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Abstract: Thrombotherapy is an important approach in treatment of various diseases associated with
pathologies of the cardiovascular and human hemostasis systems. Screening for producers of modern,
specific, and safe thrombolytic substances is an important task for medicine and biotechnology. The
aim of this study was to characterize thrombolytic potential of seven strains of micromycete belonging
to the genus Tolypocladium, which was obtained from White Sea soils. The Tolypocladium inflatum
62a strain was considered the most promising producer of thrombolytic agent activities suitable for
possible use in thrombotherapy or diagnostics of hemostasis pathologies. It demonstrated a high
radial growth rate and was characterized not only by a sufficiently high value of enzymatic index in
media with fibrin and fibrinogen but also by the highest specificity for fibrillar proteins among all
strains. The preparation obtained from it demonstrated pronounced thrombolytic effectiveness and
substrate specificity.
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1. Introduction

Cardiovascular diseases and their complications occupy the leading position among
global causes of death. Every year, 8-9 million deaths are attributed to ischaemic heart
disease (IHD). IHD and stroke were the world’s leading causes of death in 2019, according
to WHO data [1]. Furthermore, these pathologies of the cardiovascular and hemostasis
system are often associated with occurrence and development of thrombotic complications,
which could also be potentially fatal.

One of the most effective approaches to treatment of thrombotic complications is
plasminogen activator drugs. They are capable of providing a stimulating effect on a
patient’s hemostasis system, freeing the bloodstream from blood clots without causing
serious complications associated with heavy bleeding or rethrombosis. However, use of
thrombolytic drugs such as streptokinase, urokinase, or alteplase, as well as their modern
analogues, is still limited due to their rather high cost and risks of intolerance: blood loss,
appearance of various hypersensitivity reactions of the body, and extensive hemorrhages
in vital organs [2].

A perspective answer to the problem of therapy and diagnosis of thrombosis treatment
could be use of drugs based on proteolytic enzymes of microscopic fungi. The search
for modern, specific, and safe thrombolytic substances is an important task for modern
medicine and biotechnology [3,4]. One promising approach to the treatment of these
disorders and expansion of the pool of thrombolytic drugs is use of more specific and safe
proteinases obtained from the culture fluid of micromycetes [5,6].

In this study, therapeutic potential of seven micromycete strains from the genus
Tolypocladium, isolated from White Sea soils, was examined in comparison to biotechno-
logical and medical potential of the previously studied micromycete strain Tolypocladium
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inflatum k1, which has already been confirmed as a producer of thrombolytic substances
such as plasmin activators [7,8]. The aim of this study was to characterize thrombolytic
potential of those seven strains of micromycete. Data obtained could become the basis
for the development of new specific thrombotherapeutic substances obtained from those
strains for treatment of cardiovascular diseases and their complications, based on prepara-
tion of micromycetes from this group as well as diagnostic kits (diagnosticums) for certain
pathologies of the hemostasis system.

2. Materials and Methods
2.1. Microorganisms and Growth Conditions

Micromycetes were isolated from the bottom soils of the White Sea (depths 0-30 m)
on various organic bait substrates. The upper layers (up to 3-5 cm) of the bottom soils from
the Kandalaksha Bay, formed by sand and pebbles with an admixture of silt, were studied.
Samples were obtained by diving in 3 replications from the littoral zone and from depths
10, 20 and 30 m, and were then placed into sterile plastic vials during the summer season.
In places where bottom soils were obtained, algae traces were also detected. Inoculation
of fungi was carried out on the sampling day or after several days of storage at +4 °C.
Samples were cultivated in 3 probes each in Petri dishes with wort agar, then on wort
agar slants containing seawater. Wide-spectrum antibiotics (streptomycin, kanamycin, etc.)
were added into the medium to suppress bacterial growth.

