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ptidase I, DPPI) is a lysosomal cysteine proteinase belonging to the papain
superfamily, which is capable of removing dipeptides sequentially from the amino terminus of peptide and
protein substrates. In the present study, the cDNA of a cathepsin C was cloned from black tiger shrimp
Penaeus monodon (designated PmcathepsinC) by homology cloning and rapid amplification of cDNA ends
(RACE) approaches. The full-length cDNA of PmcathepsinC consisted of 2051 nucleotides with a canonical
polyadenylation signal sequence AATAAA and a poly(A) tail, and an open reading frame (ORF) of 1350 bp
encoding a polypeptide of 449 amino acid residues with a predicted molecular weight of 50.0 kDa and
theoretical isoelectric point of 5.65. The high identity of PmcathepsinC with Cathepsin C in other organisms
indicated that PmcathepsinC should be a new member of the Cathepsin C family. By fluorescent quantitative
real-time PCR, mRNA transcript of PmcathepsinC was detectable in all the examined tissues with higher level
in ovary and heart. The temporal expression of PmcathepsinC mRNA in the hepatopancreas was up-regulated
by lipopolysaccharide (LPS) stimulation and reached the maximum level at 4 h post-stimulation, and then
dropped back to the original level gradually. These results indicated that PmcathepsinC was a constitutive
and inducible acute-phase protein that perhaps involved in the immune defense of P. monodon.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Cysteine proteinases are ubiquitously present in almost all life
forms. These enzymes catalyze the hydrolysis of many proteins with
different specificities and are considered to play an important role in
intracellular protein degradation and turnover (McDonald et al., 1969;
Coffey and de Duve, 1968; Katunuma and Kominami, 1989). Cathepsin
C (dipeptidyl-peptidase I, DPPI) is a lysosomal cysteine proteinase that
belongs to the papain superfamily (Turk et al., 1997). It is capable of
removing dipeptides sequentially from the amino terminus of peptide
and protein substrates (McDonald et al., 1969; Metrione and
MacGeorge, 1975). This enzyme has been postulated to involved in
cell growth (Doughty and Gruenstein, 1987), alimentary tract (Ishidoh
et al., 1991), neuraminidase activation (D'Agrosa and Callahan, 1988),
and platelet factor XIII activation (Lynch and Pfueller, 1988). It is
known that cysteine proteinases of the papain family except cathepsin
C are monomers consisting of R- and L-domains (Turk et al., 1997),
whereas cathepsin C has a unique structure, consisting of four
identical subunits, each composed of three polypeptide chains: the
pro-region, the heavy and the light chain (Dolenc et al., 1995; Cigic´ et
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al., 1998; Cigic´ et al., 2000). It is controversial whether these chains
are joined by a disulfide bond (Dolenc et al., 1995; Cigic´ et al., 1998);
however, it has been postulated that the pro-region contains an
intramolecular disulfide bond(s) and that it is glycosylated (Cigic´ et
al., 1998; Cigic´ et al., 2000). For cathepsin C to exert its proteinase
activity, it is crucial that the pro-cathepsin C is to be cleaved by a
certain proteinase such as cathepsin L or S (Dahl et al., 2001), followed
by forming such an oligomeric structure.

Recent studies have demonstrated the existence of cathepsin C in
many animals, such as: Xenopus laevis (GenBank accession No
BC056109), Danio rerio (GenBank accession No. NM-214722), Marsu-
penaeus japonicus (GenBank accession No. AB104735). But there are
very few reports on the function of the cathepsin C in crustaceans. In
kuruma prawn (M. japonicus), it was demonstrated that cathepsin C
was involved in the final stage of oocyte maturation (Qiu et al., 2005)
There are no reports on the gene function in crustacean immunology
so far.

Shrimp have no acquired adaptive immune system. Their defense
is believed to depend entirely on an innate, non adaptive mechanism
to resist pathogen invasion (Gross et al., 2001) and inoculation against
viruses has no effect. Understanding the interaction between host and
pathogen will be helpful in controlling infectious diseases in shrimp
Although an increasing number of immune function related genes in
shrimp have been reported, the genes involved in immune response
against infection still remain unclear. Both cathepsin C and L are
lysosomal cysteine proteases, but cathepsins L was highly expressed
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during the WSSV infection in pacific white shrimp (Litopenaeus
vannamei), suggesting that it is involved in the defense response
against the virus (Zhao et al., 2007). So we suppose cathepsin C might
have other functions in crustacean we do not know.

