J. Microbiol. Biotechnol. (2007), 17(8), 1271-1283
JOURNAL

MICROBIOLOGY
BIOTECHNOLOGY

(©) The Korean Society for Microbiology and Biotechnology

Purification, Characterization, and Cloning of Fibrinolytic Metalloprotease
from Pleurotus ostreatus Mycelia

SHEN, MING-HUA"Y, JAE-SUNG KIM', KUMAR SAPKOTA', SE-EUN PARK', BONG-SUK CHOI',
SEUNG KIM', HYUN-HWA LEE’, CHUN-SUNG KIM?®, HONG-SUNG CHUN12 CHEON-IN RYOO6
AND SUNG-JUN KIM'*

Department of Biotechnology, BK 21 Research Team for Protein Activity Control and *Research Center for Proteineous Material,

Department of Biology, Chosun University, Gwangju 501-759, Korea

Department of Biochemistry and Molecular Biology, Medical College of Yanbian University, Yanji, 1330000 China
Department of Pharmacology, University of Minnesota, 6-120 Jackson Hall, Minnesota, MN55455, U.S.A.

%Jan Heung Gun Mushroom Research Institute, Chunnam 529-803, Korea

Received: January 18, 2007

Abstract A fibrinolytic protease (PoFE) was purified from
the cultured mycelia of the edible oyster mushroom Pleurotus
ostreatus, using a combination of various chromatographies.
The purification protocol resulted in an 876-fold purification
of the enzyme, with a final yield of 6.5%. The apparent
molecular mass of the purified enzyme was estimated to be
32 kDa by SDS-PAGE, fibrin-zymography, and size exclusion
using FPLC. The optimal reaction pH value and temperature
were pH 6.5 and 35°C, respectively. PoFE effectively hydrolyzed
fibrinogen, preferentially digesting the Ao-chain and the BB-chain
over the y-chain. Enzyme activity was enhanced by the addition
of Ca™, Zn™", and Mg® ions. Furthermore, PoFE activity was
potently inhibited by EDTA, and it was found to exhibit a
higher specificity for the chromogenic substrate S-2586 for
chymotrypsin, indicating that the enzyme is a chymotrypsin-
like metalloprotease. The first 19 amino acid residues of the
N-terminal sequence were ALRKGGAAALNIYSVGEFTS,
which is extremely similar to the metalloprotease purified
from the fruiting body of P. ostreatus. In addition, we cloned
the PoFE protein, encoding gene, and its nucleotide sequence
was determined. The c¢DNA of cloned PoFE is 867
nucleotides long and consists of an open reading frame
encoding 288 amino acid residues. Its ¢cDNA showed a
high degree of homology with POMEP from P ostreatus
fruiting body. The mycelia of P. ostreatus may thus represent
a potential source of new therapeutic agents to treat
thrombosis.
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Fibrinolytic enzymes dissolve the blood clots, which are
formed by the conversion of fibrinogen into fibrin via the
proteolytic action of thrombin [48]. The insoluble fibrin
fiber is hydrolyzed into fibrin degradation products by plasmin,
which is generated from plasminogen by plasminogen
activators such as the tissue plasminogen activator, vascular
plasminogen activator, blood plasminogen activator, urokinase,
Hageman factor, and streptokinase-plasminogen complex
[12, 13]. Fibrin clot formation and fibrinolysis are normally
well balanced in biological systems. However, when fibrin
is not hydrolyzed because of some disorder, thromboses
can occur. Myocardial infarction is the most common of
these thromboses. Cardiovascular diseases, including acute
myocardial infarction, are the leading causes of death
throughout the world [37].

The fibrinolytic agents available today for clinical use
are mostly plasminogen activators such as a tissue-type
plasminogen activator (tPA), a urokinase-type plasminogen
activator, and the bacterial plasminogen activator streptokinase.
Despite their widespread use, all these agents have undesired
side effects, exhibit low specificity for fibrin, and are also
relatively expensive. Therefore, the searches for other
fibrinolytic enzymes from various sources are being
continued. Over the last decade, potent fibrinolytic enzymes
have been discovered from a variety of sources, such as
earthworms [36, 49], snake venoms [16, 23], insects [2],
food-grade microorganisms [1, 5, 22, 25], marine creatures
[44], herbal medicines [9], and fermented food products
like Japanese narto [11, 42, 44|, Korean chungkook-jang
[30], and Chinese douchi [48].

In recent years, mushrooms have become an attractive
source of various physiologically active compounds [S0,
53]. They are commonly used as food and food flavoring
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substances and also in traditional oriental medicines. Their
extracts have been reported to exert hematological, antiviral,
antitumorigenic, hypotensive, and hepatoprotective effects
[6, 7, 21]. They constitute an important source of thrombolytic
agents. Many fibrinolytic enzymes were identified in the
fruiting body of different medicinal mushrooms, such as
Armillaria mellea metalloprotease (AmMEP) from Armillaria
mellea [20,26], Grifora frondosa aminopeptidase from
Grifola frondosa [38], Pleurotus ostreatus metalloprotease
(PoMEP) from Pleurotus ostreatus [8, 24], and two novel
fibrinolytic proteases from Fomitella fraxinea [33]. All of
these enzymes are Zn-metalloprotease group proteins and
belong to the same wood-rotting fungi. Indeed, the
presence of fibrinolytic enzymes in the fiuiting body of some
mushrooms has been identified, although the presence
of these enzymes in their cultured mycelia is not clear.
Furthermore, protease genes from several bacteria, fungi,
and viruses have been cloned and sequenced with the
prime aims of overproduction of the enzyme, delineation
of the role of the enzyme in pathogenicity, and alteration in
enzyme properties to suit its commercial application.
Despite the extensive research on several aspects of
proteases, there is a paucity of knowledge about the
genetic analysis of fibrinolytic enzymes. Therefore, we
have attempted to find fibrinolytic enzymes in P. ostreatus
as well as other medicinal mushrooms. Recently, we purified
and characterized a fibrinolytic enzyme from Cordyceps
militaris {28] and cultured mycelia of Armillaria mellea
[35]. In this study, we describe the purification, characterization,
and cloning of a fibrinolytic enzyme from the mycelia of
edible oyster mushroom, P, ostreatus.

