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Abstract: Cathepsin L, a lysosomal endopeptidase, is a member of the peptidase C1 family (papain-like family) of cysteine
proteinases that cleave peptide bonds of lysosomal proteins. In this study, we report a cathepsin L sequence identified from
the constructed cDNA library of striped murrel Channa striatus (designated as CsCath L) using genome sequencing FLXTM

technology. The full-length CsCath L contains three eukaryotic thiol protease domains at positions 134-145, 278-288 and
299-318. Phylogenetic analysis revealed that the CsCath L was clustered together with other cathepsin L from teleosts.
The three-dimensional structure of CsCath L modelled by the I-Tasser program was compared with structures deposited
in the Protein Data Bank to find out the structural similarity of CsCath L with experimentally identified structures. The
results showed that the CsCath L exhibits maximum structural identity with pro-cathepsin L from human. The RNA fold
structure of CsCath L was predicted along with its minimum free energy (–471.93 kcal/mol). The highest CsCath L gene
expression was observed in liver, which was also significantly higher (P < 0.05) than that detected in other tissues taken
for analysis. In order to investigate the mRNA transcription profile of CsCath L during infection, C. striatus were injected
with fungus (Aphanomyces invadans) and bacteria (Aeromonas hydrophila) and its expression was up-regulated in liver at
various time points. Similar to gene expression studies, the highest CsCath L enzyme activity was also observed in liver
and its activity was up-regulated by fungal and bacterial infections.

Key words: Channa striatus; cathepsin L; bioinformatics analysis; epizootic ulcerative syndrome; gene expression; enzyme
activity.

Abbreviations: CsCath L, Channa striatus cathepsin L; EUS, epizootic ulcerative syndrome; MFE, minimum free energy;
ORF, open reading frame; PBS, phosphate buffer saline; PDB, Protein Data Bank; qRT-PCR, quantitative real time
polymerase chain reaction; UTR, untranslated region.

Introduction

Cathepsin is defined as a ‘lysosomal proteolytic en-
zyme’. Lysosome is an organelle with a cystic struc-
ture, containing hydrolytic enzymes including phos-
phatase, ribonuclease, deoxyribonuclease, cathepsin, B-
glucuronidase and acetyl-transferase (Li et al. 2011).
Cathepsins are enzymes that have been cleaving pep-
tide bonds of lysosomal proteins probably since lyso-
somes appeared in early eukaryotes. When the adaptive
system emerged in gnathostomes, cathepsins evolved to
produce peptides in the major histocompatibility com-
plex class II molecules (Uinuk-Ool et al. 2003). During
the past few years, many of the cathepsins have been ac-
credited with more specific functions in human, includ-
ing bone re-modelling, antigen presentation, epidermal

homeostasis, pro-hormone processing, maintenance of
the central nervous system, angiogenesis, cell death and
cancer cell invasion (Reinheckel et al. 2001; Turk et al.
2001; Balaji et al. 2002; Felbor et al. 2002).
Cathepsins are classified into three groups based

on the active-site residues. They are cysteine proteases
including cathepsins B, C, H, F, K, L, S, W, and X/Z;
serine proteases including cathepsins A and G, and as-
paragine proteases including cathepsins D and E (Rawl-
ings et al. 2006). Cathepsin L is synthesized as an
inactive pro-enzyme with an N-terminal pro-peptide
that is removed upon activation. The pro-peptide re-
gion not only acts as an inhibitor of the enzyme ac-
tivity, but it is also required for the proper folding of
the enzyme synthesis and transport of the pro-enzyme
to lysosomes (Matsumoto et al. 1995). In cattle, the
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purified cathepsin L protease is used as a vaccination
and it induces high levels of immunologic protection
against liver fluke infections (Conus & Simon 2010). In
mammals, cathepsin L functions include degradation
of proteins in the lysosome and they are also known to
be involved in antigen processing and toll-like receptor
signalling (Coulombe et al. 1996). Once lysosome pro-
duces secretory enzymes, cathepsin L degrades extra-
cellular matrix and thus participates in tumour growth
and metastasis (Conus & Simon 2010).
In fishes, such as zebrafish and rainbow trout,

