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ARTICLE INFO ABSTRACT

Glutathione S-transferases (GSTs) are essential enzymes for the bioactivation of xenobiotics through the con-
jugation of the thiol group of glutathione (GSH). In this study, a kappa class of GST was identified from the big
belly seahorse (Hippocampus abdominalis) (HaGST«1) and its biochemical and functional properties were ana-
lyzed. HaGSTk1 has 231 amino acids encoded by a 696 bp open reading frame (ORF). The protein has a pre-
dicted molecular mass of 26.04 kDa and theoretical isoelectric point (pI) of 8.28. It comprised a thioredoxin
domain, disulfide bond formation protein A (DsbA) general fold, and Ser15 catalytic site as well as GSH-binding
and polypeptide-binding sites. Phylogenetic analysis revealed that HaGST«k1 is closely clustered with the kappa
class of GSTs from teleost fishes. The recombinant (rHaGSTk1) protein exhibited activity toward 1-chloro-2,4-
dinitrobenzene (CDNB), 4-nitrobenzyl (4-NBC), and 4-nitrophenethyl bromide (4-NPB) but not 1,2-dichloro-4-
nitrobenzene (DCNB). The optimum pH and temperature were 8 and 30 °C, respectively, for the catalysis of
CDNB and the universal substrate of GSTs. The rHaGSTk1 activity was efficiently inhibited in the presence of
Cibacron blue (CB) as compared with hematin. Most prominent expression of HaGST«x1 was observed in the liver
and kidney among the fourteen different tissues of normal seahorse. After challenge with lipopolysaccharide
(LPS), polyinosinic-polycytidylic (poly I:C), gram-negative Edwardsiella tarda, and gram-positive Streptococcus
iniae, HaGSTk1 expression was significantly modulated in the liver and blood tissues. Altogether, our study
proposes the plausible important role of HaGST«1 in innate immunity and detoxification of harmful xenobiotics.

Keywords:

Hippocampus abdominalis
glutathione S-Transferase
Innate immunity
Detoxification

Immune response

insecticides. Cellular xenobiotic detoxification process plays a massive
role to protect the body from these adverse compounds [6].

1. Introduction

Glutathione S-transferases (GSTs) are multifunctional enzymes that
are primarily involved in cellular defense mechanisms against toxic
compounds in most living organisms. Although the GSTs actively par-
ticipate in prostaglandin D, synthesis [1], fatty acid p-oxidation [2],
signal transduction pathway modulation, and ion channel production
[3,4]. All living organisms produce energy from metabolic reactions to
maintain their body homeostasis [5]. During these anabolic and cata-
bolic pathways and as a result of exposure to the environment, organ-
isms come in contact with metabolic wastes, toxic xenobiotics, reactive
products, drugs, carcinogen metabolites, industrial pollutants, and

During detoxification, three main steps, namely phase I, phase II,
and phase III, are involved in functionalization, conjugation, and
elimination, respectively [7]. During phase I, compounds undergo
modifications through oxidation, reduction, and hydrolysis reactions
[8]. The functional groups such as COOH, OH, NH,, and SH are con-
verted to more polar forms with the action of cytochrome 450 enzyme
and NADH cofactor [9,10]. The resulting reactive oxygen species pro-
duced may cause cellular damage and aging if these end products are
not readily conjugated in phase II step [7]. Phase II is involved in the
conjugation of products with enzymes such as GSTs,
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glucuronosyltransferases, methyltransferases, N-acetyltransferases, and
sulfotransferases [10,11]. GSTs play an important role in the phase II
detoxification process by catalyzing the conjugation of electrophilic
substances with reduced glutathione (GSH) [12]. In this phase, the toxic
compounds conjugate with GSH, acetyl coenzyme A, amino acids, and
S-adenosyl-L-methionine via reactions of GSH conjugation, N-acetyla-
tion, and methylation, resulting in less toxic water-soluble compounds
[7,11]. Finally, in phase III step, these soluble products are excreted
through urine and feces by active transport.

The GST superfamily is broadly distributed in eukaryotes and pro-
karyotes. This protein family may be divided into three main sub-
families, including cytosolic GSTs, membrane-associated proteins in-
volved in eicosanoid and glutathione metabolism (MAPEG), and
plasmid-encoded bacterial fosfomycin resistance GSTs [13,14]. Based
on their primary structures, immunological functions, substrate and
inhibitor specificity, and chromosomal localization, the GSTs are di-
vided into several groups, including alpha, beta, delta, mu, epsilon, phi,
pi, lambda, zeta, sigma, theta, tau, and kappa [14,15]. GST proteins are
biologically active as dimers and have an average molecular weight
between 23 and 30kDa for each subunit [14]. The basic secondary
structure of GSTs shows that these proteins have a highly conserved G-
site at the N-terminal domain and an H-site at the C-terminal domain
with large structural changes. The N-terminal domain binds to GSH,
whereas the C-terminal domain shows affinity toward different types of
substrates [12,14,16].