MATERIALS AND METHODS

Materials

For the protein purification and characterization, the
Pleurotus ostreatus (P, ostreatus) strain was supplied from
the Department of Industrial Crop Production and
Processing, lksan National College, Republic of Korea.
Human fibrinogen, human thrombin (1,000 units), plasmin
(10 units), azocasein, phenylmethyl sulfonylfluoride (PMSF),
N-a-tosyl-L-lysine chloromethyl ketone (TLCK), N-o-
tosyl-L-phenylalanine chloromethyl ketone (TPCK), and
4-amidinophenylmethane sulfonylfluoride (APMSF) were
purchased from the Sigma-Aldrich Co. (U.S.A.). DEAE
Sephadex A-50, Sephadex G-75, and HiLoad 16/60
Superdex 75 were purchased from Pharmacia Biotech
(Sweden). ProSieve color protein marker and ProSieve
protein marker were purchased from Cambrex Co.
(U.S.A)). Chromogenic subtrates were purchased from
Chromogenix Co. (Sweden). An other chemicals were
purchased from Sigma-Aldrich Co. (U.S.A.). Other reagents
were special grade, and were purchased commercially. The

TA cloning vector pGEM-T easy and TriZol reagent were
purchased from Promega and Life Science, respectively.
Reverse transcriptase (M-MLV), Tag DNA polymerase,
and T4 DNA ligase were purchased from Bioneer Co.
(Republic of Korea).

Cultivation of P. ostreatus Mycelia

The stock culture of P. ostreatus was maintained on PDA
slants. The slants were inoculated with mycelia and
incubated at 25°C for 7 days, and then used for seed culture
inoculation. The mycelia of P. ostreatus were transferred to
the seed culture medium by punching out about 5 mm? of
the slants with a sterilized cutter. The seeds were inoculated
into 500-ml flasks containing 200 ml of synthetic medium
(40 g glucose, 10 g yeast extract, 0.5 g KH,PO,, 0.5g
K,HPO,3H,0, and 0.5 g MgSO, 7H,0 per liter) and
incubated at 25°C on a rotary shaker at 110 rpm for 5 days.

General Protease Assay

Protease activity was determined by measuring the release
of acid-soluble material from azocasein (Sigma). Enzyme
sample/column fraction (50 pl) was added to 300 pul of 1%
(w/v) azocasein (prepared in 50 mM Tris-HCI, pH 7.0).
Following the incubation at 37°C for 20 min, 600 ul of
ice-cold 10% (w/v) trichloroacetic acid was added with
simultaneous vortexing. The sample was placed on ice for
10 min before centrifugation at 15,000 rpm for 15 min.
The quantity of acid-soluble material in the supernatant
was measured by absorbance at 366 nm. One unit of
protease activity was defined as the amount required to
produce enough acid-soluble material from azocasein to
yield an absorbance of 0.1 at 366 nm, following 1 h of
incubation at 37°C.

Purification of Fibrinolytic Enzyme

All procedures were carried out at 4°C. P ostreatus
mycelia were collected by centrifugation at 600 xg and
immediately stored in a -70°C freezer. Frozen mycelia
were thawed and homogenized with an equal volume of
water in a Kenwood blender for 2 min at maximum speed.
The homogenate was centrifuged at 600 xg and 4°C for
30 min. The crude extract was placed on ice. An equal
volume of pre-chilled ethanol was added, dropwise, with
constant stirring, after which the solution was kept stirring
for a further 1 h. Precipitated protein was removed by
centrifugation at 600 xg for 30 min at 4°C. The clarified
ethanol-soluble fraction was returned to the ice. Its ethanol
concentration was increased, dropwise, to 70% with
constant mixing. Stirring was continued for 1h, after
which precipitated protein was recovered by centrifugation
at 600 xg for 30 min and 4°C. Following removal of
the supernatant the pellets were dried and the protein
was then resuspended in optimal buffer for ion-exchange
chromatography. Insoluble material was removed by
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centrifugation at 10,000 xg for 10min at 4°C. The
resuspended pellets were first applied to a CM-cellulose
column (3.5x10 cm) equilibrated with 10 mM citrate-
NaOH buffer (pH 6.0) and eluted with a linear gradient of
0-1.0 M NaCl at a flow rate of 1.0 ml/min at 4°C. The
active fractions were pooled and then applied to a DEAE
Sephadex A-50 column (3.5x10 cm) equilibrated with the
20 mM Tris-HCI buffer (pH 8.0), and eluted with a linear
gradient of 0 to 1.0 M NaCl (pH 7.4) at a flow rate of
1.0 mlI/min at 4°C. Active fractions were pooled and
concentrated by freeze-drying and desalting. In order to
further purify the sample, gel filtration was performed
with a Sephadex G-75 column (1.5x100 cm) in 0.05 M
phosphate buffer containing 0.15 M NaCl (pH 7.2) at a
flow rate of 0.1 ml/min. Active fractions were collected
and concentrated by freeze-drying. Desalted active faction
was dissolved in 0.05M phosphate buffer containing
0.15M NaCl (pH 7.4) for FPLC on a HilLoad 16/60
Superdex 75 column (Amersham Bioscience Co.). Further
fractionation was done using a Hil.oad 16/60 Superdex
75 column equilibrated with 0.05 M phosphate buffer
containing 0.15 M NaCl (pH 7.4) at a flow rate of 1.0 ml/
min. Active fractions were pooled and concentrated by a
Centricon 30,000 (Amicon Co. U.S.A.), and analyzed for
purity by SDS-PAGE.

Molecular Mass Determination

The molecular mass of the enzyme was determined by
SDS-PAGE, fibrin-zymography, and FPLC using a
Hil.oad 16/60 Superdex 75. SDS-PAGE was carried out
according to the methods described by Laemmli [32] using
12% polyacrylamide gel, and the gel was stained with
Coomassie brilliant blue R-250. Fibrin-zymography was
carried out according to the methods of Kim ef af. [29].
Resolving gel solution (12%) containing 0.12% (w/v)
fibrinogen was prepared in a total 10 ml volume, and
then centrifuged to remove insoluble impurities that
were introduced when the SDS stock solution was
mixed. Thrombin (1 unit/ml) solution and N,N,N,N-
tetramethylethylenediamine (TEMED) were added to the
_gel solution in final concentrations of 0.1 punit/ml
and 0.028% (v/v), respectively. Purified enzymes were
electrophorized on fibrin gel, washed in 2.5% Triton X-
100 solution, and incubated in a bath containing reaction
buffer (prepared 20 mM Tris-HCl, pH 7.5, containing
0.15M NaCl, 0.02% NaN,) at 37°C for 12-15h. Gel
filtration chromatography was performed at room temperature,
using a HiLoad 16/60 Superdex 75 column (AKTA FPLC)
for the estimation of the molecular mass of the enzyme at a
flow rate of 1.0 ml/min. A gel filtration protein marker
comprising glyceraldehyde-3-phosphate dehydrogenase
(35 kDa), carbonic anhydrase (29 kDa), trypsinogen-PMSF
(24 kDa), and trypsin inhibitor (20.1 kDa) was used.