cathepsin L is known to be involved in oogenesis and
embryogenesis (Li et al. 2010, 2011). It has also been
reported that cathepsin L is highly up-regulated in
haemopoietic tissues including liver, kidney and blood
during bacterial and viral infection in fishes (Aranishi
et al. 1997; Yeh & Klesius 2009; Ahn et al. 2010; Chen
et al. 2011), which clearly indicates the immunological
role of cathepsin L in fishes. Cathepsin L in fish shows a
strong proteolytic activity for several proteins including
myofibrillar proteins in muscles of Oncorhynchus keta
(Yamashita & Konagaya 1990), Scomber japonicas (Lee
et al. 1993), Engraulis japonica and Atheresthes stomias
(Visessanguan et al. 2003) suggesting its participation
in intracellular and extracellular protein catabolism in
fish (Aranishi et al. 1997). Cathepsin L is present in
fish mucus and it is reported to produce antimicrobial
peptides during infection (Lee et al. 1993).
Cathepsin L and its active proteases have been

identified and purified from many teleosts (Aranishi et
al. 1997; Heu et al. 1997; Tingaud-Sequeira & Cerda
2007; Ahn et al. 2010). Yet, there is no information
available on cathepsin L from snakehead or striped
murrel Channa striatus. Hence, to gain insight into
the characterization of cathepsin L and its role in C.
striatus, a full-length cathepsin L cDNA (designated as
CsCath L) was identified from the C. striatus cDNA li-
brary constructed by Genome Sequencing FLXTM tech-
nology. The tissue distribution and mRNA transcrip-
tion of CsCath L has been studied using Aphanomyces
invadans and Aeromonas hydrophila infection. The spe-
cific enzyme activity of CsCath L in different tissues
and the variation of specific activity in blood of C.
striatus after fungal and bacterial infection are also re-
ported.

Material and methods

cDNA library construction and CsCath L identification
A full-length cathepsin L was identified from the con-
structed C. striatus cDNA library by the genome sequence
FLXTM technology. Briefly, total RNA was isolated using
Tri ReagentTM (Life Technologies) from the tissue pool in-
cluding spleen, liver, kidney, muscle and gills of healthy C.
striatus. Then, mRNA was purified using an mRNA isola-
tion kit (Miltenyi Biotech). The first strand cDNA synthe-
sis and normalization were carried out with CloneMinerTM

cDNA library construction kit (Invitrogen) and Trimmer Di-
rect Kit: cDNA Normalization Kit (BioCat GmbH). There-
after, the GS-FLXTM sequencing of C. striatus cDNA
was performed according to the manufacturer’s protocol

(Roche). The raw data were processed with the Roche
quality control pipeline using the default settings. Seq-
clean (http://compbio.dfci.harvard.edu/tgi/software/) soft-
ware was used to screen for and remove normalization adap-
tor sequences, homopolymers and reads shorter than 40
bp prior to assembly. Further, the sequences were sub-
jected to assembly using MIRA (ver. 3.2.0) technology
(Chevreux et al. 2004) into full-length cDNAs. From the
established cDNA library of C. striatus sequence database,
we identified a cathepsin L gene, which we designated as
CsCathL through BLAST annotation program on NCBI
(http://www.blast2go.com/b2ghome).

Bioinformatics characterization of CsCath L
The full-length CsCath L sequence was compared with other
sequences available in NCBI database (http://blast.ncbi.
nlm.nih.gov/Blast) and the similarities were analyzed. The
ORF and amino acid sequence of CsCath L was ob-
tained by using DNAssist (ver. 2.2.). Characteristic do-
mains and motifs were identified using the PROSITE
profile database (http://prosite.expasy.org/scanprosite/).
Percentage identity and similarity analysis of CsCath L
with other homologous sequences were carried out us-
ing matrix global alignment tool (MATGAT). To ob-
tain this identity and similarity we used scoring ma-
trix of BLOSUM50 with first gap of 16 and extending
gap of 4. The N-terminal transmembrane sequence was
determined by DAS transmembrane prediction program
(http://www.sbc.su.se/∼miklos/DAS). Signal peptide anal-
ysis was done using the SignalP http://www.cbs.dtu.dk/).
Multiple sequence alignment was carried out on ClustalW
(ver. 2) (http://www.ebi.ac.uk/Tools/msa/clustalw2/) pro-
gram to find out the evolutionarily conserved residues
among the different organisms. The sequences were aligned
using BLOSUM50 method with a gap extension value 0.5
and gap open value and gap distance value of 5. The aligned
sequences were analyzed on Bioedit (ver. 7.1.3.0). In graphic
view, the threshold limit was set to 100% to obtain the
exact matches in the aligned sequences (Hall 1999). The
evolutionary history of CsCath L was inferred using the
neighbour-joining method. The evolutionary distances were
computed using the Poisson correction method (Uinuk-Ool
et al. 2003). The phylogenetic analysis involved 30 amino
acid sequences including CsCath L. The phylogenetic tree
was conducted in MEGA 5 (Tamura et al. 2011). The re-
liability of the branching was tested using the bootstrap
re-sampling (1,000 pseudo-replicates).