The kappa class of GST is the least studied class among the other
classes. Initially, kappa class was thought to belong to the theta class
(0); however, new kappa class evolved after the identification of glu-
tathione transferase (13-13) from rat liver mitochondria [17]. Most
studies with GSTs have focused on the biochemical characterization
and expression level analysis after the pathogenic attack. Among
aquatic organisms, the GST kappa from Macrobrachium rosenbergii [18]
showed detoxification activity and response against biotic and abiotic
oxidative stressors. An upregulation in GST kappa mRNA was observed
in M. rosenbergii following bacterial (Vibrio harveyi) and viral (white
spot syndrome virus) infections and heavy metal (cadmium) exposure
[18]. The GST kappa from Haliotis discus showed responses against
immune and stress challenges [19]. Moreover, the effect of a cyano-
bacterial crude extract on the transcription of GST kappa in different
organs of Carassius auratus was studied [20]. Till date, very few studies
have been performed on gene expression and functional analysis of the
kappa class of GST as compared to other GST classes. No study has
shown evidence on the functional analysis and immune response of the
kappa class of GST from seahorse.

The big belly seahorse (Hippocampus abdominalis) belongs to the
least concern category according to the IUCN red list of threatened
species published in 2017 [21]. Habitat loss, degradation due to coastal
development, and bycatch have resulted in the reduction in the big
belly seahorse population. Furthermore, the exposure to toxic com-
pounds, pathogenic agents such as bacteria, fungi [22], and parasites
[23] has severely affected aquatic animals. Dried seahorses are tradi-
tional Chinese medicine in many countries, including China, Hong
Kong, and Taiwan [24]. Therefore, seahorses are considered as biolo-
gically and economically valuable fish species. Analysis of immune
protective genes such as those encoding GSTs are important to study the
detoxification and conservative activities of seahorses against adverse
situations in their living environment and to design effective ap-
proaches for the prevention of diseases. In this study, HaGSTx1 was
identified from the seahorse cDNA database and subjected to molecular
characterization. To determine the immune response of HaGSTk1, the
mRNA expression profile of HaGSTx1 was examined following chal-
lenge with lipopolysaccharide (LPS), polyinosinic-polycytidylic acid
(poly I:C), Edwardsiella tarda (E. tarda), and Streptococcus iniae (S. iniae).
Furthermore, the enzymatic properties of HaGSTkl were evaluated
using the purified recombinant protein.
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2. Materials and methods
2.1. Experimental seahorses and tissue isolation

Healthy juvenile seahorses were obtained from the Center of
Ornamental Fish Breeding at Jeju Island, Republic of Korea. In order to
determine the health conditions of the seahorses, we followed the
guidelines for fish health and welfare monitoring [25]. The seahorses
were acclimatized in laboratory aquarium tanks (300L) at 18°C + 2°C
and 34 + 0.6%o salinity at the Fish Vaccine Research Center, Jeju
National University, for one week before the experiment. The seahorses
were fed with Mysis shrimps before the experiment; challenged sea-
horses were not fed during experiment.

Tissues including blood, skin, kidney, ovary, spleen, heart, brain,
testis, intestine, pouch, liver, gills, muscle, and stomach were isolated
from six seahorses (3 males and 3 females) with ~12 cm average body
length (average body weight 8 g) for tissue distribution analysis. Blood
was obtained from the tail cutting, and the peripheral blood cells were
separated by centrifugation at 3,000 x g and 4 °C for 10 min. The iso-
lated tissues from six unchallenged seahorses were pooled separately by
tissue type. All tissues were snap frozen in liquid nitrogen and stored at
—80 °C until RNA extraction.

2.2. Challenge experiment

For the challenge experiment, 30 juvenile seahorses (average body
weight 3g) were divided into five groups, and each group were in-
traperitoneally injected with 100 pL of LPS (1.25 ug/uL) (Sigma, USA),
poly LC (1.5pg/pL) (Sigma, USA), gram-negative E. tarda
(5 x 10° CFU/uL), and gram-positive S. iniae 10° CFU/uL) suspensions
prepared in PBS. For the control group, seahorses were injected with
100 pL of sterile PBS. After the injections, seahorses in each group were
maintained in separate tanks under the same conditions (18°C + 2°C
and 34 + 0.6%o salinity). Blood and liver samples were collected at 0,
3, 6, 12, 24, 48, and 72h post injection from five seahorses, as de-
scribed in section 2.1. Tissues from five challenged seahorses from each
group at different time points were pooled separately.

2.3. RNA extraction and cDNA synthesis

Total RNA was extracted using RNAiso plus total RNA extraction
reagent (TaKaRa, Japan). RNA was purified with RNeasy Mini Kit
(Qiagen, USA) and subjected to gel electrophoresis to evaluate quality.
Concentrations were examined using Multiskan™ GO Microplate
Spectrophotometer (Thermo Scientific, USA) at 260 nm wavelength.
Complementary DNA (cDNA) was synthesized using 2.5 pg of RNA with
PrimeScript™ II 1st strand cDNA Synthesis Kit (TaKaRa, Japan). cDNA
was diluted 40 times in nuclease-free water and stored at —80 °C.

2.4. Identification and bioinformatic analysis of HaGST«k1

The complete coding sequence of HaGSTk1 was identified from the
previously constructed seahorse transcriptome database [26] using
Basic Local Alignment Search Tool (BLAST) tool of National Center for
Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) [27]. The open reading frame (ORF) and amino acid se-
quence were determined using Unipro UGENE software [28]. ExPASy
ProtParam tool (https://web.expasy.org/protparam/) [29] was used to
determine the physiochemical parameters of HaGSTk1. NCBI conserved
domain  database (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) [30] and ExPASy PROSITE (https://prosite.expasy.org/)
[31] were used to investigate the conserved domains of HaGSTk1.
Availability of signal peptide and N-glycosylation sites were predicted
with SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/)
[32] and NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/
NetNGlyc/) [33], respectively. Pairwise sequence and multiple
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Table 1
Primer sequences used in this study.

