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Summary

Disk abalone (Haliotis discus discus) and redlip mullet (Liza haematocheila) are two
species which are very important in the aquaculture industry, especially in South
Korea. However, both these key species are highly vulnerable to the spreading of
infectious diseases caused by bacteria, viruses and parasites. Relatively high stock
densities and poor environmental conditions in the culture farms resulted with mass
mortalities ending with financial losses. Therefore, understanding the immune
responses against infectious diseases in abalones and redlip mullets is essential for a
sustainable development of the aquaculture industry. Therefore, in this study we have
identified and studied two types of genes: Glutathione S- transferases and
phospholipid scramblases from disk abalone and redlip mullet for the understanding
of their characteristic features and behaviors in line with innate immune system.
Glutathione S-transferases (GSTs) are a superfamily of detoxification enzymes that
primarily catalyze the nucleophilic addition of reduced glutathione to both
endogenous and exogenous electrophiles. GSTs can convert toxic substances into less
reactive and more hydrophilic products to facilitate their excretion. Currently, based
on their primary and tertiary structures, substrate/inhibitor specificity and
immunological cross-reactivity, cytosolic GSTs have been grouped into more than ten
classes, which have been designated as classes a, B, 6, §, 0, W, p, 7, 0, T, ¢, € and Q. In
this study we are dealing with GST theta (0) and kappa (k) revealing their molecular
and transcriptional properties. Characterization of AbGST-0 revealed with 226 amino
acids, 26.6 kDa of predicted molecular mass and 8.9 of theoretical isoelectric point.
As illustrated in the multiple sequence alignment, eight glutathione binding sites (G-
sites) and ten substrate binding sites (H-sites) were identified in the well-distinct N-

terminal and C-terminal domains of AbGST-6, respectively. AbGST-0 exhibited its



highest sequence identity with Mizuhopecten yessoensis (59.1%) and the phylogenetic
tree clearly positioned AbGST-0 with pre-defined GST-0 molluscan homologues. The
AbGST-6 was highly expressed in digestive tract of un-challenged abalones. Upon
challenge experiment, AbGST-6 showed significant modulations in their
transcriptional levels depending on the time and the tissue type. The biochemical
properties of AbGST-0 were identified to be 37 °C of optimum temperature and 7.5 of
optimum pH. The determined enzyme kinetic parameters of AbGST-0 showed low
affinity towards 1-Chloro-2,4-dinitrobenzene (CDNB) and glutathione (GSH) as
substrates. Nonetheless with Cibacron blue, ICsy(half maximal inhibitory
concentration) was calculated to be 0.08 pM while observing 100% inhibition with
100 uM. Furthermore, AbGST-0 resulted with significant protection ability towards
H,0,, CdCl,, CuSO4 and ZnCl; in the disk diffusion assay.

The predicted AbGSTk protein consists of 227 amino acids, with a predicted
molecular weight of 25.6 kDa and a theoretical isoelectric point (pI) of 7.78. In silico
analysis reveals that AbGSTx 1s a disulfide bond formation protein A (DsbA),
consisting of a thioredoxin domain, GSH binding sites (G-sites), and a catalytic
residue. In contrast, no hydrophobic ligand binding site (H-site), or signal peptides,
were detected. AbGSTk showed the highest sequence identity with the orthologue
from pufferfish (7akifugu obscurus) (60.0%). In a phylogenetic tree, AbGSTk
clustered closely together with other fish GST«ks, and was evolutionarily distanced
from other cytosolic GSTs. The predicted three-dimensional structure clearly
demonstrates that the dimer adopts a butterfly-like shape. A tissue distribution
analysis revealed that GSTx was highly expressed in the digestive tract, suggesting it
has detoxification ability. Depending on the tissue and time, AbGSTk showed different

expression patterns, and levels of expression, following challenge of the abalone with



immune stimulants. Enzyme kinetics of the purified recombinant proteins
demonstrated its conjugating ability using 1-Chloro-2,4-dinitrobenzene (CDNB) and
glutathione (GSH) as substrates, and suggested it has a low affinity for both
substrates. The optimum temperature and pH for the rAbGSTk GSH: CDNB
conjugating activity were found to be 35°C and pH 8, respectively indicating that the
abalone is well adapted to a wide range of environmental conditions. Cibacron blue
(100 uM) was capable of completely inhibiting rAbGSTk (100%) with an ICs (half
maximal inhibitory concentration) of 0.05 uM. A disk diffusion assay revealed that
rAbGSTx could significantly protect cells from H,O,, CdCl,, and ZnCl,.

