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ARTICLE INFO ABSTRACT

Glutaredoxins are oxidoreductases present in almost all living organisms. They belong to the thioredoxin su-
perfamily and share the thioredoxin structure and catalytic motif. Glutaredoxin 2 has been identified as a mi-
tochondrial protein in vertebrates. In this study, the sequence of Glutaredoxin 2 from Hippocampus abdominalis
(HaGrx2) was analyzed by molecular, transcriptional, and functional assays. In-silico analysis revealed that
HaGrx2 shows the highest homology with Hippocampus comes, while distinctly cluster with fish Grx2 orthologs.
Tissue distribution analysis showed that HaGrx2 is ubiquitously expressed in all tissues tested, and the highest
expression was observed in the brain and skin. Significant HaGrx2 transcript modulation was identified in blood
and liver upon injecting bacterial and Pathogen Associated Molecular Patterns. The redox activity of HaGrx2 was
revealed by Dehydroascorbic reduction and insulin disulfide reduction activity assays. Further, the deglu-
tathionylation activity of 1 nM HaGrx2 was found to be equivalent to that of 0.84 nM HaGrx1. HaGrx2 exhibited
antiapoptotic activity against H>O»-induced oxidative stress in FHM cells. Altogether, the results of this study
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suggest that HaGrx2 plays a role in redox homeostasis and innate immune responses in fish.

1. Introduction

Glutaredoxins (Grxs) are glutathione-dependent oxidoreductases
that are mainly involved in biological redox reactions. Typical Grxs can
be divided into two major groups (monothiol and dithiol) depending on
the active motif. Monothiol Grxs contain Cys-X-X-Ser as catalytic motif
and dithiol Grxs share the Cys-X-X-Cys catalytic motif, similar to
thioredoxins [1]. The X-X in the active site of thioredoxins can be any
other amino acid but, it is restricted to PY and SY in dithiol Grxs of
vertebrates [2]. In human and most of mammals, Grx1 contains CPYC
as the active site and Grx2 contains CSYC [3,4]. In contrast, most of fish
Grx1 consist of CSYC, and Grx2 homologs contain CPYC. In human,
alteration of active site amino acids (CPYC to CSYC) has been reported
to be associated with considerable variations in redox properties [5].
For example, alteration of proline to serine in mammalian Grx2 pro-
vides the ability to assemble Fe-S clusters and to accept an electron
from both GSH and Thioredoxin reductase [2,5]. Moreover, it has been
reported that Grx2 orthologs are capable of withstanding H,O5 which
inhibits other Grxs [6].

The typical Grx structure is similar to thioredoxin structure and
includes four B sheets surrounded by 3-5 alpha helixes [1]. Human
Grx2 (HsGrx2) isoforms are lengthier than HsGrx1. They contain a si-
milar number of active sites and beta sheets but a higher number of
alpha helixes [7]. HsGrx2 isoforms can be localized either in the mi-
tochondrion (Grx2a) or in the nucleus (Grx2b) [7]. The functions of
HsGrx2 have been elucidated and it has been suggested that it is in-
volved in several biological processes including iron-sulfur cluster for-
mation, antiapoptotic activity, and redox homeostasis [8,9]. Moreover,
the antioxidant activity and glutathionylation activity of Grxs are
highly required for activating many cell signaling pathways, such as
NFxB, TLR, and AKT [9-11].

In fish, Grx2 has been reported to be involved in embryogenesis,
heart development, iron-sulfur cluster coordination and brain devel-
opment [8,12-14]. However, existing studies on fish Grx2 mainly focus
on growth and development. There are only few studies on the role of
Grx2 in immune responses in aquatic organisms [15,16].

Seahorses are tiny sea creatures that have provoked curiosity due to
their shape, life span, and medicinal value [17]. Almost all the seahorse
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species are recognized as endangered, and over-exploitation for med-
icinal purposes can be one of the threats facing seahorse populations.
Therefore, the culturing of seahorses for human needs has been lega-
lized in many countries [18]. However, seahorse farming at high den-
sities is not very successful due to their weak immunity [19]. Based on
the above facts, research on seahorse immunity will be instrumental in
developing new disease control and sustainable farming strategies.
Hence, this study aimed to explore the involvement of Grx2 in seahorse
immunity and redox homeostasis. Therefore, a sequence that displays
the highest homology to Grx2 was identified and investigated at the
transcriptional and functional level.

2. Materials and methods

2.1. Identification and bioinformatic analysis of Grx2 sequence from
Hippocampus abdominalis

The coding sequence (CDS) that showed the highest homology to
Grx2 (HaGrx2) was identified form previously stipulated Hippocampus
abdominalis transcriptome database [20]. The identified HaGrx2 se-
quence was verified and confirmed by NCBI Basic Local Search Tools
(BLAST) [21]. The open reading frame (ORF) and the amino acid se-
quence of the protein were predicted by Unipro UGENE software [22].
Signal peptides, localization prediction, and N-linked glycosylation sites
were examined by SignalP 4.0, TargetP 1.1 and NetNGlyc 1.0 online
tools, respectively [23-25]. Molecular and physiochemical properties of
the sequence were identified by the ExpASy Protparam tool [26]. The
conserved domains and motifs were recognized by the NCBI conserved
domain database (NCBI CDD) [27]. Mitochondrial processing peptidase
(MPP) cleavage site was identified by MitoFates software [28], and the
HeliQuest online tool was used to identify amphipathic helixes in the
predicted mitochondrial target sequence of HaGrx2 [29]. The sec-
ondary structure of HaGrx2 was predicted by I-TASSER online software
[30], and the three-dimensional structure was predicted by the SWISS-
MODEL workbench using Protein Data Bank (PDB) template 3uiw.1
[31]. The tertiary structure of HaGrx2 protein was visualized by PyMOL
1.3 software (The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC). Pairwise alignment of HaGrx2 with other Grx2 or-
thologs was performed by MatGAT2.0 software [32], and Multiple se-
quence alignment of Grx2 orthologs were analyzed by CLC main
workbench version 8.1.0 (https://www.qgiagenbioinformatics.com/).
The Phylogenetic tree was reconstructed by the neighbor-joining
method (5000 bootstraps) using MEGA7 [33].