The main objectives of this study are (1) to clone the full-length
cDNA of cathepsin C from black tiger shrimp, (2) to investigate the
expression pattern of cathepsin C gene in the tissues, (3) to provide
information about if LPS could induce the expression of cathepsin C in
black tiger shrimp.

2. Materials and methods

2.1. Animals and immune challenge

The healthy black tiger shrimp (P. monodon), weighing about
60–300 g, were purchased from Sanya, Hainan province, PR China.
Sixty shrimp were maintained in aerated seawater (salinity 30 ppt)
at 24–25 °C for three days before processing.

For gene cloning, three shrimp weighing about 300 g were
employed and kept in the tank. 200 μL of LPS solution (100 ng mL−1,
resuspended in water) was injected into the muscle of each shrimp.
6 h later, the ovary from the three shrimp was collected, mixed, and
subjected to total RNA extraction.

For the challenge experiment, forty shrimp were employed. 50 μL
LPS (100 ng mL−1) was injected into the muscle of each shrimp and
they were used as the stimulated group. The untreated shrimp and
shrimp injected with 50 μL water were used as the blank and the
control group, respectively. The injected shrimp were returned to
seawater tanks, and 3 individuals from the blank, control and
stimulated group respectively were randomly collected at 2, 4, 6, 8,
10, and 16 h post-injection. At each time point, the hepatopancreas
from the three individuals was collected and mixed. They were
subjected to total RNA extraction.

2.2. RNA isolation and cDNA synthesis

Total RNA was isolated from hepatopancreas, ovary, heart, muscle,
blood and brain (weight about 50 mg) of three shrimp by using Trizol
reagent (Invitrogen, USA). The first-strand cDNAwas synthesized from
2 μg of DNase-treated (Promega RQ1 DNase I) total RNA by M-MLV
reverse transcriptase (Promega, USA) at 42 °C for 50 min with oligo-
dT-adaptor primer (Table 1). The cDNA was used as the template for
PCR reactions in gene cloning and expression analysis.

2.3. Gene cloning and sequence analysis

A pair of degenerated primers, dXCF (nucleotide position 266–
287 bp) and dXCR (nucleotide position 765–787 bp), was designed
based on the conserved regions of cathepsin C gene sequences from
X. laevis (GenBank accession No. BC056109), D. rerio (GenBank acces-
Table 1
Oligonucleotide primers used

Primer name (5′→3′) nucleotide sequence

dXCF T(C/A/G)A TCT A(T/C)A ACCAGG G(T/C)T T(C/T)G A
dXCR CCAT(A/G)GA(A/G)GCAAA(G/A)G(C/A)GTA(G/A)CA
F1 ACTTCGCTTTCTCGCTCTGG
R1 CAGCCCGTCAGTGTCTTGTC
R2 GAGCGAGAAAGCGAAGTAGG
Oligo-dT adaptor GGCCACGCGACTAGTAC(T)16
Adaptor GGCCACGCGACTAGTAC
Oligo-dG GGGGGGGGGGGGGGG
Ractin F GCCCTTGCTCCTTCCACTATC
Ractin R CCGGACTCTTCGTACTCATCCT
rccF GATTCTGACCAGCAACCACCA
rccR TACAGGCTCCATAGTAACCTCCAA
sion No. NM-214722), Homo sapiens (GenBank accession No. X87212),
M. japonicus (GenBank accession No. AB104735). The initial PCR was
performed with dXCF and dXCR in a 25 μL reaction volume containing
2.5 μL of 10×PCR buffer, 1.5 μL of MgCl2 (25 mmol L−1), 2.0 μL of dNTP
(2.5 mmol L−1), 1.0 μL of each primer (10 μmol L−1), 15.8 μL of PCR-
grade water, 0.2 μL of Taq polymerase (Takara) (5 U μL−1) and 1 μL of
cDNA mix. The PCR temperature profile was 94 °C for 5 min
followed by 34 cycles of 94 °C for 40 s, 57 °C for 40 s, 72 °C for 1 min
and the final extension step at 72 °C for 10 min. The obtained PCR
products (about 500 bp) were separated by 1.2% agarose gel, and
then purified by an agarose gel purification kit. The purified PCR
product was ligated with the PMD20-T vector (Takara, Japan), and
transformed into the competent Escherichia coli cells. The recombi-
nants were identified through blue-white color selection and
screened with M13 forward and reverse primers. Three of the
positive clones were sequenced on an ABI3730 Automated Sequen-
cer (Applied Biosystem, USA). Sequences generated were analyzed
for similarity with other known sequences using the BLAST pro-
grams (http://www.ncbi.nim.nih.gov/).