Fish and Shellfish Immunology 92 (2019) 356-366

Name

Sequence (5’-3")

HaGST«k1 - qPCR Forward primer

HaGST«1 - qPCR Reverse primer

HaGSTk1 - cloning primers - Forward

HaGSTx1 - cloning primers - Reverse

40s ribosomal protein S7 - qPCR internal control - Forward
40s ribosomal protein S7 - qPCR internal control - Reverse

CTTGGGCAGGAGCGAAATTGAAGAG
CATCTCAGCTTTCCCGTTGATGTGG

GAGAGAgeggecgc ATGACCTCCAAAAAGGTGATCGAGT — Notl
GAGAGAgaattcTCACAGTTTGGCAGATGACCTTTCA — EcoRI
GCGGGAAGCATGTGGTCTTCATT
ACTCCTGGGTCGCTTCTGCTTATT

Table 2
The specific activity of HaGSTk1 for different substrates and substrate-specific
parameters at 25 °C when substrate and GST enzymes were at 1.0 mM.

Substrate pH  Apax Molar extinction
(nm) coefficient (g)
(mM lem™ 1)

Specific activity
(umol.min~'mg ! protein)

CDNB 6.5 340 9.6 0.26 = 0.07
DCNB 7.5 345 8.5 ND

ECA 6.5 270 5.0 0.03 = 0.012
4-NPB 6.5 310 1.2 1.70 = 0.108
4-NBC 6.5 310 1.9 0.99 = 0.05

sequence alignments were performed with EMBOSS Needle (https://
www.ebi.ac.uk/Tools/psa/emboss_needle/) [34] and Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) [35] color align con-
servation (http://www.bioinformatics.org/sms2/color_align_cons.
html) [36] tools, respectively. A phylogenetic tree was constructed by
the neighbor-joining method with 5,000 bootstrapping replicate values
using MEGA 6.0 [37]. The three-dimensional (3D) structure of the
monomer and dimer of HaGSTx1 was constructed using I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [38] and SWISS-
MODEL (https://swissmodel.expasy.org) [39], respectively. UCSF Chi-
mera was used for further modification of the structure [40].

2.5. Analysis of mRNA expression of HaGSTk1

Real-time quantitative polymerase chain reaction (RT-qPCR) was

C-terminal

N-terminal

C-terminal

Fig. 1. A) Three-dimensional structure of HaGSTk1. a-Helices and f-sheets are colored in different colors, and the catalytic “Ser” residue is displayed as a pink-
colored sphere. B) HaGST«1 dimer with a butterfly-like shape is identical to the kappa class of GSTs. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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Fig. 2. Phylogenetic tree of HaGSTk1 with other homologs from different classes of GSTs. MEGA 6.0 was used to construct the tree with 5,000 bootstrap values, and
the values are mentioned on the nodes of branches. NCBI GenBank accession numbers are given with each species name.

performed to determine the tissue-specific and temporal mRNA ex-
pression profile of HaGSTx1 in unchallenged and immune challenged
seahorses using Thermal Cycler Dice Real Time system III (TaKaRa,
Japan). Seahorse 40S ribosomal protein S7 (Accession number:
KP780177) was used as an internal control gene. The qPCR primers
(Table 1) were designed according to Minimum Information for pub-
lication of Quantitative Real-Time PCR Experiment (MIQE) guidelines
[41] using Primer Quest tool (https://sg.idtdna.com/site/account/

login?returnurl = /Primerquest/Home/Index). The qPCR mixture was
adjusted to 10 pL of final volume with 3 uL of cDNA template, 0.4 pL of
each forward and reverse primer (10 pmol/uL) (Table 1), 1.2 uL nu-
clease-free water, and 5 pL of 2 X TaKaRa Ex Taq™ SYBR premix. The
thermal profile of QPCR was proceeded for one cycle of initial dena-
turation at 95 °C for 30 s and 45 cycles at 95°C for 5s, 58 °C for 105,
and 72 °C for 20s, followed by a final cycle of 95 °C for 15s, 60 °C for
30s, and 95 °C for 15s. The relative mRNA expression was calculated
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Fig. 3. Tissue-specific expression of HaGSTk1 from unchallenged seahorse. The
40s ribosomal S7 protein was considered as an internal control gene, and Livak
2744 method was used to calculate relative mRNA expression. The experi-
ment was performed in triplicates (n = 3). Error bars represent standard de-
viations (SDs). The letters on the error bars indicate significant differences of
fold values (P < 0.05) between each tissue.

with the Livak 2724¢T method [42]. The expression level of HaGST«1 in
the immune challenged seahorses was determined and compared with
that in the PBS injected control seahorses at each time point. All re-
actions were performed in triplicates.

