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a b s t r a c t

Caspase 3 is a prominent mediator of apoptosis and participates in the cell death signaling cascade. In
this study, caspase 3 was identified (Rbcasp3) and characterized from rock bream (Oplegnathus fasciatus).
The full-length cDNA of Rbcasp3 is 2683 bp and contains an open reading frame of 849 bp, which encodes
a 283 amino acid protein with a calculated molecular mass of 31.2 kDa and isoelectric point of 6.31. The
amino acid sequence resembles the conventional caspase 3 domain architecture, including crucial amino
acid residues in the catalytic site and binding pocket. The genomic length of Rbcasp3 is 7529 bp, and
encompasses six exons interrupted by five introns. Phylogenetic analysis affirmed that Rbcasp3 repre-
sents a complex group in fish that has been shaped by gene duplication and diversification. Many
putative transcription factor binding sites were identified in the predicted promoter region of Rbcasp3,
including immune factor- and cancer signal-inducible sites. Rbcasp3, excluding the pro-domain, was
expressed in Escherichia coli. The recombinant protein showed a detectable activity against the
mammalian caspase 3/7-specific substrate DEVD-pNA, indicating a functional role in physiology. Quan-
titative real time PCR assay detected Rbcasp3 expression in all examined tissues, but with high abun-
dance in blood, liver and brain. Transcriptional profiling of rock bream liver tissue revealed that challenge
with lipopolysaccharides (LPS) caused prolonged up-regulation of Rbcasp3 mRNA whereas, Edwardsiella
tarda (E. tarda) stimulated a late-phase significant transcriptional response. Rock bream iridovirus (RBIV)
up-regulated Rbcasp3 transcription significantly at late-phase, however polyinosinic-polycytidylic acid
(poly(I:C)) induced Rbcasp3 significantly at early-phase. Our findings suggest that Rbcasp3 functions as
a cysteine-aspartate-specific protease and contributes to immune responses against bacterial and viral
infections.
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1. Introduction

Apoptosis, one of the biochemically classified programmed cell
death types, is a highly regulated process in multicellular organ-
isms that is triggered by external and internal stimuli [1e3].
Apoptosis can play a significant role in cellular immunity, acting as
an immune response to infections, especially those related to
viruses [4,5]. The primary regulators of apoptosis are the host-
encoded caspases [6e8]. Caspases are an evolutionarily conserved
family of cysteine-aspartic specific proteases responsible for
a diverse array of cellular functions, the well-recognized of which
are apoptosis and inflammation. In pre-apoptotic cells, caspases
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exist as inactive pro-enzymes (zymogenes) [9], which mainly
consist of three distinct domains: a pro-domain, followed by a large
subunit and a small subunit. The latter two subunits are connected
by a linker region, which itself is flanked by aspartic acid residues
[10].

Caspases can be self-activated or be activated by upstream-
caspase proteases in death cascade that cleaves conserved
aspartic acids in the C terminal region [11]. To date, 11 human
caspases have been identified and functionally categorized into two
groups; inflammatory caspases and apoptotic caspases. The latter
has been further divided into initiators and effectors [8]. The
effector caspases (caspase 1, 3, 4, 5, 6, 7, and 11) are activated by the
self-activated initiator caspases, which function in the upstream of
the apoptotic signaling pathway [12,13]. Caspases and caspase-like
enzymes have also been identified in non-metazoans, such as
plants, fungi, and prokaryotes [14]. Caspases are regulated at
several stages, such as at the transcriptional and post-
transcriptional levels [1]. Moreover, enzymatic activity of cas-
pases can be inhibited by members of a conserved family of
proteins known as inhibitor of apoptosis (IAP) factors [15].

Caspase 3, one of the effector caspases, is involved in executing
the cell death signaling cascade of intrinsic and extrinsic apoptotic
pathways, following its activation by caspase 8 and caspase 9,
respectively [16]. Activated caspase 3 mediates many of the char-
acteristic morphological alterations of apoptosis, such as break-
down of several cytoskeletal proteins, cleavage of polyadenosine
dipeptide ribose polymerase (PARP) and degradation of the inhib-
itor of caspase-activated DNAses (ICADs), resulting in the release of
CAD to cleave cell DNA and ultimately directing the cell toward
death [7].

Caspase 3 has been identified and characterized in several
teleost fish species; Studies of caspase 3 homologs in European sea
bass (Dicentrarchus labrax), zebrafish (Danio rerio), large yellow
croaker (Pseudosciaena crocea), and Atlantic salmon (Salmo salar)
have revealed an immune-related functions in these fishes [17e20].
Furthermore, two isoforms of caspase 3 (A and B) have been
identified in Medaka (Oryzias latipes) [21] and Atlantic salmon [20].

