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ARTICLE INFO ABSTRACT

The fourth member of the typical 2-cysteine peroxiredoxin (Prx4) is a well-known antioxidant enzyme, which
reduces different peroxides in their catalytic process. The present study reports the identification of the rockfish
Sebastes schlegelii Prx4 (SsPrx4) at a genomic level, as well as the characterization of its structural and functional
features. SsPrx4 harbors a complete ORF of 786 bp encoding a polypeptide (29 kDa) of 262 amino acids (aa) with
an isoelectric point of 6.2. Thioredoxin 2 domain was prominent in the SsPrx4 sequence, which has a signal
peptide (31 bp) at the N-terminus. Hence, the SsPrx4 may be functionally active in the cytoplasm of rockfish
cells. Moreover, two VCP motifs and three catalytic triad residues (*'2T, 1'°C, °!R) were identified in the SsPrx4
protein sequence. A peroxidatic cysteine (**>Cp) and resolving cysteines (**°*Cg) were detected at the VCP motifs.
The rockfish Prx4 genome consists of seven exons, which are similar to the architecture of other Prx4 orthologs.
The deduced amino acid sequence of SsPrx4 shares a relatively high amino acid sequence identity (91.6%) and
close evolutionary relationship with Miichthys miiuy and Stegastes partitus Prx4. The potential for scavenging
extracellular H,O, was evidenced by the purified recombinant SsPrx4 protein (rSsPrx4) in vitro system.
Moreover, rSsPrx4 may protect the plasmid DNA in a metal-catalyzed oxidation system and catalyze the re-
duction of an insulin disulfide bond. Quantitative real-time PCR revealed that SsPrx4 mRNA was ubiquitously
expressed in fourteen different tissues, with the highest expression observed in the liver followed by the ovary,
and kidney tissues. Transcriptional modulations were observed in liver and spleen tissues of rockfish after in-
jecting them with bacterial stimuli, including Streptococcus iniae, LPS, and a viral mimic of poly I:C. Together, the
results suggest that SsPrx4 may play an important role in both the antioxidant and innate immune defense of
black rockfish. These findings provide structural and functional insights into the SsPrx4 of the teleost.
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family of enzymes that constitute a class of thiol-specific, non-selenium
dependent proteins. They can eliminate peroxide with a conserved
cysteine residue (Cys) known as a peroxidatic Cys, and mediate redox

1. Introduction

Many cellular activities generate reactive oxygen species (ROS) as

an inevitable side-effect of aerobic life. They are radicals, ions, or
molecules with a single unpaired electron, including superoxide (05 ™),
hydroxyl radical (OH), nitric oxide (NO), peroxyl radicals (ROO,
singlet oxygen (*0,), and hydrogen peroxide (H;O,) [1]. When this
ROS overwhelms the cellular antioxidant capacity, oxidative stress may
lead to cellular damage, including lipids, proteins, and DNA. Thus,
maintaining a delicate balance between ROS and antioxidants is vital to
prevent damage caused by oxidative stress. Antioxidants can be divided
into two main categories, as enzymatic (superoxide dismutases, cata-
lases, peroxiredoxins, and thioredoxins) and non-enzymatic (all-trans-
retinol 2, ascorbic acids and alpha-tocopherol) antioxidants.

Among the enzymatic antioxidants, peroxiredoxins are a diverse

homeostasis [2]. The peroxiredoxin (Prx) family constitutes of six
peroxiredoxin members peroxiredoxin 1 (Prx1)- peroxiredoxin 6 (Prx6).
Peroxiredoxin 1-4 belong to the 2-Cys peroxiredoxin class. peroxir-
edoxin 5 is a member of the atypical 2-Cys peroxiredoxin, whereas Prx6
is the only Prx of the 1-Cys peroxiredoxin class. The primary function of
Prx is to mediate oxidative stress. Their diversifying function has also
been studied, including apoptosis, intracellular signal transduction, and
H,0,-redox sensing [3,4].