Phospholipid scramblases (PLSCRs) are a family of transmembrane proteins known
to be responsible for Ca*"-mediated bidirectional phospholipid translocation in the
plasma membrane. Apart from the scrambling activity of PLSCRs, recent studies
revealed their diverse other roles, including antiviral defense, tumorigenesis, protein—
DNA interactions, apoptosis regulation, and cell activation. Nonetheless, the
biological and transcriptional functions of PLSCRs in fish have not been discovered
to date. Therefore, in this study, two new members related to the PLSCR1 family were
identified in the red lip mullet (Liza haematocheila) as MuPLSCRIlike-a and
MuPLSCR1like-b, and their characteristics were studied at molecular and
transcriptional levels.

Sequence analysis revealed that MuPLSCRI1like-a and MuPLSCRI1like-b are
composed of 245 and 228 amino acid residues (aa) with the predicted molecular
weights of 27.82 and 25.74 kDa, respectively. A constructed phylogenetic tree showed
that MuPLSCR1like-a and MuPLSCR1like-b are clustered together with other known
PLSCR1 and -2 orthologues, thus pointing to the relatedness to both PLSCR1 and

PLSCR2 families. Two-dimensional (2D) and 3D graphical representations illustrated

vi



the well-known 12-stranded [-barrel structure of MuPLSCRI1like-a and
MuPLSCR1like-b with transmembrane orientation toward the phospholipid bilayer. In
analysis of tissue-specific expression, the highest expression of MuPLSCR1like-a was
observed in the intestine, whereas MuPLSCRIlike-b was highly expressed in the
brain, indicating isoform specificity. Of note, we found that the transcription of
MuPLSCRlike-a and MuPLSCR1like-b was significantly upregulated when the fish
were stimulated with poly(I:C), suggesting that such immune responses target viral
infections. Overall, this study provides the first experimental insight into the
characteristics and immune-system relevance of PLSCRI-related genes in red lip

mullets.

Key words: glutathione S- transferase, theta, kappa, disk abalone, Haliotis discus
discus, Phospholipid scramblase 1 like, PLSCR, Red lip mullet, Liza haematocheila,

immune response
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CHAPTER 1:
Structural and functional delineation of two glutathione

S-Transferases from Disk abalone (Haliotis discus discus)



1. Introduction

The marine environment is a complex and dynamic environment filled with multiple
stressors including chemical, physical and biological stresses, resulting from both
natural and human anthropogenic activities (MURRAY et al., 2014). Marine
organisms have inherited several mechanisms and adaptations to tolerate these
challenges in order to survive (Guo et al., 2015). Cellular detoxification mechanisms
are one such mechanism. Generally, a cellular detoxification mechanism consists of
four distinct phases which are temporally and spatially distinct. Phase zero (0)
includes the uptake of xenobiotics by membrane transport proteins; phase I includes
enzymatic bio-activation of the parent compounds through oxidation-reduction
reactions; phase II includes enzyme(s) mediated conjugation of phase I metabolites, or
parent compounds, to water-soluble moieties; and finally, phase III involves the efflux
of parent compounds, or metabolites, from cells by membrane transporters (Hodgson,
2010).

Glutathione S-transferases (GSTs; EC 2.5.1.18) are enzymes that are found in many
organisms including microbes, insects, plants, fish, birds and mammals, and
contribute to phase II detoxification in their respective species (Hayes and Pulford,
1995). In keeping with other detoxification enzymes, GSTs protect the organism by
removing harmful substances by converting them into non-reactive water-soluble
substances (Hayes and Pulford, 1995). These enzymes also have non-catalytic
functions, including the binding of hydrophobic non-substrate ligands, modulation of
signaling processes, regulation of stress-activated cell signaling pathways,
biosynthesis of leukotriene and prostaglandins, and catabolism of aromatic amino
acids (Hayes et al., 2005; Hayes and Pulford, 1995).

In most animals, the GST family of enzymes has been categorized as being cytosolic,



mitochondrial, or MAPEG (membrane associated proteins in eicosanoid and
glutathione metabolism) subfamily members (Hayes et al., 2005). Based on their
amino acid sequence, structure, immunological cross reactivity, evolutionary
relationship, catalytic, and substrate specificity, cytosolic GSTs are further subdivided
into several classes: alpha, beta, delta, epsilon, zeta, theta, mu, nu, pi, sigma, tau, phi,
rho, kappa, omega, elongation factor 1 gamma, dehydroascorbate reductase, and
tetrachlorohydroquinone dehalogenase (Frova, 2006). Microsomal GST and
leukotriene C4 synthase are categorized as belonging to the MAPEG group. The GSTs
from each family have short regions of high identity in common, and share a common
evolutionary pathway (Li et al., 2005). GSTs generally share greater than 60%
sequence identity within a class, and less than 30% among distinct classes (Li et al.,
2005). Over the past years the three-dimensional structures of soluble GSTs in several
classes have been reported (Board et al., 2000; Cameron et al., 1995; Ji et al., 1992;
Oakley et al., 2001; Polekhina et al., 2001; Rossjohn et al., 1998).