Rock bream is one of the most economically important marine
fish species in South Korea, which domiciliates in the coastal areas
of the Pacific and Indian Ocean. In recent years, the mariculture
sources of rock bream have experienced an alarming increase in
prevalence and virulence of pathogenic infections, which have
resulted in considerable economic losses [22,23]. Therefore, it is
important to gain a detailed understanding of the unknown genetic
and immunological mechanisms against pathogens in rock bream,
in order to launch effective disease control interventions and
disease-tolerant species by genetic breeding. In this study, we
discovered and characterized the rock bream caspase 3 (Rbcasp3) at
transcriptional and genomic levels. We determined the basal tissue
distribution and transcriptional response in liver tissue to immune
challenges with lipopolysaccharide (LPS), Edwardsiella tarda, rock
bream iridovirus (RBIV), and polyinosinic-polycytidylic acid (poly
(I:C)). We not only demonstrated that Rbcasp3 harbors immune-
related hydrolytic activity using recombinant protein, but also
Table 1
Primers used in this study. F and R refer to forward and reverse primers, respectively. Th

Name Purpose

Rbcasp3-F ORF amplification (without pro- domain)
Rbcasp3-R ORF amplification (without pro-domain)
Rbcasp3-qF qRT-PCR primer
Rbcasp3-qR qRT-PCR primer
Rb-b-actin-F qRT PCR internal reference
Rb-b-actin-R qRT PCR internal reference
determined that apoptosis represents an immune responsive
process in rock bream.
2. Materials and methods

2.1. Identification of full-length cDNA sequence of Rbcasp3

Using the Basic Local Alignment Tool (BLAST) algorithm (http://
www.ncbi.nlm.nih.gov/BLAST), full-length cDNA sequence of
caspase 3 (contig number-07658) in -rock bream was identified
from a previously established cDNA sequence data base [24].
2.2. Rbcasp3 genomic BAC library construction and PCR screening

Using rock bream genomic DNA, a random sheared bacterial
artificial chromosome (BAC) library was custom constructed
(Lucigen, USA). The library was screened by PCR in order to
identify the clone containing the full-length Rbcasp3 gene using
a sequence specific primer pair Rbcasp3-qF and Rbcasp3-qR
(Table 1), designed according to the identified Rbcasp3 cDNA
sequence. The identified BAC clone was sequenced by GS-FLX�
system (Life Sciences, USA).
2.3. In silico analysis of rock bream caspase 3 DNA and protein
sequences

The orthologous sequences of Rbcasp3 were compared by the
BLAST search program. Pairwise sequence alignment (http://
www.Ebi.ac.uk/Tools/emboss/align) and multiple sequence
alignment (http://www.Ebi.ac.uk/Tools/clustalw2) were per-
formed using the ClustalW2 program. The phylogenetic relation-
ship of Rbcasp3 was determined using the Neighbor-Joining
method and Molecular Evolutionary Genetics Analysis (MEGA)
software version 4 [25]. Prediction of protein domains was carried
out using the ExPASy-prosite data base (http://prosite.expasy.org)
and the MotifScan scanning algorithm (http://myhits.isb-sib.ch/
cgi-bin/motif_scan). Some properties of Rbcasp3 were deter-
mined by ExPASy Prot-Param tool (http://web.expasy.org/
protparam).

Genomic sequence of Rbcasp3 obtained from the BAC clone was
used to identify the exoneintron structure and predict the
promoter region along with potential transcriptional factor binding
sites. The transcription initiation site (TIS) was predicted using the
online neural network promoter prediction tool from Berkeley
Drosophila Genome Project [26]. Potential cis acting elements
located w1 Kb upstream of the TIS were detected using TFSEARCH
ver.1.3 and Alibaba 2.1 software. Furthermore, the tertiary structure
of Rbcasp3 pro-enzymewasmodeled based on the ab-initio protein
prediction strategy, using the online server I-TASSER [27,28].
Subsequently, the three dimensional (3D) image was generated
utilizing RasMol 2.7.5.2 software.
e lowercase letters indicate restriction enzyme sites introduced for cloning.

Sequence (50 / 30)

GAGAGAgaattcGCCAAGCCCAGCTCCCACAG
GAGAGActgcagTCAAGGAGAAAAATACATCTCTTTGGTCAGCATTG
TGAGGGTGTGTTCTTTGGTACGGA
TTCCCACTAGTGACTTGCAGCGAT
TCATCACCATCGGCAATGAGAGGT
TGATGCTGTTGTAGGTGGTCTCGT

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
http://www.Ebi.ac.uk/Tools/emboss/align
http://www.Ebi.ac.uk/Tools/emboss/align
http://www.Ebi.ac.uk/Tools/clustalw2
http://prosite.expasy.org
http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://web.expasy.org/protparam
http://web.expasy.org/protparam
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2.4. Expression and purification of recombinant Rbcasp3
(rRbcasp3)

