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A B S T R A C T

Glutaredoxins (Grx) are redox enzymes conserved in viruses, eukaryotes, and prokaryotes. In this study, we
characterized glutaredoxin 1 (HaGrx1) from big-belly seahorse, Hippocampus abdominalis. In-silico analysis
showed that HaGrx1 contained the classical glutaredoxin 1 structure with a CSYC thioredoxin active site motif.
According to multiple sequence alignment and phylogenetic reconstruction, HaGrx1 presented the highest
homology to the Grx1 ortholog from Hippocampus comes. Transcriptional studies demonstrated the ubiquitous
distribution of HaGrx1 transcripts in all the seahorse tissues tested. Significant modulation (p < 0.05) of HaGrx1
transcripts were observed in blood upon stimulation with pathogen-associated molecular patterns and live pa-
thogens. The β-hydroxyethyl disulfide reduction assay confirmed the antioxidant activity of recombinant
HaGrx1. Further, dehydroascorbate reduction and insulin disulfide reduction assays revealed the oxidoreductase
activity of HaGrx1. HaGrx1 utilized 1,4-dithiothreitol, L-cysteine, 2-mercaptoethanol, and reduced L-glutathione
as reducing agent with different dehydroascorbate reduction activity levels. Altogether, our results suggested a
vital role of HaGrx1 in redox homeostasis as well as the host innate immune defense system.

1. Introduction

Glutaredoxins (Grxs) are known as glutathione-dependent thiol-
disulfide oxidoreductases that are ubiquitously distributed in all living
organisms [1]. They are small enzymes that belong to the thioredoxin
superfamily but exhibit more versatile substrate activity than thior-
edoxins (Trxs) [2]. Grx family proteins have a number of isoforms with
quite different structures and catalytic activities. They regulate essen-
tial and distinct biological functions in organisms.

Grxs can be classified into three categories based on their structure
and catalytic properties. The first group is classical Grxs with a CXXC
active site motif (usually CPYC) and a thioredoxin/glutaredoxin fold.
Most vertebrate dithiol Grxs are included in this category. Members of
the second category are structurally related to glutathione S-transferase
but possess glutaredoxin oxidoreductase activity [3]. This category is
characterized by a two-domain structure; the first domain contains a
thioredoxin/glutaredoxin fold with CXXC and the second domain has

an α-helical structure [2]. Grx2 from E. coli is representative of this
category. The third category is defined as monothiol Grx which is re-
presented by a monothiol active site (Normally CGFS) [4]. Grx3, Grx4,
and Grx5 from Saccharomyces cerevisiae belong to this category [5].
Further, the human protein kinase C-interacting cousin of thioredoxin
(PICOT) is considered a monothiol Grx that belongs to the third cate-
gory [6].

Grxs are versatile oxidoreductases that reduce various substrates
such as H2O2, ribonucleotide reductase, dehydroascorbate, arsenate
reductase, and others [3,4]. The typical Grx catalytic mechanism is si-
milar to that of Trxs, which catalyze thiol-disulfide exchange using the
CXXC motif, but Grx depends on GSH as an electron donor [7]. Many of
the substrates utilized by Grxs are essential to DNA synthesis, collagen
synthesis, and maintain redox homeostasis [4]. Further, Grxs have been
identified as a universal iron-sulfur cluster (Fe/S-cluster) coordinating
proteins [7]. Fe/S-clusters are inorganic cofactors that facilitate elec-
tron transfer reactions, redox reactions, and protein folding [1].
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Regarding immunity, Grxs play a vital role in both viruses and
humans. For example, Phage T4, Vaccinia, Ectromelia, and smallpox
viruses produce their own Grx that is essential for DNA synthesis, dis-
ulfide bond formation, and virus assembly [2,8,9]. Additionally, human
Grx1 regulates the activity of HIV-1 protease activity and thus is vital
for regulating protease activity in HIV-1-infected cells [10]. Moreover,
Grxs demonstrated a crucial role in defending cardiomyocytes from
oxidative stress by regulating the NF-κB pathway [11]. In lung epi-
thelial cells, Grx1 acts against bacterial infections by promoting S-glu-
tathionylation of NF-κB family proteins [12]. Further, Grxs play an
essential role in the nervous system and reproduction system in mam-
mals [13–16].

Grx activity has been highly studied in eukaryotes [17], prokaryotes
[18], and viruses [8]. For example, Grxs from mammals and E.coli have
been studied for their oxidoreductase activity [17,19,20] and thiyl ra-
dical scavenging and transferase properties of human Grx have been
examined [21]. However, there are few reports about Grx activity re-
lated to fish immunity and redox homeostasis. Only Grx2 from zebrafish
was investigated for its role in Fe/S cluster coordination, brain devel-
opment, and heart development [1,22,23]. Moreover, transcriptional
modulation of Grx1 and Grx2 from Manila clam were reported [24].
However, there have been no functional studies on Grx1 in teleosts to
date.

Seahorses are a group of aquatic animals that have exploited for
years for their medicinal and ornamental properties. Annually, around
20 million seahorses are collected from the wild for medicinal purposes
alone [25]. Therefore, seahorses have been included in global con-
servation programs (CITES) and cultivated for commercial use by many
countries including Australia and Indonesia [25,26]. Big-belly seahorse
(Hippocampus abdominalis) is the largest seahorse species and is natu-
rally distributed in the Korean peninsula and around the ocean [19].
Being a large, smooth-skinned species provides a high market value for
big-belly seahorses. However, fulfilling the demand for seahorses is still
a problem as they are extremely difficult to culture. One of the major
threats for seahorse cultivation is their poor adaptability to higher
densities and stressful environments, thus increasing their vulnerability
to pathogenic infections [27]. Therefore, understanding the immune
responses of big-belly seahorse against bacterial and pathogen-asso-
ciated molecular pattern (PAMP) stimuli will facilitate the development
and maintenance in seahorse cultivation. Accordingly, the present
study investigated the molecular, transcriptional, and functional prop-
erties of Grx1 from big-belly seahorse (HaGrx1) to understand its role in
immunity.

