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A myofibril-bound serine proteinase (MBSP) was highly purified from the skeletal muscle of crucian
carp (Carasius auratus) by acidic treatment of myofibril solution and chromatographies on Q-Sepharose
and benzamidine-Sepharose 6B. MBSP revealed a main protein band of approximately 28 kDa on
SDS-polyacrylamide gel electrophoresis (PAGE) and was particularly inhibited by serine proteinase
inhibitors. Substrate-specificity analysis revealed that the enzyme specifically cleaved at the carboxyl
side of arginine and lysine residues, suggesting the characteristics of a trypsin-type serine proteinase.
MBSP gene was cloned on the basis of the N-terminal sequence and the conserved active site peptide
of serine proteinases together with 5'-rapid amplification of cDNA ends (5'-RACE) and 3'-RACE.
The coding region gave an amino acid sequence of 242 residues including the initiation methionine
and a signal peptide of 20 residues. Amino acid residues of His®®, Aspl%, and Ser'®¢ consisting of
the catalytic triad of serine proteinases were conserved in the sequence. Crucian carp MBSP shared
relatively high identities with other serine proteinases, especially in well-conserved regions.
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INTRODUCTION revealed that such enzymes degrade myofibrillar proteins such
as myosin heavy chaing-actinin, actin, and tropomyosin
effectively at neutral pH§, 10), indicating their possibility in
‘the involvement in myofibrillar protein metabolism.

In our previous work, we identified the existence of a

In the degradation of myofibrillar proteins in vivo, both
lysosomal and nonlysosomal pathways are responsible (1—6)
For the nonlysosomal pathway, three protein degradation

systems are involved, including the ubiquitin-proteasome system L . . .
(g) the calpains and -m systgme() ar?d a s[()arine proteingse myofibril-bound serine proteinase (MBSP) in the skeletal muscle
X y of crucian carp which is supposed to be the responsible

system (4—6). Concerning the serine proteinase system, the . . L
involvement of a myofibril-bound serine proteinase (MBSP) is proteinase for the thermal g_el _degradathn of fish Je_IIy products
noteworthy. MBSP was initially identified by Toyohara et al. s MBSP degrades myofibrillar proteins especially at the

i ; ; temperature around 5% under low alkaline conditionslLp).
(7) and was later purified to homogeneity from carp (Cyprinus - )
carpio) skeletal muscle by Osatomi et a8)(More recently, ~ ~lthough MBSPs from common car@,(13) or lizard fish @)

proteinases with characteristics similar to MBSP were also were all purified to homogeneity, little information about their

purified from lizard fish @) and mouse (10), and these enzymes Primary structures is available. _ _

were characterized as trypsin-type serine proteinases. On the | nerefore, in the present study, we tried to purify and charac-
other hand, a myofibril-bound serine proteinase with chymo- terize the biochemical properties of a myof_|br|l-bound serine
trypsin characteristic was isolated from hamster skeletal muscle, Protéinase from the skeletal muscle of crucian carp and deter-
and its primary structure was determindd.), All these data mine the primary structure of the proteinase by cDNA cloning.
suggested the ubiquitous existence of MBSP-like proteinase in

the muscle of different animal species. Though the precise MATERIALS AND METHODS

function of MBSP in vivo still remains unknown, much evidence  Fish. crucian carp Carasius auratus) was purchased alive from a

local market in Jimei, Xiamen, China. The fish was subdued in iced
T The sequence of crucian carp MBSP has been registered in GenBankwater for 10 min and was sacrificed instantly. Skeletal muscle was

Wltb accession no. DQ872434. . collected and immediately used for experiment.
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synthetic fluorogenic peptide substrates (MCA-substrates) were obtainedmembrane. After a brief staining with Coommasie brilliant blue R-250,
from Peptide Institute. Lima bean trypsin inhibitor (LBTI) was from the protein band corresponding to 28 kDa was cut out and submitted
Worthington biochemical corporation, phenylmethanesulfonyl fluoride to amino acid sequencing using a protein sequencer (Applied Biosys-
(PMSF) and benzamidine were products from Sigma-Aldrich, |-3- tems, model 492).
carboxy-trans-2,3-epoxy-propionyHeucine-4-guanidinobutylamide RNA Preparation and cDNA Synthesis.Total RNA was prepared
(E-64) was a product of Amresco, pepstatin and Pefabloc SC were from skeletal muscle using TRIzol reagent (Invitrogen, Carlsbad, CA).
purchased from Roche, and protein standard for SDS-polyacrylamide First-stranded cDNA was synthesized with SuperScript Il Reverse
gel electrophoresis (PAGE) was from Bio-Rad. All other chemicals Transcriptase (Invitrogen) and an Oligo(gffprimer according to the
used were of the highest reagent grade from commercial sources.  manufacture’s instruction.