2.2. Micromycete Identification

Identification of cultures was carried out according to morphological and cultural
characteristics on wort agar and Czapek agar, using manuals of systematics and according
to genetic analysis using PCR and further sequencing of the rDNA internal transcribed
spacer (ITS) region [9-17]. Samples of mycelium were obtained through cultivation of
pure cultures on wort agar or liquid wort at 25 °C for 7-20 days, depending on growth
dynamics of the fungus. Those samples were then separated from the medium, ground
with liquid nitrogen, and transferred into a sterile ceramic mortar. DNA isolation was
performed with cetyltrimethyl ammonium bromide (CTAB) extracted buffer (0.5 M NaCl,
10 mM Tris-HCl (pH 7.5), 10 mM EDTA, 2% (w/v) CTAB) according to standard extraction
protocol [18]. For amplification of rDNA, universal primers ITS1 and ITS4 (TCCGTAGGT-
GAACCTGCGG/TCCTCCGCTTATTGATATGC) were used according to standard PCR
protocols [19]. PCR was performed with HS Taq DNA polymerase manufactured by Evro-
gen (Russia). DNA fragments were separated by standard electrophoresis in 1.2% agarose
gel with an addition of ethidum bromide (EtBr). Tris-acetate-EDTA buffer (TAE) was used
as a buffer system. After electrophoresis, gels were analyzed in UV light with a wavelength
of 360 nm. The amplicon was extracted from the gel using a CleanUp Mini kit from Evrogen.
Sequencing was performed by Evrogen. DNA was sequenced using a BigDye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA) on an Applied Biosystems
3730 xl1 automated sequencer (Applied Biosystems, CA, USA). Obtained nucleotide se-
quences were analyzed by GenBank for species identification with the BLASTn program.
Multiple-sequence alignment and phylogenetic tree construction were performed using
Clustal Omega software.

2.3. Radial Growth Rate Determination

Radial growth rate (Kr) of mycromycetes was determined in Petri dishes with a wort
agar medium at different temperatures (4, 12, 20, 28, and 37 °C) and calculated using the
formula Kr = AR/ At [20], where R is radial size of colony (mm) and t is time (days). Colony
diameter (in mm) was measured daily for 7 days. Growth rate was expressed in mm/h.

2.4. Determination of Enzymatic Index of Micromycetes on Different Substrates

Identification of proteolytic potential in micromycete strains was carried out under
surface cultivation conditions in Petri dishes with a Czapek medium and addition of
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particular substrates (casein, fibrin, fibrinogen). Inoculation was performed by injection
of each fungal sample into the center of a dish with a medium. Diameters of hydrolysis
zones and colonies were measured after 7 days. Enzymatic index (EI) was calculated based
on diameter of micromycete colony (d) and diameter of lysis zone (D) according to the
formula EI=D/d.

2.5. Obtaining of Proteinase Preparations

To obtain proteinase preparation, strains were grown in submerged cultivation con-
ditions on orbital shakers (200 rpm) in 750 mL flasks with 100 mL of nutrient medium at
28 °C. Each inoculum was obtained by washing micromycete spores from a Czapek agar
medium into a medium containing wort, glucose, and peptone [21], followed by 2 days of
cultivation. Further cultivation was carried out in a fermentation medium; inocula (in a
3 mL volume) were separately transferred to cultivation organo-mineral media (medium
No. 1) and mineral media (medium No. 2), then cultivated for 3 days. Medium 1 included
the following composition (in g/L): glucose, 30.0; glycerol, 70.0; fish meal hydrolyzate,
5.0; NaNO;3, 2.0; KH; POy, 0.5; MgSQOy, 0.5. Medium 2 included the following composition
(in g/L): glucose, 35.0; starch, 10.0; NH4NOs3, 5.0; NaCl, 2.0; KHyPOy, 0.5; MgSOy, 0.5.
The culture liquid was separated from the biomass by filtration with a water jet pump
through filter paper (FS, Russia). Extracellular proteins from the resulting culture fluid
were precipitated with ammonium sulfate at 80% saturation. A precipitate of proteins
formed at 4 °C for 12 h. It was then separated by centrifugation at 15,000 x g (20 min, 4
°C), dissolved in a minimum volume of 0.01 M Tris-HCI buffer (pH 8.2) containing 0.002
M calcium acetate, and dialyzed in dialysis bags against the same buffer (12 h, 4 °C). The
resulting protein solution was centrifuged under the same conditions to remove precipitate
and then freeze-dried.

2.6. Evaluation of Thrombolytic Effect

To study thrombolytic effect (effectiveness of thrombolysis) of micromycete prepa-
rations, a fibrin clot was formed in Eppendorf-type tubes through addition of 100 pL of
human plasma and 20 pL of thrombin to each tube, fixing the mass of the tube before,
during (after each stage), and after the experiment. A proteinase preparation was adminis-
trated to each fibrin clot sample and change in weight was recorded at regular intervals (30,
60, and 90 min). Residual clot weight (expressed as % of initial clot weight) was used to
determine the degree of thrombolysis in samples over time [22].