2. Materials and methods

2.1. Identification of Grx1 from H. abdominalis

The cDNA sequence with the highest homology to Grx1 was ob-
tained from the big-belly seahorse transcriptomic database which was
established previously [28]. National Center for Biotechnology In-
formation (NCBI) BLAST algorithm and RefSeq non-redundant protein
databases were used to compare and verify the obtained sequence [29].

2.2. Bioinformatic analysis of HaGrx1 sequences

The coding sequence of HaGrx1 was obtained using the NCBI ORF
Finder (https://www.ncbi.nlm.nih.gov/orffinder/) and putative poly-
peptide sequence was derived. Then, the amino acid sequence was
verified using the NCBI blastp program [30]. ExPASy Protparam [31]
was used to study the physiochemical properties of the HaGrx1 protein
and predicted N-linked glycosylation sites were recognized by NetN-
Glyc 1.0 server [32]. Further, signal peptides of HaGrx1 were analyzed
by the SignalP 4.1 online tool [33]. The domain organization and sig-
nature motifs in the HaGrx1 amino acid sequence were analyzed by the
NCBI conserved domain database [34] and Motif Scan [35]. The SWISS

model workbench [36] was used to predict the tertiary structure of
HaGrx1 by comparison with the crystal structure of human glutar-
edoxin 1 in its fully reduced form as a template (PDB; jhb.1). The
predicted three-dimensional structure of the HaGrx1 protein was pic-
tured by using PyMOL software. Multiple sequence and pair-wise se-
quence alignments were generated by Clustal Omega [37] and EMBOSS
needle tools [38], respectively. The phylogenetic tree was constructed
using the neighbor-joining method available in MEGA7 software with
5000 bootstraps to investigate the relationship between HaGrx1 with
other Grx1 orthologs [39].

2.3. Sample collection for tissue-specific distribution and temporal
expression analysis

Sample collection for both tissue distribution and the temporal ex-
pression was carried out as described previously [28]. Healthy big-belly
seahorses were acquired from the Korea Marine Ornamental Fish
Breeding Center (Jeju Island, Republic of Korea) and kept in 300 L tanks
with temperature of 18 ± 2 °C and practical salinity units (psu) of
34 ± 0.6 for a one-week period. Then, six healthy big-belly seahorses
(three males and three females with an average body weight of 8 g)
were dissected and 14 tissues including liver, testis, ovary, spleen, in-
testine, gill, kidney, skin, muscle, heart, pouch, stomach and brain were
carefully isolated for tissue-specific transcriptional analysis. Blood was
collected by tail cutting and the peripheral blood cells were separated
by centrifugation at 3000×g for 10min at 4 °C. Then, all tissues were
immediately snap frozen in liquid nitrogen and stored at −80 °C.

For the temporal expression analysis experiment, big-belly sea-
horses were divided into five groups, and each group contained 35
juvenile big-belly seahorses having an average body weight of 3 g. Each
group was intraperitoneally injected with 100 μL of lipopolysaccharides
(LPS) (1.25 μg/μL), polyinosinic:polycytidylic acid (poly I:C) (1.5 μg/
μL), Edwardsiella tarda (5× 103 CFU/μL), and Streptococcus iniae
(1× 105 CFU/μL), which were suspended phosphate buffered saline
(PBS). The control group was injected with 100 μL of PBS. Next, blood
was collected from five seahorses at 3, 6, 12, 24, 48, and 72 h post-
injection (p.i.) intervals. During the temporal expression analysis ex-
periment period, seahorses were not fed. All experiments in this study
including seahorse rearing and temporal expression were reviewed and
approved by the Animal Care and Use Committee of Jeju National
University.

2.4. RNA extraction and cDNA synthesis

Total RNA was extracted from a pool of excised tissues (tissue dis-
tribution n=6 and temporal expression n=5) using RNAiso plus re-
agent (TaKaRa, Japan) and cleaned up with RNeasy spin column
(Qiagen, USA) according to the manufacturer's protocol. The quality of
the extracted RNA was assessed by 1.5% agarose gel, and the con-
centration was recorded at 260 nm using a μDrop Plate (Thermo
Scientific, USA). Then, 2.5 μg of total RNA was reverse transcribed
using the PrimeScript™ II 1st Strand cDNA synthesis kit (TaKaRa,
Japan). Finally, synthesized cDNA was diluted 40-fold in nuclease-free
water and stored at −80 °C.

2.5. Quantitative real-time PCR (qPCR) analysis

Tissue-specific and temporal mRNA expression of HaGrx1 was
measured by qPCR using TaKaRa Thermal Cycler Dice Real Time
System III. All qPCR primers were designed according to the minimum
information for publication of quantitative real-time PCR experiments
(MIQE) guidelines [40] using the IDT primer quest tool (https://sg.
idtdna.com). Big-belly seahorse 40S ribosomal protein S7 gene (Ac-
cession No: KP780177) was selected as an internal control gene. The
qPCR reaction was performed in a total 10 μL reaction mixture com-
posed of 3 μL of cDNA template, 5 μL of TaKaRa Ex Taq™ SYBR premix

W.K.M. Omeka, et al. Fish and Shellfish Immunology 90 (2019) 40–51

41

https://www.ncbi.nlm.nih.gov/orffinder/
https://sg.idtdna.com
https://sg.idtdna.com


(TaKaRa, Japan), 1.2 μL of PCR grade water, and 0.4 μL of each primer
(10 pmol/μL) as cited in Table 1. Initial denaturation, denaturation,
annealing, and extension parameters for a qPCR cycle were 10 s at
95 °C, 5 s at 95 °C, 10 s at 58 °C, and 20 s at 72 °C, respectively. After 45
cycles, a final cycle of 15 s at 95 °C, 30 s at 60 °C, and 15 s at 95 °C was
run to evaluate the specificity of target amplification.