The secondary structure of the CsCath L protein was
analyzed using SOPMA program and was constructed on
Polyview method (http://polyview.cchmc.org/). The ter-
tiary structure of the CsCath L deduced amino acid se-
quence was predicted by I-Tasser program (http://zhanglab.
ccmb.med.umich.edu/I-TASSER). I-Tasser generates full-
length model of proteins by excising continuous fragments
from threading alignments and then reassembling them
using replica-exchanged Monte Carlo simulations (Zhang
2008; Roy et al. 2010). The structural image was gener-
ated using PyMol Molecular Graphics System (ver. 1.5;
http://www.pymol.org/). Domain regions in the sequence
were identified by Pfam and SMART databases, along with
motif prediction by PRINTS and motif search databases.
The Protein Data Bank (PDB) structure obtained from
I-Tasser program was used to predict the position of the
active sites. Further, CsCath L protein with and with-
out inhibitor region was compared in surface view us-
ing the PyMol program. Moreover, the cDNA sequence of
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CsCath L was converted into the corresponding RNA se-
quence using DNAssist (ver. 2.2.) to predict the RNA struc-
ture of CsCath L. The converted RNA sequence was sub-
mitted to RNA fold server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAfold.cgi) and the structure of CsCath L RNA was
predicted with minimum free energy (MFE).

Collection and maintenance of fish
Healthy C. striatus (average body weight of 40 g) were ob-
tained from the Surya Agro Farms Ltd., Erode, Tamil Nadu,
India. Fishes were maintained in flat-bottomed plastic tanks
(100 L) with aerated and filtered freshwater at 29 ± 2◦C
in the wet lab of Division of Fisheries Biotechnology and
Molecular Biology, SRM University. All fishes were accli-
matized for a week before being challenged to A. invadans
and A. hydrophila. A maximum of 10 fishes per tank were
maintained during the experiments.

Pathogen injection and tissue collection
For fungus induced mRNA expression analysis, the fishes
were injected with A. invadans (102 spores). A. invandans
were isolated from an epizootic ulcerative syndrome (EUS)
infected C. striatusmuscle sample. The infected muscle sam-
ple was taken from the EUS infected fish and were placed in
a petri dish of algal boost GP medium with 100 units/mL
penicillin G and 100 µg/mL streptomycin. The nutrient
medium was incubated at 25◦C for 12 h and examined un-
der a binocular microscope (CoslabTM). The fungal species
were identified according to the description of Caster &
Cole (1990) using potato dextrose agar and Czapek Dox
agar (Himedia, Mumbai). For bacterial challenge, the fishes
were injected intraperitoneally with A. hydrophila (5×106
CFU/mL) suspended in 1X phosphate buffer saline (PBS;
100 µL/fish). A. hydrophila was also isolated and identified
from the muscle sample of EUS infected C. striatus as de-
scribed by Dhanaraj et al. (2008). Samples were collected
before (0 h), and after injection (3, 6, 12, 24 and 48 h) and
were immediately snap-frozen in liquid nitrogen and stored
at –80◦C until total RNA was isolated. Using a sterilized
syringe, the blood (0.5-1.0 mL per fish) was collected from
the fish caudal fin and immediately centrifuged at 4000×g
for 10 min at 4◦C to allow blood cell collection for total
RNA extraction. PBS (1X) were prepared and served as
control (100 µL/fish). All samples were analyzed in three
duplications and the best representative data was expressed
as described by Livak & Schmittgenm (2001).

RNA isolation and cDNA conversion
Total RNA from the control and infected fish was isolated
using Tri ReagentTM (Life Technologies), according to the
manufacture’s protocol with slight modifications (Arock-
iaraj et al. 2011, 2012). Using 2.5 µg of RNA, first strand
cDNA synthesis was carried out using a SuperScript�
VILOTM cDNA Synthesis Kit (Life technologies) (Arock-
iaraj et al. 2013). The resulting cDNA solution was stored
at –20◦C for further analysis.