Determination of N-Terminal Sequence

The N-terminal amino acid sequence of purified fibrinolytic
enzyme was determined using an Applied Biosystems
Precise 491 amino acid sequencer at the Korea Basic
Science Center in Seoul. Sequenced data and sequence
alignment were analyzed using Blast in the NCBI protein
database and default parameters.

Fibrinolytic and Fibrinogenolytic Assays

Fibrinolytic activity was determined using the method
described by Astrup and Mullertz [3], with minor
modifications, as follows. The fibrin agarose plate was
made to a 1-mm thickness, and contained 1.2% agarose,
04% human fibrinogen, and 20 units/ml of human
thrombin. The clot was allowed to stand for 1 h at room
temperature. Then, 10 pl of sample solution was carefully
placed onto the plate. The plate was incubated for 5h at
37°C and the diameter of the lytic circle was measured. In
the fibrin plate method, a clear transparent region is
observed in which fibrin is hydrolyzed, and its diameter is
directly proportional to the potency of the fibrinolytic
activity.

In addition, fibrin degradation analysis was performed
by a slightly modified method of Datta er al. [14]. In
brief, 10 pg of human fibrinogen solution (prepared
20 mM Tris-HCI, pH 7.5, containing 0.15 M NaCl) was
added to human thrombin (0.1 NIH unit), and then allowed
to stand for 1 h at room temperature. Formed clots were
mixed with purified enzyme and incubated at 37°C for
various time intervals. Plasmin was used as a positive
control. The resulting enzymes were analyzed by SDS-
PAGE on 12% gel. Fibrinogenolytic activity was measured
as follows: 80 ul of 1.0% human fibrinogen (prepared
20 mM Tris-HC], pH 7.5, containing 0.15 M NaCl) was
incubated with 10 ug of a purified enzyme at 37°C. At
various intervals, a portion of the reaction solution was
withdrawn and analyzed by SDS-PAGE according to the
method of Laemmli [32]. Plasmin was used as a positive
control.

Effect of Temperature and pH on Enzyme Activity

The optimal temperature for activity of purified enzyme
was determined by measuring residual activity after the
incubation of 10 pl of purified enzyme in 90 pul of 20 mM
Tris-HCI (pH 7.5) at different temperatures (20-90°C) for
1 h. The optimal pH for the fibrinolytic activity of the
purified enzyme was determined within a pH range of 2~
10. Ten pl of the enzyme solution was added to 90 pl of
0.5 M glycine-HCI (pH 2.0-3.0), 0.5 M acetate (pH 4.0—
5.0), 0.5 M Tris-HCI (pH 6.0-8.0), and 0.5 M glycine-
NaOH (pH 9.0-10.0) buffers. After 1 h of incubation at
room temperature, the remaining protease activity of each
enzyme solution was measured with 1% azocasein.
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Effect of Metal Ions and Protease Inhibitors on the
Enzyme Activity

The effects of metal ions were investigated using MgCl,,
MnSO,, ZnCl,, CoCl,, FeCl,, CaCl,, and CuSO,. The
purified enzymes were pre-incubated in both the absence
and the presence of bivalent cations, including Mg**, Ca*,
Co™, Cu*', Zn*", Mn*", and Fe*', with a final concentration of
1.0 mM in 10 mM Tris-HCI (pH 7.4) for 1 hat 37°C. After 1 h
of incubation at room temperature, residual protease activity
was measured with 1% azocasein. The effects of protease
inhibitors were also assessed, using ethylenediaminetetraacetic
acid (EDTA), phenylmethylsulfonyl fluoride (PMSF), N-
o-tosyl-L-lysine chloromethyl ketone (TLCK), N-o-tosyl-
L-phenylalanine chloromethyl ketone (TPCK), and 4-
amidinophenylmethane sulfonyl fluoride (APMSF), aprotinin,
and pepstatin A at 37°C for 1 h. The residual enzyme activity
was determined using 0.1% azocasein.

Amidolytic Activity of the Enzyme

Amidolytic activities were measured spectrophotometrically,
using synthetic chromogenic substrates such as S-2222
(Bz-lle-Glu-(OR)-Gly-Arg-pNA for factor Xa), S-2288
(H-D-lle-Pro-Arg-pNA for tPA), S-2238 (H-D-Phe-
Pip-Arg-pNA for thrombin), S-2251 (H-D-Val-Leu-Lys-
pNA for plasmin and SK), S-2444 (pyroGlu-Gly-Arg-
pNA for UK.), S-2586 (MeO-Suc-Arg-Pro-Tyr-pNA-HCI for
chymotrypsin) and S-2765 (Z-D-Arg-Gly-Arg-pNA-2HCI
for factor Xa). Activities were evaluated by the mixing of
1 pg of purified enzyme with 300 pl of a 0.5 mM synthetic
chromogenic substrate. After continuous measurement for
5 min at 37°C with a temperature-regulated spectrophotometer,
the amount of released p-nitroaniline was determined by
measuring the change in 405 nm.

c¢DNA Cloning and Sequence Analysis

Total RNA was isolated from mycelia of P ostreatus,
using the TriZol reagent, and then transcribed with
MMLV-RT using oligo(dT) primer. The resulting cDNA
was amplified by PCR with two primers (sense primer,
5'-GGATCCATGTTGCGCTCC ATCCTGITAATTG-3'
antisense primer, 5-AAGCT TTTACACTGGIGCTGCTAC
CCTGGC-3"), which were specially designed according to
the nucleotides sequence of PoMEP isolated from P

ostreatus fruit body (Geneank Accession No. AY640032).
The PCR product was electrophorized on the agarose gel
and then gel-eluted by a QIAavic Gel extraction kit (Qiagen,
U.S.A)) and subcloned into pGEM-T easy vector. The
recombinant plasmid was transformed into DH5a-competent
cell and then amplified, purified by a QIA prep spin
Miniprep kit (Quiagen, U.S.A.), and subjected to DNA
sequence analysis. The N-terminal amino acid sequence of
purified fibrinolytic enzyme was determined using an
Automatic DNA sequencer (ABI PRISM 377, Perkin
Elmer, U.S.A.) at the Korea Basic Science Center in
Gwang-ju, Republic of Korea. Sequenced data and sequence
alignment were analyzed using Blast in the NCBI protein
database and default parameters.