2.6. Statistical analyses of qPCR data

Relative mRNA expression of HaGrx1 was calculated by the Livak
(2−ΔΔCT) method [41]. For tissue-specific expression data analysis, the
Ct value of skin tissue was set as the basal expression. Relative HaGrx1
expression values were statistically analyzed by one-way ANOVA using
IBM SPSS 24 software (SPSS, USA). For the immune challenge expres-
sion analysis, mRNA expressions at different p.i. intervals were re-
presented as fold changes relative to the PBS and unchallenged controls
at each time point. Fold values were further statistically compared
(p < 0.05) with un-injected control (0 p.i) by the Mann-Whitney U test
using the IBM SPSS 24 software. All determinations were carried out in
triplicates and the results are expressed as the mean ± standard de-
viation (SD).

2.7. Recombinant plasmid construction

Specific cloning primers with corresponding restrictions sites were
designed for recombinant plasmid construction (Table 1). The HaGrx1
coding sequence was amplified by PCR using template cDNA derived
from blood. The total volume of 50 μL of PCR reaction mixture was
prepared by adding 0.4 μL of Ex Taq polymerase (5 U/μL, TaKaRa,
Japan), 2 μL (10 pmol/μL) of respective forward and reverse primers,
5 μL of 10×ExTaq buffer, 4 μL of 2.5 mM dNTP, and 10 μL of 40-fold
diluted cDNA. The PCR conditions were as follows: an initial dena-
turation at 94 °C for 4min, followed by 35 cycles at 94 °C for 30 s, 56 °C
for 30 s, 72 °C for 70 s, and a final extension at 72 °C for 10min. Then,
the PCR product was purified by the Accuprep® PCR purification kit
(Bioneer Co., Korea). Amplified PCR products and the pMAL c5x vectors
(New England BioLabs Inc.) were subjected to restriction digestion with
respective restriction enzymes according to the manufacturer's in-
structions (TaKaRa, Japan). Next, PCR fragments and the pMAL c5x
vectors were subjected to gel electrophoresis and purified by the Ac-
cuprep® Gel purification kit (Bioneer Co., Korea). Digested pMAL c5x
vector and HaGrx1 fragments were ligated by Ligation Mighty Mix
(TaKaRa, Japan) for 30min at 16 °C. Then, recombinant vectors were
transformed into Escherichia coli (DH5α) competent cells by the heat-
shock method and positive clones were isolated by the Accuprep®

Plasmid Mini Extraction kit (Bioneer Co., Korea). Finally, the sequence
of recombinant HaGrx1 (rHaGrx1) was confirmed by sequencing
(Macrogen, Korea).

2.8. Overexpression and purification of HaGrx1 fusion protein

The recombinant plasmids with verified sequences were trans-
formed into E. coli BL21 (DE3) competent cells and cultured in Luria-
Bertani (LB) rich ampicillin medium (LB+ 0.2% glucose, 100 μg/mL of
ampicillin). Cells were incubated at 37 °C at 200 rpm until growth

reached an optical density at 600 nm (OD600) of 0.5. Then, rHaGrx1
protein expression was induced by adding 1mM isopropyl β-D-1-thio-
galactopyranoside (IPTG) solution and further incubated at 25 °C and
200 rpm for 8 h. At the end of the incubation process, cells were har-
vested by centrifugation at 3000×g for 30min at 4 °C. The pellet was
resuspended in 25mL column buffer (20mM Tris-HCl pH 7.4 and
200mM NaCl) and stored at −20 °C for overnight. Cold resuspensions
were thawed and lysed by cold sonication. Then, rHaGrx1 protein was
purified as a fusion protein of maltose binding protein (MBP) by pMAL
protein fusion and purification systems (NEB, USA) according to the
manufacturer's instructions and MBP tag was cleaved off by factor Xa
digestion. Concentration of protein was recorded at OD595 by the
Bradford method using bovine serum albumin (BSA) as a standard.
Protein banding pattern at different steps of purification were visua-
lized by 12% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE).

2.9. Functional assays

2.9.1. Dehydroascorbic (DHA) reductase assay
The DHA reductase activity of rHaGrx1 was assayed by the direct

spectrophotometric method mentioned by Wells et al. and Stahl et al.
[20,42]. Briefly, a series of 200 μL of a reaction mixture containing
200mM sodium phosphate buffer (pH 6.9), 1 mM EDTA, 2mM reduced
L-Glutathione (GSH) (Sigma, USA), and 25 μg/mL of rHaGrx1 was
prepared in order to perform kinetic analysis for rHaGrx1 with respect
to DHA concentration. The reaction was initiated by adding a series of
DHA solutions with varying concentrations (0, 0.5, 1, 1.5, and 2mM)
(Sigma, USA). Initial and final absorbance was measured at 265 nm
with 2-min intervals. rHaGrx1 kinetic activity with respect to GSH
concentration was measured using 25 μg/mL of rHaGrx1, 1.5mM DHA,
and a series of GSH solutions with varying concentrations (0, 0.5, 1, 1.5
and 2mM). A blank without protein was simultaneously run for each
reaction in order to eliminate background error occurred by any
nonenzymic reaction between GSH and DHA. All spectrophotometric
data were obtained by the SYNERGY/HT™ microplate reader (Biotek,
Korea). The experiment was performed in triplicate at 25 °C. The Mi-
chaelis-Menten constant (Km) and turnover number (Kcat) were de-
termined using the Lineweaver-Burk plot [43].

