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Abstract—An electrophoretically homogeneous isoenzyme CSP-2 of collagenolytic serine proteinase has been isolated from
the total preparation of king crab digestive enzymes. The molecular mass of the proteinase is 24.8 = 0.3 kD, pH optimum
for activity is 8.5, the temperature optimum for activity is 38-40°C, and the pH range of stability is 7-10. The enzyme has
dual substrate specificity, but preference for positively charged amino acid residues in P,-position is more pronounced than
in the case of the major isoenzyme. The temperature dependence of kinetic constants for synthetic substrate hydrolysis by
CSP-2 has been investigated. Inhibition specificity of the enzyme is characteristic of serine proteinases but more like that of
crab trypsin than that of the major CSP isoenzyme. The isolated collagenolytic proteinase also cleaves fibrinogen and fibrin
and activates plasminogen. The amino acid sequence of the CSP-2 proteinase, which has been partially determined by tan-
dem mass spectrometry, displays some similarity to the sequence of the major CSP isoenzyme.
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Serine proteinases of cold sea invertebrates are
attractive objects for studying the mechanisms of enzyme
adaptation to low temperatures. Many of these enzymes
can cleave collagen and therefore are of interest for med-
icine, biotechnology, and food industry. Collagenolytic
serine proteinases of crustaceans belong to the brachyurin
subfamily of the chymotrypsin family (according to NC-
IUBMB nomenclature, EC 3.4.21.32) [1].

“Moricrase” enzyme preparation from the
hepatopancreas of king crab Paralithodes camtschatica
possesses considerable collagenolytic activity and is an
efficient medication for the treatment of burns and
wounds [2]. Individual components of this complex—col-
lagenolytic serine proteinase (CSP) [3], trypsin [4],
amino- and carboxypeptidase [2], and metalloproteinase
[5]—have been isolated and characterized in our labora-

Abbreviations: Bz) benzoyl; CSP) collagenolytic serine pro-
teinase; glp) pyroglutamyl; MALDI) matrix assisted laser de-
sorption ionization; PMSF) phenylmethylsulfonyl fluoride;
pNA) p-nitroanilide; SBTI) soybean trypsin inhibitor; Suc)
succinyl; Tos) p-toluenesulfonyl; Z) benzyloxycarbonyl.

* To whom correspondence should be addressed.

tory. Klimova and Chebotarev elaborated a procedure for
the chromatographic separation of P. camtschatica pro-
teinases with molecular masses less than 60 kD, deter-
mined their N-terminal amino acid sequences [6], and
partially characterized their properties [7]. The aim of the
present work was the isolation and characterization of a
collagenolytic serine proteinase isoenzyme, which will be
referred to as CSP-2.

MATERIALS AND METHODS

“Moricrase”, a total preparation of king crab diges-
tive enzymes, was kindly provided by JSC RPE Trinita
(Russia). Fibrinogen, soybean trypsin inhibitor (SBTI),
hen ovomucoid, phenylmethylsulfonyl fluoride (PMSF),
and chromogenic substrates Bz-Arg-pNA, D-VLK-pNA,
D-PFR-pNA, and D-VLR-pNA were from Serva
(Germany); leupeptin was from MP Biomedicals (USA);
thrombin was from PBP (Lithuania); lysozyme was from
Olaine Chemicals (Latvia). PageRuler protein markers
(11-170 kD) were from Fermentas (Lithuania); protein
markers (14.4-94.6 kD) were from Helicon (Russia).
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Chromogenic substrates Z-APR-pNA and Z-AFR-pNA
were synthesized in the State Institute of Genetics and
Selection of Industrial Microorganisms (Moscow,
Russia); glp-FA-pNA, glp-FL-pNA, glp-AAL-pNA, and
glp-AAFL-pNA were synthesized at the Laboratory of
Protein Chemistry, Faculty of Chemistry, Moscow State
University. Recombinant glutamyl endopeptidase from
Bacillus intermedius was prepared in the State Institute of
Genetics and Selection of Industrial Microorganisms.
Type I collagen from rat tails was kindly provided by Dr.
T. S. Kalebina (Department of Molecular Biology,
Faculty of Biology, Moscow State University); other col-
lagens, azocasein, o-antitrypsin, antipain, rabbit plas-
minogen, and chromogenic substrate Suc-AAPF-pNA
were from Sigma (USA). Other reagents, of “chemically
pure” or “pure” grade, were manufactured in Russia.