2.6. Cloning of HaGST«1 into pMAL-c5X

PCR was carried out using 5uL of 10 X Ex Taq buffer, 4 uL of
2.5mM dNTPs, 5uL of liver cDNA template, 0.2 uL. of Ex Taqg DNA
polymerase (5 units/pL) (TaKaRa, Japan), and 1 uL of each of forward
and reverse primer (10 pmol/uL), and nuclease-free water (PCR grade)
was used to make up the reaction volume to 50 pL. The cloning primers
were designed with the Notl and EcoRI restriction sites (Table 1). The
PCR thermal profile was adjusted to an initial denaturation at 95 °C for
5min and 35 cycles of denaturation at 95 °C for 30s, annealing at 56 °C
for 30, elongation at 72 °C for 50s, and a final extension at 72 °C for
7 min. The PCR product was run on a 1% agarose gel and purified using
Accuprep™ gel purification kit (BIONEER, Korea). Plasmid extraction
was performed for the vector pMAL-c5X (New England Biolabs Inc,
USA) using the MG™ Plasmid SV miniprep kit (MG Med Inc, Korea). The
purified pMAL-c5X and HaGSTk1 PCR products were subjected to re-
striction digestion with relevant restriction enzymes and purified using
AccuPrep’ Gel Purification Kit (BIONEER, Korea). Products were li-
gated at 16 °C for 30 min and 4 °C overnight using Ligation Mix (Ta-
KaRa, Japan). The ligated HaGSTx1/pMAL-c5X construct was trans-
formed into Escherichia coli DH5a competent cells, and the sequence
was confirmed from Macrogen, Korea. The recombinant plasmids were
transformed into E. coli BL21(DE3) competent cells (Novagen, Ger-
many) for protein expression.

2.7. Overexpression and purification of recombinant HaGSTk1
(rHaGST«1) fusion protein

A total of 500 mL of Luria Bertani (LB) rich medium was prepared
with 1g glucose and ampicillin (100 pg/mL). Transformed colonies
were grown at 37 °C and 200 rpm, and 0.5 mM of isopropyl-f3-thioga-
lactopyranoside (IPTG) (Promega, USA) was added to induce protein
expression after the optical density (OD) reached 0.6 at 600 nm. The
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culture was further incubated at 20 °C and 200 rpm for 8 h. The induced
cells were harvested at 1,200 x g and 4 °C for 20 min. The cells were
resuspended in a column buffer (20 mM Tris-HCI, 200 mM sodium
chloride [NaCl], pH 7.4) and stored at — 20 °C. The cells were thawed in
running cold water and incubated with 1 mg/mL lysozyme (Biosesang,
Korea) for 30 min to facilitate cell lysis. Cells were sonicated, and the
clear lysate was separated by centrifugation at 9,000 X g and 4 °C for
30 min. The supernatant was mixed with amylose resin (New England
Biolabs, USA) and the recombinant fusion protein was purified using
PMAL™ Protein Fusion and Purification System (New England Biolabs,
USA) following the manufacturer's instruction. The concentrations of
purified protein fractions were measured using Bradford assay [43],
and the samples were separated on 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gels to determine the size
and purity of the protein.

2.8. Functional characterizations of rHaGSTk1

2.8.1. Engyme assay for rHaGST«k1

Enzymatic activity was separately evaluated using five different
substrates, including 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) (Sigma
Aldrich, India), 1mM 1,2-dichloro-4-nitrobenzene (DCNB) (Sigma
Aldrich, Korea), 1 mM 4-nitrobenzyl chloride (4-NBC) (Sigma Aldrich,
Korea), 1 mM 4-nitrophenethyl bromide (4-NPB) (Sigma Aldrich,
Korea), and 1 mM ethacrynic acid (ECA) (Sigma Aldrich, Korea). The
reaction was carried out in a 200 pL final volume containing 1 mM
phosphate buffer at a suitable pH value (Table 2), 1 mM reduced GSH
(Sigma Aldrich, Japan), 10 ug of rHaGSTk1, and 1 mM of each sub-
strate. The reaction was initiated after adding the substrate, followed by
the measurement of the initial absorbance of the solution. Final ab-
sorbance was measured after a 5min interval at suitable wavelengths
(Table 2) [44] using a microplate reader (Thermo scientific Waltham,
MA, USA). All assays were performed in triplicates, and the tempera-
ture was maintained at 25 °C.

2.8.2. Engyme kinetics

The above procedure (2.8.1) was performed in the presence of
varying concentrations of CDNB (0.25-4.0 mM) and a constant amount
of reduced GSH (1 mM) as well as with varying concentrations of GSH
(0.25-4.0 mM) and a constant amount of CDNB (1 mM) substrate to
measure the Michaelis-Menten constant (K,,) and maximum reaction
velocity (Vimax) by the Lineweaver Burk plot.

2.8.3. Effect of pH, temperature, and inhibitors on the rHaGST«x1 activity

To analyze the activity of rHaGSTx1 at different pH values, a series
of pH buffers (pH 3-10) were prepared. CDNB was used as a substrate
and the experimental procedure reported in section 2.8.1 was followed.
The activity against temperature was measured at a temperature range
of 10°C-60 °C. The inhibition of recombinant protein expression was
measured against two inhibitors, Cibacron blue (CB) (Polyscience Inc,
USA) and hematin porcine (Sigma Aldrich, Korea), at 0.001-100 uM
and 0.001-10,000 uM concentration gradients, respectively.