Gene expression analysis
The relative expression of CsCath L in blood, gills, liver,
heart, spleen, intestine, head kidney, kidney, skin, muscle
and brain were measured by quantitative real time poly-
merase chain reaction (qRT-PCR). qRT-PCR was carried
out using a ABI 7500 Real-time Detection System (Applied
Biosystems) in 20 µL reaction volume containing 4 µL of
cDNA from each tissue, 10 µL of Fast SYBR� Green Mas-
ter Mix, 0.5 µL of each primer (20 pmol/µL) and 5 µL
dH2O. The qRT-PCR cycle profile was 1 cycle of 95◦C for

10 s, followed by 35 cycles of 95◦C for 5 s, 58◦C for 10 s
and 72 ◦C for 20 s and finally 1 cycle of 95◦C for 15 s,
60◦C for 30 s and 95◦C for 15 s. The same qRT-PCR cy-
cle profile was used for the internal control gene, β-actin.
β-Actin of C. striatus primers was designed from the se-
quence of GenBank Accession No. EU570219. The primer
details of gene specific primer (CsCath L) and internal con-
trol (β-actin) are as follows: CsCath L F1: GTG GGA GAA
GAA CCT GAA GAA G and CsCath L R2: CAT GTC
TCC GAA GTG GTT CAT; β-actin F3: TCT TCC AGC
CTT CCT TCC TTG GTA and β-actin R4: GAC GTC
GCA CTT CAT GAT GCT GTT. After the PCR program,
data were analyzed with ABI 7500 SDS software (Applied
Biosystems). To maintain consistency, the baseline was set
automatically by the software. The comparative CT method
(2−∆∆CT method) was used to analyze the expression level of
CsCath L (Livak & Schmittgen 2001). All samples were ana-
lyzed in three duplications and the best representative data
was expressed here as described by Livak & Schmittgenm
(2001).

CsCath L enzyme activity analysis
CsCath L specific activity was measured according to the
methodology of Stephens et al ( 2012) with slight modifica-
tions. The activity was determined by using the cathepsin L
fluorogenic substrate (Ac-HRYR-ACC) (Merck) in protein
extracts obtained from various organs of C. striatus includ-
ing liver, spleen, heart, kidney, head kidney, blood, skin, gill,
brain, muscle and intestine. The assays were conducted at
30◦C in 96-well plates as follows: 20 µL of protein (concen-
tration = 500 µg) extract from fish organs were mixed with a
buffer solution (100 mM sodium acetate, 1.5 mM ethylenedi-
aminetetraacetic acid, 2 mM dithiothreitol and 0.05% Tri-
ton X-100; pH 5.5). The reaction was set by adding the
cathepsin L fluorogenic substrate to a final concentration
of 100 µM. The activity was recorded, measured at 440 nm
and calculated as explained by manufacturer’s protocol. The
similar protocol was followed to study the enzyme activity
at various time points (3, 6, 12, 24 and 48 h) in spleen tis-
sue infected with fungus and bacteria. PBS (1X) served as
control. All the assays were performed in three duplicates.

Statistical analysis
For comparison of relative CsCath L mRNA expression and
cathepsin L enzyme activity, statistical analysis was per-
formed using the one-way ANOVA and mean comparisons
were performed by Tukey’s Multiple Range Test using SPSS
11.5 at the 5% significant level.

Results

CsCath L cDNA analysis
The full-length CsCath L cDNA consisted of 1,334 nu-
cleotides along with an ORF (1,021 nucleotides). The
untranslated region (UTR) at the 5’ end is 70 nu-
cleotides and 3’ UTR is 250 nucleotides long. The total
GC content of the ORF is 57%. The ORF was then
translated to amino acid sequence with 337 residues
using DNAssit program. The protein has a molecular
weight of 38 kDa and the theoretical isoelectric point of
5.9. CsCath L sequence was submitted to EMBL data-
bank under the accession number HF571334.
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Fig. 1. Multiple sequence alignment of CsCath L. Analysis was performed by ClustalW, using representatives of cathepsin L from differ-
ent previously known teleosts: Lates calcarifer (GenBank: ABV59078), Danio rerio (NP 997749), rooster Gallus gallus (NP 001161481)
and human (AAI42984). The inhibitor region and active sites are clearly marked using double sided arrow mark. The down arrow in
cleavage site 1 represents the cleavage site of the signal peptide region and in cleavage site 2 represents the cleavage site of pro-peptide
region. The down arrow in active site shows the motif (Cys140, His280 and Asn304) of the respective active site residues. Cathepsin L
signature ERWNIN and GCNGG are highlighted in green colour. The conserved regions are shaded in black colour.