Electrophoretically homogeneous CSP-2 was
obtained by ion-exchange chromatography on DEAE-
Toyopearl and gel chromatography on Sephadex G-50.
“Moricrase” solution (10 ml with concentration
25 mg/ml in 0.05 M Tris-HCI buffer, pH 7.5) was applied
to a 20 x 2 cm column with DEAE-Toyopearl (Toyo
Soda, Japan) equilibrated with the same buffer. After the
elution of non-adsorbed proteins by the starting buffer,
adsorbed proteins were eluted in a linear 0-1 M NaCl
concentration gradient. Absorbance A,g, and proteolytic
activity of the fractions were measured (Fig. 1) and their
protein composition was determined using SDS-PAGE
according to the procedure of Laemmli [8] (Fig. 2). CSP
activity towards glp-AAL-pNA and trypsin activity
towards Bz-Arg-pNA were measured according to the
procedure of Lyublinskaya et al. [9], and metallopro-
teinase activity was measured towards azocasein [10].
Fractions which contained CSP-2 were pooled, concen-
trated by ultrafiltration on a Diaflo (Amicon, USA) cell
with an Amicon YM-10 membrane (molecular weight
cutoff 10 kD) and subjected to gel chromatography on a
60 x 1 cm column with Sephadex G-50 (Pharmacia,
Sweden) equilibrated with 0.1 M ammonium acetate
buffer, pH 6.4, which contained 1 M NaCl.

In-gel cleavage of CSP-2 by glutamyl endopeptidase
from B. intermedius or trypsin after SDS-PAGE according
to the procedure of Laemmli [8], as well as the sequencing
of some of the cleavage products by tandem MALDI
(matrix assisted laser desorption ionization) mass spec-
trometry was performed at the Center of Postgenome
Technologies of the V. N. Orekhovich Institute of
Biomedical Chemistry, Moscow, Russia. The mass spectra
were processed using the program Peaks 2.0 [11].
Theoretical m/z values for the products of king crab trypsin
and the major CSP isoenzyme cleavage by the enzymes
used for CSP-2 cleavage were calculated by applying the
program Peptide Mass (www.expasy.org) to the enzyme
sequences determined from cDNA sequences [12].

CSP-2 activity towards peptide p-nitroanilides was
determined according to the procedure described by
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Lyublinskaya et al. [9], and activity towards azocasein was
determined as described by Shaginyan et al. [10]. The
action of the enzyme on fibrin plates was studied accord-
ing to the procedure of Astrup and Mullertz [13].

The enzyme was incubated with inhibitors in 0.05 M
Tris-HCIl buffer, pH 8.2, at 22°C for 10 min, and then the
initial rate of Z-AFR-pNA hydrolysis was determined (in
the case of PMSF and o-phenanthroline the enzyme was
incubated with inhibitors for 30 min and activity was
measured towards azocasein).

The pH optimum of enzyme activity towards Z-
AFR-pNA was determined at 37°C in 0.1 M universal
buffer (H,PO,/H;BO;/CH;COOH/NaOH, pH 2-12).
The temperature optimum of Z-AFR-pNA hydrolysis
was determined at 22-52°C in 0.05 M Tris-HCI buffer,
pH 8.2. To determine the pH range of enzyme stability,
proteinase solution was incubated at 22°C for 30 min or
24 h with 0.1 M universal buffer and then activity towards
Z-AFR-pNA was measured at 37°C and pH 8.2 (0.1 M
Tris-HCI buffer).