2.9. Statistical analysis

All experiments were conducted in triplicate, and the results are
expressed as mean relative expression * standard deviation (SD).
Tissue distribution results were statistically compared using one-way
analysis of variance (ANOVA). Mean comparisons were conducted
using Tukey's post-hoc pairwise comparison in the SPSS statistics 24
software (IBM Corporation, USA). For expression analysis of HaGST«k1
after immune challenge, results were statistically analyzed using one-
way analysis of variance (ANOVA). Mean comparisons of the treat-
ments were determined using Tukey's post-hoc pairwise comparison in
the SPSS statistics 24 software (IBM Corporation, USA). Statistical sig-
nificance was considered to be p < 0.05.
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Fig. 4. A) Relative mRNA expression in the liver and B)
blood tissues after LPS, poly I:C, Edwardsiella tarda, and
Streptococcus iniae challenge at six different time points. The
calculation was performed with Livak 2724t method, and
the values were normalized with those reported for the PBS-
injected seahorses. The experiment was performed in tripli-
cates (n = 3) and error bars represent the standard devia-
tions (SDs). Statistical analysis was performed using one-
way analysis of variance (ANOVA). Mean comparisons were
determined by Tukey's post-hoc pairwise comparison to
compare the treatments. Significant differences are com-
pared to the blank (0 h) with P < 0.05.
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3. Results

3.1. Insilico analysis of HaGSTk1

The identified HaGST«1 (accession number: MK404305) comprised
a 696 bp ORF encoding a polypeptide of 231 amino acid residues. The
predicted molecular weight and theoretical isoelectric point (pI) values
were 26.04 kDa and 8.28, respectively. Signal peptide and N-glycosy-
lation sites were not detected according to the output results of SignalP
4.1 and NetNGlyc 1.0 Servers, respectively. NCBI conserved domain
database, Motif Scan results, and SMART sequence analysis show that

HaGSTxk1 belongs to the disulfide bond formation protein A (DsbA),
GST kappa, and thioredoxin-like superfamilies with a thioredoxin do-
main held by an alpha helical domain and DsbA general fold within
6-213 amino acids. The GSH-binding sites were detected at Serl5-
Tyrl7, Asn52, Lys61, Phel83-Phel85, Phe200, and Ser202-Arg204
positions. The catalytic site was based at Serl5, and the dimer inter-
faces (polypeptide-binding sites) were located at Ser50, Asn52, Lys53,
Val58, Asn60, Trp64, Asp68, Leul78, Met198, Phe200, Asp203,
Arg204, and His210.

A 3D model of HaGSTx1 was constructed using I-TASSER which
provided the most matched structure as compared with the highest
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Fig. 5. SDS-PAGE analysis of purified rHaGSTk1 as an MBP fusion protein. Lane
1: protein ladder, Lane 2: crude extract of un-induced Escherichia coli BL21 cells,
Lane 3: crude extract of induced Escherichia coli BL21 cells, Lane 4: supernatant
after centrifugation, Lane 5: purified HaGST«1 fusion protein.

significant structures of their library (Fig. 1) [38]. There were ;0,2
and B3B4010 motifs linked with eight a-helices. Four pB-strands were
located in anti-parallel directions. These a-helices and B-sheets con-
tributed to the DsbA general fold (Fig. 1A). The dimer of HaGSTk1
exhibited a butterfly-like structure in the SWISS-MODEL tool and
showed 52.34% identity and 0.47% similarity with the crystal structure
of human kappa glutathione transferase (Fig. 1B).

A maximum identity of 80.5% and similarity of 91.3% were ob-
served in the pairwise sequence alignment with Labrus bergylta (Ballan
wrasse). The identity and similarity ranged within 80.5-15.2% and
91.3-22.9%, respectively (Supplementary Table 1). The amino acid
sequence alignment of HaGSTk1 with other species reveals the high
degree of conservation in GSH-binding sites and catalytic residues
(Supplementary Fig. 1). The phylogenetic tree with 5,000 bootstrap
steps showed the relationship with different GST classes. Of these,
HaGSTk1 belongs to the group of teleost GST kappa class (Fig. 2).

3.2. Tissue distribution of HaGSTk1

The highest expression of HaGST«1 was observed in the kidney and
liver among the fourteen tissues analyzed. Heart, stomach, muscle gill,
and pouch also showed high expression, while testis and blood showed
the lowest expression (Fig. 3).

3.3. Expression profile of HaGSTx1 mRNA after immune challenges

To investigate the immune responses of HaGSTx1 gene against im-
mune stimulants, its relative expression levels were studied in the liver
and blood samples after time-course challenge experiment (Fig. 4). The
expression fold change values were analyzed compared to the expres-
sion of HaGSTk1 at the Oh time point. The analysis of the temporal
mRNA expression profile of HaGSTx1 in the liver showed that the
transcript level was similar following LPS and E. tarda challenge. A
significant upregulation in the expression pattern after LPS injection
was stimulated at 6h p.i. (2.1-fold) and 48h p.i. (1.8-fold), which
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Fig. 6. Effects of A) pH, B) temperature, and C) inhibitors on the catalytic ac-
tivity of HaGSTx1. The experiment was performed in triplicates (n = 3). Error
bars represent the standard deviations (SDs).

exhibited a similar pattern of upregulation as that for E. tarda injection
at 6h p.i. (1.7-fold) and 48h p.i. (2.2-fold) (P < 0.05). The highest
expression level (3.8-fold) was reported at 3h p.i. after poly I:C injec-
tion, and the level gradually decreased until 12h p.i. (1.0- fold)
(Fig. 4A). The transcript level increased thereafter and showed a 2.0- to
1.7-fold increase from 24 h p.i. to 72h p.i. (Fig. 4A). Upregulation in
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Table 3
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Catalytic activity, optimum pH and optimum temperature for previously studied GSTs.