With the obtained partial sequence, three specific primers, sense
primer F1 and reverse primers R1 and R2 (Table 1), were designed to
clone the full length of PmcathepsinC by rapid amplification of cDNA
ends (RACE) methods. In 3′ RACE-PCR, PCR reaction was performed
with primer F1 (nucleotide position 311–330 bp) and adaptor primer
(Table 1). The PCR profile was as follows: 94 °C, 5 min; 94 °C, 45 s;
60 °C, 30 s; 72 °C, 45 s; 35 cycles; 72 °C, 10 min. For 5′ RACE-PCR, the
first-strand cDNA was tailed with poly (C) at the 5′ end using
terminal deoxynucleotidyl transferase (Takara, Japan). PCR was per-
formed initially with primer R1 (nucleotide position 364–384 bp)
and Oligo-dG, followed by semi-nested PCR with R2 (nucleotide
position 308–327 bp) and Oligo-dG. The PCR products were gel-
purified and subjected to sequencing. The resulting sequences were
verified and subjected to cluster analysis.

Multiple sequence alignments were performed using the CLUS-
TAL W program at the European Bioinformatics Institute (http://
www.ebi.ac.uk). Analyses of the deduced amino acid sequences were
conducted using the programs PSORT (Kenta Nakai, National Insitute
Basic Biology), Scan Prosite (EXPASy Molecular Biology Server) and
Predict Protein (EMBL-Heidelberg). The phylogenetic tree was
constructed by the neighbor-joining (NJ) method using the programs
of CLUSTAL X1.83 (Thompson et al., 1997) and MEGA3.1 (Kumar et
al., 2004).

2.4. Quantification of PmcathepsinC expression by quantitative real-time
PCR

Real-time quantitative PCR was performed with the SYBR Green
2×Supermix (Applied Biosystems, USA) on an ABI 7300 Real-Time
Detection System (Applied Biosystems, USA) to investigate the
expression of PmcathepsinC. Two specific primers, rccF and rccR
(Table 1) were used to amplify a PCR product of 240 bp. β-actin
(GenBank accession No. EF087977) was chosen as the reference gene
for internal standardization (Zhao et al., 2007). Two β-actin primers
ractinF and ractinR (Table 1) were used to amplify a β-actin gene
fragment of 110 bp as the internal control for qRT-PCR. The qRT-PCR
amplifications were carried out in triplicates in a total volume of
20 μL containing 10 μL of 2×Supermix (Applied Biosystems, USA),
5 μL of the 1:5 diluted cDNA, 1 μL each of forward and reverse
primer and 3 μL PCR-grade water, The qRT-PCR program was 50 °C
for 2 min, 95 °C for 10 min, followed by 40 cycles of 94 °C for 15 s,
61 °C for 30 s, 72 °C 30 s. Melting curve analysis of amplification
products was performed at the end of each PCR reaction to confirm
that only one PCR product was amplified and detected. After the PCR
program, qRT-PCR data from three replicate samples were analyzed
with a 7300 System SDS Software v1.3.0 (Applied Biosystems, USA)
to estimate transcript copy numbers for each sample. To maintain
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Table 2
Homology of PmcathepsinC with other cathepsin C proteins