Protein Analysis. Protein in column eluates was determined by Reverse Transcription—Polymerase Chain Reaction (RF-PCR).
measuring the absorbance at the wavelength of 280 nm. The concentraOn the basis of the N-terminal amino acid sequence, two degenerate
tion of proteins after each purification step was determined by the oligonucleotide primers were designed as sense primers for PCR and
method of Lowry et al. 14) using bovine serum albumin as standard. nested-PCR: 'SAT(T/C/A)AT(T/C/IA)GG(T/CIAIG)GG(T/CIAIG)TA-
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed (T/C)GA(A/G)-3 and 3-CA(A/G)CC(T/C/AIG)TGGCA(A/G)GC-
according to Laemmli (15), and the gel was silver stained. (TICIAIG)TT(T/C)CT(T/CIA/G). The antisense degenerate prinier 5

Assay of Enzyme Activity. Routinely, the proteolytic activity of GG(T/C/AIG)CC(T/C/AIG)CC(T/CIAIG)GA(A/G)TC(T/CIAIG)CC-
crucian carp MBSP was measured using Boc-Phe-Ser-Arg-MCA as a 3 was designed on the basis of the well-conserved active site sequence
substrate. The reaction was initiated by addinglR®f enzyme solution of “GDSGGP” in most serine proteinases. Using these primers and
to the incubation mixture containing 874 of 20 mM Tris-HCI (pH the cDNA synthesized, a fragment of MBSP gene with the size of about
8.0) and 10QuL of 10 uM substrate in a total volume of 1 mL and 500 bp was amplified by PCR in a thermal cycler, GeneAmp 9700
was incubated at 58C for 20 min. The reaction was terminated by  (Applied Biosystems, United States). The PCR program was per-
adding 1.5 mL of stopping reagent (methyl alcohdbutyl alcohol: formed as following: 3 min at 94C followed by 35 cycles of 1 min
distilled water= 35:30:35, v/v), and the fluorescence intensity of the at 94°C, 1 min at 48°C, 1 min at 72°C, and final extension of 7 min
liberated 7-amino-4-methylcoumarin (AMC) was measured by a at 72°C. The PCR product was purified from agarose gel and was
spectrofluorometer at excitation wavelength of 380 nm and emission cloned into pGEM-T Easy vector (Promega) followed by DNA
wavelength of 450 nm. One unit of proteolytic activity was defined as sequence analysis.
the amount that liberated 1 nmol of AMC per min under the assay  5'and 3'-Rapid Amplification of cDNA Ends (5’ and 3'-RACE).
conditions. Proteolytic activity assays in chromatographies were From the sequence information described above, gene-specific primers
performed in duplicate and variation between duplicate samples waswere designed for'@RACE. The first-strand cDNA for 'RACE was
always <5%. The mean values were used. synthesized from skeletal muscle total RNA using an Oligo (dT)-adaptor

Temperature dependence of MBSP activity was assayed-8@5 primer, 5-GGCCACGCGTCGACTAGTAC(T}3'. The cDNA was
°C using 20 mM Tris-HCI buffer (pH 8.0). pH dependence of enzymatic first amplified between forward primer 1 '¢&TGAAGCCAATC-
activity was assayed at 5% in reaction mixtures at pH 6:010.0 CCTCTGCCA-3") and the adaptor primérGGCCACGCGTCGAC-
with 20 mM of different buffers (pH 6.87.5, phosphate buffer; pH ~ TAGTAC-3' and then performed a nested PCR using forward primer

7.5—8.5, Tris-HCI buffer; pH 8510, glycine-NaOH buffer). All 2 (5-AGTGCTTGGTTTCTGGATGG-3') and the adaptor primer.

analyses were carried out in triplicate, and the results are shown asParameters for 3'-RACE were the same as described above except the

average values: standard deviation (95% confidence levels). annealing temperature (3€). The PCR product (600 bp) was purified,
Purification of the Myofibril-Bound Serine Proteinase. All cloned, and sequenced.

purification steps were carried out at-@ °C. Purification procedure On the basis of the information of DNA fragments amplified using

was carried out as described (8) with some modifications. Briefly, degenerate primers and 3'RACE, gene-specific primers for 5’RACE
crucian carp skeletal muscle (300 g) was minced and homogenizedwere designed. The first-stranded cDNA fORBCE was synthesized
using a Polytron (PT-2100, Kinematica, Switzerland) with 4-fold of using a specific primer 'SCTACAGGGCCACCTGAATCC-3'and

20 mM phosphate buffer (pH 7.5). After centrifugation at 10 @8 added poly (A) into the ‘3terminus by terminal deoxynucleotidyl