2.2. Acclimatization of big-belly seahorses, tissue sampling and immune
stimulation

Healthy seahorses with an average body weight of 8 g and 12 cm of
body length were purchased from Marine Ornamental Fish Breeding
Center (Jeju, South Korea). Fish were acclimatized in a 300 L aquarium
tank with 18 + 2°C temperature and 34 * 0.6% particle salinity units
(psu) for one week. Seahorses were fed with Mysis shrimp during the
acclimatization period. Six healthy seashores (3 females, 3 males) were

Table 1
Primers used in cloning and qRT-PCR.
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dissected, and 14 tissues were collected for tissue distribution analysis.
Blood was collected by tail cutting, and peripheral blood cells were
isolated by centrifugation at 3000x g for 10 minat 4°C. All tissue
samples were snap frozen using liquid nitrogen and stored at —80 °C.

Seahorses were divided into five groups for immune stimulation.
LPS (Sigma, USA; 1.25pg/uL), poly L:C (Sigma, USA; 1.5pug/uL),
Edwardsiella tarda (E. tarda) (5 x 103 CFU/uL) and Streptococcus iniae
(S. iniae) (1 x 10° CFU/uL) were prepared by dissolving them in 100 puL
of 1 X phosphate buffer saline (PBS). Then, the individuals in each
group were injected with the stimulants interperitoneally, and the
control group was injected with 100 uL of 1 X PBS. After immune sti-
mulation, blood and liver tissues were excised from five healthy sea-
horses from each group at 3, 6, 12, 24, 48, and 72 h post injection (p.i.).
Peripheral blood cells were isolated as described in the previous para-
graph. Seahorses were not fed during the challenge period. All the ex-
periment in this study were reviewed and permitted by the Animal Care
and Use Committee of Jeju National University.

2.3. RNA isolation and cDNA synthesis

Tissues were pooled to extract total RNA for tissue distribution
analysis (n = 6) and temporal expression (n = 5). Total RNA was ex-
tracted by RNAiso plus (TaKaRa, Japan) and purified by RNeasy spin
column (Qiagen, USA). Quality and the quantity of RNA were measured
by a uDrop Plate reader (Thermo Scientific, USA) and visualized by
1.5% agarose gel electrophoresis. Isolated RNA was diluted to a final
concentration of 1 pg/uL, and 1st strand cDNA was synthesized by using
PrimeScript ™ II ¢cDNA Synthesis Kit (TaKaRa, Japan). Synthesized
c¢DNA was diluted to 40-fold in nuclease-free water and stored at
—80°C.

2.4. mRNA expression profiling by quantitative real-time PCR (qPCR)
analysis

The mRNA expression profiles of both tissue distribution and tem-
poral expression were determined by TaKaRa Thermal Cycler Dice Real
Time system III (TaKaRa, Japan). All the qPCR primers were designed
under the guidelines of minimum information for publication of
quantitative real-time PCR experiments (MIQE) [34]. IDT PrimerQuest
online Tool (https://sg.idtdna.com) was used to design the qPCR pri-
mers of HaGrx2 and seahorse 40S ribosomal protein S7 (Table 1). The
seahorse 40S ribosomal protein S7 (Accession no: KP780177) was se-
lected as the internal reference gene. The qPCR reaction was carried out
in final volume of 10 uL containing 3 uL of cDNA template, 1.2 pL of
nuclease-free water, 5 puL of Ex Taq ™ SYBER premix and 0.4 pL of each
primer (10 pmol/pL). The qPCR thermal profile started with an initial
denaturation at 95 °C for 10 min, followed by 45 cycles of 95 °C for 5,
58 °C for 20's, 72 °C for 20s. Then, a final cycle of 95 °C for 155, 60 °C
for 30 s and 95 °C for 15 s was included for the dissociation analysis of
the target. All reactions performed in triplicates.

The Livak (2~ 24“T) method was used to analyze the relative HaGrx2
expression levels [35]. Ct value of lowest HaGrx2 expressing tissue was
used for the normalization in tissue-specific expression analysis. For the

Primer Name Sequence 5-3’

Description

HaGrx2 qPCR forward

HaGrx2 qPCR reverse

Seahorse 40S ribosomal S7 qPCR forward
Seahorse 40S ribosomal S7 qPCR reverse
HaGrx2 cloning forward

HaGrx2 cloning reverse

HaGrx2 cloning forward

HaGrx2 cloning reverse

CGATGACGGCAGGAGATTAC
ACTAACTTGCCCTGCTGATG
ACTCTGGAACTGGCAGAGGAAGAC
TGAAGTCATTCATGTTGGTGGCCTGTA
GAGAGAgatatcATGTTTTCTCGAGCCGGATGCTG
GAGAGAgaattcTCATTTTGCAGATTCGAATCGTCCGC
GAGAGAggtaccATGTTTTCTCGAGCCGGATGCTG
GAGAGAgatatcTCATTTTGCAGATTCGAATCGTCCGC

Tm 62°C, 135 bp

Tm 62°C, 135 bp

Tm 60°C, 187 bp

Tm 60 °C, 187 bp

Tm 59.8°C, 433 bp, pMAL-c5X, EcoRV

Tm 59.9 °C, 433 bp, pMAL-c5X, EcoRI

Tm 59.8 °C, 433 bp, pcDNA 3.1(+), Kpnl
T 59.8 °C, 433 bp, pcDNA 3.1(+), EcoRV
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temporal expression analysis, fold changes in HaGrx2 expression levels
at different time points were calculated using gene expression levels in
PBS injected animals as controls. The data are represented as
mean * standard deviation (SD). In spatial expression analysis, sta-
tistical significance (p < 0.05) of the data was evaluated by the Mann
Whitney U test using IBM SPSS 24 statistical software (IBM, USA).
Differences between the expression levels in injected and un-injected
animals at each time point were statistically evaluated (p < 0.05)
using t-test.