Collagenolytic activity towards collagens of type I-
IV according to Bornstein and Traub’s classification [14]
was determined in the following way: the enzyme was
incubated with collagen solution in 0.05 M Tris-HCI
buffer, pH 7.5, for 19 h at 22°C. Bovine fibrinogen proteo-
lysis was performed at 4 or 37°C in 0.05 M Tris-HCI
buffer, pH 8.0. The enzyme/substrate ratio was 1 : 20
(w/w) in both cases. The reaction was terminated by
adding TCA (final acid concentration was 10%, w/v).
The precipitated proteins were washed twice with ace-
tone, dried, and dissolved in Laemmli buffer [8], either
containing or not containing 3-mercaptoethanol. SDS-
PAGE was performed according to Laemmli [8] in a
MiniProtean®3 cell (BioRad, USA). When fibrinogen
cleavage products were analyzed after reduction with 3-
mercaptoethanol, the stacking gel concentration was 8%
and the separating gel concentration was 16%; if no
reduction was performed, the stacking gel concentration
was 6% and the separating gel concentration was 12%.
For the analysis of collagen cleavage products, 5% stack-
ing gel and 10% separating gel were used. Fibrinogen
cleavage products of high molecular weight were identi-
fied using digestion with trypsin and MALDI mass-spec-
trometry (the experiments were performed at the Center
of Postgenome Technologies of V. N. Orekhovich
Institute of Biomedical Chemistry).

The substrate specificity of CSP-2 towards dena-
tured lysozyme was determined using MALDI mass spec-
trometry after in-gel hydrolysis. After SDS-PAGE, the
lysozyme band was excised, destained, and treated first
with dithiothreitol and then with iodoacetamide in order
to reduce the disulfide bonds and alkylate the SH-groups.
After dehydrating the gel with acetonitrile and vacuum
drying, 5 ul of 0.1 pg/ml protease solution were added to
it. After incubation at 37°C for 20 h, MALDI mass spec-
tra were registered.

BIOCHEMISTRY (Moscow) Vol. 73 No. 10 2008
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Thromboelastograms characterizing the process of
blood plasma coagulation after treatment of 250 pl of cit-
rated human plasma with 50 ul of CSP-2 solution were
recorded on a Hellige thromboelastograph (Austria).
Instead of CSP-2 solution, 0.85% NaCl solution was
added to the blank sample. Coagulation was initiated by
adding isotonic CaCl, solution.

Plasminogen activation was performed in 0.05 M
Tris-HCl buffer, pH 7.5. The reaction mixture containing
CSP-2 and plasminogen in a ratio of 1 : 20 (w/w) was
incubated at 37°C for 1 h, and then plasmin substrate D-
VLK-pNA was added, the solution was incubated at
37°C, and its optical density at 410 nm was monitored.

Kinetic constants for the hydrolysis of Z-AFR-pNA
(at 4 and 37°C), glp-AAL-pNA, and glp-AAFL-pNA
were determined from Lineweaver—Burk plots; in other
cases kinetic constants were calculated using kinetic
curves [15]. Absorbance of the reaction mixture at 410 nm
was recorded at 22°C and pH 8.2 (0.05 M Tris-HCI
buffer) on a Genesys UV10 spectrophotometer (Thermo
Spectronic, USA). Enzyme concentration for the calcu-
lation of turnover number (k) was determined accord-
ing to the method of Bradford [16]. Inhibition constants
were determined from Dixon plots [15].

RESULTS AND DISCUSSION
Previously, efficient procedures for the isolation of

individual king crab proteinases by affinity chromatogra-
phy were designed in our laboratory. However, for com-
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Fig. 1. Ton-exchange chromatography of “Moricrase” prepara-
tion from P. camtschatica hepatopancreas on DEAE-Toyopearl:
1) A, 2) metalloproteinase activity towards azocasein; J3)
trypsin activity towards Bz-Arg-pNA; 4) CSP activity towards
glp-AAL-pNA. Trypsin and CSP activity units, 0.1 pmol sub-
strate/min; metalloproteinase activity unit, A4, = 0.005/min.
CSP-2 was isolated from the pooled fractions 36-38. The arrow
indicates the beginning of elution with a linear 0-1 M NaCl gra-
dient.
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Fig. 2. SDS-PAGE of preparations after ion-exchange chro-
matography. Numbers under the lanes indicate the fractions: 7)
metalloproteinase (fraction 28, Fig. 1); 2) major CSP isoenzyme
(fraction 31); 3) trypsin (fraction 34); 4) CSP-2 (fraction 37).
Molecular masses of protein markers (in kD) are indicated on the
left.