20 min, the supernatant was discarded and the pellet was resuspendegtansferase (Invitrogen). Sense primerk@CCACGCGTCGACTAG-

in the above buffer followed by homogenization for 1 min and TAC(T);~3') and antisense primer '(EACCTGAATCCCCCTG-
centrifugation. The washing, homogenization, and centrifugation were GCAT-3) were used for first PCR amplification. Sense primer
repeated four more times to remove sarcoplasmic proteins effectively. (5-GGCCACGCGTCGACTAGTAC-3') and antisense primer- (5
The final resulting precipitate was further homogenized with 4-fold of GGGTGGCAGGTTGTTTCAGCTTG-3') were used for nested-PCR
20 mM phosphate buffer (pH 6.4) containing 0.5 M KCl and 5 mM  amplification. The PCR program used was the same as mentioned above
NasP,O;. After standing for 2 h, the homogenate was filtered through except the annealing temperature (&). The PCR product (400 bp)

a nylon net to remove fibrous matter, and the resulting solution was was purified, cloned, and sequenced.

adjusted to pH 4.0 with 3 N HCI, followed by centrifugation at 12 §00 DNA sequencings were analyzed at the Invitrogen Biotechnological
for 20 min. The pellet was discarded while the supernatant, which was cq. Ltd (Shanghai, China) with the DNA sequencer ABI PRISM 3730
regarded as crude MBSP, was adjusted to pH 8.0 using 1 N NaOH (ca). The sequencing was performed three times and the sequences
and was dialyzed against 20 mM Tris-HCI buffer (pH 8.0) and \yere confirmed. The full-length sequence of crucian carp MBSP was
subsequently was applied to a column of Q-Sepharosex2L6 cm) obtained by overlapping the 500 bp fragment, thRACE fragment
equilibrated with the dialysis buffer. After washing the column with (600 bp), and the 5'RACE fragment (400 bp).

starting buffer to the absorbance at 280 nm reaching baseline, alinear tpe nycleotide sequence data are available in the GenBank database

gradient elution of NaCl from 0 to 0.5 M was performed in the same | ,nqer the accession number DQ872434 for the crucian carp MBSP
buffer at a flow rate of 1 mL/min. Active fractions were pooled and .pNA.

dialyzed against 50 mM Tris-HCI buffer (pH 8.0) containing 0.5 M
NaCl and immediately were applied to a column of benzamidine-
Sepharose 6B (k 4 cm). Bound proteins were eluted using 10 mM RESULTS

HCI and the eluted fractions were collected in tubes containing 50 Purification of Crucian Carp MBSP. To obtain high

100uL of 1.0 M Tris-HCI buffer (pH 8.5) for immediate neutralization. homogeneity of myofibril-bound serine proteinase (MBSP)

Active fractions from the final stage were used for enzymatic property . L . . .
analysis. without possible contamination of sarcoplasmic serine protein-

Determination of the N-Terminal Amino Acid Sequence Highly ases, myofibril from skeletal muscle was carefully prepared and
purified crucian carp MBSP from benzamidine-Sepharose 6B chroma- €Xtensively washed with low ionic strength buffer until serine
tography was applied to SDS-PAGE using a 15% gel and was proteinase activity in the soluble fraction could not be detected.
electrophoretically transferred to a polyvinylidene difluoride (PVDF) To enhance the efficiency of MBSP extraction, several salts
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Figure 1. Chromatographic purification of crucian carp MBSP. (A) Q-Sepharose chromatography. (B) benzamidine-Sepharose 6B chromatography.
Active fractions under the bar were pooled.

Table 1. Purification Result of MBSP from the Skeletal Muscle of Effect of Inhibitors. The effect of various proteinase
Crucian Carp inhibitors on the activity of MBSP in hydrolyzing Boc-Phe-
Ser-Arg-MCA is summarized irmable 2. Serine proteinase
total ~ total  speciic , inhibitors including benzamidine, Pefabloc SC, and PMSF as
top p(rg]t;;” ac(tl')')'ty ?S;'r‘r’]'g (p;’(::(?; y('oi)')d well as LBTI showed high degree of inhibition. Inhibitors for
asparatic (pepstatin) and cysteine (E-64) proteinases did not
crude enzyme 4047 2376 0.6 1 100 show much effect. No inhibitory effect of EDTA, an inhibitor
Séﬁfgrr:l?c;i?lse%epharose 6B ig %g ﬁé géz 2%1 for metalloproteinases, was identified. This result indicated that

MBSP belongs to the serine proteinase family.