2.9.2. Relative DHAR activity of HaGrx1 with different thiol compounds
The impact of different thiol compounds on Grx1 activity was

measured as described previously with slight modifications [44]. Re-
duced GSH, 1,4-dithiothreitol (DTT), L-cysteine, and 2-mercaptoethanol
(all from Sigma-Aldrich, USA) were used as thiol compounds. The de-
hydroascorbic reduction assay was performed as described in section
3.4.1 using 12.5 μg/mL rHaGrx1 protein, 0.5 mM DHA and 2mM thiol
compound. The HaGrx1 activity in the presence of the different thiol
compounds was calculated relative to HaGrx1 activity with GSH as
100%. Relative HaGrx1 activities were statistically compared
(p < 0.05) using Kruskal–Wallis one-way analysis of variance test
using IBM SPSS 24 software.

2.9.3. β-Hydroxyethyl disulfide (HED) and reduction assay
HED reduction activity of rHaGrx1 was assayed as described

Table 1
Primers used for cloning and quantitative real-time PCR.

Primer Name Sequence 5′–3′ Description

HaGrx1 qPCR forward GCGCGTCAAGACATGAATAG Tm 61 °C, 139 bp
HaGrx1 qPCR reverse CCAGTTTGCCACTCTTATGC Tm 60 °C, 139 bp
HaGrx1 cloning forward GAGAGAgatatcATGGCTCAGCAATTCGTCCAGGCTAAAA Tm 59.9 °C, 436 bp, EcoRV
HaGrx1 cloning reverse GAGAGAgaattcTCACTGGAGAACCCCAATGGACT Tm 60 °C, 436 bp, EcoRI
40S ribosomal S7 forward ACTCTGGAACTGGCAGAGGAAGAC Tm 60 °C, 187 bp
40S ribosomal S7 reverse TGAAGTCATTCATGTTGGTGGCCTGTA Tm 60 °C, 187 bp
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previously by measuring the decrease in absorbance at 340 nm [37,38].
For the kinetic analysis of GSH, the reaction was performed in a 500-μL
reaction mixture containing 100mM Tris-HCl (pH 7.9), 0.2 mM
NADPH, 2mM EDTA, 0.1 mg/mL bovine serum albumin, 0.1 μg/mL
glutathione reductase, 0.7mM HED, and different GSH concentrations
(0.2–2mM). After adding HED, the absorbance was measured for 3min
(30-sec intervals) in order to confirm the termination of the none-
nzymic spontaneous reaction between HED and GSH. Then, 0.19 μM
rHaGrx1 was added to initiate the enzymatic reaction and the absor-
bance at 340 nm was recorded for 2min. Similarly, kinetic analyses for
HED were determined using varying concentrations of HED
(0.3–1.8 mM) in the presence of 1mM GSH and 0.19 μM rHaGrx1. Km

and Kcat values were calculated by the Lineweaver-Burk plot method.

2.9.4. Turbidimetric assay of insulin disulfide reduction
The rate of insulin disulfide reduction by rHaGrx1 was monitored

spectrophotometrically at 650 nm as described previously [45]. The
200-μL reaction mixture contained 0.1M potassium phosphate buffer
(pH 7.9), 0.13mM bovine insulin, 2 mM EDTA, and different con-
centrations of rHaGrx1 (2–17mM). The reaction was initiated by
adding 1mM GSH as a reductant. The treatments were statistically
compared (p < 0.05) with 0 μg/mL protein + GSH control by in-
dependent Student's t-test using IBM SPSS statistics 24 software.

3. Results

3.1. Sequence analysis of HaGrx1

The length of the coding sequence of HaGrx1 (Accession No.
MK078310) was 321 bp and encoded a protein with 106 amino acids
(aa). The theoretical isoelectric point (pI) and molecular mass of the
deduced HaGrx1 protein were 7.71 and 11.77 kDa, respectively.
HaGrx1 does not contain any signal peptides or N-linked glycosylation
sites. According to the NCBI conserved domain database, HaGrx1
consists of a glutaredoxin conserved domain (14–98 aa) and belongs to
the thioredoxin-like superfamily. Further, it contains a CSYC (23–26 aa)
active site which represents the conserved CXXC thioredoxin/glutar-
edoxin catalytic motif. Moreover, HaGrx1 has 11 GSH binding sites as
depicted in Fig. 1.

The predicted tertiary model for HaGrx1 covers 77% of the protein's
3D structure (Fig. 2). Further, it showed a typical Grx tertiary structure
with five α-helixes and four β-sheets. According to the multiple se-
quence alignment (Fig. 3A), an active CXXC motif was conserved for all
selected Grx1 orthologs. Further, many of the GSH binding sites that
can be found in HaGrx1 were conserved in other Grx1 orthologs.

The deduced HaGrx1 shares the highest identity (97.2%) with Grx1
homologs of Hippocampus comes followed by Labrus bergylta (Table 2).
Further, HaGrx1 shared 57.5% sequence identity and 72.6% similarity
with the Grx1 homolog from Homo sapiens. According to the phyloge-
netic reconstruction (Fig. 3B), glutaredoxins are universally distributed
in all the living organisms including bacteria, plants, and animals.
HaGrx1 was in a clade with other fish Grx1 counterparts while closely
clustered with the H. comes Grx1 ortholog (Fig. 3B).

3.2. Tissue distribution and immune challenge

As depicted in Fig. 4A, HaGrx1 was ubiquitously expressed in all the
14 tissues tested. The highest expression of HaGrx1 was observed in
muscle, followed by the ovary, whereas the lowest expression was ob-
served in the skin.

According to the temporal expression in the blood (Fig. 4B), sig-
nificant modulations of HaGrx1 were observed upon treatment with
selected PAMPs and live bacteria. HaGrx1 was significantly upregulated
early as 3 h p.i. against LPS challenge and the significant upregulation
was observed at 72 h p.i. HaGrx1 transcription in response to E. tarda
showed the highest expression at 3 h p.i. and upregulation lasted for

48 h p.i. HaGrx1 expression against S. iniae showed early upregulation
at 3–6 h p.i. For poly I:C, significant HaGrx1 expression was observed at
3, 12, and 72 h p.i.