Identities (%)
GenBank

Full-length black
tiger shrimp
cathepsin C

Propeptide Heavy
chain

Light
chain

accession
number

P. monodon 100 100 100 100 EU026137
M. japonicus 90 89 92 95 AB104735
P. troglodytes 52 38 63 79 XM-508684
H. sapiens 52 39 62 79 X87212
B. Taurus 51 38 60 78 AB060542
G. gallus 51 36 62 77 XM-417207
D. rerio 51 36 60 79 NM-214722
X. laevis 52 35 61 80 BC056109
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consistency, the baseline was set automatically by the software. The
comparative CT method was used to analysis the expression level of
black tiger shrimp cathepsin C. The CT for the target amplification of
cathepsin C and the CT for the internal control β-actin were
determined for each sample. Differences between the CT for the
target and the internal control, called ΔCT, were calculated to
normalize the differences in the amount of total nucleic acid added
to each reaction and the efficiency of the RT-PCR. The blank group
was used as the reference sample, called the calibrator. The ΔCT for
each sample was subtracted from the ΔCT of the calibrator; the
difference was called ΔΔCT value. The expression level of black tiger
shrimp cathepsin C could be calculated by 2−ΔΔCT, and the value
stood for an n-fold difference relative to the calibrator. The average
cycle threshold (CT) measurement for the three determinations were
used in calculations of relative expression using β-actin as the
internal control. The data obtained from RT-PCR analysis were
subjected to one-way analysis of variance (one-way ANOVA)
Fig. 1. Nucleotide and deduced amino acid sequences of PmcathepsinC. The
polyadenylation signal sequence was highlighted and underlined; the start code was
in the bold and the asterisk showed the stop code.
followed by an unpaired, two-tailed t-test. Differences were
considered significant at Pb0.05.

3. Results

3.1. cDNA cloning and sequence analysis of PmcathepsinC gene

A 2051 bp nucleotide sequence representing the complete cDNA
sequence of PmcathepsinC was obtained by overlapping the three
fragments. The sequence was deposited in GenBank under accession
No. EU026137 and the deduced amino acid sequence is shown in Fig.1.
The complete sequence of PmcathepsinC cDNA contained a 5′
untranslated region (UTR) of 27 bp, a 3′ UTR of 674 bp with a
canonical polyadenylation signal sequence AATAAA and a polyA tail,
and an open reading frame (ORF) of 1350 bp encoding a polypeptide of
449 amino acids with predicted molecular mass of 50.0 kDa and
theoretical isoelectric point of 5.65.

3.2. Homology and phylogenetic analysis of PmcathepsinC

The deduced amino acid sequence of PmcathepsinC showed very
high homology with the sequences of M. japonicus (90% Identity), D.
rerio (51% Identity), X. laevis (52% Identity) and even the mammalians
H. sapiens (52% Identity), B. taurus (51% Identity) (Table 2). The
software analysis indicated that there existed a putative signal peptide
of 18 amino acids (position 1–18aa), a long propeptide of 201 amino
acids (position 19–219aa) and a putative mature peptide region of 230
(position 220–449aa) in PmcathepsinC. The mature protein, com-
prised of a heavy chain (position 220–382aa) and a light chain
(position 383–449aa), contained three catalytic active sites (Cys247,
His393 and Asn415) that were highly conserved in all papain family
members (Fig. 2). The N-terminus of the propeptide and the heavy and
light chains of themature peptidewere all well conserved as compared
with those of the other animals, and a high identitywas detected in the
heavy and light chains of the mature peptide region (Table 2, Fig. 2).

Based on the amino acid sequence of cathepsin C, a phylogenetic
tree was constructed by using the programs of CLUSTAL X1.83 and
MEGA2.1 (Fig. 3). All the vertebrate cathepsin C genes and invertebrate
cathepsin C genes were clustered together. In the phylogenetic tree,
the black tiger shrimp shows the closest relationship with the M.
japonicus, the result is similar with the result of the BLAST. The
relationships revealed in the phylogenetic tree were in agreement
with the concept of traditional taxonomy.