Domain and motif analysis of CsCath L
The Prosite Scan analysis showed three eukaryotic thiol
protease domains at 134–145, 278–288 and 299–318
along with their cysteine (Cys140), histidine (His280)
and asparagine (Asn304) active site residues, respec-
tively (Fig. 1). In addition, 20 other high probability

common motifs were observed. These 20 motifs belong
to 4 different sites including phosphorylation, myris-
toylation, glycosylation and amidation groups. SignalP
analysis showed a peak at 18th position of CsCath L
amino acid sequence, thus predicting it as the cleavage
site of deduced amino acid sequence. Hence, it is pre-
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Table 1. MATGAT analysis showing the identity and similarity (%) of CsCath L amino acid sequence with other homologous sequences.a

No. Organism Accession No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 CsCath L∗ HF571334 91 83 83 83 81 77 67 67 64 25 26 23 24 24 18 16 15 17 16 19 17 18 20 19 22 18 20 21 22
2 Lates calcarifer∗ ABV59078 96 85 85 88 83 78 67 66 66 25 26 27 25 25 17 16 15 17 16 19 17 19 19 21 21 18 18 20 21
3 Cyprinus carpio∗ BAD08618 92 94 92 80 82 76 66 66 65 26 26 26 26 26 16 15 15 18 16 19 17 17 20 20 20 19 20 20 19
4 Danio rerio∗ NP 997749 92 93 97 78 81 75 66 66 64 27 25 25 24 25 16 17 15 19 16 20 17 17 21 19 21 19 20 21 19
5 Dicentrarchus labrax∗ ACN93991 89 91 88 86 77 71 62 61 61 24 26 26 24 23 17 17 14 17 14 18 17 17 17 17 20 17 19 19 19
6 Osmerus mordax∗ ACO09031 91 93 91 91 87 77 66 65 64 26 26 25 25 24 19 14 15 16 15 18 17 20 20 20 19 20 21 20 20
7 Gallus gallus∗ NP 001161481 87 88 85 84 81 86 67 66 65 26 25 25 24 24 15 17 17 17 14 17 17 19 20 20 20 17 18 19 19
8Macaca mulatta∗ EHH24212 80 80 78 79 75 80 79 96 78 26 26 26 25 26 16 17 18 15 17 18 18 18 20 20 18 16 19 17 19
9 Homo sapiens∗ AAI42984 79 80 78 79 75 79 79 99 78 26 26 26 24 26 16 17 17 14 17 18 18 19 17 20 16 16 18 18 18
10 Myotis davidii∗ ELK33129 80 80 79 78 74 79 78 88 88 25 25 24 24 24 18 17 14 19 18 17 18 19 18 19 18 19 17 17 19
11 Oplegnathus fasciatus§ AEA48884 44 44 44 46 43 43 42 44 45 46 81 82 70 69 17 15 16 18 15 15 21 19 17 18 21 19 20 20 21
12 Cyprinus carpio§ BAE44111 44 43 46 46 45 45 45 46 45 44 90 91 71 70 16 14 16 16 16 16 18 17 19 19 19 19 20 20 19
13 Danio rerio§ NP 998501 42 46 45 46 44 45 45 47 46 46 90 95 70 69 18 16 15 17 16 16 18 17 18 19 19 19 20 19 17
14 Homo sapiens§ AAH10240 45 45 47 45 41 45 42 45 43 46 83 84 84 75 18 15 15 16 18 17 19 17 17 20 20 18 20 19 20
15 Gallus gallus§ NP 990702 44 46 45 46 42 44 41 46 46 45 81 82 81 86 17 15 14 17 15 18 18 18 19 20 19 19 21 20 18
16 Homo sapiens¶ NP 001902 34 34 32 34 30 32 32 32 33 32 30 29 31 30 28 67 33 69 67 18 18 16 16 18 17 19 16 18 17
17 Mus musculus¶ NP 031826 32 32 31 33 35 30 31 32 32 31 30 27 29 27 26 79 32 67 67 17 16 18 16 15 17 18 16 17 17
18 Xenopus tropicalis¶ NP 001107513 31 32 31 32 30 30 32 31 31 32 31 28 30 29 25 53 53 35 32 15 14 14 14 13 17 16 13 14 13
19 Myotis davidii¶ ELK32445 30 30 31 32 31 31 31 29 27 35 32 32 32 31 27 83 79 54 68 18 18 17 16 18 16 19 19 17 17
20 Heterocephalus glaber¶ EHB11954 32 32 31 32 28 32 29 30 29 32 28 29 29 32 29 78 78 55 79 17 16 16 14 14 18 19 18 17 18
21 Homo sapiensψ NP 004842 35 34 34 33 32 31 35 33 34 32 32 33 32 31 31 31 29 25 29 28 52 56 64 55 45 44 41 45 45
22 Drosophila melanogasterψ NP 652013 33 33 33 34 33 34 34 33 32 32 37 35 37 34 32 31 28 26 30 28 69 63 54 71 45 43 40 45 45
23 Todarodes pacificusψ BAD15111 33 35 34 34 33 36 34 34 33 35 35 30 34 31 33 30 30 27 29 31 70 77 56 64 46 45 41 47 45
24 Danio rerioψ NP 571785 35 36 35 36 33 36 35 34 32 35 34 33 33 34 33 29 29 26 27 26 79 70 70 57 47 47 40 46 46
25 Aedes aegyptiψ XP 001657556 36 36 36 33 34 34 36 35 35 32 38 35 38 35 36 28 31 26 29 27 69 83 77 70 45 45 41 45 45
26 Homo sapiens∆ NP 001901 38 37 36 38 35 37 39 35 36 35 37 36 35 37 32 28 31 27 29 29 63 62 64 66 65 61 70 90 88
27 Rana catesbeiana∆ BAC75398 33 32 34 33 32 33 35 32 31 35 34 34 37 35 35 30 32 24 28 30 65 64 65 67 66 79 50 61 60
28 Tupaia chinensis∆ ELW47743 35 33 36 36 33 36 36 35 34 32 37 36 37 36 34 29 28 26 30 29 60 61 62 62 63 83 69 68 67
29 Myotis davidii∆ ELK37212 37 36 34 38 35 35 36 35 34 34 34 34 34 35 35 30 31 24 30 31 64 63 64 67 64 93 78 81 90
30 Pteropus alecto∆ ELK03306 37 36 35 37 34 36 36 35 35 34 37 36 35 36 32 28 30 26 29 30 63 63 64 66 64 94 77 80 94