2.5. Recombinant HaGrx2-pMALc5X plasmid construction

Specific HaGrx2 cloning primers with respective restriction sites
(EcoRV and EcoRI) were constructed using the IDT OligoAnalyzer tool
(Table 1) [36]. The CDS of the HaGrx2 was amplified using cDNA de-
rived from brain tissue. The PCR reaction was performed by adding 2 pL
of 10 pmol/uL of each primer, 5uL of 10 X Ex Taq buffer, 4 uL of
2.5mM dNTP, 10 pL of cDNA template, and 0.4 uL of 5U/uL Ex Taq
polymerase. The PCR cycle started with an initial denaturation at 94 °C
for 4 min followed by 35 cycles of 94 °C for 30s, 55 °C for 30's, 72 °C for
30s and a final extension at 72 °C for 10 min. The amplified PCR pro-
duct was purified by Accuprep® PCR purification kit (Bioneer co.,
Korea). Both PCR product and the pMAL-c5X vector (New England
BioLabs Inc, USA) subjected to restriction digestion by EcoRV and EcoRI
according to the manufacturer's protocol (TaKaRa, Japan). The digested
PCR product and pMAL-c5X vector were purified by Accuprep® PCR
purification kit and Accuprep® Gel purification kit (Bioneer Co., Korea).
Then, 150 ng of digested pMAL-c5X fragments were ligated with 50 ng
of digested PCR product by using 5 pL of Ligation Mighty Mix (TaKaRa,
Japan) at 4 °C for 30 min. The ligated product was transformed into E.
coli DH5a competent cells and colonies which were confirmed by
colony PCR sent for the sequencing (Macrogen, Korea).

2.6. Overexpression and purification of recombinant HaGrx2

In order to express and purify the recombinant HaGrx2 protein
(rHaGrx2), recombinant vectors with confirmed sequences were
transformed into E. coli BL21 (DE3) competent cells. Cells were cultured
in LB rich ampicillin medium (LB + 0.2% glucose + 100 pg/uL of
ampicillin) at 37 °C with cyclic stirring at 200 rpm until 0.5 optical
density at 600 nm was reached. Then cultured cells were supplemented
with 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) and further
incubated at 20 °C for 8 h. Following incubation, cells were harvested
by centrifugation at 4 °C, 3500 rpm for 30 min. The obtained cell pellet
was resuspended in 25 mL of column buffer (20 mM Tris-HCI, 200 mM
NaCl and 1 mM EDTA, pH 7.4). The fusion protein of rHaGrx2 and
maltose binding protein (MBP) was purified by pMAL protein fusion
and purification system (NEB, USA) based on the manufacturer's pro-
tocol. The concentration of the eluted protein was measured by
Bradford's method. Protein banding pattern and purity were observed
by 12% SDS-PAGE. Molecular weight of HaGrx2 and MBP was esti-
mated as described previously [37]. The purified rHaGrx2 protein was
stored at —80 °C for future use.

2.7. Cell culture and transfection of HaGrx2

PCR amplified HaGrx2 CDS was cloned into mammalian expression
vector pcDNA3.1 (+) using Kpnl and EcoRV restriction sites (Table 1).
Successful cloning was verified by sequencing and the plasmid was
purified by QIAfilter™ Plasmid Midi Kit (Qiagen, Germany). Fathead
minnow (FHM) epithelium cells were cultured in Leibovitz's L-15
medium supplemented with 10% fetal bovine serum (FBS) and 1%
streptomycin and penicillin. Cells were seeded at a concentration of
3 x 10° cell/mL in 24-well plates and incubated at 25 °C for 24 h. Then
the recombinant plasmid and empty pcDNA3.1 (+) vector (1 pg) were
transfected into Fathead minnow (FHM) epithelium cells using X-
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tremeGENE™ 9 reagent following the manufacturer's protocol.
2.8. Functional assays

2.8.1. HaGrx2 deglutathionylation activity corresponds to the Human Grx1

HaGrx2 deglutathionylation was measured by a fluorescent glutar-
edoxin assay kit 96 well (IMCO cooperation Ltd, Sweden) according to
the manufacturer's protocol. Protein samples were prepared by using
1 nM of rHaGrx2. Additionally, a control sample was prepared by re-
placing rHaGrx2 with 1nM MBP. Fluorescence was measured by
SYNERGY/HT™ microplate reader (Biotek, Korea). The experiment was
performed in duplicates at 25 °C.

2.8.2. Oxidoreductase activity of HaGrx2

2.8.2.1. Insulin disulfide reduction activity. Antioxidant proteins such as
thioredoxin and glutaredoxin can precipitate insulin by reducing
disulfide bonds. The precipitate can be measured as turbidity at
650 nm. Therefore, Insulin disulfide reduction activity of rHaGrx2
was measured at 650 nm as described previously [38]. The reaction
was performed in 96 well plates and consisted of a final volume of
200 pL containing 100 mM potassium phosphate buffer (pH 7.9), 2 mM
bovine insulin, 2 mM EDTA and various concentrations of rHaGrx2 (0,
25, 50 pg/mL). Insulin aggregation initiated by adding 0.1 M
dithiothreitol (DTT) (Sigma, USA). The insulin aggregation rate at
650 nm was recorded with 5 min intervals by Multiskan Sky microplate
reader (Thermo Scientific, USA). The assay was performed in triplicates
at 25 °C. The different treatments were statistically compared to control
(0 ug/uL HaGrx2 + DTT) by independent t-test using IBM SPSS
statistics 24 software.