3.3. Tissue distribution of the PmcathepsinC transcripts

Real-time quantitative PCR was employed to quantify the Pm-
cathepsinC expression in the tissues of hepatopancreas, ovary, heart,
muscle, blood and brain. The amplification specificity for Pmcathep-
sinC and β-actinwas determined by analyzing the dissociation curves.
Only one peak presented in the dissociation curves for both the



Fig. 2. Multiple alignments of PmcathepsinC with other known cathepsin C proteins. Identical and similar sites are shown with asterisk (⁎) and dots (. or :), ‘⁎’ indicates identical
residues, ‘:’ indicates residues with more similar properties, ‘.’ indicates residues with some similar properties, the blank indicates residues with opposite properties; the arrows
indicate the cleavage sites of signal peptide, propeptide, the heavy and light chains of the mature peptide; the conserved catalytic residues, cysteine, histidine and asparagines, are
highlighted and bolded. bts, black tiger shrimp; kuruma, kuruma prawn.
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PmcathepsinC and β-actin gene (data not shown), indicating that the
amplifications were specific.

PmcathepsinC mRNA was found to be constitutively expressed in
all the examined tissues with significant variation of expression level.
Therewas a high-level expression of PmcathepsinC in ovary, heart and
hepatopancreas, while a low-level expression in blood, muscle and
brain. The highest level of cathepsin C expression was detected in
ovary (Fig. 4).
3.4. Quantification of PmcathepsinC mRNA expression after LPS
stimulation

The temporal expression of the PmcathepsinC transcript in hepa-
topancreas of shrimps after LPS stimulation was shown in Fig. 5.
During the first 2 h after LPS stimulation, the cathepsin C mRNA
remained at a low level. At 4 h after stimulation, the expression of the
PmcathepsinCwas up-regulated and therewas a significant increase in



Fig. 3. Phylogenetic tree constructed by the neighbor-joining method based on the
cathepsin C sequences. Bootstrap support values for the NJ tree are shown at the nodes
(out of 1000 replicates). Fig. 5. The temporal expression of PmcathepsinC transcript in hepatopancreas after LPS

challenge. The mRNA expression of PmcathepsinC and β-actin was measured at 2, 4, 6,
8, 10, 16 h post-injection and blank groups. Vertical bars represented the mean±S.E.
(N=3). Significant differences across control were indicated with an asterisk at Pb0.05,
and with two asterisks at Pb0.01.
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the relative abundance of PmcathepsinC mRNA. At 4 and 6 h post-LPS
stimulation, the cathepsin C gene expression level was 2.1 and 1.9 fold
higher than that observed in the control group, respectively. As time
progressed, the expression of PmcathepsinC mRNA decreased and
recovered to the original level at 16 h post-stimulation. An unpaired,
two-tailed t-test with blank and challenged groups showed statisti-
cally significant difference in PmcathepsinC gene expression at 2 h and
4 h (Pb0.05) post-stimulation. However, no significant difference was
observed in other time point in challenge group (Fig. 5).

4. Discussion

In recent years, several papers about cathespins L in the shrimp
had been reported (Hu and Leung, 2004, 2007; Zhao et al., 2007). In
Pacific white shrimp (L. vannamei), cathespins L was highly expressed
during the WSSV infection, suggesting that it is involved in the
defense response against the virus (Zhao et al., 2007). In Metapenaeus
ensis, cathepsin L was cloned andwas also expressed in awide array of
tissues, especially in the hepatopancreas (Hu and Leung, 2004, 2007).
Cathepsins L and C are all belong to the papain superfamily. But only
one cathespins C gene from M. japonicus (GenBank accession No.
AB140735) was deposited in the GenBank (Qiu et al., 2005).

In the present study, the full-length cDNA encoding cathepsin C
(named as PmcathepsinC) was cloned from the black tiger shrimp
Penaeus monodon. Alignment analysis indicated that the deduced
amino acid sequence of black tiger shrimp cathepsin C was
homologous to other known cathepsin C. As in mammalian species,
the black tiger shrimp pro-cathepsin C protein predicted from the
Fig. 4. The expression level of PmcathepsinC transcript in different tissues. Vertical bars
represented the mean±S.E. (N=3). hep, hepatopancreas. Significant differences across
calibrator (brain) were indicated with an asterisk at Pb0.05, and with two asterisks at
Pb0.01.
cDNA sequence consists of three functional domains: a signal peptide,
a uniquely long propeptide and a mature peptide (including a heavy
and light chain). The three amino acid residues known as putative
catalytic active sites in all papain familymemberswere detected in the
deduced amino acids of black tiger shrimp cathepsin C and also
conserved across the invertebrate and vertebrate species. In the
deduced amino acids, no potential glycosylation site for post-
translational modification was found. However, in kuruma prawn
cathepsin C two glycosylation sites were detected (Qiu et al., 2005), in
mammalian cathepsin C three to four sites were described (Dahl et al.,
2001; Pham et al., 1997) and five in the flatworm (Brindley et al., 1997).