2.7. Protein Assay

Protein concentration of obtained fractions was determined through measurement of
optical density at 562 nm (Bicinchoninic Acid (BCA) Protein Assay) [23] using a NanoDrop
One spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Analysis of protein
components of fractions was performed using 12.5% SDS-PAGE with Coomassie Blue
R250 staining.

2.8. Fibrin Zymography

For fibrin zymography, 0.12% (w/v) fibrinogen and 100 pL of thrombin (10 IU) were
mixed in 12% polyacrilamide gel without addition of SDS [24,25]. Electrophoresis was run
under native (non-reducing) conditions at 12 mA and room temperature with directional
ventilation. After electrophoresis stopped, the gel was gently moved and submerged into
50 mM Tris-HCl (pH 8.0, containing 2.5% (v/v) Triton X-100) for 30 min at room temperature,
then washed for 30 min in distilled water and incubated for 18 h at 37 °C in a zymogram
reaction buffer consisting of 0.02% (w/v) NaN3 and 30 mM Tris-HCI (pH 8.0). Finally, the
gel was stained with Coomassie blue R-250 standard solution for 2 h and washed 3 times
with 7% (v/v) acetic acid. Clear bands were detected as fibrin hydrolysis areas.
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2.9. Determination of Proteolytic Activity

Proteolytic activity (caseinolytic or fibrinolytic) was determined using the modified
Anson-Hagihara method: determination of amount of tyrosine in proteolysis products that
were not precipitated by trichloroacetic acid after 10 min of hydrolysis of a solution of 1%
casein (or fibrin) solution in 0.1 M Tris-HCI buffer (pH 8.0-8.2, 37 °C). (C), [26]. Activity
was represented in umoles of tyrosine per minute (Etyr)- Specific activity was calculated
per mg of protein.

2.10. Determination of Proteolytic Activity toward Particular Proteins of the Hemostasis System

Proteolytic activity in the culture fluid and preparations of micromycetes was de-
termined by hydrolysis of chromogenic peptide substrates (CPS) [27], which had a para-
nitroanilide group (-pNA) as a chromophore: plasmin (H-D-Val-Leu-Lys-pNA and For-Ala-
Phe-Lys-pNA), thrombin (Tos-Gly-Pro-Arg-pNA and H-D-Phe-Pip-Arg-pNA), factor Xa
(Z-D-Arg-Gly-Arg-pNA), urokinase (pGlu-Gly-Arg-pNA), tissue plasminogen activator
and serin proteinases (HD-Ile-Pro-Arg-pNA), subtilisin (Z-Ala-Ala-Leu-pNA), elastase
(Suc -Ala-Ala-Ala-pNA), and trypsin (Bz-Arg-pNA). To carry out the reaction, 200 uL of
a sample, 50 puL of 0.05 M Tris-HCI buffer (pH 8.2), and 100 pL of a 0.05% solution of the
corresponding substrate were mixed. The mixture was incubated for 5 min at 37 °C, after
which the reaction was stopped through addition of 200 pL of 0.1 N NaOH. The same com-
ponents were added to the control sample except for the chromogenic substrate. During
the reaction, N-nitroaniline (pNA) formed from a colorless chromogenic substrate, had a
yellow color, and was detected by the spectrophotometric method of optical absorption
at a wavelength of 405 nm. Optical-density measurements were respectively carried out
at 405 nm on a Hitachi 200-20 spectrophotometer. The unit of activity (E) in all cases was
taken as uM, split from p-nitroaniline.

3. Results
3.1. Micromycete ldentification

Isolates of micromyecete strains obtained from White Sea soils were identified through
PCR and further sequencing of the rDNA ITS region according to morphological, cultural,
and genetic characteristics. Isolated strains of DNA fragments, separated by standard elec-
trophoresis in a 1.2% agarose gel with an addition of EtBr, are demonstrated in Figure 1a.
According to the 5.85 rRNA sequence analysis, isolated strains were quite similar to some
particular, previously described strains of Tolypocladium inflatum and Tolypocladium cylin-
drosporum, but were not 100% identified as the same types (Table 1, Figure 1b). Furthermore,
obtained sequences were aligned with the BLASTn program module, and a phylogenetic
tree of the obtained strains (cladogram) was constructed, according to which the obtained
strains could be conditionally divided into four subgroups depending on phylogenetic
location (phylogenetic proximity to each other). The first group included T. cylindrosporum
150a, the second one T. inflatum 62a, the third one T. inflatum 49a and 126a, and the fourth
one three closely related strains: T. inflatum 13a, 14a, and 30a (Figure 1b).