parative studies of proteinases a procedure is desirable
which allows obtaining several enzymes after one purifi-
cation run. Therefore ion-exchange chromatography on
DEAE-Toyopearl has been used in the first stage of
purification (Fig. 1). This approach produces fractions
enriched in the major CSP isoform and in trypsin, as well
as a highly purified metalloproteinase preparation and a
highly purified preparation of CSP-2 containing a small
admixture of trypsin-like protease (Fig. 2). Gel chro-
matography on Sephadex G-50 yielded electrophoreti-
cally homogeneous CSP-2.

The molecular mass of CSP-2 determined by SDS-
PAGE is 24.8 £ 0.3 kD. The isoelectric point is probably
at an acidic pH because the enzyme is retained by DEAE-
Toyopearl at pH 7.5 even stronger than the major CSP
isoform (p/ = 3.0 [3]) and trypsin (p/ < 2.5 [4]) of P.
camtschatica.

The calculated m/z values of tryptic peptides of the
major CSP isoform and king crab trypsin [12] do not cor-
respond to the m/z values of CSP-2 tryptic peptides; the
same is true in the case of peptides obtained after hydrol-
ysis with B. intermedius glutamyl endopeptidase. This
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Table 1. Properties of CSP-2 compared to other crustacean serine proteinases

Enzyme Mass, kD T-optimum, Activity pH pH stability
°C optimum
CSP-2 from P. camtschatica 24.8 38-40 8.5 7.0-10.0
Major CSP isoform from P. camtschatica |3] 29 47-55 7.5 4-9
P. camtschatica trypsin [4] 24.8 55 7.5-8.0 5.8-9.0
Proteinase 25(111) from P. camtschatica [7] 25 37 7.5 >3.0
Trypsin from Euphausia superba krill [17] 30 37 9 6-10
Chymotrypsin from Euphausia superba krill [18] 29 45 8 5.5-9
Trypsin from Euphausia pacifica krill [19] 33 40-50 9 6-11
32.3
Trypsin from Neomysis japonica shrimp [20] 32.6 43-48 8.5-9.5 7-11
Trypsins from Penaeus vannamei shrimp [21] A 32.9 7
B 32.9 60 9 6-11
C 30.2 7
Chymotrypsin from Penaeus orientalis shrimp [22] 24 70 7.5-9.0 6-9
Trypsins from Procambarus clarkii crayfish [23] 1 35.0
11 41.2 60-70 8-8.5 7-10
I11 37.9
v 39.5
Chymotrypsin from P. vannamei [24] 33.2 - 6-10
CSP from Carcinus maenas crab [25] 23 30 7 —
CSP from Uca pugilator crab [26] 25 — 8 3.5-9

suggests that CSP-2 is a novel protease. The presence of
several isoenzymes is characteristic of many digestive ser-
ine proteases of crustaceans (Table 1).

The sequence of CSP-2 tryptic cleavage product
with m/z 1165.6 is VDTNDVAYIR according to tandem
mass-spectrometry data. This sequence displays consid-
erable similarity to the sequences of crustacean serine
proteases. The Asp residue following the Asn residue is
invariable, being a part of the catalytic triad (Fig. 3).

The pH optimum of activity of CSP-2 is 8.5, a little
higher than those of the major CSP isoform and trypsin
from king crab (Table 1). Although proteinase 25(1II)
characterized by Klimova and Chebotarev and similar to
CSP-2 with regard to chromatographic behavior dis-
played the highest activity towards azocasein at pH 7.5, its
activity at pH 9.7 was only a little lower [7].