Cytosolic GSTs can be identified as homodimers or heterodimers consisting with two
distinct domains of 23-30 kDa in each monomer as :a N-terminal thioredoxin-like
domain and a C-terminal alpha helical domain (Kasthuri et al., 2013). The dimer
interface may have variations as hydrophobic ball-and-socket (a, p, m, ¢ classes) or
hydrophilic nature (6, o, B, classes). The thioredoxin-like domain is responsible for
GSH binding with the presence of specific substrate, hence termed as GSH-binding
sites (G-site) (Allocati, 2018). The catalytic activity of these G-sites are controlled by
tyrosine (Tyr), serine (Ser), or cysteine (Cyst) residues, considered as critical
mediators of glutathione conjugation (Ji et al., 1992). The C-terminal domain together
with N-terminal domain are involving in the shaping of hydrophobic substrate binding

sites (H-site) (Allocati, 2018). Although the G-site sequences are highly conserved



among the GST classes, H-sites had exhibited significant variations in their sequences,
which allows the diversification of the substrate specificity (Ji et al., 1992).

GST theta (0) class was first identified and characterized using 1-menaphthyl sulphate
and 1,2-epoxy-3-(p-nitrophenoxy) propane as substrates (Motoyama and Dauterman,
1977). However, GST-0 is considered as the most ancient group which consists with
two different types: GST-01 and GST-02 sharing 55% sequence identity in their
protein structure. According to the studies of rat, although GSTs are expressing an
organ-specific pattern in their tissue distribution, most of the examined GST-0 were
observed in liver, lung, blood, kidney, spleen, brain, testis, ovary, heart and small
intestine (Hayes et al., 2005). In human studies, GST-01 and GST-02 have been
identified, cloned and provided evidences for their ability to detoxify carcinogenic
chemicals and chemotherapeutic agents (Landi, 2000). Considering about marine
invertebrates, GST-0 has been characterized only from freshwater prawn
(Macrobrachium rosenbergii) (Arockiaraj et al., 2014) manila clam (Ruditapes
philippinarum) (Saranya Revathy et al., 2012) and sea cucumber (Apostichopus
Jjaponicus) (Shao et al., 2017), up to date. Out of them, only the studies of GST-0 from
manila clam and sea cucumber are consisted with the recombinant protein expression
and the functional studies. Moreover, apart from the xenobiotic detoxification of
GSTs, these studies have further revealed the innate immune responses of GST-0 class
by inducing the organisms with viral and bacterial pathogens.

However, among the cytosolic GSTs, kappa is the least studied (Harris et al., 1991).
The GST kappa (GSTx) proteins are an ancient protein family, with orthologues in
bacteria and eukaryotes. The protein was identified and isolated for the first time from
the mitochondrial matrix of rat liver (Harris et al., 1991). Recently, the structure of a

kappa class GST from rat mitochondrion (rGSTk) in complex with glutathione (GSH)



was reported, which shows a folding topology different from that of the other GST
classes (Ladner et al., 2004). These enzymes have recently been demonstrated to
localize in peroxisomes (Morel et al., 2004), and are proposed to be present in the
endoplasmic reticulum in adipose tissue (Liu et al., 2008; Zhou et al., 2010). The
kappa class GSTs possess peroxidase activity, which permits the detoxification of
lipid peroxides and reactive oxygen species (ROS) generated from lipid metabolism
and the respiratory chain (Bonekamp et al., 2009). GST kappa possesses a disulfide
bond formation protein A (DsbA) domain, consisting of a thioredoxin domain and a
protein disulfide isomerase from Escherichia coli, thus it is considered as orthologous
to bacteria (Martin, 1995). The expression, purification, and crystal structure of
human kappa class GST (hGSTx) has been determined by the multiple-isomorphous
replacement method (Li et al., 2005), and suggests that within the GST superfamily,
the kappa class of GST is more closely related to the 6 class of enzymes. Although
many GST isoforms from several aquatic organisms have been previously studied,
reports on GSTxk are very rarely available. GST«k has been studied in Macrobrachium
rosenbergii, and appears to possess a detoxification capability that can overcome
various abiotic and biotic oxidative stressors (Chaurasia et al., 2016). In zebrafish, an
overall study of GST superfamily has been conducted and showed the structural and
functional characteristic features of GSTk (Glisic et al.,, 2015). The effect of a
cyanobacterial crude extract on the transcription of GSTx has been studied in goldfish
(Carassius auratus), with the result that there was differential expression in various
tissues (Hao et al., 2008). However, to date there have been no detailed reports of
GSTx from mollusks.