Table 1. Tolypocladium strains obtained from White-Sea-soil identification.

Ne Short Name Genus Source Location GenBank ID Identity, % C Query o
overage, %
1 150a T. cylindrosporum ~ White Sea soils WSBS * MK984581.1 97.75 97
2 13a T. inflatum White Sea soils WSBS MG827334.1 99.42 96
3 14a T. inflatum White Sea soils WSBS OM670142.1 99.62 98
4 30a T. inflatum White Sea soils WSBS MT845990.1 99.23 98
5 49a T. inflatum White Sea soils WSBS MKO020177.1 99.22 98
6 62a T. inflatum White Sea soils WSBS MH864514.1 99.17 92
7 126a T. inflatum White Sea soils WSBS MK801343.1 99.6 99

* WSBS—Nikolai Pertsov White Sea Biological Station.
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T. inflatum 62a
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Figure 1. White Sea micromycete isolate identification (a) PCR analysis 1—13a, 2—14a, 3—126a,
4—49a, 5—150a, 6—62a, 7—30a.; (b) phylogenetic tree of obtained Tolypocladium strains.

3.2. Radial Growth Rate Determination

According to the results obtained, cultivation temperature significantly affected radial
growth rate of all isolated strains of the Tolypocladium genus. At 4 °C and 37 °C, there was
actually no growth of mycelium in Petri dishes with the Czapek medium. At temperatures
ranging from 12 °C to 20 °C, growth rate reached intermediate values compared to that
of 28 °C, at which the most effective growth of all strains was detected. Furthermore, all
temperature profiles and radial growth rates of isolated strains comprised a range of fairly
close values. In addition, data obtained in the surface cultivation study indicated that the
pH optimum for most of the isolated strains of the genus Tolypocladium was in the range
from 5.5 to 7.5 (data not shown). At those pH values, the maximum radial growth rate of
the strains on the plates was achieved. The maximum possible value of radial growth rate
among all strains at an observed optimum temperature of 28 °C and pH~6.5 was revealed
for the strain T. inflatum 62a as 0.27 mm/h (Figure 2).

Temperature, °C

0 0.05 0.1 0.15 0.2 0.25 0.3
V rad, mm/h

HM126a W62a mM49a w30a ml4a m13a m150a

Figure 2. Radial-growth-rate determination of Tolypocladium strains obtained from White Sea soils.
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3.3. Determination of Enzymatic Index of Micromycetes on Different Substrates

The results of determination of mycromycetes” enzymatic indices in media with
different substrates are shown in Table 2 and Figure 3. In addition to determination of
enzymatic indices in media with specific substrates, ratios of EI in a medium with casein,
EI in a medium with fibrin, and EI in a medium with fibrinogen were also evaluated,
making it possible to investigate effectiveness of action of particular micromycete strain
proteinases in relation to globular or fibrillar proteins, as casein referred to globular proteins
and fibrin and fibrinogen referred to fibrillar ones. For micromycete strains T. inflatum
14a, T. inflatum 49a, and T. cylindrosporum 150a, enzymatic indexes in media with fibrin,
casein, and fibrinogen substrates were comparable to each other. It can be supposed that
proteolytic activity of these strains was not associated with specificity of the proteinases
they produced; they were capable of hydrolyzing globular and fibrillar proteins to an equal
extent. The T. inflatum 126a strain demonstrated a greater affinity for globular proteins, since
enzymatic index values in the casein medium exceeded those in the fibrin and fibrinogen
medium. Furthermore, according to the obtained ratios Elcas /Elgy,, and Elcas/ Elg, it can
be stated that proteinases of the remaining isolated strains had a pronounced proteolytic
activity to fibrillar proteins. Furthermore, the most promising strains for a further study of
thrombolytic properties were T. inflatum 30a and T. inflatum 62a, as they were characterized
not only by sulfficiently high values of enzyme indices in the fibrin and fibrinogen medium
but also by the highest specificity with respect to fibrillar proteins. The T. inflatum 13a strain
demonstrated comparable enzymatic indices in media with fibrin and casein; nevertheless,
it was also selected for further study as a promising producer, since it demonstrated
the highest values of enzymatic index in media with fibrin among all isolated strains
of micromycetes.