The temperature optimum of Z-AFR-pNA hydroly-
sis is 38-40°C, considerably lower than those of trypsin and
the major CSP isoform from king crab (Table 1). The tem-
perature optimum of azocasein hydrolysis with proteinase
25(I1T) was slightly higher than 37°C [7], being in good
correspondence with the results of the present work.
According to literature data [19], trypsins from fishes and
crustaceans living at low temperatures have temperature
optima at 42-53°C, while the T-optima of trypsins from

tropical organisms are at 55-65°C. It is necessary to note
that the observed temperature optimum depends on the
time of enzyme incubation with substrate, because enzyme
inactivation, as well as substrate hydrolysis, proceeds more
quickly at elevated temperatures. CSP-2 is stable at pH 7-
10 but quickly loses activity at acidic pH values, which is
characteristic of crustacean serine proteinases (Table 1).

CSP-2 (P. camtschatica crab)

CSP-1 (P. camtschatica crab) (Q8WR11)
Uca pugilator crab (PO0771)

Penaeus vannamei shrimp (Q00871)
Penaeus vannamei shrimp (P36178)
Euphausia pacifica krill (A5SHIP8)
Euphausia superba krill (A5SHIQ7)
Artemia sanfranciscana shrimp (A8D853)

Fig. 3. Comparison of CSP-2 partial amino acid sequence to the
sequences of other crustacean serine proteinases. The letter “b”
denotes the amino acid residue (Arg/Lys), after which the CSP-2
peptide chain was cleaved during trypsinolysis. Amino acid
sequence identifiers in the Swiss-Prot database are indicated in
parentheses.

BIOCHEMISTRY (Moscow) Vol. 73 No. 10 2008
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Table 2. Inhibition of CSP-2 (substrate Z-AFR-pNA)

Inhibitor K, nM
Ovomucoid 78 £ 11
a-Antitrypsin 42+7
Soybean trypsin inhibitor 23104
Leupeptin 59+t 1.1
Antipain 4.0+0.7
e-Aminocaproic acid 200 000 £ 50 000

CSP-2 is completely inactivated after addition of
PMSF but is not sensitive to o-phenanthroline and iodoac-
etamide—inhibitors of cysteine proteases and metallopro-
teases. When the inhibition of CSP-2 by o-phenanthroline
and PMSF was studied, azocasein was used as a substrate
to eliminate the possibility of CSP-2 contamination by a
metalloprotease incapable of cleaving p-nitroanilides and
to confirm that CSP-2 is a serine proteinase.

The interaction of CSP-2 with proteinaceous
inhibitors and peptide aldehydes is more similar to that of
crab trypsin than to that of the major CSP isoform: CSP-
2 is inhibited by leupeptin and is more sensitive to SBTI
than to ovomucoid (Table 2). The major CSP isoenzyme
is more sensitive to ovomucoid than to SBTI [3].
Crustacean serine proteinase isoforms can differ marked-
ly with regard to inhibition specificity: the isoform of a
trypsin-like enzyme with p/ 4.5 from the shrimp E. paci-
fica is much more sensitive to ovomucoid than to SBTI,
and the isoform with p/ 4.3 is nearly equally sensitive to
the two inhibitors [19]. An inhibitor of plasmin, e-
aminocaproic acid, influences the activity of CSP-2
much less strongly than other inhibitors, notwithstanding
its structural similarity to lysine.

When temperature increases from 22 to 37°C, k_, of
glp-AAL-pNA hydrolysis by CSP-2 decreases slightly
(Table 3), probably due to a conformational change in the
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enzyme molecule. In the case of the major CSP isoen-
zyme, k., of glp-AAL-pNA hydrolysis is even less at 37°C
than at 4°C [27]. The temperature dependence of the K|,
of glp-AAL-pNA hydrolysis by CSP-2 is less pronounced
than in the case of the K, of Z-AFR-pNA hydrolysis.
Weak dependence of K, on temperature has been docu-
mented for the hydrolysis of Bz-Tyr-OEt and Bz-Tyr-
pNA by psychrophilic chymotrypsins from Atlantic cod
Gadus morhua [28].