Interestingly, mammalian peroxiredoxin 4 (Prx4) is the only known
secretory form located in both intracellular and extracellular spaces [5].
Prior research generally confirms that Prx4 is an efficient H,O5 sca-
venger, which is primarily involved in the removal of ER-generated
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Fig. 1. The nucleotide and amino acid sequences of SsPrx4 cDNA and proteins are transcribed below the CDS. Start codon (ATG) and stop codon (TAA; *) are marked
in red and boldface. The signal peptide is boxed. The thioredoxin 2 domain is marked in green lines. Conserved peroxidatic cysteine (CP) residue and resolving
cysteine (CR) residue are shaded in magenta. The VCP motifs are in boldface and underlined boxed. Catalytic triad amino acids are in red circles. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

H,0, [3]. It constitutes a redox-active cysteine, which forms the cy-
steine sulfenic acid (SOH) in the process of scavenging peroxides [3].
Additionally, Prx4 is involved in the reactivation of oxidized phos-
phatases [5,6] and possesses a regulatory role in NF-kB epidermal
growth factor and p53. Moreover, the role of Prx4 has been extensively
studied in inflammatory diseases, including in diabetes mellitus and
atherosclerosis [7].

Sebastes schlegelii (black rockfish) fish farming is a rapidly growing
and economically profitable industry in South Korea. However, pro-
duction loss due to the extensive production and prevalence of in-
fectious diseases has drastically increased with time. In order to develop
proper disease prevention measures, investigation of its innate im-
munity and related defense mechanisms is essential. Hence, here we
describe the rockfish peroxiredoxin 4 (SsPrx4) sequence characteristics,
genomic structure, recombinant protein purification, and its differential
biochemical properties. The tissue-specific gene expression and im-
mune responses of SsPrx4 were measured prior to and after the immune
challenge experiment.

2. Methodology
2.1. Black rockfish database construction

The black rockfish cDNA and gDNA databases were assembled prior
to the present study. First, the cDNA database was created through the
454 GS-FLX sequencing technique as described in Perera et al., 2016
[8]. Second, the gDNA database was constructed through a de novo
genome assembly method, as demonstrated in Godahewa et al., 2018
[9]. Third, putative SsPrx4 coding cDNA contig and gDNA contig was
obtained from the constructed cDNA and gDNA databases, respectively
(Accession No: MK160257).

2.2. Bioinformatics analysis

Isolated SsPrx4 cDNA contig was assessed and compared with the
Prx4 ortholog sequences, available from the NCBI database. Putative
open reading frame (ORF), predicted molecular weight, and the theo-
retical isoelectric point were obtained through the DNAssist program
(ver. 2.2). Different bioinformatics tools including the conserved do-
main search program at NCBI, Motif Scan, SMART, and ExPASy
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Fig. 2. Pairwise sequence alignment of the SsPrx4 protein sequence with other Prx4 ortholog protein sequences. Sequence identity percentage and similarity
percentage are denoted in brown and green, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

PROSITE were used to explore the characteristic domains and motifs of
the SsPrx4 sequence. Sequence identity and similarity between Prx4
orthologs were assessed with MatGAT software. Multiple sequence
alignment of the Prx4 orthologs was assessed with the Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) tool. The phylogenetic
tree was drawn with MEGA (ver. 7.0) software following the Neighbor-
Joining (NJ) method. The SsPrx4 protein folding pattern was predicted
using the Fold index® online tool (http://bip.weizmann.ac.il/fldbin/
findex).

The isolated SsPrx4 gDNA contig was assessed using the Splign
genomic alignment online tool (https://www.ncbi.nlm.nih.gov/sutils/
splign/splign.cgi) along with its cDNA sequence. Then, the exon-intron
boundaries of SsPrx4 were determined. Other Prx6 ortholog genomic
sequences and their exon-intron boundaries were obtained from the
Ensemble  database  (http://asia.ensembl.org/index.html).  The
GeneMapper (v2.5) software was used to visualize all the genomic ar-
rangements in the present study.