2.8.2.2. L-dehydroascorbic (DHA) reduction assay. DHA reduction
activity of rHaGrx2 was analyzed as described in Wells et al. by
measuring the decrease in the absorbance at 340 nm [39]. Reaction
was performed as triplicates in a final volume of 200 pL. The reaction
mixture contained 2 mM EDTA, 0.2 mM NADPH, 0.1 ug/mL glutathione
reductase, 1 mM GSH and different concentrations (0, 1, 2 mM) of DHA
(Sigma, USA). The enzymatic reaction was initiated by adding 20 pg/
mL rHaGrx2 at 25 °C. Then the absorbance measured for 2 minat 30s
intervals. Statistical significance of treatments (1 mM, 2mM) with
compared to 0 mM control at each time point were calculated by one-
way ANOVA (P > 0.05) post hoc method using IBM SPSS statistics 24
software.

2.8.3. Cell viability assay upon H;0,

Un-transfected, pcDNA3.1 (+) and HaGrx2 transfected cells were
incubated with different H,O, concentrations (0, 200, 500 uM) for 24 h.
Then, 50 uL of 4 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide (MTT) was added to each well and incubated for 2 h.
The supernatant was removed by aspiration, and 150 puL of dimethyl
sulfoxide (DMSO) was added to each well to dissolve the formazan
crystals. Then, the absorbance was measured at 570 nm using the
Multiskan Sky microplate reader (Thermo Scientific, USA). Microscopic
observation of the cells in each treatment was performed by Leica
DFC425C digital microscope. Study was conducted in triplicates at
25°C.

3. Results
3.1. Bioinformatic analysis of HaGrx2

The coding sequence of identified Grx2 sequence (accession No.
MK936322) was 466 bp and encoded 152 amino acids. The predicted
amino acid sequence did not contain a signal peptide or N-linked gly-
cosylation sites. The predicted molecular weight of the HaGrx2 amino
acid sequence was 16.4 kDa, and theoretical pI was 8.88. As depicted in
Fig. 1A, HaGrx2 protein consisted of a glutaredoxin domain (48-129
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Fig. 1. (A) Nucleotide sequence, deduced amino acid sequence, and predicted secondary structure of HaGrx2. Green color letters indicate the predicted mi-
tochondrial targeting sequence (MTS). The green color last letter (underlined) denotes the cleavage site of MTS. Predicted glutaredoxin domain highlighted with gray
color and CXXC motif underlined with black color. GSH binding sites are marked with bold red color letters. (B). Predicted amphipathic helix in MTS of HaGrx2. (C)
Predicted tertiary structure for HaGrx2 using 3uiw.1. A PDB template. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

aa) and the thioredoxin/glutaredoxin CXXC active motif >°CPYC®®,
Further, it contained 11 GSH binding sites. HaGrx2 contained mi-
tochondrial targeting peptide (MTS) and its cleavage site (Fig. 1A). In
addition, MTS consisted of an amphipathic helix (Fig. 1B). According to
the predicted tertiary structure, HaGrx2 has the classical glutaredoxin
structure with four 3 sheets surrounded by five a helixes. Though the
PDB template 3uiw.1. A (zebrafish Grx2) covered 81.03% of the 3D
structure of HaGrx2 (Fig. 1C), it did not cover all the regions of HaGrx2
protein sequence (1-27aa and 132-151 aa). According to the predicted
secondary structure (Fig. 1A), HaGrx2 contained more than six a he-
lixes and characteristic four (3 sheets.

Grx2 from Hippocampus comes, showed the highest identity (95.4%)
and similarity (96.7%) with HaGrx2 (Table 2). Grx2 of Danio rerio has
63.4% of identity and 75.7% of similarity with HaGrx2. According to
the multiple sequence alignment, most of the amino acids are conserved
in Grx2 orthologs (Fig. 2). Grx2 from Hippocampus comes and Lates
calcarifer showed more conservancy with HaGrx2 compared to the rest
of selected species. The CXXC motif was conserved in all selected spe-
cies and was represented by CPYC in selected fish species. As showed in
Fig. 2, out of 11 sites, two GSH binding sites were unique to selected
fish species and the rest of the sites were conserved in all selected Grx2
orthologs. According to the phylogenetic tree (Fig. 3), selected Grx1
and Grx2 orthologs make two distinct clusters. The HaGrx2 grouped
with Grx2 orthologs from fish and closely clustered with Grx2 from
Hippocampus comes.

414

3.2. Spatial and temporal expression profile of HaGrx2

As shown in Fig. 4A, HaGrx2 was ubiquitously expressed in the 14
tissues selected. The highest expression of HaGrx2 was observed in skin
and brain whereas the lowest expression was found in the liver. Tem-
poral expression of blood HaGrx2 upon LPS stimulation showed dy-
namic modulation throughout the p.i period (Fig. 4B). However, the
highest HaGrx2 upregulation was observed at 72h p.i upon LPS, Poly
I:C and E. tarda administration. Upon S. iniae infection, HaGrx2 showed
dynamic regulation and highest expression at 48 h p.i.

When considering the HaGrx2 expression in liver, undulatory
modulation upon LPS and S. iniae (Fig. 4C) was observed throughout
the period of post injection. Regarding Poly I:C and E. tarda, highest
HaGrx2 expression was observed at 48 h p.i. Significant HaGrx2 upre-
gulation was detected at 24 h, 48 h, and 72 h p.i upon S. iniae challenge.