RESULTS

Enzyme Purification and Molecular Mass Determination
The fibrinolytic enzyme was purified by the combination
of a variety of chromatographic steps, listed in Table 1.
The crude extract was subjected to cation-exchange
chromatography on CM-cellulose proteins. The fibrinolytic
enzyme peak is the single one in Fig. 1A. These fractions
were collected and applied onto DEAE Sephadex A-50
and the active fractions were obtained (Fig. 1B). The
active fractions were further separated via gel filtration
chromatography on the Sephadex G-75 (Fig. 1C). The major
fractions with fibrinolytic activity were collected and
applied onto the Hil.oad 16/60 Superdex 75 column using
ACTA fast FPLC, which yielded one major peak showing
strong fibrinolytic activity (Fig. 1D). As summarized in
Table 1, the enzyme was purified 876-fold, with a final
yield of 6.5% after these purification steps.

The molecular mass of the fibrinolytic enzyme from P,
ostreatus was found to be 32 kDa, as estimated by size
exclusion on Hil.oad 16/60 Superdex 75 column, using
ACTA fast FPLC (Fig. 2A). This value is similar to the value
estimated by SDS-PAGE and fibrin-zymography (Fig. 2B).

N-Terminal Amino Acid Sequence of Purified Enzyme
The N-terminal amino acid sequence of the purified fibrinolytic
enzyme from P ostreatus was analyzed via automated

Table 1. Purified fibrinolytic metalloprotease activity yields from mycelia of P. ostreatus.

. . Volume  Total protein  Proteolytic activit Specific activit Recove Purification
Purification step (ml) (nrq)g) (%nit) R (Unit/mg) Y (%) Y fold
Homogenate 250 N.D. N.D. - - -
Crude extracts 500 6,782 8,424 1.2 100 1
DEAE Sephadex A-75 5 3.98 1,573 395 18.7 329
Sephadex G-75 3 0.91 635 697.8 7.5 581.5
HiLoad 16/60 Superdex 75 pg 2 0.52 548 1,053 6.5 876

N.D., not determined. Protease activity was measured by using the azocasein assay, as described under Materials and Methods.



FIBRINOLYTIC ENZYME AND CODING GENE OF P. OSTREATUS MYCELIA

1275

A 030 030 B 0144 014
—4— Protein cadent —o— Prated catat
0 Protechitic adirty o1 @ Prateckytic aairdy 012
0254 y ——- MaClgmdiat Loas 241 - MaClgradion ‘ ’
g E g 0101 Loo §
2 E s g
% i < o P
3 ] 8 ! I 9
3 015 8 10 8 r1s
Q
g g S os g
£ 2 8 £
2 010 % S g 2 s
8 -} 2 on E
< < losg < < losg
< o
ans Z. 602 Z
0.0 JEmEERTT T
to0o on 00
010 20 30 40 30 60 70 80 90 100
C Fraction number D Fraction number
040 040 o9 - 100
4~ Praeicatat —— Proten caet,
1 o Praeolytic adirty ¢ Proteskytic adirky :
om0 080 080
’ 030
E £ § g
2 2 e 8
Y o, @ & 060 060
& : = =] <
% 020+ t;) ~020 8 g A %
£ £ S 040 1t H040 £
2 Q =3 M 3
k-] A 2 o
< < < <

0 10 30 30 40 SO 6D 70 80 90 100110 120 130 140
Fraction number

Fraction number

Fig. 1. Purification of fibrinolytic metalloprotease from P, ostreatus.

A. Cation-exchange chromatography on CM-cellulose column; B. Anion-exchange chromatography on DEAE-Sephadex A-50 column; C. Gel filtration on
Sephadex G-75 column; D. HiLoad 16/60 Superdex 75 column. The elution profiles were monitored by spectrophotometry at 280 nm. Fibrinolytic activity
was measured by azocasein assay at 366 nm.

Edman method, after SDS-PAGE and electroblotting.
The N-terminal sequence of the first 19 residues was

ALRKGGAAALNIYSVGFTS (Fig. 3) which is similar to
that of the POMEP from the P ostreatus fruiting body
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Fig. 2. Molecular mass determination of fibriolytic metalloprotease using size-exclusion on HiLoad 16/60 superdex 75 column (A)
and semilogarithmic plot and fibrin-zymography (B).

A. The standard marker was eluted through a HiLoad 16/60 superdex 75 column equilibrated with 0.05 mM phosphate buffer containing 0.15 M NaCl, pH
7.4, at a flow rate of 1 ml/min. The elution profiles were monitored by spectrophotometry at 280 nm. B. Fibrin-zymography was carried out in 10.5%
polyacrylamide gel containing 0.12% fibrin. After immersion of the gel plate in 10 mM Tris-HCI (pH 7.4) to grade the fibrin, the fibrinolytic region in the
gel was revealed as a colorless band with a blue background, by Coomassie brilliant blue R-250.
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PoFE ALRKGGAAALNIYSVGFTS
AAU94648 A L RK GG A AALNIYSVGFTS
AAQO7436 S LRKGGAAALNVYFLKDLG

Fig. 3. Homology analysis of purified fibrinolytic metalloprotease
amino acid sequence from mycelia of P. ostreatus.

The shadow indicates similar amino acid residues between the purified
enzyme and other proteolytic enzymes. PoFE, the purified fibrinolytic
metalloprotease from mycelia of P. ostreatus; AAU94648, metalloprotease
from the fruiting body of P ostreatus; AAQ07436, metalloprotease 1
precursor from Coccidioides posasasii.