Substrate Specificity. To characterize the substrate specificity
and detergents including Brij-35 and Triton X-100 were tested of the enzyme, various fluorogenic MCA-substrates were
to optimize the extraction conditions. The enzyme was most incubated with purified MBSP, and the amounts of AMC
effectively dissociated from myofibril with an acidic treat- released from the substrate were measured. Crucian carp MBSP
ment at pH 4.0, and the process was accompanied by the obhydrolyzed Boc-GIn-Arg-Arg-MCA most rapidly among the
vious denaturation of most myofibrillar proteins. The chro- substrates tested#ble 3). Other substrates containing arginine
matographic profile on Q-Sepharose showed that a single or lysine residues were also cleaved to some degree. However,
enzymatic active peak was eluted from a linear gradient of arginine residue was favored over lysine residue. MBSP revealed
0—0.5 M NaCl in 20 mM Tris-HCI buffer (pH 8.0)Rigure low activity against Z-Phe-Arg-MCA and Z-Arg-Arg-MCA,
1A) while most contaminating proteins were removed. After which are substrates for cathepsin L and B. No cleavage to Arg-
the benzamidine-Sepharose 6B affinity column, a sharp enzy- MCA, a substrate for aminopeptidase, and to Suc-Leu-Leu-Val-
matic active peak was obtaineHigure 1B). Active fractions Tyr-MCA, a substrate for chymotrypsin, was identified. Com-
from this peak were pooled for SDS-PAGE and enzymatic bining its sensitivity to chemicals and substrate specificity, it
property analyses. could be concluded that crucian carp MBSP is a trypsin-type

Table 1 summarizes the purification results of MBSP from Serine proteinase.

crucian carp skeletal muscle. Starting from 300 g of crucian  Optimum Temperature and pH. Temperature dependence
carp muscle, about 1.2 mg of MBSP was obtained. The overall of MBSP activity was assayed at-2B0 °C using 20 mM Tris-
recovery was 7.9% with a 26-fold increase in specific activity. HCI buffer (pH 8.0). pH dependence of enzymatic activity was
The molecular mass of MBSP was approximately 28 kDa on assayed at 5%C in reaction mixtures at pH 6.0—10.0 with 20
SDS-PAGE (Figure 2A), which agreed well with the gel mM of different buffers (pH 6.6-7.5, phosphate buffer; pH 7.5—
filtration result using Sephacryl S-200 columBidure 2B), 8.5, Tris-HCI buffer; pH 8.510, glycine-NaOH buffer). As
suggesting the enzyme is a monomer. shown inFigure 3A, the enzyme revealed optimum temperature
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A M 1 Table 3. Substrate Specificity of MBSP on Synthetic Fluorogenic
= a Substrates?
g substrates (10 M) relative activity (%)
97.4kD e
Boc-Phe-Ser-Arg-MCA 100
66.2KD st Boc-GIn-Arg-Arg-MCA 132
Boc-Val-Pro-Arg-MCA 123
45 kD Boc-Leu-Lys-Arg-MCA 40
Boc-Val-Leu-Lys-MCA 28
31 KD Boc-Glu-Lys-Lys-MCA 19
A <= MBSP Boc-Leu-Arg-Arg-MCA 9
Z-Phe-Arg-MCA 0
Arg-MCA 0
21.5kD Suc-Leu-Leu-Val-Tyr-MCA 0
14.4 kD 2 Proteolytic activity was assayed at pH 8.0, 55 °C, in duplicate and variation
between duplicate samples was always <5%. The mean values were used.
B s
100 | A
4.5 £ 8r
z z
£ Z 60
=] 31
4 ®
2 40 ¢
s
ko)
Qﬁ 20 L
35
40 60 80 100 0 !
Elution volume (ml) 20 30 40 50 60 70 0 90
Figure 2. SDS-polyacrylamide gel electrophoresis of the purified MBSP Temperature (°C)
(A) and its native molecular mass on Sephacryl S-200 gel filtration (B). B
(A) The purified MBSP was subjected to electrophoresis on a 12% gel 100
followed by silver staining. Lane M, molecular marker; lane 1, purified
MBSP. (B) The native molecular mass of MBSP was determined by gel S 80f
filtration on Sephacryl S-200. The protein standards (closed circles) were 3;
bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), cytochrome S 60
C (12.4 kDa), and aprotinin (6.5 kDa). Arrowhead indicates the elution g
position (open circle) of crucian carp MBSP. 2 ¢t
=
Table 2. Effects of Various Proteinase Inhibitors on MBSP Activity2 & 90 b
inhibitor concentration (mM) relative activity (%)
none 100 0 I ‘
benzamidine 5 0 > 6 7 8 9 10 1
Pefabloc SC 1 2 pH
PMSF 5 4 Figure 3. Optimum temperature (A) and pH (B) of MBSP. The enzyme
LBTI 0.1 7 - . .
E-64 0.28 105 activity was determined using Boc-Phe-Ser-Arg-MCA as substrate. The
pepstatin 0.15 97 error bars represent replicate measurements.
EDTA 5 102
min, further confirming its potential myofibrillar protein deg-
@ Purified crucian carp MBSP was preincubated with each reagent in 20 mM radation ability in food processing, especially in the case of
Tris-HCI buffer (pH 8.0) at room temperature for 20 min. Remaining activity was fish cake production where heating treatment is always per-
assayed at pH 8.0, 55 °C, using Boc-Phe-Ser-Arg-MCA as substrate. Proteolytic formed (12,16)