a Individual cathepsins are marked as follows: ∗ cathepsin L; § cathepsin B; ¶ cathepsin G; ψ cathepsin D; ∆ cathepsin E. Sequence
identity (%) – above diagonal, sequence similarity (%) – under diagonal.

dicted that the signal peptide comprises the region of
CsCath L between 1 and 17. Further analysis revealed
that CsCath L contains an inhibitor region along with
its peptidase C1 super family active domain at 30–90,
which belongs to inhibitor 29 superfamily.

Homologous analysis and multiple sequence alignment
Homologous analysis on BLASTp showed that CsCath
L possesses a significant sequence similarity with other
cathepsin L from various organisms, especially from
teleost fishes. The active sites are highly conserved
among the sequences taken for homologous analysis.
The maximum identity was noticed with Lates calcar-
ifer (91%), followed by Cyprinus carpio, Daneio rerio
and Dicentrarchus labrax (83%) (Table 1). Moreover,
multiple sequence alignment of CsCath L also revealed
a high degree of identity with other cathepsin L. CsCath
L is highly similar with other sequences taken for anal-
ysis at signal peptide region, cleavage site, inhibitor re-
gions and active sites (Fig. 1). The cathepsin L signa-
ture motifs ERWNIN and GCNGG also remain con-
served in the sequences taken for analysis.

Phylogenetic tree
A phylogenetic tree was drawn to study the genetic dis-
tance of CsCath L using the neighbour-joining method
and is presented in a radiation view (Fig. 2). Phyloge-
netic analysis showed that CsCath L exhibits a strong
relationship with other cathepsin L from various organ-

isms. The CsCath L sequence is clustered with other
teleosts cathepsin L. Moreover, to find the evolution-
ary position of the CsCath L, it was compared with the
other sequences of cathepsin B, D, E and G.

Structural analysis of CsCath L
The secondary structural analysis of CsCath L showed
that the protein contains 29% α-helical region (99
amino acid), 17% β-sheets and 54% random coils
(Fig. 3a). I-Tasser program predicted five different mod-
els of CsCath L protein. Based on the confidence score
(c-score) the best model was selected for analysis. The
c-score of the selected model is –0.01. The predicted
structure was viewed in a PDB viewer (Fig. 3b). The
obtained tertiary structure was compared with the PDB
to find out the structural similarity of CsCath L with
other experimentally identified structures. The results
showed that CsCath L has the maximum structural
identity with pro-cathepsin L from human, whose X-ray
structure was experimentally determined (Coulombe et
al. 1996.). The surface view analysis of CsCath L pro-
tein structure with and without inhibitor region is pre-
sented in Figure 4. The comparative images (Fig. 4a
and 4b) showed that the eukaryotic thiol protease ac-
tive site residues Cys140, His280 and Asn304 are present
in the centre of the protein. Further analysis showed
that the active site residues are masked by an inhibitor
in the pro-protein region of CsCath L. The predicted
RNA fold structure of CsCath L with MFE is given
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Fig. 2. Phylogentic analysis of CsCath L with other species reconstructed by the neighbour-joining method. The evolutionary distances
were computed using the Poisson correction method. The tree is based on an alignment corresponding to full-length amino acid
sequences using MEGA. The numbers at the branches denote bootstrap majority consensus values on 1,000 replicates. The scale bar
represents a genetic distance 0.2 as the frequency of substitutions in pair-wise comparison of two sequences. The tree is expressed in
radiation view. The GenBank accession numbers are given in Table 1.

in Figure 5. The MFE of the predicted RNA structure
of CsCath L is –471.93 kcal/mol. The prediction shows
that the RNA is mostly paired and very few nucleotides
are left unpaired.