(GenBank Accession No. AAU94648). As shown in
Fig. 3, the N-terminal amino acid sequences of purified
PoFE had a high homology to POMEP of P ostreatus
fruiting bodies (AAU94648).
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Fig. 4. Effect of pH (A) and temperature (B) on the activity of
the fibrinolytic metalloprotease from mycelia of P. ostreatus.

A. Enzyme activity was assayed in the pH range of 2-10. The 0.5 M
glycine-HCI (pH 2.0-3.0), 5 M acetate (pH 4.0-5.0), 0.5 M Tris-HCi (pH
6.0-8.0), and 0.5 M glycine-NaOH (pH 9.0-10.0) buffers were used with
0.1% azocasein. Enzyme activity was measured by incubation for 1 h at
various pH values and 37°C. B. Effects of temperature on the activity of the
fibrinolytic metalloprotease purified from mycelia of P. ostreatus. The
purified enzyme was incubated at temperatures from 20 to 80°C. Enzyme
activity was measured by azocasein assay at 366 nm.

Table 2. Effect of protease inhibitors on the activity of the
fibrinolytic metalloprotease purified from mycelia of P
ostreatus.

Protease inhibitors Concentration (mM) Relative activity (%)

Control - 100
PMSF 1.0 78
TLCK 1.0 81
TPCK 1.0 74
EDTA 1.0 52
Aprotinin 1.0 88

Pepstatin A 1.0 88

Effect of pH and Temperature on Fibrinolytic Activity

The effect of pH on the activity of purified enzyme from P,
ostreatus was determined using buffers at various pH. As
shown Fig. 4A, this result indicated that purified enzyme
from P ostreatus was active over a wide pH range (2.0—
10.0), and exhibited maximum activity at pH 6.5. The
enzyme was very stable in a pH range of 6.0-7.0, at 37°C
for 1 h, but above pH 7.0, enzyme stability was decreased.
As shown in Fig. 4B, the effect of temperature on the
activity revealed that the enzyme was active between 20
and 50°C. Optimum activity was found to occur at 35°C.
However, when exposed for 1 h to a temperature of over
37°C, the activity of purified enzyme decreased dramatically.

Effect of Inhibitors and Metal Ions on the Fibrinolytic
Activity

The effect of various inhibitors on fibrinolytic activity is
summarized in Table 2. The purified fibrinolytic enzyme
was inhibited by 1.0 mM EDTA, a well-known metalloprotease
inhibitor. As shown in Table 3, the effects of various metal
ions on enzyme activity were assessed by assaying residual
enzyme activity after the incubation of the enzyme with
1.0mM of metal ions for 1h at 37°C. The enzyme
activities were found to be enhanced by Ca**, Mg™, and
Zn*', but were inhibited by the Co>", Cu*", and Fe**, ions.

Analysis of Fibrinolysis and Fibrinogenolysis
The hydrolysis of fibrin by purified enzyme was analyzed
by SDS-PAGE. As shown in Fig. 5A, the purified enzyme

Table 3. Effect of metal ions on the activity of the fibrinolytic
metalloprotease purified from mycelia of P. ostreatus.

Metal ions  Concentration (mM)  Relative activity (%)
Control - 100
Ca™ 1.0 118
Co™ 1.0 96
Cu** 1.0 87
Fe* 1.0 91
Mn?* 1.0 94
Mg™ 1.0 122
n* 1.0 114
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Plasmin treated

Incubation time (min)
Con 5 10 15 30 60

Plasmin treated

Incubation time (min)
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PoFE treated
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v-Y [
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Incubation time (min)
5 10 15 30 60

Fig. 5. Fibrinolysis (A) and fibrinogenolysis (B) patterns exhibited by fibrinolytic metalloprotease purified from mycelia of P,

ostreatus.

Fibrin and fibrinogen were incubated with purified fibrinolytic metalloprotease for the various times indicated. Plasmin was used as the positive control.

rapidly hydrolyzed the a-chain, followed by the B-chain.
The purified enzyme also hydrolyzed the y-y chains, but was a
more slow digest than the c.-chain and -chains. Moreover,
purified enzyme had fibrinogenolytic activity, and the
degradation pattern of fibrinogen by purified enzyme was
analyzed by SDS-PAGE (Fig. 5B). As shown in Fig. 5B,
purified enzyme rapidly hydrolyzed Aa, and Bp chains,
whereas the y-chain was hydrolyzed after 1 h of incubation
time.

Amidolytic Activity of PoOFE
The amidolytic activity of purified fibrinolytic enzyme

was assessed with several chromogenic substrates. As
shown in Fig. 6, the fibrinolytic enzyme exhibited a

120

100 | T
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60 |

40 |

Relative activity (%)

20

S.2222  S-2288 S-2238 S-2251  S-2444 $-2586 S-2765

Chromogenic substrate

Fig. 6. Amidolytic activity on several chromogenic substrates.
Amidolytic activities were measured spectrophotometrically using chromogenic
substrates.

higher degree of specificity for the substrate S-2586 for
chymotrypsin (MeO-Suc-Arg-Pro-Tyr-pNA-HCI). Therefore,
purified enzyme from P, ostreatus was considered to be a
chymotrypsin-like metalloprotease.

c¢DNA Cloning and Sequence Analysis

After isolation of total RNA, the target gene was amplified
from the cDNA by PCR. Two fragments of the PCR
product of the PoFE protein-encoding gene from P
ostreatus mycelia (Fig. 7A) were cloned into pGEM-T
easy vector (Figs. 7B and 7C) and were designated PoFE-
867 (867 nt) and PoFE-1189 (1,189 nt), respectively. The
resulting DNA sequence was analyzed with Sequence
Database searches using BLAST sequence comparison
algorithms at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm. nih.gov/BLAST/). The nucleotide
sequence and the deduced amino acid sequence of the
target gene are presented in Fig. 8 and 9. The nucleotide
sequence revealed an open reading frame (ORF) of 867 bp
encoding 288 amino acid residues. DNA sequence similarity
analysis against GenBank by using the Blast program
showed that the PoFE cDNA has 97% identity with
PoMEP (GenBank Accession No. AY640032) and has a
significant identity with metalloprotease from Metarhizium
anisopliae var. anisopliae (CAB63909). The aminoacid
sequence of PoFE purified from P. ostreatus mycelium
has an extended zinc-binding consensus sequence
(HEXXHXUGUXH), and a so-called Met-turn sequence
(Fig. 9B), which is typical for the metzincin family
of metalloproteases, suggesting that it is a metzincin
metalloprotease. In addition, PoFE metalloprotease showed
a significant homology with other fibrinolytic mushroom
metalloproteases such as Armillaria mellea (CAB42792)
and Grifola frondosa (BAB82381).
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Fig. 7. PoFE isolation (A) from P, ostreatus mycelia, the cloning scheme (B), and cloning into pGEM T-easy cloning vector (C).