Table 2. Enzymatic index determination of Tolypocladium strains in media with different substrates.

Elg,, (Media  Elc,s (Media  Elgg (Media with

Strain  Uih Fibrin)  with Casein) Fibrinogen) Elcas/Elfipr  Elcas/Elgg
13a 222 2.10 218 0.94 1.04
14a 143 148 139 1.03 1.06
30a 171 153 1.72 0.89 0.86
49a 239 2.30 2.24 0.96 0.98
62a 1.88 1.65 1.80 0.87 0.92
126a 1.63 2.10 1.81 128 1.16
150a 175 1.81 1.87 1.03 0.97

(b) (c) (d)

Figure 3. Example of enzymatic index determination in a medium with fibrin for T. inflatum (a) 49a,
(b) 1264, (c) 13a, and (d) 62a strains.

Further screening-stage experiments were made with preparations obtained from
the cultural fluid of Tolypocladium strains during submerged cultivation in medium 1
and medium 2.

3.4. Determination of Caseinolytic and Fibrinolytic Activity of Tolypocladium-Strain Preparations

To determine the most perspective Tolypocladium micromycete (the producer of po-
tentially effective thrombolytic substances from the obtained strains), proteolytic activities
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(caseinolytic and fibrinolytic) of strain preparations were investigated after being obtained
in experiments based on submerged fermentation in media with glycerol and media with
starch. Results are represented in Table 3. Experimental data indicated that the most
potentially effective preparations were proteolytic substances obtained in media with glyc-
erol from T. inflatum strains 62a (maximum caseinolytic and fibrinolytic activity among
all strains), 30a, and 13a. Furthermore, thrombolytic potential of strain 62a was even
more pronounced compared to known producer of thrombolytic substances Tolypocladium
inflatum k1 (not obtained from the White Sea; taken as the reference-side Tolypocladium
strain-producer of thrombolytic substances), which demonstrated almost similar activities
in both media with glycerol and with starch, respectively.

Table 3. Determination of caseinolytic and fibrinolytic activity of Tolypocladium-strain preparations
obtained from submerged cultivation in media with glycerin and starch.

Strain Protein Concentration, Caseinolysis, Caseinolysis, Fibrinolysis, Fibrinolysis,
mg/mL Ety,/mL Ety/mg of Protein Ery,/mL Eryymg of Protein

13a (glycerol) 0.281 52.6 187.2 58.0 206.2
13a (starch) 0.242 36.6 151.5 38.0 157.3
14a (glycerol) 0.263 40.1 152.0 41.8 158.9
14a (starch) 0.199 19.8 99.4 21.9 110.0
30a (glycerol) 0.363 82.5 227.2 90.0 247.7
30a (starch) 0.270 459 170.0 49.8 184.6
49a (glycerol) 0.258 375 145.5 33.7 130.8
49a (starch) 0.191 18.9 99.1 16.4 85.9
62a (glycerol) 0.333 99.4 298.5 110.6 332.3
62a (starch) 0.194 32.0 165.3 34.1 176.3
126a (glycerol) 0.263 33.7 128.0 247 93.9
126a (starch) 0.199 19.8 99.4 7.9 39.5
150a (glycerol) 0.325 56.0 172.3 52.8 162.4
150a (starch) 0.268 40.0 1494 354 132.1
k1 (glycerol) 0.272 77.9 286.2 81.0 297.6
k1 (starch) 0.286 65.3 228.4 73.0 255.5