The K, for the reaction of Z-AFR-pNA hydrolysis
decreases more than twofold when the assay temperature
is decreased from 37 to 4°C (Table 3). Such temperature
dependence of K, is characteristic of anionic trypsins,
both from mesophilic and psychrophilic organisms [29],
including P. camtschatica trypsin [27]. To our knowledge,
similarity of the temperature dependence of K, for the
hydrolysis of arginine-containing substrates by a dual-
specificity anionic serine proteinase to the K, tempera-
ture dependence determined for anionic trypsins has been
demonstrated in the present work for the first time.

The substrate specificity of CSP-2 is mixed. Both
tryptic and chymotryptic activity of the enzyme is sup-
pressed by SBTI. The preference of substrates with posi-
tively charged amino acid residues in P,-position is more
pronounced than in the case of the major isoenzyme,
which cleaves glp-AAL-pNA more quickly than Z-D-
ALR-pNA and Z-D-AAFR-pNA [3] or Uca pugilator
collagenase I. The k./K, value of Suc-AAPR-pNA
hydrolysis with the latter enzyme is 15 times higher than
that of Suc-AAPL-pNA hydrolysis [30] (Tables 3 and 4).
The rate of Bz-Arg-pNA hydrolysis with CSP-2 is 22
times higher than the rate of glp-FA-pNA hydrolysis
under the same conditions, while the major isoform splits
glp-FA-pNA eight times faster than Bz-Arg-pNA [3]. It
should be noted that proteinase 25(III) described by
Klimova and Chebotarev cleaved Bz-Tyr-OEt 10 times
faster than Bz-Arg-OEt [7]. CSP-2 does not cleave glp-
FL-pNA or Suc-AAPF-pNA.

The K, values for the hydrolysis of chromogenic sub-
strates with CSP-2 are considerably lower than for the

Table 3. Temperature dependence of kinetic constants of chromogenic substrate hydrolysis by CSP-2

Substrate T,°C Ky, 1M Ky seC™!

glp-AAL-pNA 5 200 £ 20 (960* [27]) 0.09 £ 0.01
22 220 + 20 0.61 +0.04
37 120 £ 10 (350* [27]) 0.56 + 0.04

Z-AFR-pNA 4 1.24 £0.13 0.078 = 0.002
22 1.9+0.2 0.53 +£0.02
37 35+0.5 0.73 = 0.09

* Major isoform.
BIOCHEMISTRY (Moscow) Vol. 73 No. 10 2008
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Table 4. CSP-2 substrate specificity (22°C). Comparison with other serine proteinases

Substrate Enzyme K., utM Ky, SEC7!
D-VLK-pNA CSP-2 1.1+£0.1 0.84 +£0.02
Lys-plasmin 210 + 20 25.6 £ 1.1 [31]
D-VLR-pNA CSP-2 1.25 £ 0.09 0.78 £ 0.17
porcine kallikrein, 37°C 18.3 6.6 [32]
human kallikrein-1, 37°C 12.0 £ 0.8 0.81 £+ 0.02 [33]
thrombin, 20°C 189 38 [34]
Z-D-ALR-pNA CSP-2 1.1£0.2 0.46 + 0.07
Z-APR-pNA CSP-2 2.39 £0.09 0.59 £0.09
Z-AFR-pNA CSP-2 1.9+0.2 0.53+£0.02
bovine trypsin, 25°C 67 11 [35]
porcine kallikrein, 25°C 61 16 [36]
D-PFR-pNA CSP-2 0.96 £ 0.07 0.68 +0.12
proteinase from the snake Trimeresurus jerdonii 6.25 20.3 [37]
human tissue kallikrein, 30°C 11£2 1.3+ 0.3 [38]
glp-AAFL-pNA CSP-2 23+4 0.26 = 0.05

hydrolysis of these substrates by serine proteinases of
homoiothermic animals (Table 4). Therefore, the catalyt-
ic efficiency (k/K,) is high, though £k, values are also
lower than in the case of homoiotherm proteinases. King
crab trypsin binds Bz-Arg-pNA more efficiently than
bovine trypsin: K, values at 35°C are 0.053 and 0.62 mM,
respectively [27]. This feature of crab proteinases proba-
bly allows effective functioning at low temperatures. Low
K, values are the main factor of adaptation to low tem-
peratures in the case of psychrophilic fish trypsins [29]. It
should be noted that trypsins from the prawn Penaeus
vannamei bind Bz-Arg-pNA even more efficiently than
crab trypsin (K, at 35°C is 0.27-0.34 uM) [21].