A. RT-PCR was performed using specific PCR primers that were designed for the conserved sequences in the metalloprotease-encoding gene from P,
ostreatus fruit body (NCBI Accession No. AY 640032.1). Lane 1, 100-bp ladder DNA marker; lane 2, PCR products. C. Recombinant DNA of PoFE into
PGEM T-easy vector. Lane 1, A-HindIll DNA marker; lane 2, Restriction enzyme-digested recombinant DNA treated by HindlII; lane 3, Restriction
enzyme-digested recombinant DNA treated by EcoRl; lane 4, Restriction enzyme-digested pGEM T-easy vector treated by Pstl. It was resolved by
electrophoresis on a 0.8% agarose gel and then visualized by EtBr staining of the gel.

DISCUSSION

In this report we have described the purification,
characterization and cloning of a fibrinolytic enzyme from
the mycelia of edible oyster mushroom, P ostreatus.
Enzyme was purified 876-fold for a total yield of 6.5%
(Table 1). The molecular mass of purified enzyme was
calculated as 32 kDa by gel filtration, SDS-PAGE, and
fibrin-zymography, which was similar to that determined
for the metalloendopeptidases from A. mellea (32 kDa)
[35] but higher than the metalloendopeptidases from the
fruiting body of P ostreatus (19kDa) [17,38] and G
Jrondosa (20 kDa) [38]. The first 19 amino acid residues
of the N-terminal sequence of purified enzyme were
ALRKGG AAALNIYSVGFTS, which is similar to the
metalloprotease purified from the fruiting body of P
ostreatus (GenBank Accession No. AAU94648.1). In general,
temperatures closest to the physiological temperature of
the source from which the enzymes were obtained allow
for optimal activity [52]. The optimum temperature of
purified enzyme was 35°C, but when the enzyme was
exposed to temperatures of over 37°C, the fibrinolytic activity
of the enzyme degenerated abruptly (Fig. 4B). The possibility
could be denaturation of protein above 37°C, causing a
decreased in activity. As the temperature increased above
37°C, the enzyme was rendered inactive. It could be possible,

because as the temperature rises, this causes a change in
the secondary and tertiary levels of protein structure, and
the active site is altered in its conformation beyond its
ability to accommodate the substrate molecules it was
intended to catalyze. The optimum pH of purified enzyme
was 6.5, which is comparable to those of FP I and FP II from
Pleurotus sajor-caju [41], MEF from the egg cases of
Tenodera sinensis [18, 19], POMEP from the fruiting body of
P, ostreatus [38], and AMMEP from Armillaria mellea [35].

Considering the fibrinolysis pattern, it was found that the
purified enzyme rapidly hydrolyzed the a-chain, followed
by the B-chain. The purified enzyme also hydrolyzed the
Y-y chains, but more slowly. Moreover, fibrinogenolysis
pattern of purified enzyme revealed that it rapidly hydrolyzed
A« and BB-chains, while y-y chain was hydrolyzed after
1h of incubation time. Since purified enzyme directly
hydrolyzes the plasminogen-free fibrin plate, this enzyme
does not exert its fibrinolytic activity via plasminogen
activation. This enzyme acts directly on the fibrin clot
just like plasmin, but it is expected to have a different
activation mechanism since it is a metalloprotease.

The activity of purified enzyme (PoMEP) was enhanced
by the addition of Ca*", Mg”, and Zn*" ions, but was
inhibited by the Co**, Cu*", and Fe’* ions. POMEP belongs
to a family of zinc-dependent metalloproteases. Our data
regarding the effect of these metal ions on the activity of
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R E G HRRRDN PG P AR gHER >R

R ERHEAMEPIFPEGaAaH R FIFPQEQRGEGHAARF G R
P Qe @A >FGgHEG EHE PR @G>
G oaHMaaaacd»HH AR eEan G
LA I IR - B A A A - B B R I -
SErQeuREEHagHQRaFPEEGERgRRRA G
cHaar RHREY»R RPa *EEN>a @adda s
0 RE QR QRN Q2RO G ERE AR
PEPaRA AR AR ERHAQROR @R G
- R I S S I O S R B - I I T T I N I A
R EQUGEGEH» HE AR HEAEEHRRI R G
e A AQQ RPN OQRMOHQEGRG>®
M rxH aa R a @M o RPN QM
R rMHMHAQRRRCRRAdAR R R
FarRmaoHQa> e P e R OA0 RO
PR REE A X R
QG rl R EG RCEgeRE RPN AR
MR R RO Raa ke EE a2 aaa
GQEFrPEar g RHE> >R RS
aH a8 H3H Q@ R0 B ad Mk
MR e MHEHR >R G QRR a0 R
R IR B BRI B - N B O R S S I - T
@G> OMPHHAQAR R R ARQRH IR P> A
PHHQORQRHEAREIEQRRRERERER QR
a@H»anH Qo »xd> QaaHd o >xrdegea
QP 00 GG 30 MR TG RG>

A. DNA structure comparison of PoFE-1189 and PoFE-867. B. Nucleotide sequence of the PoFE (1,189 bp) gene encoding the precursor form of the
fibrinolytic enzyme of P, ostreatus mycelia. Shade indicates the PoFE-coding region.