3.5. Thrombolytic Effect Evaluation

The study of thrombolysis effectiveness in preparations obtained from Tolypocladium
isolates revealed high thrombolytic activity against stable fibrin clots. A proteinase prepa-
ration was added to each fibrin clot sample and weight change was detected at regular
intervals (30, 60, and 90 min). Extent of thrombolysis in samples over time was determined
by residual mass of the clot (expressed as % of initial mass of clot). Proteinases isolated
from the culture fluid of strains T. inflatium 62a, 13a, and 49a grown in a starch medium
demonstrated the extent of thrombolysis at 78.9%, 76.6%, and 74.8% respectively at the
end of the monitoring period. The lowest effectiveness of thrombolysis was detected for
the strain of T. inflatium 126a, at 69.4% (Figure 4a). When cultivated in a fermentation
medium containing glycerol, preparations obtained from the isolated strains demonstrated
a more pronounced thrombolytic effect on fibrin clots (Figure 4b). On average, the extent of
thrombolysis of those preparations was 12.3% higher than that of preparations obtained via
culture of micromycetes in a medium with starch. The best thrombolytic potential during
cultivation of micromycetes in a medium with glycerol was demonstrated by proteinase
preparations isolated from the culture fluid of strains T. inflatium 62a, 30a, and 13a, with the
extent of thrombolysis being 91.3%, 88.3%, and 87%, respectively. Maximal thrombolytic
effectiveness of the T. inflatum k1 strain, already known for its thrombolytic properties, was
86%. Even the lowest value of thrombolysis effectiveness, detected in the T. inflatum 126a
strain, was also high (79.7%).
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Figure 4. Determination of thrombolysis effectiveness of micromycete preparations in a fermentation
medium with (a) starch and (b) glycerol.

3.6. SDS-PAGE Analysis of Proteinase Preparations and Fibrin Zymography

Preparations obtained from the culture liquid of Tolypocladium isolates were also
examined via SDS-PAGE analysis (submerged cultivation of micromycetes was carried
out in a medium with glycerol and in a medium with starch). Protein content of the
obtained preparation of T. inflatum 62a was revealed to be quite similar to that obtained
for known thrombolytic-substance producer Tolypocladium inflatum k1 (Figure 5a). This
could indicate similarity of proteins secreted in the culture liquid during submerged
cultivation. Furthermore, fibrin zymography of the Tolypocladium inflatum 62a preparation
demonstrated pronounced enzymatic activity of proteinases in this strain preparation
(Figure 5b). It was also determined that the medium containing glycerol for submerged
cultivation of Tolypocladium strains contributed to better production of exoproteinases in
comparison to the medium containing starch.

120.0kDa

60.0kDa
45.0kDa
35.0kDa
25.0kDa
18.4kDa
15kDa

(a) (b)

Figure 5. (a) SDS-PAGE analysis of proteinase preparations obtained from the cultural fluid of
micromycetes from Tolypocladium genus 1—k1 (glycerol), 2—126a (starch), 3—49a (glycerol), 4—14a
(glycerol), 5—30a (glycerol), 6—49a (starch), 7—13a (glycerol), 8—62a (glycerol), 9—150a (starch),
10—150a (glycerol), and 11—126a (glycerol). (b) Fibrin zymogram of extracellular proteinases of
Tolypocladium inflatum 62a.
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3.7. Determination of Proteolytic Activity of Tolypocladium inflatum 62a Preparation toward
Particular Proteins of the Hemostasis System

According to data obtained in experiments determining substrate specificity of prote-
lytic activity of T. inflatum 62a isolate, plasmin-like (H-D-Val-Leu-Lys-pNA) and subtilizing-
like (Z-Ala-Ala-Leu-pNA) were recorded as 27.21 and 14.01 U/mL x 10~3, respectively.
The lowest activity was detected with Factor Xa, elastase, and trypsin substrates (Table 4).
Therefore, it could be suggested that Tolypocladium inflatum 62a proteinases are capable of
cleaving the substrate molecule at the lysine and leucine residues and demonstrate a low
ability to cleave the substrate molecule at the arginine residues.

Table 4. Determination of proteolytic activity toward particular proteins of the hemostasis system.

Chromogenic T £ Activit T. inflatum 62a T. inflatum k1
Substrate ype ot Actvity Activity, U/mL x 10~3  Activity, U/mL x 103
pGlu-Gly-Arg-pNA Urokinase 1.7 3.1
Tos-Gly-Pro-ArgpNA Thrombin 2.42 3.36
H-D-Val-Leu-Lys-pNA Plasmin 27.21 4.46
H-D-Ile-Pro-Arg-pNA t-PA - -
Z-D-Arg-Gly-Arg-pNA Factor Xa 2.20 2.3
Z-Ala-Ala-Leu-pNA Subtilisin 14.01 4.77
Suc-Ala-Ala-Ala-pNA Elastase - 18.5
Bz-Arg-pNA Trypsin - -
For-Ala-Phe-Lys-pNA Plasmin 3.34 5.5

Comparison to the T. inflatum k1 proteinase preparation revealed differences in sub-
strate specificity; the latter was characterized by pronounced elastase activity, simultane-
ously demonstrating lower subtilizing and plasmin activity.