activity assays were performed in duplicate and variation between duplicate samples

wes always <5%, The mean values were used. N-Terminal Amino Acid Sequence of Purified MBSP.To

analyze the N-terminal sequence, purified MBSP on SDS-PAGE

of 55 °C using Boc-Phe-Ser-Arg-MCA as substrate. The pH was blotted onto a PVDF membrane and was subjected to
optimum was 8.0Figure 3B). At pH 6.5, only 28.9% enzymatic  protein sequencing. A sequence of 27 amino acid residues was
activity remained while at pH 9.5, only 13.4% activity was identified as IGGYEXRPHSQPWQAFLTDNRISXGG, where
detected indicating that the functional pH of crucian carp MBSP “X” represents an unidentified amino acid residue or a cysteine
is in a narrow range. residue. The N-terminal fragment shared 77.8% homology to

Thermal Stability. The thermostability of purified MBSP ~ common carp MBSP (13) and was used to design degenerate
was examined by incubating the enzyme at various temperaturessense primers for PCR and nested-PCR.
in 20 mM Tris-HCI buffer (pH 8.0) at 2590 °C for 30 min, cDNA Cloning of Crucian Carp MBSP. The degenerate
and the remaining activity was determined. As showhRigure primers used in PCR generated a cDNA fragment of about 500
4, the enzyme was quite stable up to°Mas it retained 55%  bp. On the basis of the sequence information of this fragment,
of its initial activity after incubation at that temperature for 30 gene-specific primers were subsequently designed and used in
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Figure 4. Thermostability of crucian carp MBSP. MBSP solution in 20
mM Tris-HCI buffer (pH 8.0) was preincubated at various temperatures
for 30 min. After preincubation, the enzyme solution was immediately
cooled in ice water and the remaining activity was determined. The error
bars represent replicate measurements.

Guo et al.

and the full-length sequence, and deduced amino acid sequence
is shown inFigure 5.

Crucian carp MBSP was 1050 bp in length including the start
codon ATG at positions 3436, the stop codon TAA at positions
760—-762, and a poly A tail. The open reading frame of crucian
carp MBSP is 726 bp and the predicted protein consists of 242
amino acid residues. Combined with the information of the
N-terminal amino acid sequence of native protein, it is obvious
that MBSP was processed to the mature form of 222 amino
acid residues by cleaving a signal peptide of 20 amino acid
residues at GR?-lle2. Though the calculated molecular mass
of the active MBSP was 25 kDa, which is relatively smaller
than the value of 28 kDa estimated by SDS-PAGI(re 2),
the N-terminal sequence (27 amino acid residues) of the deduced
mature MBSP is in complete accordance with that as determined
by protein sequencing, strongly suggesting our present data is
correct. A homology search in GenBank databases revealed that
mature crucian carp MBSP shares relatively high homology to

3'RACE and 5'RACE. Determination of crucian carp MBSP other serine proteinases especially in the conserved regions
was performed by comparing the overlapped sequence fragmentgFigure 6). It has 54.5% identity to chum salmon trypsivy;