Tissue distribution of CsCath L
The mRNA transcripts of CsCath L could be detected
by qRT-PCR (Fig. 6a). The largest quantity of CsCath
L was observed in liver followed by spleen, heart, kidney,
head kidney, blood, skin, gill, brain, muscle and intes-
tine. Further statistical analysis showed that CsCath L
mRNA expression was significantly higher (P < 0.05) in
the liver. Therefore, the fungal (A. invadans) and bacte-
rial (A. hydrophila) infected liver tissue was selected to

investigate the temporal expression of CsCath L gene.

CsCath L mRNA expression in liver after fungal and
bacterial infection
To analyze the expression profile of CsCath L dur-
ing infection, C. striatus was injected with A. in-
vadans and A. hydrophila and the liver was analyzed
by real time PCR (Fig. 6b,c). In A. invadans infected
tissue, the highest level of CsCath L mRNA tran-
scripts was observed at 24 h post-injection (Fig. 6b).
Significant differences (P < 0.05) were found in ex-
pression at 3, 6, 12 and 24 h post-injection between
A. invadans injected and the PBS injected control
groups. In A. hydrophila injected groups, the level of
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Fig. 3. The predicted structure of CsCath L. (a) Secondary structure of CsCath L predicted using Polyview method. The red color
zig-zag lines represent the α-helix region, the blue color horizontal lines represent the coils and the green arrows represent β-sheets.
(b) Three-dimensional structure of the deduced amino acid sequence of CsCath L. The α-helices, β-strands and random coil regions
are represented in red, blue and green colour, respectively. The three active-site residues including cysteine, histidine and asparagine
are represented in yellow, pink and orange, respectively, as ball structure.

CsCath L mRNA transcripts sharply increased until
24 h post-injection and the expression was decreased
at 48 h post-injection, almost near to the basal level
(Fig. 6c). The expression was significantly different (P
< 0.05) in all the post-injection time points between
A. hydrophila challenged and the PBS injected control
groups.

CsCath L enzyme activity and its changes by fungal and
bacterial infection
The enzyme activity was observed in all the tissues

taken for analysis. The highest enzyme activity was no-
ticed in liver, which was significantly higher (P < 0.05)
than that detected in other tissues (Fig. 7a). Moreover,
we selected spleen tissue infected with fungal and bac-
terial immune stimulants to study the specific activ-
ity of CsCath L. Figure 7b shows the enzyme activ-
ity of CsCath L at various hours after infected with
fungus A. invadans. A significantly (P < 0.05) maxi-
mum peak was observed during 24 h post-injection ofA.
invadans in enzyme activity (77.0 U/µg). In bacterial
A. hydrophila infected murrel, significantly (P < 0.05)
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Fig. 4. Surface view of CsCath L in Pymol Viewer. (a) CsCath L surface view along with inhibitor region. (b) The view without
inhibitor region and showing the active-site residues (Cys140, His280 and Asn304) of CsCath L.

Fig. 5. The predicted structure of CsCath L RNA fold with MFE using RNA fold server. The scale bar (colour map) from violet to
red in the figure denotes the probability of nucleotides being unpaired.

highest activity (109.6 U/µg) was observed at 24 h post
injection (Fig. 7c).

Discussion

In this study, we deliver a molecular characterization
of the first cathepsin L from C. striatus. CsCath L

polypeptide contains a signal sequence between the
residues 1 and 17 similar to other cathepsin L ( Li et
al. 2010; Ma et al. 2010). The cleavage site was no-
ticed in CsCath L at Ala18 followed by an inhibitor
region (otherwise called pro-peptide region). Vernet et
al (1995) reported that the cathepsin is synthesized as
an inactive pro-enzyme at the N-terminal pro-peptide
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Fig. 6. Relative quantification of CsCath L gene expression by real-time PCR. (a) Results of tissue distribution analysis of CsCath L
from various organs of striped murrel. Data are given as a ratio to CsCath L mRNA expression in intestine. (b,c) The time course of
CsCath L mRNA expression in liver at 0, 3, 6, 12, 24, and 48 h post-injection with A. invadans (b) and A. hydrophila (c).

which gets cleaved and converts into an active protein.
A potential N-glycosylation site was noticed between
the residues 224 and 227 in CsCath L and is important
for transportation of cathepsin L proteases into lyso-
somes as reported by Ma et al (2010).
The cathepsin L signature motifs, ERWNIN and

GCNGG are both present in the pro-domain region of
CsCath L. ERWNIN plays an important role in the inhi-
bition of proteolytic activity (Karrer et al. 1993). Vernet
et al (1995) pointed out that the GCNGG motif is re-
lated to the pH-dependent intra-molecular processing.