the enzyme were consistent with the view that the
fibrinolytic enzymes belonging to metalloproteases require
divalent metal ions for their activities [39] (e.g., Zn’* for
Jjeot-gal [26], Ca®* and Mg for AMMP [35]), so their
activities can be inhibited by chelating agents such as
EDTA. Ca”™", Mg", and Zn*" increased the protease activity;
this is possible because of the activation by the metal ions.
In addition, amino-acid sequence analysis suggested that
zinc is required for the activity of this enzyme. Stricklin
and Hibbs [42] reported that Ca®* was required both for the
activity and structural stability of metalloproteases. Therefore,
it was not surprising that the activity of enzyme was
increased when CaCl, was present. Furthermore, Co™,
Cu®, and Fe’' decreased the protease activity, because
these metal ions could induce conformational change of
the protease, which could account for the low activity. In
general, the cations perform a specific role in the modulation
of enzyme activity, whereas anions play a more general
role in the modulation of the activity of enzymes [51]. It
could be hypothesized that copper ion intrudes on the
enzyme-catalyzed system by binding to carboxyl groups of
the enzyme. In addition, the ferrous and cobalt ions could
be unstable and oxidized, resulting in an inactive enzyme.
It was found that POMEP exhibited a higher degree of
specificity for the substrate S-2586 for chymotrypsin,
indicating that the enzyme is a chymotrypsin-like
metalloprotease. Interestingly, the fibrinolytic enzyme

isolated from the P, ostreatus fruiting bodies was a lysine-
specific metalloendoprotease [38], whereas the enzyme
isolated from the P. ostreatus mycelia was a chymotrypsin-
like metalloendoprotease.

The isolated fibrinolytic enzyme gene, PoFE, from
the P. ostreatus mycelium was cloned and its nucleotide
sequence was determined. Although we designed primers
based on the nucleotides sequence of POMEP isolated from
the P. ostreatus fruit body, there were differences between
the sequence of our PCR product and PoMEP, indicating
the differentiation of gene expression in fruit bodies and
mycelia and is inconsistence with the previous report by
Lee et al. [34] and Sunagawa and Magae [46]. The cDNA
of cloned PoFE is 867 nucleotides long and consists of an
open reading frame encoding 288 amino acid residues
(Fig 8). DNA scquence similarty comparison against
GenBank by using the Blast program showed that the
PoFE-867 ¢cDNA has 97% identity with POMEP [24] and
has a significant identity with the metalloprotease from
Metarhizium anisopliae var. anisopliae [15]. It has been
suggested that PoOMEP metalloprotease plays an important
role in mushroom fruiting [24]. Interestingly, unlike
PoMEP from fruit body, PoFE metalloprotease showed a
significant homology with other prereported fibrinolytic
mushroom metalloproteases of Armillaria mellea and
Grifola frondosa [20, 38]. His-Glu-X-X-His or HExxH,
where X is any non-conserved amino acid, is the consensus



1280

SHEN et al.

A

PoFE

ATN400321 °

PoFE
AYX400321

FoFE
AXT400321

PoFg
AWE400321
PoFE
AWN400321

PoFE
AYH00321

FoFE
AWNH00321

FoFE
AYH400321

PoFE
AWNH00321

PoFE
AY400321

PoFE
AVE00321

PoFE
AWC490321

FPoFE
AYX400321

FPoFE
ATVIH00321

PoFE
AYE400321

PoFE
ARTH 4
CABNSL

PoFE
AAUM S
CAB3091

PoFE
AATH 48
CABI3NI1

FoFE
ARTH 48
CABL3N91

Po¥E
AATH 48

CAB(3N91

PoFE
AATR S
CABI3N9L

PoFE
AATH S
CABGHN91
BABSII&EL
CABHITOR

¥ B

QP QR e M HA @ xr QR MW o e

QA MY R Nx A RQ N HE RN aa N R MW ek MW

M Q@ an ca HMH G ae =R HY R ae HS
NG R AQ an QG MBI 0 20 (R Wi e Mg
G B o e w0 Q> RQ QR Ha =k G

RQ R HH HH ae Bk oA QR B @r QR G0 RE B G

RQ@ B HH QR GQ HH B an 0o HHE QR BR @@ aa b

GR A8 @

Hrk GR 2w k> 2k FHMH Hed e Rk 834 a0 00 G R HW
e oo an Bl aa A oo oG QR H4d aa Bk ac ke 8§
QR U QY Qe AT A QR R R R oo Qg oo RE S

e QR aYd HH 39 QR RQ R QQ ki HHE ok QO ar @R
QG P QY QY G R WM Nk RQ MM HHE QR Q@ M
R R Q> QR HH aa oo Rk B QR ack Q@ a0 a0 aa
e ok RQ R QR G aa A3 20 Rk B> AS R oo @0
aa M4 Mk e BMH RE HH B> A 4 MM R HE R oo
e 2 o md aa HAY RQ MM e mde M 3 a0 wW R on
e orr QR aa AQ Q@ QR W MM QR e HE Q@ e Bk
A e M oo HHE e e WA xR QR R R QE QR M9

W B WM MHE oG R HY R MR HHE o HMMY ac R Q@

BRR Q@ aa
R aa @
R aa al

MLESITLLIALSESCSAYVLGS
' MLEEILLIALSCEAY VLGS

“YAVEWHVYVSQEISTVROGEHRT
Y P AVHWHVYVEQRSTVRGGENT
“HIISSDOCTPQGGHNY

TRTLAATWFGEALPREIYQD
CERTVRATWFGEAEPRPYr 3 IYQD
MTRTVEAAW. - -AF- - - - D

MCLLEYATFR - « v - - = o = - b3
MLLGYATFP - - « = =« < - - = P
e FPVQGARPGSTEFR

™reLYE|TPQUGCDEP
™MFOGLYHTFQGGCCDEP

™FGLFPEHTFQOGCDAES

- -6DY
- -GDY

LDT- - - - - LTAEPFD
" _DTC¢DGEG. ---FD
DTCPE--LPGSE-D

-

R b -
LR LR
g
ww Qe
L LLE
N EEE
wr
R QaQ
R et
QNS
@ o MR~
Hr WM
Pl
[=f<Folw"x]

t

o QR i ke ke HHE Q@ QG M oo Bk HHE MG AR Mg
e QR o R aa QR QP L HAG ar px o M M

Mr M3 g MM e R GG R e W o

Hed b el i MM el oz 20 i o W e Rk o ar HA
s Wk kR a2 QF Q@ 24 QR Px FPQ o

QR »d» Q@ ca na HE 23 @@ QR r@ GQ Q@ Hd Hg
RE HHA \aE MR QO aa ke kx oo oo Q2 B e 2@