Recombinant Rbcasp3, excluding the pro-domain, was
expressed as a fusion protein with Maltose Binding Protein (MBP)
and purified as described previously with some modifications [29].
Briefly, the Rbcasp3 gene encoding residues 33e283 was amplified
using the sequence specific primers Rbcasp3-F and Rbcasp3-R with
restriction enzyme sites for EcoRI and PstI respectively (Table 1).
The PCR was performed in a TaKaRa thermal cycler in a total
volume of 50 mL with 5 U of ExTaq polymerase (TaKaRa, Japan), 5 mL
of 10x Ex Taq buffer, 8 mL of 2.5 mM dNTPs, 80 ng of template, and
20 pmol of each primer. The reaction was carried out at 94 �C for
30 s, 55 �C for 30 s, 72 �C for 1 min and final extension at 72 �C for
5 min. The PCR product (w753 bp) was resolved on a 1% agarose
gel, excised and purified using the Accuprep� gel purification kit
(Bioneer Co. Korea). The digested pMAL-c2X vector (35 ng) and PCR
product (15 ng) were ligated using Mighty Mix (7.5 ml; TaKaRa) at
4 �C overnight. The ligated pMAL-c2X/Rbcasp3 product was
transformed into DH5a cells and sequenced. Sequence confirmed
recombinant expression plasmid was transformed into Escherichia
coli BL21 (DE3) competent cells. The recombinant Rbcasp3 protein
was overexpressed using isopropyl-b-galactopyranoside (IPTG,
1 mM final concentration) at 37 �C for 3 h, after which the protein
was purified using pMAL protein fusion and purification system
(New England Biolabs, USA). The purified protein was eluted with
elution buffer (10 mM maltose) and the concentration was deter-
mined by the Bradford method using bovine serum albumin (BSA)
as the standard [30]. The Rbcasp 3 samples collected from different
purification steps were analyzed on 12% SDS-PAGE under reduced
conditions, with standard protein size marker (TaKaRa). The gel
was stained with 0.05% Coomassie blue R-250, followed by a stan-
dard destaining procedure.

2.5. Hydrolyzing activity assay of rRbcasp3

With the objective of characterizing the purified rRbcasp3,
hydrolyzing activity was analyzed by using caspase 3 activity assay
kit (BioVision, USA) following manufacturer’s protocol. Briefly, the
purified protein was adjusted to 2 mg/mL and 50 mL was mixed with
50 mL 2x reaction buffer and 5 mL of 4 mM caspase 3/7 specific
substrate (DEVD-pNA), followed by incubation at 37 �C for 2 h. The
cleavage and release of pNA was measured by monitoring absor-
bance at 400 nm using a spectrophotometer. In order to assess the
specificity of Rbcasp 3 against DEVD-pNA, its activity against cas-
pase 9 and caspase 8 substrates (LEHD-pNA and IETD-pNA,
respectively from Bio Vision USA) was also analyzed. Each assay
was conducted with the MBP control, to determine the effect of
fusion protein on the activity of rRbcasp3. All the assays were
carried out with three replicates. The mean absorbance values
obtained in the assay for both fusion protein and MBP alone were
expressed to represent the hydrolyzing activities.

2.6. Experimental fish and tissue collection

Rock breamwith an average body weight of 30 g were obtained
from the Jeju Special Self-Governing Province Ocean and Fisheries
Research Institute (Jeju, Republic of Korea). The fish were main-
tained in a controlled environment at 22e24 �C. All individuals
were allowed to acclimate for one week prior to experimentation.
Whole blood (1 mL/fish) was collected from the caudal fin using
a sterilized syringe, and the sample was immediately centrifuged at
3000 � g for 10 min at 4 �C to separate the blood cells from the
plasma. The collected cells were snap-frozen in liquid nitrogen.
Meanwhile, the sampled fish was sacrificed and the gill, liver, skin,
spleen, head kidney, kidney, skin, muscle, brain and intestine were
excised and immediately snap-frozen in liquid nitrogen and stored
at �80 �C until use for total RNA extraction.

2.7. Immune challenge experiments

In order to determine the immune responses of Rbcasp3,
E. tarda, RBIV, LPS and the viral dsRNA mimic poly(I:C) were
employed as immune stimulants in time course experiments.
Tissues were collected as described in Section 2.6. The immune
challenge experiments were carried out as described previously,
sacrificing three animals for the tissue collection from each chal-
lenge group at each time point [31].

2.8. Total RNA extraction and cDNA synthesis

Total RNA was extracted from each of the excised tissues by
using the Tri Reagent� (SigmaeAldrich, USA). Concentration of
RNA was determined at 260 nm in a UV-spectrophotometer (Bio-
Rad, USA) and diluted to 1 mg/mL 2.5 mg of RNA from selected tissues
was applied in cDNA synthesis using cDNA synthesis kit (TaKaRa,
Japan) according to the manufacturer’s instructions. Finally, the
newly synthesized cDNA was diluted 40-fold (total 800 ml) and
stored at �20 �C until needed for further analysis.