3.3. Expression and purification of rHaGrx1

According to the SDS PAGE gel image (Fig. 5, lane 6), rHaGrx1-MBP
fusion protein can be identified as a single band between 50 kDa and
70 kDa. The approximate size of the rHaGrx1-MBP fusion protein is
54 kDa. The band present in the Lane 7 (Fig. 5), represented the pre-
dicted molecular weight of rHaGrx1 (11.77 kDa) after the factor Xa
digestion.

3.4. Functional studies

3.4.1. Dehydroascorbic (DHA) reduction assay
The dehydroascorbic reduction activity of rHaGrx1 was analyzed

using 25 μg/mL protein. The rHaGrx1 showed significant DHA reduc-
tion activity with compared to the control. As seen in Fig. 6A, the DHA
reduction activity of rHaGrx1 increased linearly up to 1.5min with
0.5–2mM DHA concentrations at constant GSH concentration. The
DHA reduction activity of rHaGrx1 increased linearly up to 2min with
0.5–2.0mM GSH at constant DHA concentrations (Fig. 6B). Kinetic
analysis of the DHA reduction activity of rHaGrx1 revealed apparent Km

and Kcat values with respect to each substrate that is shown in Table 3.

3.4.2. Relative DHAR activity of HaGrx1 with different thiol compounds
Since various thiol compounds may activate the Grx, the DHAR

activity of rHaGrx1 was determined using four reducing thiol com-
pounds. HaGrx1 showed the highest DHAR activity in the presence of
DTT as the reductant thiol compound (Fig. 6C). The DHAR activity of
HaGrx1 differed in order of DTT > GSH>2-ME > L-cysteine with the
thiol compounds.

3.4.3. HED reduction assay
The small molecular weight disulfide reduction activity of rHaGrx1

was analyzed by HED assay. rHaGrx1 showed significant disulfide re-
duction activity with different GSH concentrations. HED reduction ac-
tivity of rHaGrx1 was increased in a GSH concentration-dependent
manner at a constant HED concentration (Fig. 7). The apparent Km, and
Kcat with respect to GSH were cited in Table 3.

3.4.4. Turbidimetric assay of insulin disulfide reduction
Insulin disulfide reduction assay was performed to evaluate the

oxidoreductase activity of rHaGrx1. According to data shown in Fig. 08,
significant insulin reduction activity was observed upon 5 min in
GSH + rHaGrx1 treated samples. Higher insulin reduction activity was
observed in the 200 μg/mL rHaGrx1 + GSH sample compared to lower
concentrations of rHaGrx1 + GSH. However, disulfide reduction ac-
tivity was not detected within the observed incubation period for
rHaGrx1 in the absence of GSH. Further, samples containing only GSH
showed lower absorbance compared to those of the rHaGrx1 + GSH
treated samples.

4. Discussion

Redox-active thiol-containing proteins such as Trx and Grx play a
vital role in redox homeostasis which leads to scavenging of reactive
oxygen species (ROS). ROS accumulation causes various pathological
conditions and consequently leads to cell damage and apoptosis [46].
There are many studies on Grx1 orthologs from different species in-
cluding viruses [10], bacteria [18], fungi [5], plants [47], and mam-
mals [48], but few functional studies from fish species regarding innate
immunity and oxidative stress. In this study, characteristics of HaGrx1
were evaluated based on in-silico analysis, innate immune responses,
and redox activity.
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The deduced HaGrx1 protein sequence possessed similar char-
acteristics to those of Grx1 from other species. For example, human
Grx1 showed identical features to HaGrx1 [49]. Further, the molecular
mass of human Grx1 and HaGrx1 is 11.76 and 11.77 kDa, respectively.
E. coli Grx also has similar features such as a molecular weight of
10 kDa and a CXXC active site [3]. Therefore, the structure of Grxs
appeared to be conserved to both eukaryotes and prokaryotes. HaGrx1
has 11 GSH binding sites that are essential for its function. Usually, GSH
acts as an electron donor for many proteins such as Grx, Glutathione S-
transferase (GST), and Glutathione reductase (GR). Therefore, GSH
binding sites are essential for the redox function of such proteins.
Among the 11 GSH binding sites in HaGrx1, nine residues are highly
conserved in vertebrates, whereas all 11 residues are conserved and
represented by the same amino acid in fish Grx1 orthologs (Fig. 3A).
Hence, HaGrx1 may be classified as a glutaredoxin with typical se-
quence characteristics. However, the CXXC catalytic motif is commonly
represented as CPYC in other species, but HaGrx1 contains CSYC re-
sidues, which can also be observed in some fish species (Fig. 3A). Ac-
cording to Foloppe et al., redox activity of the CXXC motif in E. coli can
be greatly affected by alterations in -X-X- residues [50]. Therefore, al-
teration of CPYC to CSYC can change the redox properties of the
HaGrx1 sequence. This point can be further emphasized by the fact that

human Grx2, which contains CSYC, has the ability to obtain electrons
from mitochondrial thioredoxin reductase and coordinating Fe/S clus-
ters [50]. Further, alterations in peripheral amino acids can greatly
affect the redox potential [50]. Therefore, HaGrx1 may possess dif-
ferent catalytic properties from all other Grx1 orthologs.

The tertiary structure of HaGrx1 showed 77% similarity to human
Grx1 PDB template, suggesting that it has a typical Grx1 3D structure.
HaGrx1 also has a typical thioredoxin fold, which is conserved in en-
zymes that catalyze disulfide bond formation and isomerization. The
spatial topology of the thioredoxin fold comprises central four anti-
parallel β-sheets surrounded by three α-helixes [51]. However, HaGrx1
was found to consist of 5 α-helixes. It has been reported that most
prokaryotic Grxs contain a typical thioredoxin structure, but some eu-
karyotic Grxs possess two additional α-helixes on the N- and C-termini
[52]. Due to the conserved structural features, HaGrx1 showed 57.5%
identity with human Grx1 amino acid sequence, but according to data
shown in Fig. 3B and phylogenetic reconstruction, HaGrx1 is more
closely related to fish Grx1 orthologs. Moreover, HaGrx1 shows the
highest homology with Grx1 from H. comes. Therefore, the in-silico
analysis results in this study provide clear evidence of the evolutionary
link and the ancestral lineage of HaGrx1 to other Grx1 orthologs.