2.3. Molecular cloning and recombinant protein expression

The ORF of the SsPrx4 gene was cloned into the pMAL-c5x vector.
Briefly, gene-specific primers (F: GAGAGAcatatgCACACAAGTATAAAG
CAGGATCTTTTCCGTGC and R: GAGAGAggatccTCAGTTCAGTTTATC
GAAATACTTCAGTTTGCCTG) were used to amplify the target fragment
using liver cDNA as a template. The thermal cycle profile was as fol-
lows: a single cycle at 94 °C for 4 min, 30 cycles at 95 °C for 30s, 59 °C
for 30s, 72°C for 50s, and a single cycle at 72 °C for 10 min. Both in-
sertors and plasmids were subjected to restriction digestion with Ndel
and BamHI enzymes. Recombinant plasmids were created by ligating
the digested cDNA fragment and plasmids using Mighty Mix (TaKaRa,
Japan). Recombinant vectors were then transformed into DH5a com-
petent cells and their sequence was verified (Macrogen, Korea).
Subsequently, positive recombinant plasmids were transformed into
ER2523 competent cells and expressed the protein (rSsPrx4) at 20 °C for
10 h by adding 0.3 mM IPTG. The rSsPrx4 proteins were purified with
the pMAL Protein Fusion and Purification system following the vendor's
protocol (New England Biolabs, USA). Protein concentrations were
determined through a Bradford assay [10] and purity was assessed by
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12% SDS-PAGE.
2.4. MTT assay

The MTT assay was completed as reported in our previous study
with slight modifications [9]. Cell culture was carried out from the
human leukemia THP-1 cell stocks. Cells were cultured in RPMI 1640
medium, which was supplemented by 100 mg/mL streptomycin, 100
U/mL penicillin, and 10% FBS. Cell concentrations of 1 x 10° cells/mL
were incubated with 0-, 25-, 50-, 75-, and 100 ug/mL of rSsPrx4 for
45 min in the presence of 1 mM of DTT. 100 ug/mL rMBP was used as a
control treatment. Samples were then subjected to extracellular oxi-
dative stress by adding 400 umol of H,O,. The percentage of viable cells
was determined after a 24h incubation period from the triplicate
samples.

2.5. Flow cytometry

Similarly, the 1 x 10° cells/mL THP-1 cells were treated with 0, 50,
75, and 100 pg/mL rSsrx4 or 100 pg/mL rMBP for 30 min with DTT,
followed by 400 pmol of H,O5 for 24 h. To determine the extracellular
H,0, scavenging activity of rSsPrx4, intracellular ROS levels were de-
termined through flow cytometry. Finally, treated cells were stained
with H,DCFDA and analyzed using a BD FACScalibur flow cytometer
(BD Biosciences, USA). Obtained data were examined through
CellQuest Pro software (BD Biosciences). Average ROS generated cell
numbers were illustrated from the triplicated experiments.

2.6. MCO assay

The metal-catalyzed oxidase (MCO) assay was carried out to de-
termine the supercoiled DNA protection of rSsPrx4. The 4 mM DTT,
30uM FeCls, and H,O were mixed with 6.25-, 12.5-, 25-, 50-, and
100 pg/mL rSsPrx4 and incubated for 45minat 37 °C. pUC19 (1 pg)
supercoiled DNA was then added and further incubated for 15 min at
37 °C. As the control protein, 100 pg/mL rMBP was used. All the sam-
ples were PCR purified (Bioneer, Korea) to terminate the reaction and
assessed via gel electrophoresis.


http://www.ebi.ac.uk/Tools/msa/clustalo/
http://bip.weizmann.ac.il/fldbin/findex
http://bip.weizmann.ac.il/fldbin/findex
https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi
https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi
http://asia.ensembl.org/index.html

G.1. Godahewa, et al.