3.3. Overexpression and purification of rHaGrx2 as MBP fusion protein

According to the SDS PAGE gel image (Fig. 5), the purified rHaGrx2-
MBP fusion protein appeared as a single band between 50kDa and
70kDa. The observed rHaGrx2-MBP fusion size (approximately
57.7 kDa) was found to be consistent with the theoretical molecular
weight where MBP and rHaGrx2 account for 42.5kDa and 16.4 kDa
respectively.
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Table 2
Identity and similarity percentages between Grx2 orthologs from different species.
Percentage of Identity
Name and accession number 1 I 2 I 3 l 4 l 5 l 6 l 7 l 8 I 9 I 10 I 11
.. | .MK _936322_Hippocampus abdominali 954 762 62 634 711 41.1 411 411 382 434
‘2 | 2. XP_019727358.1_ Hippocampus comes 96.7 763 622 647 724 428 417 417 368 434
<
E 3. XP_018526333.1_ Lates calcarifer 82 82 767 605 69.8 419 419 424 331 407
;"r:' 4.XP_023284517.1 _Seriola lalandi dorsalis 743 743 79.1 50 57.1  39.1 405 41.1 338 343
S | 5. NP_001002404.1_ Danio rerio 75.7 75 686 67.1 741 373 363 375 433 448
%‘J 6. XP_019958097.1 _Paralichthys olivaceus 803 803 744 70.7 851 40.6 412 418 466 492
§ 7. NP_001230646.1_ Sus scrofa 63.7 643 581 535 535 567 79 815 376 525
E 8. XP_025141889.1_ Bubalus bubalis 63.1 61.8 587 56.7 554 56.7 854 96.2 382 50.6
9. AAI09743.1_ Bos taurus 624 618 593 573 58 573 873 968 395 525
10. NP_001016637.1 _Xenopus tropicalis 553 539 488 507 619 656 503 529 529 46.9
11. XP_020646120.1 _Pogona vitticeps 60.5 612 54.1 55 672 695 643 656 65 688
i y §
Hippocampus abdominalis = === === === == === == === ===~ HESRAGCCERAANTRCRRMGNEUSSTTEGEESTACY 36
Hippocampus comes =~ === === == == === == ommm- HESBAGRNCERAANTRCRRMGNFASSTTEGEESTACY 3¢
Lates calcarifer MEHEGOOELDXELAVES----- IESMESRAGCLERVAWEGCRRMGNFTSHTTEALSSTACV S5
Seriola lalandi dorsalis MEBBGOOLDEELAVES----- EEAMESRAGCUSEVARTGCREMGNETSSTTEGLSSTACY 55
Danio reric 0 o= e e ee e e e aeae E-BEE----- i ------ MGNFESSAP-GLSSBACE 17
Paralichthys olivaceus == === == m e e e e e e e E-BEB-----B------ MGNETSSTTEELSGTACY 18
Susserofa -------- MEWLRARLAGTRLVRRVSGST GIIEEIIEIEIEEH GNHTSSSE-GNERAARV 51
Bubalus bubalis  -------- MGTREIRVRS SSAGRLEGPAGISGSGMGNSESSSE-GNAATARS 51
Bostawrus = -------- MYWRRAALVGTRLIEVES SIAGIIIEIAEIEEEE" GNSTSSSL-GNEARTARV 51
Xenopus tropicalis =~ - - - e ce e e e e e e e e e BE-BE----- B------ MGEEESSTE-EVSETEAR 15
Pogona vitticeps =~ = c--ccc e e e e e E-BE----- B------ MGNSTSEST-DLSSTARR 17
Columba livia ~ cce e B-BE-----F------ MGNSVUSETV-GLSHDEAR 1¢
Conservation
Hippocampus abdominalis REVEEEMSQHCVVIFSKT 96
Hippocampus comes EEVHEEVMSONCVVIFSKT 96
Lates calcarifer OYVOENMMSONCVVIFSKT 115
Seriola lalandi dorsalis QNMVREMMSQONCVVIFSKT 115
Danio rerio OEVODIVSSENCVVIFSKT 77
Paralichthys olivaceus ~ QEVOEMMSQONCVVIFSKT 78
Sus scrofa NOQEQETESHNCVVIFSKTE 111
Bubalus bubalis ESVOETESNNCVVIFSKTE 111
Bos taurus NOEZQETESNNCVVIFSKTS 111
Xenopus tropicalis DEIRNTIRENCVVIFSKT \' 75
Pogona vitticeps HOIERETESDNCVVIFSKTS 77
Columba livia HOZQEEEISDNCVVIFSKT K 7€
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m Jodkkk !
Hippocampus abdominali A§ erINGICIGGGSDTKBLHQEGKLIPL!lQCAPcﬁ[ﬂlﬂszﬁiﬁiﬁ]}!il‘

152
Hippocampus comes MRTVPRVFINGNCIGGGSDTKOLHOOGKLMPLENQCAPCCAEBDSEGSGSGREGSAK 152
Lates calcarifer ARTVPRVFINGHCIGGGSDTKOLHOOGKLYPLEEQCAPCCTARSSEGSGSGOEESAR 172

Seriola lalandi dorsalis ARTVPRVFINGHCIGGGSDTKOLHQEEEEEEEEEEEEEEEEEE-BE-------~-~-~-~ 140

Danio rerio ARTVPRVFINGHCIGGGSDTKOLHOOGKLLPLEEQCRPCCENMTPEGSGNSONOBHED 134
Paralichthys olivaceus ~ ARTVPRVFINGNCIGGGSDTKHLHOOGKLYPLEROCSPCCSSE-SEGSASGOEAR-- 131
Sus scrofa DRTVPREFMNGEEIGGEMD THRLHOEGKLLPLVHOCEERRSKRREE----------- 157
Bubalus bubalis ERTVPREFYNGEEIGGANDTHRLHREGKLLPLVEQCHURRSRREEL----------- 157
Bos taurus ERTVPREFVMNGEEIGGARDTHRLHREGKLLPLVHOCHURN SRREEL------~----- 157
Xenopus tropicalis ERTVPOVEVMNGRCIGGGEDTRNLEREGKLLELVOECNLSRARE-EE----------- 117
Pogona vitticeps GRTVPREFINGEFENGGASDTORLHREGRLLPLVEQCOIEREGNEGOE - 128
Columba livia GRTVPRVEYNGEENGGARD TKRLEEEGKLLPLVEQCOVRGREORAN----------- 122

100

Conservation

ED

Fig. 2. Multiple-sequence alignment of Grx2 orthologs. Non-conserved residues are shaded in gray. Conservation percentage is represented as a bar plot. The
conserved CXXC motif is marked with a green box, and GSH binding sites that are conserved in HaGrx2 and all other selected organisms are marked with asterisks.
GSH binding sites that are conserved only in selected fish species are marked with a red color asterisk. Red arrow indicates the glutaredoxin domain Accession
numbers of selected protein sequences are listed in Table 2. (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. 3. Phylogenetic reconstruction of HaGrx2. Bootstrap support values corresponding to each branch are indicated.