The conservation of Grx structure and function throughout all

Fig. 1. Nucleotide and deduced amino acid sequence of HaGrx1 from Hippocampus abdominalis. The predicted glutaredoxin domain is shaded in gray and the
conserved CXXC motif is marked with underlined bold red letters. The GSH binding sites of the protein sequence are indicated in bold black letters. The stop signal of
the protein is denoted by an asterisk. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

W.K.M. Omeka, et al. Fish and Shellfish Immunology 90 (2019) 40–51

44



organisms, even plants and viruses, denotes the importance of its
functions for biological processes. The most well-elucidated function of
Grx1 is its role in regulating redox homeostasis, which has great in-
fluence on immune, metabolic, and hormonal functions [53]. The an-
tioxidant activity of Grx is exerted by an enzymatic system comprised of
GSH, glutathione reductase (GR), and NADPH [54]. Grx is a key re-
ducing agent present in cells that can catalyze the activity of a versatile
range of substrates. By catalyzing these substrates, Grx1 regulates many
metabolic and signaling pathways, and thus is recognized as a tran-
scription factor for many genes such as Bcl-2, Bcl-xL, and apurinic
(apyrimidinic) endonuclease/redox-factor 1 (APE/Ref-1) [11].

Further, it is reported that the redox activity of Grx1 can function-
ally overlap with the activity of many proteins. For instance, it catalyzes
many substrates utilized by Trx such as insulin and ribonucleotide re-
ductase [55]. Further, it possesses dehydroascorbic reductase activity,
glutathione peroxidase activity, and glutathione S-transferase activity
[3,20,56]. Most importantly, Grxs are involved in Fe/S cluster co-
ordination in cells [1]. Hence, Grx1 can be recognized as a multi-
functional enzyme, thereby ubiquitous expression in tissues can be
expected. The tissue-specific expression of HaGrx1 also exhibited ubi-
quitous expression in all the tissues examined and the highest sig-
nificant expression was observed in muscle. ROS are highly generated
in muscles due to the high energy production and utilization of this
tissue [57]. Seahorses are tiny sea creatures with characteristic skeletal
and muscle structures required for swimming and to anchor to sub-
strates [27]. They have a strong prehensile tail that attaches to sub-
strates and a large dorsal fin that exerts propulsive force to swim in an
upright position [27]. Therefore, muscles attached to fins and the
skeleton are highly active, and ROS generation can be increased in this
tissue. The highest expression of HaGrx1 in muscle suggests its re-
quirement for ROS neutralization. The second highest expression was
observed in the ovary followed by brain tissue (Fig. 4A). Ovaries are
metabolically active and undergo various stresses [58]. Fernández et al.
reported that Grx1 expression in rat ovary significantly influences the
maturation of oocytes and survival of luteal cells by protecting them
from apoptosis and oxidative damage [13]. As female seahorses pro-
duce more than 1500 eggs/clutch, ovaries are highly active [25].
Therefore, significant HaGrx1 production in this tissue suggests that it
protects eggs from oxidative stress during maturation. Also, Grxs are
intensively investigated upon protecting the central nervous system
from oxidative stress [15,16,22]. Further, it is reported that Grx

protects cerebellar granule neurons from dopamine-induced apoptosis
by activating NF-κB [15]. Ascorbic acid is one of the key antioxidant
molecules needed for several functions of the central nervous system,
including the maturation and differentiation of neurons, myelin for-
mation and synthesis of catecholamine [59]. Therefore, significant
tissue-specific expression of HaGrx1 in the brain may be evidence that
antioxidant function is required for the recovery of ascorbic as well as
the elimination of ROS, which can cause neurodegeneration.

Grxs plays an important antioxidant role in the blood as red blood
cells are highly exposed to xenobiotics and ROS formed during in-
flammation. Therefore, vertebrate RBCs have their own reactive sulf-
hydryl groups on each β subunit and they can exert antioxidant activity
against free radicals such as H2O2 [60,61]. However, oxidation of these
SH- groups can affect the oxygen- and heme-binding capacity of the
RBCs [62]. Therefore, it is reported that Grx in erythrocytes has a
distinct function in regenerating oxidized SH groups on RBCs [62]. On
the other hand, it is reported that erythrocytes have a bactericidal effect
by producing ROS against pathogens [63]. Thus, it is important to
regulate ROS production to a proper level to avoid causing cell da-
mages. As a result, expression of Grx1 in blood during pathogenic in-
fection is important in many ways. The significant modulation of
HaGrx1 transcripts in blood upon exposure to pathogens such as E.
tarda and S. iniae suggests both sulfhydryl homeostasis and ROS neu-
tralization. In addition, Grx1 can activate IL-1 and TLR-4 signaling
pathway by regulating TRAF6 [64]. IL-1 is a proinflammatory cytokine
that promotes activation of immune cells such as macrophages,
monocytes, lymphocytes, and neutrophils [65]. TLR-4 also acts as a
receptor for LPS and regulates the secretion of proinflammatory factors
[66]. Both IL-1 and LPS activate myeloid differentiation factor 88 and
TRAF6 and thus promote proinflammatory signaling cascades as an
innate immune response [65,66]. TRAF6 is deglutathionylated by Grx1
upon IL-1 induction and it can activate the NF-κB pathway [64]. Fur-
ther, Grx1 can promote the auto-polyubiquitination of TRAF6, which
subsequently activates NF-κB [64]. These proinflammatory pathways
are highly active during immune stimulation. Therefore, significant
upregulation of HaGrx1 in blood upon exposure to LPS, E. tarda, and S.
iniae can indicate the activation of proinflammatory pathways by de-
glutathionylation of TRAF6. Poly I:C is a synthetic compound analog to
viral dsRNA. It can activate IRF3 through the TLR3 signaling cascade.
IRF3 is a key transcription regulatory factor of antiviral interferon
genes. During viral infections, IRF3 translocates to the nucleus and