4. Discussion

The selection of micromycetes isolated from White Sea soils revealed that the T. inflatum
micromycete strain can be used as a promising producer of thrombolytic substances for the
creation of new drugs or diagnostic kits based on them.

From a common genetic approach, micromycetes of the species Tolypocladium inflatum
are best known as producers of cyclosporine, but recent studies have demonstrated that this
species produces other bioactive secondary metabolites, including insecticidal compounds
such as ephrapeptins, tolipin, diketopiperazines, and carboxysterol, as well as the antibiotic
ergoconin-C and other previously unexplored classes of enzymes [28], which may include
compounds with thrombolytic activity. Research of T. inflatum has great potential for
production of secondary metabolites. At least 38 gene clusters responsible for synthesis of
secondary metabolites for this micromycete were identified [29].

As for thrombolytic potential, among all strains examined in this study, T. inflatum 62a
strain demonstrated the most pronounced ability to synthesize thrombolytic substances
that were active against proteins of the hemostasis system. The preparation isolated from
the culture liquid of micromycetes after cultivation in a medium with glycerol demon-
strated high thrombolytic activity against fibrin clots as well as stability in physiological
temperature and pH range. This effect can be applied in the development of thrombolytic
drugs, both for external use as part of gels used against hematomas and wound dressings
and in cases that require use of a thrombolytic agent in order to prevent severe throm-
botic conditions, allowing a significant reduction in amount of drug administered and
thus reducing the risk of bleeding on application. The use of thrombolytic substances,
obtained from T. inflatum 62a, for external use is possible: for example, in combination
with heparin to increase substance stability and increase thrombolytic effect. This could be
especially relevant to treatment of thrombosis of deep and superficial veins of extremities,
phlebothrombosis, and thrombophlebitis, as well as to prevention of pulmonary embolism
and myocardial infarction. For instance, a similar approach was used for the preparation of
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extracellular proteinases of the micromycete Arthrobotrys longa: longolitin. Experiments
in vitro and in vivo demonstrated that heparin in combination with longolitin not only
exhibited its inherent anticoagulant activity but also accelerated thrombolysis [30,31].

Furthermore, new approaches to therapeutic combinations for thrombotherapy, which
consider the differences in substrate specificity of T. inflatum 62a proteinases (subtilisin and
plasmin) and substrate specificity of T. inflatum k1 (elastase and plasmins) and thereby allow
production of the thrombolytic drug with a wide substrate specificity, could be developed.

During investigation of the obtained strains from the Tolypocladium genus, it became
possible to distinguish strains that demonstrated thrombolytic potential.

In the first stage of screening, isolates were identified according to genetic characteris-
tics. As it was clear that all strains belonged to the Tolypocladium genus, further research
was considered.

In the second stage, in order to select perspective strain-producers, samples were
examined to identify growth conditions of isolates (growth rate at different temperatures
and pH) as well as enzymatic indexes in different media to understand potential activity
versus particular protein types (fibrillar or globular).

The third stage of screening measured protheolytic and fibrinolytic activities of
Tolypocladium-strain preparations obtained in submerged cultivation under conditions
with different medium content (starch and glycerol). Furthermore, thrombolytic potential
of obtained substances was tested in an experimental model of fibrin clot lysis, and specific
protheolytic activity was determined in experiments with chromogenic substrates.

Therefore, seven Tolypocladium isolates obtained from White Sea soils were identified
and examined according to thrombolytic characteristics. Throughout screening rounds,
it was revealed that the most promising strain-producer of thrombolytic substances was
Tolypocladium inflatum 62a, which demonstrated maximal growth rate, proteolytic (ca-
seinolytic) activity, and pronounced fibrinolytic activity among all studied strains and in
comparison to known producer of thrombolytic substances Tolypocladium inflatum k1. These
thrombolytic properties could have applications in thrombotherapy and diagnostics of
hemostasis system pathologies.
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