The increase in substrate length influences the bind-
ing positively, regardless of the type of P,-residue (for
arginine- and lysine-containing substrates, data not
shown; for leucine-containing substrates, see Tables 3
and 4).

Comparison of K., values for substrates with an Arg
residue in P,-position shows that the presence of Pro
residue in P, position makes substrate binding less effi-
cient, but the presence of a D-Pro residue in P;-position
improves binding. The kinetic constants of D-VLK-pNA
and D-VLR-pNA hydrolysis by CSP-2 do not differ very

much, though trypsin [4] and the major CSP isoform
from P. camtschatica [3], as well as collagenase 1 of the
fiddler crab U. pugilator [30] and the trypsin from the
shrimp E. superba [18] prefer substrates with arginine in
P,-position over lysine-containing substrates.

The main factor determining the preference of lysine
or arginine in P,-position by mammalian serine proteinas-
es is the position of the negatively charged residue in the
S,-site of the molecule. Bovine duodenase (a serine pro-
teinase with mixed substrate specificity) binds Tos-Gly-
Pro-Lys-pNA more efficiently than Tos-Gly-Pro-Arg-
pNA [39]. Mutant bovine trypsin [Gly189, Asp226] in
which the position of Gly and Asp residues is reversed
compared to the wild-type enzyme prefers lysine in P,-
position [39], while the wild-type enzyme prefers arginine
[29]. However, U. pugilator collagenase I prefers arginine,
though the position of Gly and Asp residues in the S,-site
of this enzyme is the same as in mutant trypsin [30].

The m/z values of most peptides formed upon cleav-
age of hen egg lysozyme by CSP-2 correspond to the cal-
culated values for the products of cleavage after arginine
and lysine; in some cases, dual specificity is evident (Fig.
4). Products of Lys33—Phe34 and Lys97—I11e98 bond
cleavage were not detected.

BIOCHEMISTRY (Moscow) Vol. 73 No. 10 2008
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Fig. 4. Products of denatured hen egg lysozyme hydrolysis by CSP-2. Peptides corresponding to trypsin specificity are indicated by solid brack-
ets, and peptides corresponding to dual specificity are indicated by dotted brackets.

CSP-2 cleaves both heated and unheated fibrin in
fibrin plate assay. Unheated fibrin is cleaved more quick-
ly, and this is indicative of the ability of CSP-2 to activate
plasminogen. Activation of plasminogen was observed
directly in an experiment involving chromogenic sub-
strate cleavage. SDS-PAGE showed that the band of
intact plasminogen disappears and the bands correspon-
ding to heavy and light plasmin chains appear after incu-
bation of plasminogen with the enzyme (Fig. 5).

Formation of fibrinogen fragments with molecular
masses of about 150 and 250 kD is characteristic of the
first stage of fibrinogen proteolysis, either by plasmin or
by king crab proteases described by Sakharov et al. [40],
and by CSP-2. Upon prolonged fibrinogen hydrolysis by
plasmin, 95-kD D-fragments and 45-kD E-fragments are
formed, which are not cleaved by plasmin, but CSP-2
degrades a fragment with molecular mass of about 95 kD,
which is formed in the intermediate stage of hydrolysis.
This is probably due to a broader substrate specificity of
CSP-2 compared to plasmin. CSP-2 cleaves fibrinogen at
both 4 and at 37°C.

At intermediate stages of fibrinogen hydrolysis by
plasmin, three or four C-terminal Aca-chain fragments
with molecular mass of 15-20 kD are formed. Fibrinogen
Aa-chain fragments were not detected among the major
products of fibrinogen cleavage by CSP-2 having molec-
ular masses between 24 and 55 kD: CSP-2 probably splits
the Aa-chain of fibrinogen into short peptides because
the intensity of the corresponding band decreases quick-
ly, as shown by SDS-PAGE (Fig. 6).