Fig. 2. Predicted tertiary structure of HaGrx1.
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activate transcription. Deglutathionylation of IRF3 is essential to acti-
vate IRF3 and the gene expression of IFNβ. Prinarakis et al. reported
that deglutathionylation of IRF3 is regulated by cytoplasmic Grx1 in
humans. Therefore, Grx1 plays a crucial role in controlling the cell
signaling pathway upon viral infection. The significant upregulation of
HaGrx1 against Poly I:C may be evidence of activation of IRF3 by de-
glutathionylation. The aforementioned proinflammatory signaling
pathways are important for innate and adaptive immunity of higher
organisms, including the seahorse. E. tarda and S. iniae can cause severe
infections in a broad range of animals. HaGrx1 transcriptional profiles
against immune stimulants exhibits overall upregulation patterns but
significant downregulations was observed at time point of 24 h p.i. The
reason for the downregulations is not clear but Grx1 can be involved in
dynamic regulation of NF-κB during the infections and oxidative stress.

Fig. 3. (A) Multiple-sequence alignment of HaGrx1 and its orthologs from selected organisms. Sequence alignments were obtained using the Clustal Omega tool.
Conserved residues are shaded in black and semi-conserved residues are shaded in gray. The conserved CXXC motif is marked with a black box and GSH binding sites
that are conserved in HaGrx1 and all other selected organism are shaded with a purple color. GSH binding sites that are conserved only in selected fish species are
marked with green color. Accession numbers of selected protein sequences are listed in Table 2(B) Phylogenetic reconstruction of HaGrx1. The evolutionary
development of HaGrx1 was analyzed with its different homologs categorized under different taxonomic groups based on the multiple alignment profiles of the
protein sequences generated by the Maximum likelihood method using MEGA 7.0 software. Bootstrap support values corresponding to each branch are indicated.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Identity and similarity percentages of Grx1 orthologs from different species
compared to HaGrx1.

Accession No Scientific name Identity (%) Similarity (%)

XP_019736469.1 Hippocampus comes 97.2 100.0
XP_020485061.1 Labrus bergylta 84.0 90.6
XP_023283715.1 Seriola lalandi dorsalis 83.0 91.5
XP_008278744.1 Stegastes partitus 82.1 92.5
XP_023145063. Amphiprion ocellaris 82.1 91.5
XP_020485061.1 Acanthochromis polyacanthus 81.1 91.5
AAC35798.1 Homo sapiens 57.5 72.6
AEE61370.1 Sus scrofa 57.5 73.6
NP_001016597.1 Xenopus tropicalis 57.0 70.1
AAF04780.1 Mus musculus 54.2 73.8
CAA70437.1 Gallus gallus 47.2 67.0

W.K.M. Omeka, et al. Fish and Shellfish Immunology 90 (2019) 40–51

46



Reynaert et al. suggested that key immune regulatory factor NF-κB is
known as redox sensitive molecule and Grx1 can modulate the mag-
nitude of activation of the NF-κB through Grx1 dependent deglu-
tathionylation of IKK-β. Therefore, Grx1 may modulate the extent and
timing of activation of NF-κB signaling. They also suggested that
modulation of NF-κB and IKK-β upon oxidative and inflammatory re-
sponses is a protective mechanism to avoid irreversible inactivation of
IKK-β and to ensure rapid regeneration of enzymatic activity [67].
Therefore, the dynamic upregulations and downregulations observed in
this study might reflect the potential involvement of HaGrx1 in reg-
ulation of NF-κB signaling cascade through its differential expression
patterns.

Ascorbic acid (AA) is a highly required cofactor for many enzymes

as involved in the biosynthesis of collagen, creatinine, catecholamine,
and peptide hormones [59]. Further, they terminate free radical chain
reactions by scavenging ROS and reactive nitrogen species (RNS).
During the above biological processes, AA can be oxidized into DHA
which can be used to regenerate AA again [42]. The conversion of DHA
to AA is mainly catalyzed by GSH-dependent DHA reductase, but some
other enzymes such as thioredoxin reductase, Grx, and GST-omega also
possess dehydroascorbate reductase (DHAR) activity [68–70]. Simi-
larly, HaGrx1 also demonstrated DHAR activity. As shown in Table 3,
the Km value of DHA is lower than the Km of GSH. Higher Km value
indicates that a high substrate level is required to reach the Vmax. As
HaGrx1 has 11 GSH binding sites, the Km for GSH can be increased.
According to the literature, HaGrx1 shows a similar Km value to that of
bovine thymus glutaredoxin upon DHA and GSH exposure [20]. The
catalytic efficiency (Vmax/Km) of HaGrx1 for DHA is higher than that of
Grx1 from Chlamydomonas reinhardtii [45], indicating that HaGrx1 has
better redox properties.

Grxs can utilize thiol compounds other than GSH [44,71]. There-
fore, we analyzed the DHAR activity of rHaGrx1 with different thiol
compounds. Interestingly, the highest relative DHAR activity of
rHaGrx1 was observed with DTT. In a prior study, Grxs showed the best
activity with GSH as reductant compound [2]. However, another study
reported that Grxs have better activity with DTT in assays, including the
insulin reductase assay [72]. DTT has two SH groups and is considered
a strong electron donor or reductant [73]. It is commonly used in vitro
assays of Trx, but is not considered a naturally available compound in
cells [74]. L-cysteine is a sulfur-containing non-essential amino acid,
which can act as a reducing agent [75]. L-cysteine may also act as a
disulfide reducing agent and its activity is lower than GSH [76]. Our
results mirror these prior observations. β-mercaptoethanol is a reducing
agent that is used in several enzymatic assays due to its excellent ability
to inhibit oxidation of free sulfhydryl residues. According to our results,
β-mercaptoethanol was not a good reducing agent for rHaGrx1 upon
DHAR activity. The nature of the selective activity of Grxs on different
thiol compounds remains unclear.