1
1

CAACAGATGTGCTCTCTCCTCTCCTCAGTTGCAATGAAGACCTCTGTGTTCCTTCTTTTG
M K T 8 Vv F L L L

6l GTTGTGGTTGTGGCTTTCAGCTCAGCAGATGAAATCATTGGAGGTTATGAATGTAGGCCC
10 v v v vy A F 8 8 A D E[&I I G G Y E C R P

121 CACTCCCAGCCCTGGCAAGCTTTCCTTACTGATAATAGAATTTCATGCGGAGGATCTTTG
30 H 8 ¢ P W ¢ A F L T D N R I 8 C G G S L

181 ATTAATGAAAGATGGGCTGTGTCTGCTGCTCACTGCAATTTCCAGCAAGATCGTCTCAGT
S0 I N E R W A VvV 8 A A H C N F Q@ Q D R L 38

241 GTCCGCCTTGGAAGGCACAATTTGGTAACTGCTGAGAACACAGAGCAGAGGATCGAAGCG
70 vV R L G R H N L V T A E N T E Q R I E A

301 GAGAAGATGATTCCTTTCCCGAAATACAATGATCGGCCTCATAACAATGATATTATGTTA
90 E R M I P F P K Y N D R P H N N D I M L

361 ATCAAGCTGAAACAACCTGCCACCCTCAACAGATATGTGAAGCCAATCCCTCTGCCAAAT
110 I KR L K Q P A T L N R Y Vv K P I P L P N

421 AAATGCCCCTCTGCGGGAGAGAAGTGCTTGGTTTCTGGATGGGGCAGAACTGCAGACGGT
130 K ¢ P 8 A 6 E K ¢ L VvV 8 6G W G R T A D G

481 ATAGCTTCCACCCTGCAGTGTTTGAAGTTGCCTGTACTCTCAGAAAAGGTGTGTAAGACT
150 I A 8 ? L ¢ ¢C L K L P V L 8 E K VvV C K T

541 GCATATGGTTCAATAATAACTAGARACATGTTCTGCGCTGGATTCATTAGGGGAGGGAAA
170 A Y G 8 I I T R N M F C A G F I R G G K

€01 GACTCATGCCAGGGGGATTCAGGTGGCCCTGTAGTGTGCAAAGGGCAACTGAAAGGTGTT
190 D 8 C Q@ G D ji G 6 P V V C K 6 Q L K G V

€€l GTTTCCTTTGGCAACGGCTGTGCTAAACCAAAATATCCTGGGGTTTATGCTGAGGTGTGT
210 v 8 F G N 6 C A K P K Y P G V Y A E V C

721 CGCTACACTAGATGGATCAAATCCACCATAGCTAGTAACTAACTGTTTATTCATTCTGGT
230 R Y T R W I K 8 T I A 8 N *

781 TGGTCCTTTACAAGTCCTTTTCTATAATATCTGTAATCAAGCCCAAGTCCTTTTAAGGCA
841 AGTCATCCAACTTTGAAATGCCTCTCAGACAGCTTTTTTATTCTTGCCTTCACCAGTTTG
901 TGATTGGCTCTTTTATTTAGARAGCGGGACTATTCATTTTCCTTTTTCTATTTACTTTTG
961 CATTTTTGAGTGCACCAGCTTTGTATATCTTAATCTTTGAATTARATTCACTCTGAAATA
1021 AAARAAAARAAAAARAAARAAARAAAARARA

Figure 5. Nucleotide and deduced amino acid sequences of crucian carp MBSP. Residue numbers for both nucleotide and amino acid are indicated in
the left of each row. A cleavage site (open triangle) for a signal peptide is shown. The signal peptide sequence is dot-lined and a line indicates the
N-terminal amino acid sequence of mature MBSP. The His®, Aspl%, and Serl% that form the triad active site of serine proteinase are marked as closed

triangles.
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crucian carp MBSP
chum salmon trypsin
ood trypsin-I
porcine trypsin
rat trypsin-IA
hamster mekratin
human KLK14

crucian carp MBSP
chum salmon trypsin
cod trypsin-1
porcine trypsin
rat trypsin-IA
hamster mekratin
human KLK14

crucian carp MBSP
chum salmon trypsin
cod trypsin-I
porcine trypsin
rat trypsin-IA
hamster mekratin
human KLK14

crucian carp MBSP
chum salmon trypsin
cod trypsin-I
porcine trypsin
rat trypsin-IA
hanster mekratin
human KLK14

crucian carp MBSP
chum salmon trypsin
cod trypsin-I
porcine trypsin
rat trypsin-IAR
hamster mekratin
human KLK14

crucian carp MBSP
chun salmon trypsin
cod trypsin-l
porcine trypsin
rat trypsin-IA
hamster mekratin
human KLK14

TIGGYECRPHSOPWORFLTON. . .. . RISCGGSLINERWA
IVGGYECKAYSOPHOVSINSG. s v W e YHFOGGSLVNENWV
IVGGYECTKHSCRHQVSLNSG. .. . . YHFCGGSLVSKDWY

IVGGYTCAANSTPYQVSLNSG. ... . SHPOGGSLINSQWV
IVGGYTCPEHSVPYQVSLNSG, ... . YHFOGGSLINDOWV
IIGGVESKPHSRPYMAHLEIVTERGFTASCGGFLITPEFV

IIOGH‘I‘CI‘RSSQWPRR « RFELOGGALLSGOWV
" b - ARk K

VSARHCNFQOORLSVRLGRHNLVTAENTEQRIEAEKMIPF
VSAAHC, . YKSRVEVRLGEHNIKVTEGSEQFISSSRVIRH
VSARHC ., . YKSVLRVRLGEHHIRVNEGTEQYISSSSVIRH
VSAAHC, . YKSRIQVRLGEHNIDVLEGNEQFINAAKI ITH
VSARHC. . YKSRIQVRLGEHNINVLEGDEQF INARKI IKH
MTAAHCK. . GKEITVTLGAHDVSKAESTQOKIKVKKQIAH
ITARHCG. . RPILOVALGKHNLRRWEATQOVLRVVRQVTH
AARR * Ak R LR