2.9. Rbcasp3 mRNA expression analysis by quantitative real time
(qRT-) PCR

qRT-PCR was used to detect the expression levels of Rbcasp3 in
blood, gill, liver, spleen, head kidney, kidney, skin, muscle, brain and
intestine tissues, and the temporal expression of Rbcasp3 in liver.
Total RNAwas extracted at different time points following immune
challenge, and the first-strand cDNA synthesis was carried out as
described in Section 2.8. qRT-PCRwas carried out using the thermal
cycler Dice� Real Time System (TP800; TaKaRa, Japan) in a 15 mL
reaction volume containing 4 ml of diluted cDNA from each tissue,
10 mL of 2x TaKaRa Ex Taq�, SYBR premix, 0.5 mL of each primer
(Rbcasp3-qF and Rbcasp3-qR; Table 1), and 5 mL of ddH2O. The qRT-
PCR was performed under the following conditions: 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 a final cycle of 95 �C for 15 s, 60 �C for 30 s and 95 �C for 15 s.
The base line was set automatically by Dice� Real Time System
software (version 2.00). Rbcasp3 expressionwas determined by the
Livak (2�DDCT) method [32]. The same qRT-PCR cycle profile was
used for the internal control gene, rock bream b-actin (Genbank ID:
FJ975146). All data are presented as means � standard deviation
(SD) of relative mRNA expression of triplicates. To determine
statistical significance (P < 0.05) between the experimental and
control groups, the two-tailed paired t-test was carried out.

3. Results

3.1. Molecular characterization and phylogenetic analysis of
Rbcasp3

The full-length sequence of Rbcasp3 consists of 2756 nucleotides
(nt), which is comprised of a 849 bp open reading frame (ORF)
encoding 283 amino acids, a 159 bp 50 untranslated region (50

-UTR), and a 1748 bp 30 -UTR. The 30 -UTR contains a poly-
adenylation signal (2730AATAAA2735) and three RNA instability
motifs (2027ATTTA2031, 2205ATTTA2209, 2592ATTTA2596) (Fig. 1).
Moreover, the predicted molecular mass of Rbcasp3 was around
31.2 kDa and the theoretical isoelectric point was 6.31.

Resembling the typical caspase domain architecture, Rbcasp3
contained a putative pro-domain (residues 1e36), a large subunit



Fig. 1. Nucleotide and deduced amino acid sequence of Rbcasp3. The start codon
(ATG), the stop codon (TGA), and the polyadenylation signal sequence (ATTAAA) are
indicated by gray shading. The protein binding domain (GSWFI) and the penta-peptide
active site motif (QACRG) are depicted in boxes. Three RNA instability motifs (ATTTA)
are shown by underling.
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(residues 52e176), and a small subunit (residues 189e283) as
predicted by ExPASy PROSITE server. Several amino acid residues
that are known to be critical for the function of caspase 3 catalytic
center (Cys172, His130, Gly131) and binding pocket (Gln170, Arg244,
Ser257) were found to be well conserved in Rbcasp3 [19]. Moreover,
the characteristic active site penta-peptidemotif (170QACRG174) was
also identified in the large subunit of Rbcasp3. The protein binding
domain 218GSWFI222 [33] present within the small subunit also
exhibited a significant conservation among the species analyzed
with only a conservative substitution in the last amino acid of the
motif for Atlantic salmon, large yellow croaker, and fugu (Takifugu
rubripes) (Fig. 2). Similarly, the integrin recognition motif
(152RGD154) [34] in Rbcasp3 near the active site was found to be
conserved in all species analyzed, with the exceptions of sea bass
caspases 3 and Medaka caspases 3A variant, wherein the aspartate
residue is replaced by an asparagine in sea bass and arginine and
aspartate residues are replaced by lysine and arginine residues
respectively in Medaka (Fig. 2).

Multiple sequence alignment revealed that Rbcasp3 has signif-
icant identity with vertebrate orthologues; for instance, caspase 3
homologs in large yellow croaker and human shared 88.8% and
54.1% of identity with Rbcasp3, respectively. In contrast, Rbcasp3
from invertebrates showed lower identity; for example, that of
black tiger shrimp shared only w28% identity with Rbcasp3
(Table 2). Phylogenetic analysis was carried out using the Neighbor-
Joining method to compare Rbcasp3 sequence with different
vertebrate and invertebrate caspase 3 members (Fig. 3). The tree
revealed that Rbcasp3 forms a clade with the caspase 3 of large
yellow croaker, exhibiting a fairly high bootstrap supporting value
(74). Moreover, this analysis confirmed that Rbcasp3 originated
from a common ancestor of vertebrates, as indicated by the clus-
tering pattern of mammals, avians and amphibians in their relevant
clades. However, caspase 3A from Japanese Medaka formed an out
group with the other clustered fish species, showing a distant
relationship with other caspases 3 counterparts from fish, consid-
ered in the analysis.

3.2. Genomic structure and promoter analysis of Rbcasp3

The full-length Rbcasp3 gDNA is 7529 bp in length and consists
of six exons interrupted by five introns. (GenBank ID: JQ315116;
Fig. 4). The sequence around the exon/intron boundaries follows
the AG-GT rule, which is generally important in splicing processes.
The characterized gDNA sequence was compared with four previ-
ously characterized gDNA sequences of fish and human (obtained
from the Ensemble genome site, (www.ensembl.org) (Fig. 4).
According to the comparison, Rbcasp3 gene and caspase 3 from sea
bass [17] and fugu (Ensemble ID: SINFRUT00000160403) have
similar patterns of exoneintron organization, whereas the size of
their introns varies considerably. The human caspase 3 gene
(Ensemble ID: ENSDART00000005593) contains relatively long
exons, as compared to caspase 3 in the other four organisms
examined. However the characteristic common feature that is
present in all five caspase 3 genes is the intron-interruption of the
penta-peptide active site motif (QACRG) after its first amino acid.
The sequence upstream of the Rbcasp3 transcription initiation site
was analyzed and results revealed a number of potential cis
elements, most of them are similar to those identified from
previous promoter studies of other caspase 3 homologs [35,36]
(Fig. 5).