HED is a synthetic compound used as the standard substrate for
Grxs. According to the elucidated mechanistic model, HED initially
reacts with GSH nonenzymatically to yield a mixed disulfide between
GSH and 2-mercaptoethanol (GSSEtOH) [77]. Therefore, GSSEtOH is
the actual substrate for Grx in the HED assay. The CXXC motif of Grx1
serves as SH- groups (thiol groups) that can attack GSSEtOH during the
oxidative half-reaction. Subsequently, GSSEtOH reduces to 2-mercap-
toethanol and produces S-glutathionylated Grx. Glutathionylated Grx is

Fig. 4. (A) Tissue-specific expression of HaGrx1 under normal physiological
conditions. The Livak method was used to calculate the relative mRNA ex-
pression of each tissue, and seahorse 40S ribosomal protein S7 gene was used as
an internal control gene in the qPCR experiment. The data are represented as
mean values (n=3) ± standard deviation (S.D.). (B) Temporal expression
profiles of HaGrx1 in the blood after PAMP (LPS and poly I:C) and bacterial
(Edwardsiella tarda and Streptococcus iniae) challenges. The Livak method was
used to calculate the fold changes in mRNA expression, and seahorse 40S ri-
bosomal protein S7 gene was used as an internal control gene in the qPCR
experiment. The relative fold changes in expression were compared with those
of the PBS-injected control at different time points. The data are represented as
mean values (n= 3) ± S.D. Significant differences compared to the blank (0 h)
are indicated with an asterisk for P < 0.05.

Fig. 5. SDS-PAGE analysis of overexpressed and purified HaGrx1 as an MBP-
fusion protein. Lane 1: unstained protein ladder, Lane 2: crude extract of un-
induced E. coli C2327 cells, Lane 3: crude extract of induced E. coli C2327, Lane
4: supernatant after sonication and centrifugation of induced E. coli C2327 cells,
Lane 5: Pellet, Lane 6: purified HaGrx1 fusion protein, Lane 7: cleaved rHaGrx1
by factor Xa, Lane 8: Purified MBP protein.
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regenerated by an oxidative half-reaction with GSH, producing oxidized
glutathione (GSSG). The subsequent reaction between NADPH and
GSSG, catalyzed by GR, recovers the GSH, as well as NADPH con-
sumption by GR, providing an indirect method to monitor GRX activity
spectrophotometrically [78]. According to data shown in Table 3,
HaGrx1 exhibited lower catalytic properties towards GSH compared to
those of other Grx1 orthologs [20,79]. Johansson et al. reported that
replacing the proline in CXXC with serine can reduce the catalytic
properties compared to other Grx1s containing CPYC [80]. However,
they reported that CSYC alteration in Grxs could increase the affinity
toward the glutathionylated substrate, clarifying the behavior of
HaGrx1 towards HED (Table 3).

Insulin is a two-chain heterodimer protein with two peptide chains.
A and B chains of insulin are linked by disulfide bonds [81]. These
interchain disulfide bonds can be reduced by proteins such as protein
disulfide isomerase (PDI), Trx, and various other proteins [74]. During
the insulin disulfide reduction, free A and B chains are precipitated and

turbidity can be measured at 650 nm [74]. Though some reports sug-
gest that glutaredoxin is not effective in insulin disulfide reduction,
some studies reported that Grx could exhibit lower insulin reduction
activity compared to thioredoxin in the presence of GSH as an electron
donor [45,72]. According to data shown in Fig. 8, HaGrx1 also showed
concentration-dependent insulin disulfide reduction activity. However,
HaGrx1 displayed lower absorbance values at 650 nm compared to
thioredoxin proteins from Hippocampus abdominalis [82].

In conclusion, the HaGrx1 gene was identified in this study and
subjected to various molecular, transcriptional, and functional analyses.
HaGrx1 possesses a typical Grx1 structure with a CSYC thioredoxin
motif. Spatial and temporal expression analysis showed that HaGrx1
was constitutively expressed in all the seahorse tissues examined and
significantly upregulated in response to LPS, poly I:C, S. iniae, and E.
tarda immune stimulations. Further, HaGrx1 exhibited reductive ac-
tivity toward DHA, insulin, and HED. Therefore, HaGrx1 could be ac-
tively involved in suppressing oxidative stress from both abiotic and

Fig. 6. (A) DHA reduction activity of rHaGrx1 with different DHA concentration and (B) with different GSH concentration. The data are represented as mean values
(n=3) ± S.D. (C) Dehydroascorbate reductase activity of rHaGrx1 with different reducing thiol compounds at 25 °C. The experiment was conducted in triplicates.
The data represent percentage (mean ± S.D). Data with different letters are significantly different among each group (p < 0.05).

Table 3
Kinetic parameters of rHaGrx1 for DHA and HED assays at 25 °C. The experiment was conducted in triplicates and data represent mean ± S.D.

DHA assay HED assay

Substrates GSH DHA GSH HED
Km (mM) 1.56 ± 0.132 0.57 ± 0.154 3.21 ± 0.875 0.21 ± 0.032
Kcat (s−1) 4.86 ± 0.186 4.62 ± 0.321 18.3 ± 0.86 48.8 ± 1.72
Kcat/km (M−1s−1) 3.11×103 8.105× 103 5.7×103 2.32× 105
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biotic sources. Altogether, the results in this study provide better
knowledge about the role of HaGrx1 in the host defense system.
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