PKYNDRPHNNDIMLIKLKQPATLNRYVKPIPLP, .NKCPS
PNYSSYNIONDIMLIKLSKPATLNTYVQPVALP, . SSCAP
PNYSSYNINNDIMLIKLTKPATLNQYVHAVALP, .TECAR
PNENGNTLONDIMLIKLSSPATLNSRVATVSLP. . RSCAA
PNYSSWTLNNDIMLIKLSSPVKLNARVAPVALP, . SRCAP
PNYSEFYSKLHDIMFLKLOKKAKEDPSVDT IPLPSPSDFLK
PNYNSRK‘HDNDLMLLQLOQPARIGRAVRPIBVI‘ +CACAS
L

AGEKCLVSGWGRTALG. . . IASTLOCLKLPVLSEKVCKTA
AGTMCTVSGWGNTMSS . TADKNKLQCLNIPILSYSDCNNS
DRATMCTVSGWGRTMSS . VADGDKLQCLSLPTLSHADCANS
AGTECLISGWGNTKSSGSSYPSLLOCLKAPVLSDSSCKSS
AGTCCLISGWGNT LSNGVNNPOLLOQCVDAPVLSCQADCERA
PGKMCRAAGWGRTGVT . EPTSERLREVKLRIMDKGACKN
PGTSCRVSGWGT ISSPLARYPASLQCVNINISPDEVOOKA
*  wRA * *

YGSTITRNMFCAGF I RGGKDSCOGDSGGPVVCKGQLKGVY
YPGMITNAMFCAGYLEGGKDSCQGDSGGPVVCNGELQGVW
YPGMITQSMFCAGYLEGGKDSCQGDSGGPVVCNGVLOGVY
YPGQITGNMICVGFLEGGKDSCQGDSGGPVVCNGOLOGIV
YPGEITSSMICVGFLEGGKDSCOGDSGGPYVONGOLOGIV
YYHYHYDFOVCVGS FRRVRSAYKGDSGGPLLCAGVRAHGIV
YPMITP@N@GVPQ@KDSO@DSGGPLWRGQ@LV

* * wAARNE AKX * %

SFGNG, CAKPKYPGVYAEVCRYTRAIKSTIASN
SWGYG . CAEPGNPGVYAKVCTFNDWLTSTMATY
SWGYG . CRERDHPGVYAKVCVLSGWVRDTMANY
SWGYG . CAQKNKFGVYTKVCNYVNWIQOQT 1AAN
SWGYG . CALPDNPGVYTKVCNFVGWIQDT IAAN
SYGRG. . .DRKPPAVETRISSYVPWINIVIKASS
SWGMERCALPGYPGVYTNLCKYRSWIEETMRDK
* LR *
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111
111
111
111
118
14

150
150
150
151
151
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190
190
190
191
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196
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222
222
222
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Figure 6. Alignment of primary structures of mature serine proteinases.
The mature sequence of crucian carp MBSP was compared with that of
chum salmon trypsin (17), cod trypsin-I (18), porcine trypsin (19), rat trypsin
(17), hamster mekratin (11), and human KLK14 (20). Mekaratin is a
chymotrypsin-type serine proteinase from the skeletal muscle of hamster
while KLK14 is a trypsin-type serine proteinase from human kallikrein
family. Identical amino acid residues are asterisked.

52.2% to cod trypsin-118); 55.1% to porcine trypsinl);
54.2% to rat trypsin-lIA 17); 36.2% to hamster mekratitX),

a chymotrypsin-type serine proteinase from the skeletal muscle
of hamster; and 47.2% to KLK1420), a trypsin-type serine
proteinase from human. The catalytic triad #jsAsp!°¢, and
Sef%) of serine proteinases is well conserved in crucian carp

MBSP.

DISCUSSION
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value agrees well with that of common carp MBS \hile it

is different from that of marine lizard fish MBSP which was
identified as a homodimer consisting of two identical subunits
(28 kDa) (9). This phenomenon may be explained as crucian
carp and common carp are all freshwater fish and shared high
species homology during genetic evolution while lizard fish is
marine fish and its genetic relationship to crucian carp and
common carp is much farther.