GST enzyme Species Catalytic activity for fixed CONB Catalytic activity for fixed GSH Optimum pH Optimum Temperature
K (mM) Vimax (Umol.min~'mg~1) K, (mM) Vimax (Hmol.min~'mg ™)

HaGSTk1 Sea horse 0.513 * 0.07 0.613 = 0.08 0.276 + 0.15 0.473 * 0.07 8.0 30°C

RfGSTp [56] Black rockfish 14.10 = 0.25 11.28 + 0.70 3.02 = 0.08 3.40 = 0.09 7.5 40°C

ADbGSTxk [19] Disk abalone 2.95 + 0.28 12.77 + 0.29 3.81 = 0.30 14.35 = 0.30 8.0 35°C

HaGSTp [48] Sea horse 0.78 = 0.05 14.22 + 1.02 0.59 + 0.02 10.55 = 0.36 10 37°C

HaGSTp [49] Sea horse 4.21 * 0.45 21.96 + 2.20 0.63 + 0.28 7.24 * 1.55 8.0 40°C

RpGSTo [50] Manila clam - - - - 7.5-8.5 30-35°C

RpGSTo [51] Manila clam - - - - 5.5-6.5 35-40°C

transcript level was observed at 6 h (2.1-fold) after S. iniae challenge
(Fig. 4A) (P < 0.05).

Evaluation of the HaGSTx1 mRNA expression profile in the blood
revealed that the pattern of transcription level was similar after LPS and
E. tarda challenges. During the LPS challenge, the transcription level
was significantly upregulated at 6 h p.i. and 48 h p.i. at 2.7-fold and 1.7-
fold, respectively (Fig. 4B). A similar upregulation profile was detected
at 6h (4.0-fold) and 48h (2.1-fold) for E. tarda injection (Fig. 4B)
(P < 0.05). Furthermore, the expression of HaGSTx1 after poly I:C
treatment was significantly upregulated at 6 h and 72 h respective to 0 h
p.i. (Fig. 4B). The transcription of HaGSTk1 at 24 p.i. (0.2-fold) was
downregulated in the challenged group compared with the un-
challenged control. Moreover, the mRNA expression of HaGSTk1
showed considerable upregulation only at 6 h p.i (1.7-fold) following S.
iniae injection (Fig. 4B).

3.4. Recombinant protein expression and purification

The rHaGSTk1 protein was purified using amylose-affinity chro-
matography. The molecular mass identified from 12% SDS-PAGE was
nearly 68 kDa (42.5 kDa maltose-binding protein [MBP] tag + 26 kDa
rHaGST«1) (Fig. 5).

3.4.1. Specific activities of rHaGSTx1 with different substrates and enzyme
kinetics

The activity was detected using CDNB, ECA, 4-NBC, and 4-NPB
substrates (Table 2). The maximum specific activity was observed with
4-NBC substrate (Table 2). However, no activity was reported for
DCNB. The activity of MBP for negligible for each substrate. The K, and
Vmax Values for CDNB substrate were 0.513 * 0.07mM and
0.613 * 0.08 umol-min~'-mg~ ' respectively. For GSH, the K, and
Vmax Vvalues were 0.276 * 0.15mM and 0.473 = 0.07 umol--
min~'-mg~?, respectively.
3.4.2. Response of rHaGST«1 to varying pH, temperature, and inhibitors

The optimal enzymatic activity was observed at pH 8 (Fig. 6A) and a
temperature of 30 °C (Fig. 6B) using CDNB as substrate. One hundred
percent inhibition of rHaGST«k1 activity toward CDNB was observed in
the presence of CB and hematin at 100 uM and 10,000 uM concentra-
tions, respectively (Fig. 6C). The ICso value of HaGSTk1 and CDNB
reaction was 0.12 uM for CB and 398.11 uM for hematin (Fig. 6C).

4. Discussion

GSTs are the isoenzymes that mediate GSH-dependent cellular de-
toxification of xenobiotics, resulting in the production of less toxic so-
luble products for excretion. HaGST«1 is a mitochondrial enzyme that
lacks signal peptide and N-glycosylation machinery. Hence, it is not
synthesized through the secretory pathway and may not undergo gly-
cosylation. According to the results of sequence characterization,
HaGSTx1 has a molecular weight of 26.04 kDa, similar to that of other
GST enzymes (22-28 kDa) [19,45-47].

363

Results of 3D structure prediction showed that all the ten a-helices,
coils, and four antiparallel 3-sheets contribute to a DsbA general fold
with thioredoxin domain. HaGSTk1 showed a common arrangement
belonging to the kappa class, including the Baf (3,1 [3>) motif and fpa
(B3B4010) motif linked by eight a-helices, as observed with human, rat,
and mouse kappa classes [48]. In other classes, ;0132 and Psfs0s
motifs are connected with the a,-helix in the N-terminal and C-terminal
domains with a variable number of (4-7) a-helices [14]. For instance,
GSTu and GSTp in seahorse (Hippocampus abdominalis) [49] and GSTo
[50] and GST® in Manila clamp (Ruditapes philippinarum) [51] showed
the same arrangements. In kappa class, a-helices connect with the Baf3
motif at the N-terminus and the (fa motif at the C-terminus [12].
Moreover, a special butterfly shape structure was observed for
HaGSTk1 dimer, consistent with the observations reported for other
kappa classes of GSTs in the disk abalone [19], the giant prawn (M.
rosenbergii) [18], and a camel (Camelus dromedaries) [46]. The 3D
structure of HaGSTx1 suggests that the protein has a domain arrange-
ment similar to that of other kappa classes.