3.4. Functional studies

3.4.1. The deglutathionylation activity of rHaGrx2 corresponded to human
Grxl1

According to the data obtained using the fluorescent glutaredoxin
kit, 1 nM of rHaGrx2 corresponded to 0.84 nM of active HsGrx1.

3.4.2. Oxidoreductase activity of rHaGrx2

Oxidoreductase activity of HaGrx2 was assessed by the Insulin ag-
gregation assay. As depicted in Fig. 6A, significant insulin disulfide
reduction activity was observed after treating the samples with
rHaGrx2 +DTT for 20 min. Higher insulin reduction activity was de-
tected by 50 pg/mL rHaGrx2+DTT sample than by 25 pg/mL
rHaGrx2+DTT. Except for rHaGrx2+DTT treated samples, other
treatments did not exhibit significant insulin reduction activity.

DHA reduction activity of rHaGrx2 was measured as NADPH turn-
over at 340 nm. According to Fig. 6B, rHaGrx2 exhibited significant
DHA reduction activity that was increased with DHA concentration.
MBP control and 0 mM DHA samples did not show activity at 340 nm.

3.4.3. Cytoprotective activity under oxidative stress

The cytoprotective activity of HaGrx2 was examined through cell
viability upon H5O, treatment. As shown in Fig. 7, HaGrx2 transfected
cells showed significant cytoprotective activity compared to those of
pcDNA 3.1(+) transfected cells and control cells.

4. Discussion

Grxs are abundantly expressed in most organisms and have various
isoforms. When considering fish Grx2, there are four comprehensive
studies on the development of zebrafish [8,12-14]. However, the im-
portance of the redox activity of fish Grx2 for the development of im-
munity need to be discussed further. Therefore, in this study, we per-
formed several functional assays related to redox activity and
immunity.

3D structure of Grx2 from Danio rerio (3uiw.1. A) showed 81.03%
sequence identity with the 3D structure of HaGrx2. However, this PDB
model does not predict the full N-terminal (26 aa) and C-terminal
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(17aa) structure of the HaGrx2. Therefore, the secondary structure of
HaGrx2 was predicted using the 3uiw.1. A PDB model, and it was found
that it has additional a helixes and the same number of (3 sheets.
However, limited data from fish species other than zebrafish make the
comparison between various HaGrx2 3D structures difficult.

The deduced sequence of HaGrx2 showed the typical characteristics
of Grx2 from other species. Though the length of Grx2 orthologs shows
considerable variation, the glutaredoxin domain displayed more con-
served features in the selected Grx2 sequences. The C-terminal and N-
terminal counterparts of the Grx2 orthologs showed less conserved
features. HaGrx2 exhibits more than 75% similarity and 60% identity
with fish Grx2 sequences. Further, 11 GSH binding sites found in
HaGrx2 are conserved among the selected fish Grx2 orthologs. Even in
the phylogenetic tree, HaGrx2 tightly clustered with fish Grx2 se-
quences. Therefore, we can conclude that HaGrx2 shares conserved
features with fish and can predict unique activities. For example, pre-
viously published studies have suggested that Grx2 is involved in cri-
tical developmental processes in fish. Zebrafish Grx2 (ZfGrx2) has been
shown to regulate heart, vascular, neural and brain development of
zebrafish embryo [12-14]. ZfGrx2 knockdown studies have shown that
it can severely affect the development of the embryo [14].

In vertebrates, four major Grx paralogs can be found; Grx 1 and
Grx2 known as dithiol glutaredoxins and Grx3 and Grx5 known as
monothiol glutaredoxins [40]. According to the phylogenetic tree,
HaGrx1 and HaGrx2 paralogs distinctly clade with fish Grx1 and fish
Grx2, respectively. Further, they are tightly clustered with Hippocampus
comes Grxs. It has been reported that the homology between HsGrx1
and HsGrx2 is 36% [4]. However, pairwise comparison indicated that
HaGrx1 and HaGrx2 share much lower identity (24.5%) and similarity
(34.6%).

HaGrx2 does not possess any signal peptide or N-linked glycosyla-
tion sites, but it has a mitochondrial targeting sequence (MTS). Many
mitochondrial proteins are produced in the nucleus and translocate into
mitochondria. The proteins that are produced in one subcellular orga-
nelle and translocate to another, possess target signals that allow
translocation [41]. Typically, MTS is a cleavable N-terminal peptide
with approximately 15-70 residues that forms an amphipathic helix
[42]. HsGrx2a is a mitochondrial Grx isoform, which has MTS [7].
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Fig. 4. (A) Tissue-specific expression of HaGrx2 under healthy conditions. Temporal expression profiles of HaGrx2 in (B) blood (C) Liver after LPS and poly I:C,
Edwardsiella tarda and Streptococcus iniae challenges. The data are presented as mean values (n = 3) + S.D. Significant differences compared to the control (0 h) are

indicated with an asterisk for p < 0.05.

Lundberg et al. have reported that the MTS of HsGrx2a is rich in po-
sitively charged and hydrophobic amino acids and contains an MPP
cleavage site. Further, the predicted secondary structure of HsGrx2a has
been shown to folded into an amphipathic helix [7]. The predicted MTS
for HaGrx2 contains an MPP cleavage site and presents characteristics
of the amphipathic helix. Hence, bioinformatic evidences suggest that
HaGrx2 is a mitochondrial protein similar to other Grx2 proteins in the
vertebrates.