It had been reported that cathepsin C in mammals was ubiqui-
tously expressed in tissues, particularly high in lung, kidney, placenta,
liver, spleen, and intestines (Qiu et al., 2005; Kominami et al., 1992;
Rao et al., 1997). In the present study, the mRNA expression of
PmcathepsinC could be detected in all studied tissues with the higher
level in ovary and heart. The expression pattern of black tiger shrimp
cathepsin C in tissues was somewhat different from that of cathepsin
Cs in other animals. In mouse, cathepsin C is abundant in the liver, and
is little detectable in the heart and brain (Pham et al., 1997). Human
cathepsin C was expressed at a high level in lung and kidney, and at
low level in heart and liver, while not expressed in the brain (Pham et
al., 1997; Rao et al., 1997; Smyth et al., 1995). So the result indicated
that although cathepsin C gene could be expressed constitutively in
different tissues, the expression level might be different with the
species of the animals. The physiological roles of cathepsin C have
been found to be not only confined to intracellular protein degrada-
tion, but also involved in cell growth (Metrione and MacGeorge, 1975)
and the activation of several granule-associated serine proteases, such
as granzymes A and B, cathepsin G, neutrophil elastase and chymases
(Wolters et al., 2001; Pham and Ley, 1999; McGuire et al., 1993;
Nauland and Rijken,1994). Cathepsin C is thus thought to be one of the
major processing enzymes known so far (Turk et al., 2001). In kuruma
prawn, cathepsin C gene was found to be an up-regulated gene
involved in the final stages of oocyte maturation, and displayed a
significantly high expression level at the early cortical rod stage (Qiu et
al., 2005). In our results, the expression level of PmcathepsinC was
highest in the ovary, not the immune tissues. So we deduced that the
PmcathepsinC perhaps possessed the same function as the kuruma
prawn cathepsin C in regulating the ovary growth.

The innate immune system is the first line of defense to protect the
host in the first hours to days of infection (Lee and Soderhall, 2002).
The first distinct phase of the immune response in shrimp is
approximately in the first 12 h after challenge (Bachere et al., 2004).
In order to better understand the response of black tiger shrimp
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cathepsin C exposed to the potential pathogens, its expression in
hepatopancreas after stimulation with LPS at different time point was
investigated by real-time RT-PCR in the present study. LPS acts as a
powerful stimulator of innate immunity in diverse eukaryotic species
(Ulevitch and Tobias, 1995; Lemaitre et al., 1996). Some marine
invertebrates such as the Atlantic horseshoe crab and the giant African
snail were also highly sensitive to LPS (Iwanaga, 2002; Biswas and
Mandal, 1999). In the present study, after LPS treatment, the
expression level of black tiger shrimp cathepsin C was not changed
significantly during the first 2 h after LPS stimulation, and then up-
regulated and increased significantly at 4 h after LPS stimulation. The
expression level of black tiger shrimp cathepsin C at 4 h post-LPS
stimulationwas the highest, and from the 6 h post-LPS stimulation the
expression level became to decrease. The result indicted that black
tiger shrimp cathepsin C was a constitutive and inducible acute-phase
protein. In invertebrates, cysteine proteases represent a major
component of the lysosomal proteolytic system, and are responsible
for intracellular protein degradation (Knop et al., 1993). In 2007, there
were reports about that cathepsin L was responsive to virus challenge
(Robalino et al., 2007; Zhao et al., 2007). Although there are no studies
reporting that the cathepsin C gene could take part in the immune
response, in our study we found that LPS could induce the expression
of the cathepsin C gene in the black tiger shrimp, suggesting that it
was involved in the defense response against bacterial infections.
However, the functioning of the gene in disease resistance should be
explored further in a more comprehensive study.
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