The GSH-binding sites, catalytic ‘Ser’ residue, and polypeptide-
binding sites of HaGST«k1 are conserved and showed different degrees of
similarity with those from other organisms. The catalytic ‘Ser’ residue
highly conserved between all other species activates GSH and catalyzes
the formation of a hydrogen bond with sulfur in GSH via a water mo-
lecule [52]. In the C-terminus, the substrate-binding sites were not
highly conserved, as the binding to different substrates may differ from
species to species. HaGSTk1 exhibited a close relationship with kappa
classes of GSTs from marine fishes. Some organisms have more than one
GST that belong to different classes, indicating specific GST genes for
different types of xenobiotic detoxification [53].

Highest HaGSTk1 expression was observed in the kidney and liver as
compared to other tissues. As per the previous results, GST kappa in
mouse and rat showed high expression in the heart, kidney, and liver
[54]. In humans, GST kappa showed high expression in the kidney and
liver, similar to our results [55]. In the rock-fish (Sebastes schlegelii),
GSTw, GSTp, and GSTO displayed prominent mRNA expression in the
liver [56]. GSTu and GSTp in the big belly seahorse showed compara-
tively higher expression level in ovary and gills, respectively than in
other tissues [49]. In Manila clam, the highest mRNA expression of
GST6 was observed in hemocytes and gills [51]. According to these
results, the contribution of different GSTs for detoxification activity
may vary in different tissues. The liver is considered as the major organ
associated with detoxification of xenobiotics [57,58]. Most enzymes
that participate in biotransformation are localized in the liver [59]. For
instance, total cytochrome P-450 concentrations in the liver are higher
than those in the kidney [60]. The kidney is the primary route for the
end products of xenobiotics [60]. The enzymes in the kidney excrete
soluble xenobiotics, drugs, and hormones through the renal excretory
mechanism [61]. Therefore, the highest expression of HaGSTk1 in the
liver and kidney tissues is suggestive of their possible involvement in
the xenobiotic detoxification process.

GSTs are multifunctional enzymes [62] that show an immune re-
sponse against bacterial [63] and viral infections [64]. Previous studies
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have revealed a considerable upregulation in the expression of several
GST types during an immune challenge in seahorse (Hippocampus ab-
dominalis) [49], black rockfish (Sebastes schlegelii) [56], disk abalone
(Haliotis discus discus) [19], and the Manila clam (Ruditapes philippi-
narum) [50,51,65]. Blood tissue is responsible for the circulation of
gases, nutrients, and metabolites to target organs in vertebrates. White
blood cells participate in the innate and adaptive immunity by ex-
pressing immune-related genes [66]. Previous studies have revealed the
immune function of red blood cells [67,68]. The liver is considered as a
mediator of the systemic and local innate immune responses [69].
Therefore, blood and liver were selected as the target tissues for the
analysis of HaGSTk1 expression following immune stimulation. To ex-
amine the expression level of HaGSTk1, the seahorses were challenged
with LPS, poly L:C, E. tarda, and S. iniae. LPS is an endotoxin from the
outer membranes of gram-negative bacteria [70]. In this experiment,
the mRNA expression profiles of HaGST«1 following LPS challenge were
similar in the liver and blood samples, as observed for GSTu in Manila
clam hemocytes [65]. E. tarda is a gram-negative enterobacterium and
the causative agent of severe infections in a variety of fish species [71].
Symptoms may be observed in internal organs such as the liver, spleen,
and kidney [72]. The expression pattern of HaGSTk1 upon E. tarda
infection was quite similar to that observed for GSTo in Manila clam
following Vibrio tapetis (a gram-negative bacterium) infection in he-
mocytes [65]. S. iniae causes high mortality and morbidity of fishes and
is also associated with human diseases [73,74]. However, we failed to
observe any significant upregulation in the expression of HaGSTx1 in
blood following S. iniae challenge. However, a minor upregulation in
HaGSTx1 expression was detected in the liver. For poly I:C stimulation,
HaGST«k1 expression was highly upregulated in the liver at an early
stage, similar to that observed for GSTw in the blood cells of rockfish
[56].

Phagocyte respiratory burst is a response evolved from the innate
immune system of fishes following pathogenic infection [75]. After
microbial infection, the number of macrophages increased in the early
phase that resulted in the phagocytosis of the invading pathogenic
bacteria by neutrophils within 24-48h [76]. Complement receptor 3
(CR3) in phagocytic cells indirectly interacts with LPS on the outer
membrane of gram-negative bacteria [77]. As a result, the production
of reactive oxygen species (ROS) increased [78] to eradicate the in-
vading pathogen. Overproduction of ROS results in the generation of
oxidative stress and inhibition of the activities of biological molecules
[79]. To maintain cellular homeostasis, ROS level is maintained by
several antioxidant enzymes, including GST. GST expression upregu-
lation was observed in response to organic hydroperoxides, lipid per-
oxidation products, and endotoxic bacterial components generated
following bacterial challenge [80]. Similar HaGSTk1 expression pattern
was observed in seahorse blood and liver samples after LPS and bac-
terial administration. Previous studies have described the upregulation
in the expression of GSTs in response to ROS in mammals and plants
[81-83]. In bumblebee, GST sigma expression was shown to be induced
after the oxidative burst from hydrogen peroxide [84]. Moreover, GST
may be involved in the detoxification of toxic lipid peroxidation pro-
ducts produced by the bacteria in the midgut of Galleria mellonella [80].
The early phase (6 h) HaGST«1 expression upregulation may be asso-
ciated with the production of excessive ROS through the phagocytosis
of bacteria by macrophages. The activity of macrophages produces pro-
inflammatory cytokines such as interleukin (IL)-1B, IL-6, and tumor
necrosis factor (TNF)-a [85-87]. A previous study proved that inter-
leukin-1B expression was shown to reduce the alpha GST level in
human intestinal epithelial cells [88]. Another study showed the
downregulation of the expression of GST subunits by IL-1f in rat he-
patocytes [89]. The downregulation in HaGSTk1 expression after bac-
terial challenge may be related to the production of IL-1f from mac-
rophages. To understand the mechanism underlying HaGST«1 action
against ROS, further experiments are warranted to evaluate GST ex-
pression following the pathogenic attack. Virus infections also generate
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ROS from phagocytes [90]. HaGSTx1 mRNA expression was promi-
nently elevated in the liver and blood in the early phase (3 and 6h,
respectively) following poly I:C challenge. This observation may be
attributed to the regulation of the redox state of seahorse against re-
spiratory burst from ROS metabolites during phagocytosis. Altogether,
the results revealed the involvement of HaGST«k1 in the immunity of
seahorse under pathogenic infection.