Analysis of cleavage products showed that CSP-2
cleaves the coiled-coil parts of fibrinogen Bf- and y-
chains but leaves intact the central domain rich in disul-
fide bonds. It is known that some of the parts of coiled-
coil fragments are packed less tightly due to the presence
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of bends, but the probable positions of cleavage sites do
not correspond to the positions of these bends.

Many of the proteinases that cleave fibrinogen in
vitro are incapable of cleaving this protein present in
blood plasma, because plasma is rich in protease
inhibitors. However, blood plasma treated with CSP-2
yields a less dense clot than untreated plasma, this being
indicative of fibrinogen hydrolysis by CSP-2 in the pres-
ence of plasma inhibitors. The ability to cleave fibrinogen
and fibrin was also documented for trypsin-like proteinas-
es of krill (E. superba) and consequently it was suggested
to use these proteinases for the lysis of thrombi [41].

2
Ao 112
0.064 5% 3

55
005 T 43

34
0.041
0.03 1

0.02 41 P
0.01 1
-n——"-'__‘1
0 T T T '_-Tr T
0 1 2 3 4 5
Time, hours

Fig. 5. Plasminogen activation: hydrolysis of the synthetic chro-
mogenic substrate D-VLK-pNA in the presence of plasminogen
(1), CSP-2 (2), and plasminogen and CSP-2 (3).
Electrophoregram: /) plasminogen; 2) products of plasminogen
treatment with CSP-2 (molecular masses of marker proteins
in kD are indicated on the left).
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Fig. 6. Electrophoregrams of products of bovine fibrinogen hydrolysis by CSP-2 at 4°C. Lanes /-6 (without reduction): 7-5) 15, 30, 60, 120,
and 240 min of incubation with the enzyme, respectively; 6) intact fibrinogen sample; lanes 7-12 (after reduction): 7-11) 15, 30, 60, 120, and
240 min of incubation with the enzyme, respectively; /2) intact fibrinogen sample. Molecular masses of marker proteins in kD (for lanes /-6
and 7-12) are indicated near the lanes, and letters indicate the position of intact fibrinogen chains.

The pattern of calf skin type I collagen hydrolysis by
CSP-2 resembles that of U. pugilator collagenase [30]: a
fragment is formed which is about 3/4 of the intact mole-
cule in length (Fig. 7). In the case of rat collagen type I,

{130}

Fig. 7. Electrophoregrams of collagen hydrolysis products by
CSP-2: 1) rat type I collagen, blank; 2) rat type I collagen
hydrolyzate; 3) bovine trachea type Il collagen hydrolyzate; 4)
bovine trachea type II collagen, blank; 5) human placenta type I11
collagen hydrolyzate; 6) human placenta type III collagen, blank;
7) calf skin type I collagen hydrolyzate; &) calf skin type I colla-
gen, blank. The band corresponding to collagen cleavage products
is indicated by an arrow, and the band corresponding to collagen
chain pB-dimers is indicated with the character . Protein marker
molecular masses in kD are indicated between lanes 2 and 3.

as well as type II and III collagens, cleavage products of
high molecular weight were not detected, though the
intensity of intact collagen bands decreased. Cleavage
products are probably more prone to enzymatic degrada-
tion than intact collagen molecules. The intensity of
bands corresponding to collagen chain B-dimers also
decreases due to cleavage of non-helical parts of collagen
chains near the intermolecular cross-link sites. Unlike
proteinase II from U. pugilator [42], CSP-2 does not
cleave type IV collagen.

Thus, CSP-2 is another collagenolytic enzyme from
P. camtschatica that contributes to the collagenolytic
action of the “Moricrase” enzyme preparation. The abil-
ity of the enzyme to cleave collagen and fibrin and to acti-
vate plasminogen opens wide perspectives of its medical
application, and conservation of activity at low tempera-
tures is of interest for biotechnology.
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