3.3. Tertiary structural model of Rbcasp3

In order to determine the tertiary structure of pro-caspase 3 of
rock bream, 3D modeling was conducted using the I-TASSER ab-
initio protein prediction algorithm. The top ten caspase template
crystal structures from the Research Collaboratory for Structural
Bioinformatics (RCSB) protein data bank used by the server
exhibited over 56% identity in the threading-aligned region, with
the query sequence and the Z-score values of the threading align-
ments exceeding 1, which ensured a considerable reliability of the
predicted structure. The predicted 3D model of Rbcasp3 consisted
of 5 a-helices, 21 b-strands, and 31 turns. The large and small
domains, along with the linker region, resembled the typical

http://www.ensembl.org


Fig. 2. Multiple sequence alignment of vertebrate caspase 3. Sequence alignments were obtained by the ClustalW method. Conserved residues are shaded in gray. The putative
cleavage sites at aspartic acid residues, where the separation of relevant domains occurs, are indicated by pale blue shading. Several critical residues in the caspase 3 catalytic center
and binding pocket are indicated by pale green shading. The protein binding domain (GSWFI), the integrin recognition motif (RGD), and the penta-peptide active site motif (QACRG)
are indicated by boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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caspase 3 structure [37], comprising a central hexa-stranded
b-sheet with five parallel and one anti-parallel strands, a double-
stranded anti-parallel b-sheet at the top of the structure, and
another double-stranded anti-parallel b-sheet at the front of the
molecule. Moreover, there are five helices, three on one side of the
main hexa-stranded b-sheet and two on the opposite side (Fig. 6).



Table 2
Percent identities of Rbcasp3 gene with caspase 3 genes from other species.

Common name Protein Accession
number

Identity
(%)

Large yellow
croaker

Caspase 3 ACJ65025 88.8

European
seabass

Caspase 3 ABC70996 88.0

Fugu rubripes Caspase 3 AAM43816 80.3
Atlantic salmon Caspase 3 precursor ACN11423 79.9
Japanese

Medaka
Caspase 3B NP001098168 78.3

Zebrafish Caspase 3 CAX14649 73.0
White cloud

mountain
minnow

Caspase 3 ACV31395 72.8

Atlantic salmon Caspase 3 NP001133393 62.8
Northern pike Caspase 3 precursor ACO13502 61.7
Chicken Caspase 3 AAC32602 59.2
Rabbit Caspase 3 precursor NP001075586 57.0
Pig Caspase 3 precursor NP999296277 56.7
Norway rat Caspase 3 NP037054 55.4
Human Caspase 3 preproprotein NP116786 54.1
House mouse Caspase 3 NP033940,

XP996914
53.8

African clawed
frog

Caspase 3 -precursor NP001081226 52.0

Blood fluke Caspase 3 ACU88129 34.7
Southern house

mosquito
Caspase 3 XP001850595 32.7

Fruit fly Death executioner caspase related
to Apopain

AAF55329 30.0

Black tiger
shrimp

Caspase 3 ADV17345 28.4
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3.4. Recombinant expression and purification of Rbcasp3

Rbcasp3, without the pro-domain, was sub-cloned into the
pMAL-c2X vector and overexpressed under the strong tac promoter
Fig. 3. Phylogenetic analysis of Rbcasp3. The tree constructed based on ClustalW alignme
Neighbor-Joining method in MEGA version 4.0. Bootstrap values are shown for each of the
as a fusion protein with MBP in E. coli BL21 (DE3) cells by IPTG-
driven induction. Fractions collected at different stages during the
purification process of the expressed protein were visualized by
SDS-PAGE (Fig. 7). Themolecular mass of the purified rRbcasp3 was
visually determined to bew74 kDa, appeared as a single band. This
result was compatible with the predicted molecular mass of the
putative caspase 3 (w31 kDa), since the molecular mass of the MBP
was around 42.5 kDa.
3.5. Hydrolyzing activity of Rbcasp3

To confirm the hydrolyzing activity of the Rbcasp3, the purified
fusion protein was employed to hydrolyze the caspase 3/7-specific
synthetic substrate, DEVD-pNA, along with the control MBP.
Compared to MBP (mean A400:�0.05), rRbcasp3 exerted almost 12-
fold more activity against the substrate (mean A400:�0.63), sug-
gesting the biochemical function of Rbcasp3 while indicating
comparatively low activities, against caspases 9 substrate, LEHD-
pNA (mean A400:�0.31) and caspases 8 substrate, IETD- pNA (mean
A400:�0.28) (Fig. 8).
3.6. Analysis of the tissue-specific expression profile of Rbcasp3