According to the tissue distribution analysis, highest expression was
found in the skin and brain. The function of Grx2 in fish skin is not clear
but it has been shown that vertebrate Grx2 is mainly involved in redox
homeostasis of epithelial cell lines [6,43,44]. Knockdown of mouse
Grx2 resulted in increased sensitivity to oxidative stress of lens epi-
thelial cells [43]. Skin is the largest organ of the body that separates the
internal and external environment of fish. It acts as the first line defense
against many microorganisms and chemicals. Therefore, ROS produced
during cell functions need to be neutralized by antioxidant proteins.
Further, the skin is essential for the osmotic balance of fish and skin
epithelial cells are involved in wound healing [45]. Therefore, the
epithelial cells present in the skin present significant metabolic activity.
Furthermore, the requirement of high energy for physiological and
immune functions increases the ROS production in mitochondria.

Hence, the peroxidase activity of Grx2 may be required continuously in
fish skin.

The brain is also highly active in fish since brain cells make synapses
with motor neurons and directly influence tail movement [46]. Sea-
horse has a prehensile tail that is involved in both motion and attach-
ment to substrates. Therefore, it is expected that the brain has high
energy requirements for coordinating motion. Mitochondrial complex I
in brain catalyzes the first step of the mitochondrial electron transport
chain [47]. Complex I contain active thiol groups that are sensitive to
the redox status of the cell. The factors required for the maintenance of
complex I under normal and oxidative stress conditions are not well
defined. However, it has been reported that downregulation of Grx2 in
the brain inhibits Complex I activity in human and mouse models [48].
Therefore, Grx2 regulate the functional integrity of the mitochondrial
complex I under normal physiological conditions and high expression of
HaGrx2 transcripts in brain tissues can be explained by the above
considerations.

Presence of ROS and reactive nitrogen species make proteins sus-
ceptible to irreversible oxidation by producing sulfinic and sulfonic
acids [49]. Therefore, thiol-containing proteins form intermolecular
bonds with GSH or other thiol-containing proteins (glutathionylation)
[50]. Glutathionylated proteins have different structural and functional
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Fig. 5. SDS-PAGE analysis of overexpressed and purified HaGrx2 as an MBP-
fusion protein. Lane 1: unstained protein ladder, Lane 2: crude extract of un-
induced E. coli BL21 cells, Lane 3: crude extract of induced E. coli BL21 Lane 4:
supernatant after sonication and centrifugation of induced E. coli BL21 cells,
Lane 5: Pellet, Lane 6: purified HaGrx2 fusion protein, Lane 7: Purified MBP
protein.

properties than the native protein [51]. Glutathionylation acts as a
protective mechanism for proteins. The functionality of the proteins is
restored by deglutathionylation by glutaredoxin. This mechanism can
be observed in mitochondrial complex I as it is a thiol-containing pro-
tein. Glutathionylation of complex I prevents its irreversible impair-
ment due to H,O, and reduce ROS production [6]. Mitochondrial ROS
activate both antiviral and antibacterial activity as innate immune re-
sponses [52-54]. On the other hand, excessive levels of ROS can lead to
impairment of several proteins and subsequently to cell apoptosis and
necrosis [55]. Therefore, mitochondrial ROS production should be
regulated precisely. During the high levels of oxidative stress, complex I
stays in glutathionylated form and activity can be restored by Grx2 thus
maintaining ROS production rate [6]. Therefore, Grx2 acts as a sig-
naling switch in H,O,-mediated cell signaling and innate immune re-
sponses. According to the literature, ROS production in mitochondria is

A
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Fig. 7. Percentage viability of non-transfected, pcDNA 3.1(+) and pcDNA
3.1(+)-HaGrx2 transfected FHM cells upon H,0, stress. Significant differences
of treated samples compared to the control are indicated with an asterisk
(@ < 0.05).

regulated by Grx2 [56].

During a bacterial infection, macrophages phagocytose bacteria.
Then bacteria are lysed, and PAMPs are released that can bind to TLRs
[57]. It has been reported that LPS and lipoteichoic acid (PAMP in
gram-positive bacteria) can elevate mitochondrial ROS production in
macrophages [58]. It has been reported that in addition to white blood
cells, fish erythrocytes have also phagocytic activity [59]. Therefore,
ROS produced by peripheral blood cells following PAMP and bacterial
challenge are capable of activating cell signaling pathways. Hence Grx2
activity in peripheral blood cells may regulate ROS production and
restore proteins that have undergone S-glutathionylation. However, the
mechanism by which Grx2 precisely maintains ROS levels is not clear,
because redox regulation by Grx2 is complex and depends on the type
of tissue and various other factors. Based on the above facts, dynamic
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Fig. 6. (A) Insulin disulfide reduction activity of rHaGrx1 with different protein and DTT combinations. Data were obtained from triplicates and are expressed as
mean values * S.D. Significant differences (P < 0.05) compared to control (0 pg/mL rHaGrx1 +DTT) are indicated by *. (B) DHA reduction activity of rHaGrx2
with different DHA concentration at 25 °C. Data were obtained from triplicates. The “*” and “**” denote the significant difference (P < 0.05) of treatments (1 mM
and 2 mM) at each time point with compared respective time points of 0 mM control.
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regulation of HaGrx2 transcripts upon PAMP and bacterial stimulation
in the blood is expected. Apart from bacterial PAMP, Poly I:C (viral
mimic) is also identified by TLR3. TLR3-induced ROS generation leads
to inflammatory responses through STAT1 activation [60]. Therefore,
ROS homeostasis activity of Grx2 is required in macrophages for anti-
viral innate immune responses.