Fish and Shellfish Imnmunology 88 (2019) 364-374

=GRHRRLLLLPLLLFLLP.
WR-KLVLLLPPLLLFL

N
N«
N
N
N
N
D
N«
N
N«
D
N«
N«
N
N

GO CEC G NG GEGECNG R GIRG

Fig. 3. Multiple sequence alignment of the SsPrx4 protein sequence with other Prx4 ortholog protein sequences. Identical residues among the Prx4 counterparts are
shaded black (*) while similar residues are shaded grey (:). Conserved VCP motifs are in red boxes. Conserved peroxidatic cysteine (CP) and resolving cysteine (CR)
residues are shaded in magenta. Other cysteine residues are shaded in blue. The thioredoxin 2 domain is marked in green lines. Catalytic triad amino acids are
marked with stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.7. Oxidoreductase assay

In order to determine the oxidoreductase activity of the rSsPrx4, an
insulin disulfide reduction assay was carried out. Here, 2 mg/mL insulin
was mixed with 100 or 200 pg/mL rSsPrx4 supplemented with 4 mM
EDTA (pH 7.0). Again, 200 ug/mL rMBP was used in a control treat-
ment. All the treatments began by adding 2mM DTT. Absorbencies
were then measured at 650 nm (25 °C) and mean results from triplicates
were plotted against the incubation time.

2.8. Challenge experiment and qPCR analysis

Uninfected rockfish (200 + 10 g) were selected and adapted to Jeju
National University laboratory aquariums (400 L, 22 + 1 °C). Five fish
were randomly selected and anesthetized (100 mg/mL tricaine metha-
nesulfonate), and samples of blood, gill, liver, ovary, spleen, head
kidney, kidney, intestine, muscle, skin, stomach, heart, testis, and brain
tissues were collected.

In addition, liver and spleen tissues were sampled from five

immune-challenged fish at 0-, 3-, 6-, 12-, 24-, 48-, and 72h post in-
jection (p.i.). For the immune challenge, 200 puL of 1 X PBS, lipopoly-
saccharide (LPS; 1.25 pg/ulL), Streptococcus iniae (1 X 10° CFU/uL), and
poly I:C (1.5 pg/uL, Sigma, USA) were intraperitoneally injected. All the
animal experiments were reviewed and accepted by the Animal Care
and Use Committee of Jeju National University.

As reported in our previous study, total RNA was extracted from the
above-mentioned tissues [8]. First stand cDNAs were then synthesized
from 2.5 g of extracted RNA, following the steps mentioned in God-
ahewa et al., 2014 [11]. Finally, 40-fold diluted cDNAs were used in a
quantitative real-time polymerase chain reaction (qQPCR) analysis.

The relative mRNA expression of SsPrx4 in different tissues and
immune-challenged tissues were examined through qPCR using gene-
specific primers (F: ACTGGGAAGGAACGGCTGTCATTA and R: AGCA
GGCGACCACCTCTGTATT) in a real-time thermal cycler (TP950,
TaKaRa, Japan). Relative expression levels of SsPrx4 were calculated
using the 2(*2°MP) method [12]. The housekeeping gene elongation
factor 1a (SsEFla, GenBank ID: KF430623) (F: AACCTGACCACTGAG
GTGAAGTCTG and R: TCCTTGACGGACACGTTCTTGATGTT) was used
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Fig. 4. Phylogenetic analysis of SsPrx4 and its evolutionary relationship with other Prx sub-families. The numbers at the branches state the bootstrap value percent
after 5000 replicates. The accession number of each sequence is presented next to the organism. Sub-clusters are denoted within brackets with the names beside

them.

as an internal reference. All the data were illustrated as mean =+
standard deviation from triplicates. The qPCR assay data were analyzed
through a two-tailed un-paired t-test using the GraphPad Software.