In order to determine the tissue-specific Rbcasp3 transcription
profile in normal rock bream, qRT-PCR was carried out on various
rock bream tissues using gene specific primers designed according
to the Rbcasp3 full-length cDNA sequence. The relative expression
of each tissue was obtained by comparison to expression of the
rock bream b-actin gene, which was used as the non-variant
internal control. To determine relative levels of tissue-specific
expression, b-actin-normalized expression of each tissue was
further normalized to that in the muscle (Fig. 9). Rbcasp3 mRNA
was found to be constitutively expressed in all tissues investigated.
nt of deduced amino acid sequences of various caspase 3 proteins, estimated by the
lineages of the tree, and major taxonomic clusters are indicated within parentheses.



Fig. 4. Genomic organization of the caspase 3 genes from rock bream, zebrafish, fugu, sea bass and human. The exons are represented by boxes and introns by solid lines. The sizes
of exons are indicted above the exons and sizes of introns are indicated below the introns. Sequence regions larger than 300 bp are truncated by two inclined lines. (Sequence
direction e 50 / 30).
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However, a distinct tissue-specific transcriptional profile was
found, in which the Rbcasp3 transcription levels were highest in
blood, moderately high (P < 0.05) in liver, heart and brain tissues,
and considerably low (P < 0.05) in all other tissues analyzed
(Fig. 9).

3.7. Transcriptional responses of Rbcasp3 upon immune challenges

Liver tissue from LPS, poly(I:C), iridovirus and E. tarda chal-
lenged rock breamwas used to analyze the mRNA expression levels
in response to immune stimulations. The qRT-PCR detected Rbcasp3
expression levels were normalized to the rock bream b-actin
expression profile and compared to the transcript level detected in
PBS-injected controls at each time point.

In liver cells of LPS-challenged fish, the Rbcasp3 transcript levels
were significantly (P < 0.05) up-regulated at 12 h and 24 h post-
injection, indicating w2.5 fold expression increase at both time
points (Fig. 10A). In contrast, liver cells of the E. tarda-challenged
animals exhibited a significant (P < 0.05) and persistent up-
regulation from 3 h to 48 h post-injection, reaching peak expres-
sion (3-fold) at 48 h. However, at all the time points examined, the
transcriptionwas induced by E. tardawith respect to the basal level
(0 h), (Fig. 10A).

As shown in the Fig. 10B, at 3 h and 6 h after poly(I:C) injection,
the Rbcasp3 transcription profile in liver cells exhibited a significant
early-phase increase (P< 0.05) with the peak (2.6-fold) occurring at
the 6 h time point. However, a subsequent down-regulation was
observed at 24 h post-injection, followed by a significant late-phase
increase (2.4-fold, P < 0.05) at 48 h post-injection. Fig. 10B also
depicts the differential mRNA expression profile of Rbcasp3 in liver
tissue in response to the RBIV challenge. Over the experiment time
course, the Rbcasp3 expression slightly fluctuated up to 24 h post-
injection, followed by a significant increase (3.3-fold) at 48 h, which
indicated the late-phase response to the viral-induced immune
challenge.
4. Discussion

Apoptosis can play a key role in defense of an organism through
limiting the pool of host cells for the productive replication of path-
ogenic organisms such as bacteria and viruses [38]. Caspase 3 is
a pivotal regulator of the executionary phase of apoptosis, and is
involved in many of the molecular mechanisms underlying pro-
grammed cell death [39]. Therefore, the elevated activity of caspase 3
can be considered as a useful bio-marker of cells undergoing
apoptosis [40]. However, information on caspase 3 in fish at the
genomic level is relatively scarce. In the present study, the caspase 3
genewas identified in rock bream and characterized structurally and
functionally. The rock bream species is an important member of the
marine aquaculture industries in countries located in the Asia-Pacific
zone. To gain a better understanding of how rock bream immunity
may bemodulated, transcriptional responses of the newly-identified
caspase 3 homolog toward several common pathogenic microor-
ganisms were investigated. The putative caspase 3 gene was identi-
fied from our previously established (GS-FLX�) rock bream cDNA
sequence database by using BLAST analysis. This novel gene was
found to exhibit 88.8% identity with the caspase 3 gene from large
yellow croaker (Table 2). Moreover, the ORF (283 aa) and the pre-
dicted molecular mass of deduced amino acids of Rbcasp3 showed
a higher similarity to caspase 3molecules of other fish species and its
mammalian counterparts [17e19,41,42]. The presence of character-
istic domain organization (pro-domain, large subunit, and small
subunit) and the predominant features of caspase family signatures,
such as the penta-peptide bindingmotif, the protein binding domain
(GSWFI), RGD motif, and critical amino acid residues in the catalytic
center and binding pocket lent credence to the hypothesis that
Rbcasp3 was indeed a caspase 3 homolog (Fig. 2).