W HE MH RE e GR MM Q@ Rk B» HF =X an He
A e MR QR M e kR oaa bR Rk G0 QR a0 QQ

G e M ek o WHE ot o a0 HHM g ge e an
R Q@ H HH ew RO MH aa RR QQ Q@R R aw GG

R ok RQ GQ NN RE k> QF o o0 HS i ek oaa
W R G a0 Q6 HEE e ik ek RE GG S ek o
o HMH e RE > QR QG P Hd MWK oo M QO A
W o Ga R G0 B Q@ R QQ R RQ M R e
RE ao a0 G oo B Q@R R QG G SH e ke oo
HY > Q2 R R Q@ na QR H QR R Q@ > 4
G GR MH e Q0 HY HH Q HH e QU e R HAa
G oo MH BEe ok QQ HH = oHM QE o0 @2 HW QQ
e RR G Q@ o0 Ga QR G@ N> HH e MY o Q@

Qe P 28 RA e o xk QQ RE Pl FEG P 2 P QR
M Q@ QR Q2 RQ HA A9 Q0 R QR Nk Hd e ke

W GQ QR QR Q@ HY 0o @@ QR x> ax x> M4
R ALY QG QR RE >k ki H4 ag Bx og HHE Q2 an
e Q@ e HMA QG e ac 2@ A4 A0 RE QG ot aa
RE M WY ke a0 WU Rd oG QR RE GR HA B GQ
o R oFR O oEr R Rk GG e QR HH HE QR @R
e PR e o wx oago ac HE oo oo an o @R aa
e AR Rk M9 QY QR QR RQ QAR M Qo ke QE ke
RGP RP cxz Pk el R eer 3 P M o fp0z Tt
RE e WK A ar aa Mk HM ee M o oo QR b

Ha Q@ @

P M e 0 24 Dl HE HE RQ kK ke 00 o QG W
HE oo ek QR a0 R RO Q@ Qa N ex Q@ qa H9
EE QR e oak ok o orR QQ e HHE HA B HHE Rk aa

QG qer mrer Qe

R e e B e Q@ A8 HS93 @R D kpx BR e s e

B B oG 20 B e Sk o Ha BM oo WA HA QE R HY
o RQ @ RH e MM aa =W ek Rk GG G R e e
R QQ P NH i bR x> ok» R o Go BN Rk QR QR
aa QR M3 Rmx oo o0 @R ac MY GR P 2 Q8 AR Gr
R G HAS e ae G0 xx M QR B2 oo 2R e QG ao
e oo G0 QR R G GQ@ HAE S o QR H€18 oo R o

TPREPRQREVCECSQPANrEVQRAPAEFPDSLRSNVE LEEY S 3 P T
TPRPEQEVCCGSQPEQES IQRAFARFDOCLES AVELEKEE § F T

PDEQITD. .- -QIQVLENDAYAYSGFS - - - FELASTT . - .. -
PDEQITD----QIQVLEDAYAYSGBFSE .- -FELAGTT - - - - -
§D--.--DIVREQIDVLEQ.- - - - - GLEGTOF...SVILEGVD™

- -F - . MEAALREGGAAALNIY EVYBFTEOGYYYO™

- P - -MEAALBEGOAAALEIY - .- - - - - .. SVGFTSGYTYG™

B3 EVAMERILERESEYEDLALYYLAFAPQGSASIG - - -y ey ™
i [l

- -AYGYSPEDDOBVYVIHYASVPOGOGRLDTYALOMT AT[EE|voEwW"

- -AYBYSPEDDGSVYVIHYASVPOGEALDTY NLOMT AT|HE[VGE[W"

- DECVMQFGSMPOUS LGS NRLGEY T VHE|VGEMW™

"
ne

Fig. 9. Alignment and domain analysis of the PoFE DNA sequence and its deduced amino acid sequence.

A. Alignment of PoFE DNA sequence with AY640032.1 (isolated from P, ostreatus fruit body). B. Alignment and domain analysis of PoFE deduced amino
acid sequence with AAU94648 (purified from P, ostreatus fruit body) and CAB63909.1 (purified from Metarhizium anisopliae var anisopliae). # indicates
the Zn-binding domain. * indicates the Met-turn homology region. C. Alignment of the Zn-binding domain (HEXXH) of various mushroom-originated
metalloproteases, AAU94648 (originated from P, ostreatus fruit body), CA63909.1 (originated from Metarhizium anisopliae var anisopliae), BAB82381

(originated from Glifora frondosa), and CAB42792 (originated from Armillaria mellea).

sequence for the active site in some zinc-dependent
endopeptidases and aminopeptidases [47]. The amino
acid sequence of PoFE purified from the P ostreatus
mycelium has an extended zinc-binding consensus
sequence (HEXXHXUGUXH), and a so-called Met-turn
sequence, which are typical for the metzincin family

of metalloproteases, suggesting that it is a metzincin
metalloprotease (Fig. 9). Bodea et al. [4] reported that
astacins, metalloprotease, and snake venom exhibited identical
zinc-binding environments (His-Glu-X-X-His-X-X-Gly-
X-X-His) and this was also a consensus sequence in
metalloprotease disintegrins, another member of the zinc
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metalloprotease superfamily [40]. The PoOMTP was proposed
to be grouped together with a series of putative fungal
orthologs into the separate metzincin family “eucolycins”
and has an extended zinc-binding consensus sequence
(HExxHxxGxxH) [24], which is typical for the metzincin
metalloprotease family. Besides PoMEP, a noticeable
similarity was also found with other metzincin prototypes,
pappalysins, astacins, serralysins, adamalysins/ADAMs, and
matrix metalloproteinases (data not shown).

The overall results suggest that the fibrinolytic enzyme
obtained from the edible oyster mushroom P. ostreatus
shows a high degree of specificity toward fibrin. Hence, it
could be useful in thrombolytic therapy as it is a directly
acting thrombolytic agent, since direct-acting fibrinolytic
enzymes are more effective and are unique thrombolytic
drugs distinct from the plasminogen activators [29]. In
addition, it will provide an adjunct to the costly fibrinolytic
enzymes that are currently used in managing heart disease,
since large quantities of enzyme can be conveniently and
efficiently produced. However, clinical results are necessary
for the thrombolytic application, but P ostreatus may
become a new source for thrombolytic agents.
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