3. Results and discussion
3.1. Sequence analysis, alignment, and homology analysis

A rockfish ¢cDNA database was previously constructed [8] and the
BLASTX comparison of expressed sequence tags (ESTs) yielded a Prx4
homolog, which we designated as SsPrx4. As illustrated in Fig. 1, the
SsPrx4 cDNA sequence was 904 bp constituting a 5* UTR of 62 bp and a
3’ UTR of 53 bp. The coding sequence of 786 bp is translatable to a
protein of 262 amino acids. SsPrx4 has a predicted molecular mass of
29kDa and a 6.2 isoelectric point (pI). Domain analysis of deduced
amino acid sequences of SsPrx4 revealed a signal peptide, suggesting
that it may functionally activate outside of the cells [13]. Therefore,
SsPrx4 is a secretory protein. In addition, the thioredoxin 2 domain and
the conserved two cysteine residues were predicted as potential sites.
Moreover, two VCP motifs were found through domain analysis and it is
suggested that they are important for determining the substrate of its
enzymatic activity [14]. Additionally, the catalytic triad amino acids
have been predicted. They are important to modulate the structural
switches in 2-Cys peroxiredoxins [15].

Pairwise sequence analysis (Fig. 2) revealed that SsPrx4 shared the

highest identity (91.6%) and similarity (95.4%) value with Miichthys
miiuy and Stegastes partitus counterparts. Interestingly, SsPrx4
shared > 85% identity with its teleosts Prx4, and > 75% identity with
its mammalian counterparts. Similar high identity was observed with
swimming crab Prx4 and teleost Prx4 [16]. According to the multiple
sequences alignment (Fig. 3), numerous residues at the thioredoxin 2
domain were highly conserved, revealing the functional conservation of
SsPrx4. However, the amino acids positioned in the N-terminus of tel-
eosts Prx4 were not consistent with those of higher vertebrates, sug-
gesting some insertion of the amino acids through the evolutionary
process of higher vertebrates from lower vertebrates. Besides, some
Prx4 orthologs may not consist of a signal peptide [17]. Interestingly,
the cysteine residues and the VCP motifs are well-conserved among all
the taxonomic groups considered in this study, suggesting that the
catalytic function of the Prx4 may persist throughout evolution.

3.2. Evolutionary relationship

To determine the evolutionary relationships of SsPrx4, we have
reconstructed a phylogenetic tree including several counterparts from
different taxonomic groups available in the NCBI data base (Fig. 4).
Interestingly, three major clades were observed, including the typical 2-
Cys peroxiredoxins, 1-Cys peroxiredoxins, and atypical 2-Cys peroxir-
edoxins separately. The SsPrx4 was positioned in the teleost cluster and
exhibited closer evolutionary proximity with teleosts Prx4. Therefore, it
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Name Accession Number Genomic Structure
62 214 118 117 123 131 35 5153
| P
1654 95 227 245 114 983
137 211 118 117 123 131 35 51 538
Platy fish ENSXMAT00000013056 E.—ﬂ—.—H—//—.—I—,f’—I:I
1409 93 144 434 124 207
209 211 118 117 123 131 35 51 147
Amazon molly ENSPFOT00000019440 m._._m
1398 86 143 445 128 92
78 211 118 117 123 131 35 51 214
540 81 78 187 114 133
165 208 118 117 123 131 35 5191
Zebrafish  ENSDART00000100061 I:-—/?—.—//—.—/?—.ﬂ’/—.—ﬂ—l—lj
563 9192 3042 4199 1931 118
284 244 118 117 123 131 35 51
Pig ssseoooosss | [
3486 3786 1503 4742 1012 3805
105 250 118 117 123 131 35 5160
Mouse ENSMUST00000026328 _—/7—.—//—.—,7—.—//—.—/
3157 2365 1930 1726 1816 2566

125 241 118 117 123 131 35 5164

ni 3343 4058 3108 1144 — 2579

Fig. 5. Schematic genomic structure arrangement of Prx4 orthologs. Exons with coding sequences are shaded, exons with UTRs are in empty boxes, and introns are
marked with straight lines. Exon sizes are mentioned on top of the boxes and intron lengths are mentioned below the lines. Ortholog sequence details were obtained
from Ensemble and are shown next to the organism.