The predicted genomic structure of Rbcasp3 shares similar intron/
exon architecture with the caspase 3 homologs in a majority of fish
species (Fig. 4). However the genome structure deviates from that in
the zebrafish (Ensemble ID: ENSDART00000005593), which has one



Fig. 5. Deduced promoter region of Rbcasp3. The transcription initiation site (þ1) is denoted by a curved arrow. Putative transcription factor binding sites predicted by the
TFSEARCH and Alibaba 2.1 programs are indicated by bold letters with their corresponding identity. The SRY site starts from position �417 in the sequence and is in complement
form in the reverse direction.
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more exon. This additional exon in zebrafish contains a part of the
50-UTR, altogether using two exons for the complete 50-UTR, and
more closely resembling the human caspase 3 genomic structure
(Ensemble ID: ENST00000308394). The length of each exon in rock
bream caspase 3 is almost identical to the corresponding exons in sea
bass, even though the gene arrangements are different with respect



Fig. 6. Predicted 3D structural model of rock bream pro-caspase 3. Two spherical
bulges (Asp 34, and Asp 184) represent the two aspartate residues where the pro-
domain and the large domain is cleaved off, respectively. Green arrows indicate the
two characteristic extra loops of caspase 3 architecture. b-strands are depicted in
yellow and a-helices are in pink. Turns are represented in blue in the back-bone
structure. Two anti-parallel double-stranded b-sheets are encircled in red and green
color. The letters C and N indicate the carboxyl and amino terminals, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. In vitro Rbcasp3 hydrolyzing activity assay. The hydrolyzing activity against
DEVD-pNA is represented using the corresponding absorbance value obtained at
400 nm. Error bars represent the SD (n ¼ 3).
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to their intron lengths. Interestingly, the conserved penta-peptide
binding motif is interrupted by an intron after its first amino acid in
all the species, serving as a unique feature of caspase 3 genome
organizations.
Fig. 7. SDS-PAGE analysis of overexpressed and purified recombinant Rbcasp3 fusion
protein. Lane 1, total cellular extract from E. coli BL21 (DE3) carrying the Rbcasp3-MBP
expression vector prior to IPTG induction; 2, crude extract of rRbcasp3; 3, purified
recombinant fusion protein (rRbcasp3-MBP) after IPTG induction (1 mM); 4, protein
markers (TaKaRa).
The predicted promoter region of Rbcasp3 was determined to
consist of w1 Kb sequence, which includes several putative tran-
scription factor binding sites (Fig. 5), substantiating the notion of
tight regulation of caspase gene expression. Particularly, the puta-
tive transcription factor binding sites that were identified are
known to be involved in transcriptional activation (GCN4 motif)
[43], LPS-induced signaling (AP-1) [44], virus-induced cell signaling
(OCT-1) [45], and oncogenic transcriptional activation (Pbx-1) [46].
Presence of the latter three sites suggested that the anticipated
promoter region, which presumably drives the transcription of
Rbcasp3 may be activated by different immune stimulants, as well
as neoplastic signals.

Phylogenetic analysis of Rbcasp3 indicated that fish and
mammalian sub-clusters are independently clustered into a verte-
brate clade (Fig. 3). Furthermore the tree revealed that Rbcasp3 is
evolutionarily more close to caspase 3B isoform from Japanese
Medaka and Atlantic salmon, rather than caspase 3A isoform from
Medaka, providing evidence to propose that the identified and
cloned novel Rbcasp3 may be the variant B of caspases 3 in rock
bream. In addition, clustering pattern indicated that caspase 3 from
southern house mosquito and pacific white shrimp share
a common ancestor, supporting the close evolutionary relationship
of caspase 3 in insects and crustaceans.

Our computational-based attempt to determine the tertiary
structure of rock bream pro-caspase 3 (Fig. 6) generated the
distinctive caspase 3 structure, with regard to the known large and
small domains of human caspase 3 [42]. As described in the results
section, the 3D model was comprised of corresponding b-sheets, a-
helices, and extra loops with respect to the relevant positions,
corroborating the existence of the novel rock bream pro-caspase 3.

Caspases are known to be active as tetramers, consisting of large
and small subunit heterodimers, after proteolysis. Furthermore,
this proteolysis can be occurred through auto activation, trans-
activation or by other proteinases. However in previous studies, it
was demonstrated that caspases can show low, but detectable
activity as non-processed pro-enzymes [47] According to the SDS-
PAGE analysis, purified rRbcasp3 was appeared as a single band,
directing us to conclude that after purification, the recombinant
caspases 3 has not been auto-processed.