The same scenario was observed in the liver where Grx2 also acts as
a critical regulator of ROS producing complexes. It has been reported
that complex I, pyruvate dehydrogenase and 2-oxoglutarate dehy-
drogenase also produce ROS in liver mitochondria and are deglu-
tathionylated by Grx2 [61]. Since Grx2 induces the activity of Complex
I, pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase high
expression of Grx2 in the liver is expected [56]. However, Liver HaGrx2
showed significantly higher fold expression upon exposure to live gram-
positive bacteria than PAMP stimuli. It has been reported that Kupffer
cells can directly bind to lipoteichoic acid in gram-positive bacteria
[62]. Therefore, the liver is involved in fast elimination of pathogens
from the blood. As hepatocytes are directly involved in the clearance of
live pathogens, ROS-mediated antibacterial and antiviral activity may
be highly required in the liver. Hence, significant Grx2 expression can
be observed in both blood and liver upon immune stimulation.

As described previously, the deglutathionylation activity of Grxs is
critical for cellular functions. There are many proteins that undergo
deglutathionylation by Grxs. Serum albumin is an abundant plasma
protein that contains ROS scavenging activity, ion binding, transport
activity, and antiapoptotic activities [63]. It contains free cysteine re-
sidues that are important for the functions of the protein. During high
oxidative stress, free cysteines in serum albumin are susceptible to S-
glutathionylation [63]. Hence, deglutathionylation of fluorescent BSA-
SSG was measured using HsGrx1 standard curve. HaGrx2 was com-
parable with HsGrx1 showing little lesser activity than HsGrx1. How-
ever, Lundberg et al. have suggested that HsGrx2 exhibits only 10%
specific activity compared to HsGrx1 [7]. Therefore, we can predict that
HaGrx2 represent higher activity than HsGrx2. The primary reason for
the higher activity in HaGrx2 might be the amino acid residues present
in the catalytic motif. Most mammalian Grx1 contain CPYC as a cata-
lytic motif, and Grx2 consists of CSYC. Foloppe et al. have shown that
replacement of proline residue in the Grx catalytic motif by serine can
severely affect the redox properties [5]. HaGrx2 contains CPYC as the
catalytic motif, which is similar to HsGrx1. Hence, HaGrx2 may contain
significant deglutathionylation activity.

Mature insulin consisted of two chains named as A and B [64].
These chains are linked by inter-chain disulfide bonds and can be
precipitated by reduction. Insulin precipitation assay is commonly used
to measure the disulfide reduction activity of thioredoxin [65]. In this
assay, DTT is used as the electron donor for the HaGrx2. It has been
reported that HsGrx2 can accept electrons from sources other than GSH,
such as thioredoxin reductase [2]. Though it has been accepted that
Grxs have minor insulin reduction activity, HaGrx2 exhibits significant
insulin reduction activity in the presence of DTT.

Ascorbic acid is a powerful antioxidant present in many organisms;
however, teleost fish lack the ability to produce ascorbate due to ab-
sence of i-gulonolactone oxidase [66]. Therefore, it is essential to in-
clude vitamin C to teleost fish feed unless they develop vitamin C de-
ficiencies and consequently impaired wound healing, reduced growth,
scoliosis, low immunity, retard embryonic and larval development
[66]. Further, it has been reported that, vitamin C involved in myoblast
proliferation, migration, and differentiation [67]. Moreover, ascorbate
acts in maintaining the redox homeostasis [68]. Therefore, other than
taking vitamin C from the feed, fish should have a proper method to
convert oxidized ascorbic (DHA) to ascorbate. Glutathione S-transferase
omega (GSTO) converts DHA to ascorbic acid. Many studies have sug-
gested that Grxs also contain dehydroascorbic reduction activity [39].
HaGrx2 also exhibits sound DHAR activity. Thus, we can propose that
HaGrx2 regulates both redox and physiological activities in seahorse.

The antiapoptotic activity of Grx2 against H»O, is widely studied in
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mammalian models [6,43]. According to these studies, cytoprotective
activity achieved by Grx2 in various ways. Healthy epithelial cell via-
bility decreases upon H,O, stress due to BAX upregulation, BCL-2
downregulation, Caspase 3 activation, and Cytochrome C release [6].
Overexpression of Grx2 was able to sustain the BCL-2 levels even in the
presence of oxidative stress. Cytochrome C release from mitochondria
to cytosol is a known hallmark of apoptosis. Grx2 overexpression pre-
vents Cytochrome C release from mitochondria [69]. Procaspase 3 is
converted to Caspase 3 due to stress-induced apoptotic signals. Grx2
overexpression in epithelial cells prevents procaspase cleavage. Further,
it has been shown that complex I activity is severely inhibited by H,O5
[47]. Grx2 is capable of preserving complex I activity directly by de-
glutathionylation [70]. Further, the peroxidase activity of Grx2 can also
reduce H,0, stress through the use of glutathione or thioredoxin re-
ductase [44]. On the other hand, Grx2 knockdown studies have shown
greater susceptibility to oxidative stress [43]. HaGrx2 also exhibits
sound cytoprotective activity upon H,0, treatment. Further, H,O,-
treated HaGrx2 transfected cells demonstrated proliferative activity to
some extent. This might be due to H,O, scavenging and boost the
metabolic activity which allows cell growth. Therefore, we can predict
that Grx2 acts as an excellent antioxidant that alleviates oxidative
stress-induced cell apoptosis.

According to the functional, transcriptional, and molecular in-
vestigations carried out in this study, HaGrx2 possess typical glutar-
edoxin structure and function. There is bioinformatic evidence that it
could be a mitochondrial protein. Moreover, HaGrx2 has significant
oxidoreductase and deglutathionylation activity. Spatial and temporal
expression profiles revealed that it is potentially involved in physiolo-
gical and immunological responses of seahorse. Most importantly,
HaGrx2 exhibits cytoprotective activity against H;O»-induced oxidative
stress. As a conclusion, the results of this study provide sufficient evi-
dence that HaGrx2 functions in redox homeostasis as well as host im-
mune responses.
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