Fig. 6. The human Prx4 crystal structure (A), pre-
dicted 3D structure of SsPrx4 (B), and predicted 3D
structure of SsPrx4 homo-12-mer (C). SsPrx4
monomer was generated in ITASSER server (TM-
score = 0.53 + 0.15, RMSD =9.2 + 4.6A, C-
score = —1.46). SsPrx4 homo-12-mer was generated
in SWISS-MODEL platform based on wild type
human prx4 homo-12-mer (PDB, 3tjb). Terminals are
marked and the positions of cysteine residues pos-
sibly forming an intra-molecular disulfide bond are
indicated.
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Fig. 7. The rSsPrx4 protein expression and purification analysis in SDS-PAGE.
Lanes: M; unstained protein marker (Enzynomics, Korea), UI; total cellular
extract prior to IPTG induction, I; total cellular extract after IPTG induction, S;
supernatant (crude protein), P; pellet, and E; purified fraction.

is confirmed that SsPrx4 belongs to the fish Prx4. According to the
molecular phylogenetic tree, SsPrx4 was closely cladded with the Ste-
gastes partitus counterpart. Similar evolutionary studies related to the
Prx orthologs were found in past studies consistent with the present
results [17-20]. Moreover, this consistent taxonomical data revealed
that Prx4 has extended evolutionary antiquity.

3.3. Genomic analysis

The SsPrx4 genomic sequence is 4222 bp in length. The data of the
present genomic analysis clearly specified that the structure of the
SsPrx4 gene is highly conserved, with seven exons interrupted by six
introns (Fig. 5). However, the lengths of the introns vary markedly

Fish and Shellfish Imnmunology 88 (2019) 364-374

among different species, resulting in different genome lengths in Prx4
orthologs. Specifically, mammalian and zebrafish Prx4 genomic se-
quences are comparatively larger than other fish species, indicating
extensive nucleotide insertion at their introns during the evolutionary
process. The conserved thioredoxin 2 domain was coded by the nu-
cleotides in the first five coding exons, which were mostly identical
among the different taxa. Hence, antioxidant function of the Prx4 may
be static in all of these Prx4 orthologs. In fact, the present genomic
analysis result is consistent with a previous report [20].

3.4. Tertiary structure analysis and purity of recombinant protein

Human Prx4, predicted SsPrx4, and the predicted homo-12-mer of
SsPrx4 were constructed using a homology modeling approach (Fig. 6).
The globular structure of SsPrx4 highly resembled its human counter-
part. Recombinant SsPrx4 was successfully overexpressed in ER2523
competent cells and purified while the different phases of purification
were loaded in a reducing SDS-PAGE analysis (Fig. 7). A strong and
clear protein band of ~71.5kDa (fusion with rMBP; 42.5 kDa), which is
its expected molecular weight, confirmed the purity of rSsPrx4.

3.5. Functional aspects of rSsPrx4

Prx4 is a well-known and essential antioxidant enzyme that combats
ROS and protects the live cells from cellular and molecular level da-
mage. Functional aspects with regards to the peroxidase activity, oxi-
doreductase activity, and the DNA protection activity of rSsPrx4 were
evaluated via different planned experiments.

3.5.1. Extracellular H,0, scavenging assay

Cell viability upon oxidative stresses can be used to discover their
ability to scavenge extracellular H,O, through peroxiredoxin protein.
Here, we have treated the THP-1 cells with rSsPrx4, then exposed them
to H,0,. Interestingly, the results showed that in the presence of
rSsPrx4, the percentage cell viability was increased close to that of the
control treatment (Fig. 8). Moreover, the percentage cell viability was
increased with the dose of rSsPrx4, revealing its dose dependency.
However, there was no significant result displayed by rMBP, as it was
an inert fusion protein of rSsPrx4. When H,0, was exposed to the cells,
the rSsPrx4 in the medium reacted with H,O, and converted it to H,O
and O,. Thus, the amount of cytotoxic H,O, was reduced and cell