The hydrolyzing activity assay with rRbcasp3 fusion protein
showed a substantial activity relative to the control MBP, against
the mammalian caspase 3/7-specific substrate, DEVD-pNA (Fig. 8).
This finding indicated that Rbcasp3 harbors the typical biochemical
property of caspase 3, affirming the functional similarly of Rbcasp3
with known members of the caspase 3 subfamily. Moreover,
compared to the activity detected against caspases 9 (LEHD-pNA)
and caspase 8 substrate (IETD-pNA), Rbcasp3 exerted a noticeable



Fig. 9. Tissue expression analysis of Rbcasp3 mRNA, as determined by qRT-PCR. Error bars represent the SD (n ¼ 3). Data with different letters are significantly different (P < 0.05)
among different tissues.
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specificity against caspase 3/7 substrate, DEVD-pNA (Fig. 8).
However, low but detectable activity; exerted by Rbcasp3 against
non caspases 3/7 substrates may be attributed with multi-substrate
tolerable property of caspases 3 molecules, in certain extend [48].
Fig. 10. Expression profile of Rbcasp3 mRNA in liver tissue upon immune stimulation
with (A) LPS or E. tarda bacteria, (B) poly(I:C) or iridovirus, as determined by qRT-PCR.
The relative expression was calculated by the 2�DDCT method using rock bream b-actin
as the reference gene with respect to corresponding PBS-injected controls at each time
point. The relative expression fold-change at 0 h post-injection was used as the basal
line. Error bars represent the SD (n ¼ 3), *P < 0.05.
According to the qRT-PCR analysis, caspase 3 transcripts were
detectable in every rock bream tissue tested, to varying degree
(Fig. 9). The highest expression level was detected in blood,
whereas the lowest was detected in muscle. This pattern was in
agreementwith that shown in a previous study of caspase 3 in large
yellow croaker [19]. Similarly, the rock bream expression pattern
was consistent with that in sea bass, whereby moderately higher
transcription level was observed in heart and relatively low levels
were detected in spleen, intestine, and head kidney [17]. However,
in rock bream, the second most abundant expression of caspase 3
was detected in liver, which is a potent immune-related organ
involved in host defense [49,50], although it was found to be much
lower in sea bass and large yellow croaker [17,19]. In mammalian
tissues, caspase 3 mRNA expression is more or less compatible with
the expression patterns reported for fish. Evaluation of mRNA
expression of rat caspase 3 exhibited an omnipresent expression in
every tissue tested, with remarkably predominant levels in spleen,
kidney, thymus and lung [51]. Moreover, mouse caspase 3 tran-
scripts were abundantly detected in spleen, but scarcely detected in
brain, lung, liver, and kidney [51]. Hence, the ubiquitous expression
of caspase 3 mRNA in various immune-related tissues of different
organisms supports the notion that caspase 3 can play a significant
role in host immunity.

In order to investigate the potential of apoptosis in rock bream
liver tissues as an immune-related responses to viral and bacterial
infections, Rbcasp3 gene expression was evaluated by qRT-PCR
during challenges with E. tarda, a gram-negative bacteria, and
LPS, a well-characterized endotoxin in the cell wall of gram-
negative bacteria as well as with iridovirus, a virulent pathogen
of rock bream, and poly(I:C), a pathogen-associated molecular
pattern (PAMP) that emulates the double-stranded viral DNA. The
transcriptional response to E. tarda challenge revealed that Rbcasp3
is a candidate gene for bacterial induction. At all the time points
between 3 h and 48 h post-injection, Rbcasp3 was significantly up-
regulated reaching its peak at 48 h (Fig. 10A). This observation is in
agreement with the induction pattern reported for sea bass upon
phdp stimulation [17] and that detected during trivalent bacterial
vaccine challenge in large yellow croaker [19]. However, in our LPS
challenge, significant Rbcasp3 up-regulation was only noticed at
two time points: 12 h and 24 h post-injection, which would be
considered late-responses, as compared to E. tarda induction. This
may due to the different forms of the bacterial stimulants used in
both experiments. Since E. tarda is a live pathogenic bacterium, it
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can instigate a relatively strong immune response, as compared to
LPS injection, which is a nonliving chemical component isolated
from the bacterial cell wall. According to the viral challenges,
Rbcasp3 exhibited significant up-regulation in response to both
poly(I:C) and iridovirus. The poly(I:C) elicited a rapid response (3 h
and 6 h post-injection) (Fig. 10B). The difference in the above two
responses may be attributed to the different PAMP markers
inducing corresponding receptors on the host immune cells. Alto-
gether, these results suggest that temporal transcriptional modu-
lations of caspase 3 in rock bream, involved in apoptotic cascade,
can be triggered by bacterial and viral infections.

In summary, the full-length cDNA and the genomic DNA
sequences of rock bream caspase 3 gene were identified from the
previously established cDNA and genomic DNA libraries, respec-
tively. Structural and functional characterization was carried out,
along with analysis of the transcriptional variations in healthy and
immune-challenged fish. Phylogenetic analysis revealed the
prominent evolutionary relationships of Rbcasp3 with other
vertebrate species, especially with fish. Bioinformatics analysis of
the predicted promoter region provided initial insights into the
regulatory factors of Rbcasp3 expression. Moreover, recombinant
caspase 3 protein displayed protease properties against its specific
substrate, substantiating its functional viability. The immune
response of Rbcasp3 gene expression upon viral and bacterial
challenges provided evidence of the involvement of caspase 3 in
viral and bacterial defense in rock bream. Future research investi-
gating, the dynamic contribution of caspase 3 in rock bream may
help to solve the pathogenic threat on the fish.
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