and 1615.0 U/mg for fibrin), stability under a wide
pH spectrum, and precise plasmin-like mechanism
with minimized hemorrhagic side effects, the B. li-
cheniformis 249 protease stands out as a highly
promising, biocompatible candidate for advanced
antithrombotic and topical debriding biomedical ap-
plications.

When using proteases with fibrin(ogen)olytic
activity in medicine, a critically important charac-
teristic is the high specificity of the enzyme toward
the fibrin(ogen) molecule. If the studied protease ef-
ficiently cleaves other blood proteins, its use as an
antithrombotic agent would not be feasible. There-
fore, future studies will assess the ability of the en-
zyme from B. licheniformis 249 to degrade other
substrates of blood.

Limitations of the study. This study has seve-
ral limitations that should be acknowledged.
First, although the enzyme exhibited pronounced
fibrin(ogen)olytic activity, the mechanism under-
lying the formation of covalently cross-linked y—y
fibrin chains remains unclear and requires further
biochemical and structural investigation. Elucidating
this mechanism would provide a deeper understand-
ing of the enzyme—substrate interactions and its
mode of fibrin degradation. Second, the present work
focused primarily on the fibrin(ogen)olytic proper-
ties of the purified protease. The substrate specificity
toward other components of the hemostatic system
and major plasma proteins was not investigated. In
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particular, it remains to be determined whether the
enzyme is capable of hydrolyzing albumin, immuno-
globulins, coagulation factors, or other structurally
related plasma proteins. Such studies are essential
for evaluating the enzyme’s substrate selectivity,
safety profile, and potential therapeutic applicability.
Future investigations should therefore include com-
prehensive substrate specificity analyses, mecha-
nistic studies of fibrin degradation, and in vivo as-
sessments of efficacy and safety to better define the
enzyme’s potential as a thrombolytic agent.

Conclusions. A protease produced by the deep-
sea strain B. licheniformis 249 was purified to homo-
geneity by ammonium sulfate precipitation followed
by gel filtration and ion-exchange chromatography.
The purified enzyme had an apparent molecular
mass of approximately 30 kDa and exhibited high
elastolytic, fibrinogenolytic and fibrinolytic activi-
ties, with an 85-fold increase in specific activity
compared with the native culture supernatant.

The enzyme was active over a broad pH range
(2.0-12.0), with two activity optima at pH 8.0 and
11.0 and a temperature optimum of 37°C. The iden-
tical pH and temperature dependence of elastolytic
and fibrin(ogen)olytic activities, together with their
co-purification during all purification steps, indi-
cates that these activities are associated with a single
protease possessing broad substrate specificity.

The purified enzyme preferentially hydrolyzed
elastin and efficiently degraded fibrinogen and fibrin,
whereas collagen and casein were hydrolyzed only
slightly or not at all. Electrophoretic and immunob-
lot analyses demonstrated selective cleavage of the
fibrinogen Ao chain with minimal degradation of the
Bp chain, allowing the enzyme to be classified as an
a-fibrinogenase.

The combination of broad substrate specificity,
selective fibrinogen degradation, and high catalytic
activity indicates that the protease from B. licheni-
formis 249 represents a promising enzyme for fur-
ther studies aimed at the development of fibrinolytic
agents and other biotechnological applications.
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Beryn. [poreoniTuuHi €H3UMH 3 IIHPO-
KOO CyOCTpaTHOW CHenU(IYHICTIO CTaHOBJISATH
3HAYHUW 1HTEpec JUIsl TMOTECHLIMHOro 3acToCy-
BaHHS B OioTexHousiorii Ta MeauiuHi. [Iporeasu
31 cnenudivHICTIO 10 enacTuHy, (GiOpuHOreHy Ta
¢GiOpuHY CTaHOBJISITH OCOONMBUK iHTEpec, 30-
Kpema SIK aHTUTPOMOOTHYHI areHTH. MOpChKi
MIKpOOpPraHi3MH 3aB/ISIKH aJJallTHBHIM MEXaHi3MaM
JI0 HaBKOJIMIITHBOTO CEpelIOBUIA MOXYThb OyTH
NOTEHI[IHHUMH TIPOIYIEHTaMU €H3UMIB, 3JIaTHUX
30epiraT KaTaJiTHYHY aKTHBHICTh Y IIHPOKO-
My paiama3oHi (izuko-ximiuHux ymoB. Merta. Me-
TOIO Iiel poboTH OyJ0 OUHMIICHHS MpoTea-
3u, mo nponykyerbes Bacillus licheniformis
249, BujineHOI 3 JOHHUX BiAKJIaJIcHL YOpPHOTO
MOpsi, a TaKOX JOCHIDKEHHS (hi3UKO-XIMIYHUX
Ta KaTaJITUYHUX BJIACTHUBOCTEH €H3UMY Ta HOro
cyOcrpaTHOi crienudigHocti. MeToau. EH3um oT-
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PUMYBaJIH 3 CyNIEPHATAHTY KYJIbTYPaJbHOI PiAMHH
OakTepiil MUIIXOM OCa/KEHHs Cylb(aToM aMOHiI0
(90% wnacuueHHsI) 3 TOAANBIION TeIb-TPOHUKHOIO
xpomatorpadiero Ha Toyopearl HW-65F Ta
ioHOOOMiIHHOI Xpomartorpadiero Ha Toyopearl
DEAE-650M. Pe3yabraTn. OuniieHnii eH3uM MaB
MOJIEKYJIsipHY Macy 0nn3bko 30,0 k/{a, MakcuMaib-
Hy akTuBHIcTh 3a 37°C ta 3nauens pH 8,01 11,0. En-
3UM XapaKTEepH3yBaBCsSI BUCOKOIO €JacTONITHIHOIO,
¢iOpuHOreHONITHYHOIO  Ta  (QIOPUHONITHUYHOIO
AKTUBHICTIO 31 3HaueHHsMH 26973; 1620 Ta
1615 op/mr mpoteiny BignosimHo. Enexrpodope-
TUYHUU aHaIi3 TPOAYKTIB Tiapoiizy (GiOpuHOreHy
BUSBUB  CEJIEKTUBHE  PO3LICTUICHHS  JIAHIIOTa
Ao, 10 JT03BOJISIE BiJTHECTH JOCHIDKYBaHUH CH-
3uM 10 o-(iopunoreHas. BucHoBku. [loenHanHs
enacToliTHUHOi Ta (iOpUH(OTeH)ONITHYHOT —aK-
TUBHOCTEH, a TaKOX CTaOUIBHICTh Yy MIUPOKOMY
niama3oHi (pi3UKO-XiMIYHUX YMOB CBiT4aTh PO Mep-
CIEKTHBHHI MOTEHIIIaJ IBOTO EH3UMY IS BAKOPH-
CTaHHS B MEIMLHMHI Ta Pi3HUX OIOTEXHOIOTIYHHX
nporecax.

Knwuosi cuosa: Bacillus licheniformis,
OYHILNEHHS MPOTEas3H, ONTHMAabHi 3HaueHHsS pH

Ta TeMIeparypu, cyOcTpaTHa CHEIH]IYHICTS,
€JaCTOIITHIHA Ta (hiOpuH(OTCH)OITHIHA
AKTHBHICTB.
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