110 - Fig. 8. rSsPrx4 treated THP-1 cell survival percen-
tage upon exposure to 400 umol of H,O, and extra-
10040 005 cellular H,0, scavenging activity of rSsPrx4. In the
100 - el 06.68+0.0]17  Presence of DTT, cells were exposed to 100 pg/mL of
) ; rMBP, 25-100pg/mL of rSsPrx4, followed by
92.51+0.010 400 umol of H,0,. Cell survival rate was measured
90 - with an MTT assay. Vertical columns represent the
N p—
i} 83.41£0.002 mean = SD (N = 3).
g 40 4 76.21+0.001
g
— 70 9 65.78+0.034
A
E 61.33+0.005
60 A
50 A
40 T T T T T T ]
Control H,0, rMBP 25 pg/mL 50 pg/mL 75 pg/mL 100 pg/mL

Treatments
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Control

rMBP

§ Control H,0, rMBP 25 pg/mL 50 pg/mL 75 pg/mL 100 pg/mL
E Mean : 114.2 Mean : 684.6 Mean : 677.5 Mean : 630.3 Mean : 5 Mean : 208.4 Mean : 147.1
]
3
Q
100 10! 102 10° 1010° 10 102 10° 10! 10? 10° 10450 10! 102 10° 1040 0! 10? 10 ot
H,DCFDA
(B)
800.0 1
684.6+9.67 677.5+4.16
700.0 - 630.3£5.77
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E 400.0 A
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H,0
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Fig. 9. (A) Flow cytometry assay of rSsPrx4 on THP-1 cells exposed to 400 umol of H,O, and (B) H,DCFDA stained cell count. In the presence of DTT, cells were
exposed to 100 ug/mL rMBP, 25-100 pg/mL of rSsPrx4, then 400 pmol of H>O,. The intracellular ROS levels are expressed as ROS generated cell count mean * SD

(N =3).

Nicked DNA

Supercoiled DNA

Fig. 10. Protection of supercoiled DNA cleavage by rSsPrx4 in an MCO system. A) pUC19 without incubation; B) pUC19 with MCO system; C) pUC19 + MCO system
+ 100 pg/mL rMBP; D) pUC19 + MCO system + 6.25 pg/mL rSsPrx4; E) pUC19 + MCO system + 12.5 ug/mL rSsPrx4; F) pUC19 + MCO system + 25 pg/mL
rSsPrx4; G) pUC19 + MCO system + 50 pg/mL rSsPrx4; and H) pUC19 + MCO system + 100 pg/mL rSsPrx4.

survivability was increased. Interestingly, it has been recorded that
mammalian Prx4 provided a cellular protective effect against H,O, [3].

3.5.2. Flow cytometry analysis

To further evaluate the peroxidase activity of rSsPrx4, we conducted
flow cytometry assays in the presence of rSsPrx4. According to the re-
sults, developed internal ROS of THP-1 cells were reduced in the pre-
sence of rSsPrx4 (Fig. 9). As we observed in the MTT assay, dose-de-
pendent activity of rSsPrx4 was observed where no significant activity
was observed for the rMBP. External H>O, may have led to the gen-
eration of intracellular ROS in the THP-1 cells. Those cells were stained
with H,DCFDA and recorded as cells with ROS. However, rSsPrx4 may
reduce the externally supplied H,O, by converting them to H,O and O..
This could lead to a reduction of the generation of ROS in the THP-
1 cells. It is a well-known fact that peroxiredoxins react with H,O, and

convert it into H,O and O, [21,22]. Moreover, Prx4 is an ER-resident
protein and it is important to reduce the H,O, produced by ER mem-
brane-associated oxidoreductin 1 [22]. Therefore, the results of this
assay further confirmed the ability of peroxidase of Prx4, revealing that
SsPrx4 is an important antioxidant in rockfish which mediates the redox
homeostasis.