Moreover, the cysteine residue in the GCNGG motif is
associated with the formation of a disulfide bridge (Kar-
rer et al. 1993). The glutamine residue at the position
133 in the CsCath L amino acid sequence helped in the
formation of oxyanion hole (Menard & Storer 1992).
Further analysis revealed that the CsCath L consists
of six potential substrate binding sites. These binding
sites may vary in different species, for example, channel
catfish Ictalurus punctatus (Yeh & Klesius 2009) and
pearl oyster Pinctada fucata (Ma et al. 2010). Hence it
is possible to suggest that the functional mechanism of
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Fig. 7. The specific activity of CsCath L. (a) Enzyme activity of CsCath L in different tissues. (b,c) CsCath L specific activity profile
after A. invadans (b) and A. hydrophila (c) infection, respectively. Values are shown as mean ± standard deviation.

cathepsin L is not the same in all organisms.
Phylogenic analysis of CsCath L produced five sep-

arate clades. The tree exhibited three main branches
that consist of L and B; E and D; and G respectively.
The topology of the tree was in accordance with the
cathepsin groups as cathepsins B and L are the largest
and best-known cathepsin groups (cysteine proteases
of the papain family); cathepsins D and E are aspartic
proteases and cathepsin G is the serine protease.
The secondary structure analysis indicated that

the CsCath L contains more coils due to the presence
of high amount of glycine (the smallest amino acid
with no side chain and not involved in cross linkages).
The three-dimensional structure of the CsCath L pro-

tein was predicted by I-Tasser modelling program and
compared with the human pro-cathepsin. The analysis
exhibited that the three active site residues (Cys140,
His280, Asn304) of the CsCath L are located at the
central position of the protein and masked by the in-
hibitor region, thus making the protein as non-reactive
to the substrates. Moreover, the tertiary structure of
the CsCath L pro-protein (with inhibitor region) and
the active protein (without the inhibitor region) was
compared and analyzed in the PyMol surface view. It
is also confirmed that the active sites are masked by
the inhibitor region. As reported earlier (Coulombe et
al. 1996), this mask prevents the substrates from bind-
ing to the active sites of the protein. When the inhibitor
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region is cleaved from the pro-protein, the active sites
become open to substrate binding site, thus making the
protein functional. The predicted RNA structure indi-
cates that the CsCath L RNA is highly stable based on
the high MFE value (–471.93 kcal/mol) and less num-
ber of free nucleotides.
Tissue distribution results showed that the CsCath

L is expressed in all the tissues taken for analysis, show-
ing the active involvement of CsCath L in protease
function. Cathepsin expression was studied in many or-
ganisms using various immune stimulants (Conus & Si-
mon 2010). However, A. invadans and A. hydrophila
infection-induced cathepsin L expression in C. striatus
is still unknown and it is reported for the first time
here. In this study, we observed the highest gene ex-
pression of CsCath L in liver against fungal and bacte-
rial infection. The gradual increment of CsCath L gene
expression in liver infected with A. hydrophila during
the first 24 h post-injection may be due to the incre-
ment of bacterial cell density with the time. These re-
sults showed the involvement of CsCath L in C. stria-
tus immune response against the fungal and bacterial
infection. These pathogen-induced gene expression was
related to inflammation, cytokine activity, antigen pre-
sentation and binding activity (Trent et al. 2006).
The enzyme activity of CsCath L was noticed in

all the tissues taken for analysis. Similar to the gene ex-
pression studies, the highest enzyme activity was also
observed in liver. The specific activity of CsCath L
in spleen after challenged with fungus and bacterium
showed its involvement in the immune process of striped
murrel. As stated by Press & Evensen (1999), Dong et
al. (2007) and Kim et al. (2011) the results of CsCath
L enzyme activity analyses in spleen after fungal and
bacterial infection indicate that the haematopoietic and
lymphoid organs are closely related to the immune re-
sponse in fish. Hence it is possible to suggest that
cathepsin L may play multifunctional roles in murrels.
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