Serine proteinase inhibitors such as Pefabloc SC, benzami-
dine, STI, and PMSF effectively inhibited MBSP activity, while
inhibitors toward asparatic proteinase (pepstatin), cysteine
proteinase (E-64), and metalloproteinase (EDTA) did not show
much effect. Substrate-specificity assay toward MCA-substrates
revealed that only those with arginine and lysine residueg at P
were hydrolyzed while substrates for chymotrypsin-type serine
proteinase (Suc-Leu-Leu-Val-Tyr-MCA) and for cathepsin B,
L (Z-Phe-Arg-MCA) and for aminopeptidase (Arg-MCA) were
not affected. This substrate specificity is quite similar to that
of common carp MBSP (8,3) but is something different from
that of lizard fish MBSP which specifically cleaves at the
carboxyl side of arginine residue); Combining inhibitor
susceptibility with substrate specificity, it is obvious that crucian
carp MBSP is also a trypsin-type serine proteinase.

The full-length sequence of crucian carp MBSP consists of
242 amino acid residues. A fragment of 20 residues including
the initiation methionine was regarded as signal peptide as this
fragment is absent in the N-terminal sequence of purified MBSP.
Comparing the primary sequence of MBSP with other serine
proteinases, mature MBSP shared relatively high identities to
chum salmon trypsin (17), cod trypsin-I (18), rat trypsin-IA (17),
porcine trypsin 19), hamster mekratiri(), and KLK14 from
human skeletal musclQ). Although the primary sequence of
common carp MBSP has not been determined yet, crucian carp
MBSP shared 77.8% identity with common carp MBSP in the
N-terminal 27 amino acid residue$d). This homology is the
highest among serine proteinases compared, suggesting the close
relationship between crucian carp and common carp. As shown
in Figure 5, the catalytically important residues in serine
proteinases, that is, Hi% Aspl®, and Sef5 were well
conserved. There are 12 Cys residues at positions 27, 45, 61,
131, 138, 156, 167, 181, 192, 202, 216, and 229 that may form
six intramolecular disulfide bonds necessary for full activity.
Combined with the N-terminal amino acid sequence data, it is
obvious that zymogen activation of MBSP occurs betweerd®Glu
and 1let. No potential glycosylation motif in the sequence,
however, could be identified, suggesting crucian carp MBSP is
not a glycoprotein. Thus, the molecular mass difference of
MBSP as estimated by SDS-PAGE (28 kDa) and calculated
from nucleotide sequence (25 kDa) may ascribe to the mobility
of the enzyme on the gel.

Serine proteinases play important roles in the processing of
polypeptide precursors and many biological proces2ds. (

In the present study, by acidic treatment of myofibril, ion-
exchange chromatography, and affinity chromatography, we Recently, more and more transmembrane serine proteinases have
have successfully isolated crucian carp MBSP from skeletal been purified and characterized and their sequence has been
muscle. Approximately 1.2 mg MBSP was obtained from 300 determined (22). The identification of serine proteinases in the
g skeletal muscle, with a yield of 7.9%. Such a recovery is the skeletal muscle of hamstet) and mousel(0, 23) has revealed
highest compared with MBSPs from common ca&)pa(nd lizard the importance of such enzymes in the metabolism of muscle.
fish (9). Two reasons were proposed. The first is the content of However, different from MBSP, hamster serine proteinase
MBSP in the muscle of crucian carp is higher than that in mekratin is chymotrypsin-like and the molecular weight of
common carp and lizard fish, while the second is that the presentmouse serine proteinase (120 kDa) is much higher than crucian
purification method is more effective than previous methods carp MBSP. Although human kallikreins (KLK) composing at
used (8,9). The molecular mass of the enzyme was estimated least 15 members are trypsin-like serine proteinases and are
as approximately 28 kDa both on SDS-PAGHguUre 2A) and expressed in prostate and skeletal muscle under normal condi-
gel filtration on Sephacryl S-200 columifrigure 2B). This tions R0), sequence homology analysis revealed their difference
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(Figure 6). Crucian carp MBSP is also different from a more
recently identified transmembrane serine protease TMPRSS6,
which is mainly expressed strongly in thyroid and weakly in
trachea and is quite possibly a glycosylated prot2i) (

Although the existence of enzymes similar to crucian carp
MBSP has been identified in the skeletal muscle of common
carp (8), lizard fish (9), and mousB,(10), little information is
available in revealing their primary structures. Our present data
gave the first report of the full-length sequence of MBSP.
Combining the enzymatic characteristics and the sequence
alignment, it is obvious that crucian carp MBSP is a unique
trypsin-type serine proteinase, which is expressed in normal
skeletal muscle. Further study to reveal the role of MBSP in
the involvement in the nonlysosomal pathway of intracellular
protein degradation is clearly of importance. The physiological
function as well as its variation of expression level at different
culturing seasons also needs to be clarified.
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