3.5.3. MCO assay

In order to investigate whether rSsPrx4 has the ability to protect
DNA from nicking, we conducted a DNA protection assay. Here, MCO
systems form a platform for the auto-oxidation of DTT by varying ROS,
including; 0,7, O 3, Hy0,, and 'O,. The pUC19 super-coiled plasmid
DNA was used to observe the presence and extent of nicking and un-
damaged DNA. According to the results, the pUC19 DNA was nicked by
the MCO system, whereas it reduced the DNA cleavage via rSsPrx4 and
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Fig. 11. Tissue distribution of SsPrx4. Data were obtained from triplicate qQPCR reactions (N = 3) and presented as average values with error bars representing = SD

(P < 0.05). The mRNA level in muscles was set as a basal expression.

less nicking was detected in the higher concentrations of rSsPrx4
(Fig. 10). The DNA protection activity of rSsPrx4 was dose-dependent
and its DNA protection significantly increased with the higher rSsPrx4
protein. On the contrary, there was no significant DNA protection ob-
served with rMBP in the MCO system. So far, similar DNA protection
was also observed with the other Prx orthologs in previous studies
[23-26]. Taken together, these results verified that rSsPrx4 is capable
enough to protect the DNA from nicking by the deleterious ROS.

3.6. Tissue expression kinetics of SsPrx4 mRNA

A tissues specific transcriptional level of SsPrx4 was calculated
through quantitative real-time PCR to reveal the possible physiological
characteristic features of SsPrx4. A ubiquitous expression of SsPrx4
mRNA was observed with different magnitudes in all the selected tis-
sues (Fig. 11). The highest expression was detected in liver tissue fol-
lowed by the ovary, kidney, brain, and testis. Many studies have shown
that fish liver primarily expresses many antioxidant genes to combat
ROS generated by multiple oxidative reactions [27]. Interestingly,
Mylopharyngodon piceus Prx4 [28] and Sparus aurata Prx4 [29] dis-
played greater mRNA levels in the liver. Procambarus clarkii Prx4 also
showed the highest mRNA level in the hepatopancreas [26]. The tissue
distribution of Prx4 was intensively expressed in digestive and re-
productive organs in both humans and mice [30]. Moreover, in Penaeus
monodon and Fenneropenaeus chinensis, Prx4 expression was at a rela-
tively high level in the gonads and hepatopancreas [18,31]. Cyprinus
carpio Prx4 transcripts are also highly expressed in gonads and head
kidney tissues [20]. Therefore, this indicates that Prx4 may have an
important role in the reproductive process and peroxidase-dependent
innate immune response. To date the Prxs modulate immune response
in many species has been proven [20,26,32-38]. Therefore, we have
conducted an immune challenge experiment for the rockfish with

several immune stimulants.

3.7. Temporal expression kinetics of SsPrx4 mRNA

According to the results of the immune challenge, it is clear that
SsPrx4 has been modulated against the different stimuli in both liver
and spleen tissues (Fig. 12). The highest up-regulation against S. iniae
and LPS was observed at 48h p.i. in both liver and spleen tissues.
However, the highest up-regulation against poly 1:C was observed at
72h p.i. in both liver and spleen tissues. Interestingly, several studies
have reported regarding the upregulation of Prx4 against different
immune stimuli [18,26,28,29,31,39]. Moreover, large yellow croaker
Prx4 regulated pro-inflammatory responses through the inhibition of
the activation of NF-kB to protect the large yellow croaker from bac-
terial infection [40]. The overexpression of Drosophila Prx4 triggered
an NF-kB-mediated pro-inflammatory response in the fly [41]. SsPrx4
may be important in the innate immune system of rockfish, as well as its
role as an antioxidant.

4. Conclusion

To conclude, we have obtained the sequence of SsPrx4 from black
rockfish and found that it is constitutively and widely distributed in the
rockfish tissues. Characteristic features were analyzed through bioin-
formatics tools and the recombinant protein was purified prior to
evaluating its functional characteristics. Functional characterization of
the rSsPrx4 confirmed its peroxidase function, oxidoreductase function,
and the DNA protection ability as an important antioxidant. Moreover,
the modulation of the SsPrx4 transcripts suggests that it may be in-
volved in the innate immunity-related function and be important in the
immune defense mechanism of the rockfish.
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Fig. 12. SsPrx4 mRNA expression in liver (A) and spleen (B) after the challenge experiment. Data were obtained from triplicate qQPCR reactions (N = 3) and
presented as average values with error bars representing + SD. Data marked with * indicates significantly different expression levels with respect to the 0 h control
(P < 0.05).
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