The specific activity of rHaGSTk1 was measured with five different
aryl halides; the highest activity was reported for 4-NPB (Table 2).
Other studies with GSTu in Manila clam [65] and seahorse [49] re-
vealed the highest specific activities of the protein for the 4-NPB sub-
strate. Disk abalone GSTk [19], seahorse GSTy, and GSTp [49] showed
no activity for DCNB substrate, consistent with the results of the present
study. Abalone GSTk showed activity only toward CDNB substrate [19].
Furthermore, most GSTs showed maximum activity toward CDNB.
GSTo from Manila clam [50], GSRp and GSTO from black rock-fish [56],
and the first kappa class of GST from rat showed the highest activities
for CDNB substrate [17]. These results suggest that the same class of
GSTs within different organisms may exhibit different affinities for
substrates. Furthermore, the affinity for substrates differed from one
class of GST to another class within the same organism. Therefore, GSTs
may act in different ways to metabolize the xenobiotics produced under
several environmental conditions.

CDNB substrate was used to investigate the kinetic parameters and
optimum conditions for HaGSTk1 activity. CDNB is considered as a
universal substrate for most GST classes [15]. To determine enzyme
kinetics, the K, and V..« values were calculated at different CDNB
substrate and GSH concentrations. The Ky, values were nearly similar to
the results of GSTp in seahorse [49] (Table 3) and are indicative of the
high affinity of HaGST«k1 for CDNB as compared with other GSTs. The
enzyme is saturated at low concentrations of substrate.

The optimum pH and temperature for rHaGSTk1 were 8 and 30 °C,
respectively. This pH value is closely related to the optimum pH of disk
abalone GSTk [19], seahorse GSTu [49], and GSTp of black rockfish
[56] (Table 3). The pH value for the seahorse aquarium was re-
commended to be maintained at approximately pH 8 [91]; most of fish
aquariums use 6.5-9 pH for fish farming. The solubility and toxicity of
chemicals and heavy metals in the water can vary with the pH value of
water [92]. Interestingly, the highest activity of rHaGSTk1 was also
exhibited at pH 8 which is the preferable pH value for seahorse growth.
Furthermore, considerable activity was detected within the 6-9 pH
range indicating that rHaGSTk1 may be able to detoxify toxic com-
pounds under different environmental conditions with different pH
values.

The optimum temperature for GSTs in previous studies ranged be-
tween 30 °C and 40 °C (Table 3). These values may vary among animals
and GST classes. The activity of rHaGSTx1 was displayed in a wide
range of temperatures indicating it may be stable under thermal stress
conditions. Moreover, optimum activity may be dependent upon spe-
cies and substrates. In general, GSTs show activity in a broad range of
pH and temperature to help the organisms adjust to their environments.

Inhibition assay for rHaGSTk1 activity was performed using CB and
hematin inhibitors. CB has been used as the most effective inhibitor of
several GSTs [93]. In our study, rHaGST«1 activity was rapidly in-
hibited by CB than hematin. A previous study with the kappa class of
GST from abalone showed an ICsy value of 0.05 + 0.01 uM for CB,
indicative of the effective inhibition of rHaGSTk1 activity [19]. More-
over, the ICsy values of hematin for rockfish GSTw, GSTp, and GSTO
were lower than those of CB. For GSTu in Manila clamp, the ICs values
were 0.65uM and 9uM for CB and hematin, respectively [65]. The
inhibition effects on GST activity with these two inhibitors differed
between species, types of GSTs, and substrates.

In conclusion, HaGSTk1 was identified from the cDNA library and
cloned into the pMAL-c5X vector. The recombinant protein was pur-
ified, and its enzymatic activity was assessed using different substrates.
The optimum temperature and pH, inhibition activity, and enzyme
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kinetics of the enzyme were determined with CDNB substrate. As the
key organs involved in detoxification, the kidney and liver tissues
showed the highest expression of HaGSTkx1. The relative mRNA ex-
pression of HaGST«1 in the liver and blood tissue following challenge
with LPS, poly I:C, E. tarda, and S. iniae revealed the immune response
against the pathogenic attack. Altogether, these data suggest that
HaGSTx1 is another important GST that belongs to the mitochondrial
kappa class with several variations from other GSTs and may play a
critical role in the detoxification process and immunity of the animal.
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