Abalones are slow growing marine gastropods that live in the coastal intertidal zone,

and are a key element in the marine ecosystem, as well as in the fisheries and



aquaculture industry. Because of the dynamic environmental and pathogenic
conditions in the intertidal zone that create numerous environmental stresses, and the
fact that abalone population is highly sensitive to environmental variations, this has
led to a decrease in abalone survival (Elvitigala et al., 2015). In parallel, in the
abalone farming industry, mass mortality has occurred because of poor water quality,
critical climate changes, and unexpected disease outbreaks (Cook, 2014). In the
present study, using a variety of molecular bioinformatics tools, we have characterized
GST theta (AbGSTH) and kappa (4bGSTx) from the disk abalone (Haliotis discus
discus), which is widely cultured in South Korea. Functional studies were carried out
with the recombinant proteins to determine their enzymatic and antioxidant properties,
and an analysis of the stress mediated response were also conducted. In addition, the
transcriptional levels of AbGSTs were determined under normal physiological
conditions and immunologically challenged conditions in order to evaluate the

involvement of AbGST6O and AbGSTx in the abalone’s immunity.



2. Materials and Methods

2.1 Experimental animals and tissue collection

Healthy disk abalones (Haliotis discus discus), with an average body weight of 50 + 5
g, were obtained from a commercial abalone farm in Jeju Island, Republic of Korea.
The abalones were acclimatized to the laboratory conditions by maintenance in 60 L
flat-bottomed fiberglass tanks with aerated sea water at temperature of 20 + 1°C and
34 + 0.6 psu of salinity for a one-week period and fed with marine seaweed (Undaria
pinnatifida).

2.2 Chemicals & reagents

SYBR Premix Ex Tag "™ was purchased from TaKaRa, Japan. Tri ReagentTM (Sigma -
Aldrich, USA) was used for total RNA extraction. For the immune challenge
experiments, polyinosinic: polycytidylic acid (poly (I: C)) (Sigma -Aldrich, USA) was
used as an immune stimulant. Reduced glutathione (GSH), 1-chloro-2,4-
dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene (DCNB), ethacrynic acid
(ECA), 4-nitrobenzyl chloride (4-NBC) and 4-nitrophenethyl bromide (4-NPB) were
purchased from Sigma-Aldrich. Cibacron blue (CB) and isopropyl-B-D-
thiogalactopyranoside (IPTG) were purchased from Polyscience Inc. and Promega
respectively.

2.3 Identification & sequence analysis of GSTs from Disk Abalone

The full length coding sequence of disk abalone glutathione S-transferase theta and
kappa was identified from the abalone transcriptome database (Elvitigala et al., 2015),
established in our laboratory, using a Roche 454 Genome sequencer FLX system (GS-
FLX™) (Droege and Hill, 2008). Briefly, total RNA was extracted from healthy disk
abalones with Tri Reagent™ (Sigma- Aldrich, Missouri, USA) and processed with a

FastTrack 2.0 mRNA isolation kit (Invitrogen, USA). A Creator' ™ SMART™ c¢DNA



library construction kit (Clontech, USA) and a Trimmer cDNA normalization kit
(Evrogen, Russia), were used to synthesize first strand cDNA and normalize it,
respectively. The Basic Local Alignment Search Tool (BLAST) at the National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST) was
used to confirm the identity of the 4AbGSTO and AbGSTk genes. The open reading
frames (ORF) and the amino acid sequences of the deduced proteins were determined
using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder). ExPASy prosite (Sigrist
et al.,, 2013) and SignalP (Petersen et al., 2011) programs were used to scan for
conserved domains and signal peptides within AbGSTO and AbGSTx, respectively.
Characteristic signature domains were identified using the SMART online server

(http://smartembl-heidelberg.de), and the NCBI-conserved domain database (CDD)

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). The phylogenetic trees were

constructed using the neighbor-joining method using MEGA 6 software (Tamura et
al., 2011). The multiple sequence alignments were performed using Clustal omega

(http://www.ebi.ac.uk/Tools/msa/clustalo) (Sievers et al., 2014) and Color align

conservation  (http://www.bioinformatics.org/sms2/color_align cons.html) (Perry,
2002) web based software. The three-dimensional (3D) models of GST6O and GSTk

were generated using the SWISS-MODEL (https://swissmodel.expasy.org) protein

structure modelling server (Schwede et al., 2003), and then visualized using the

PyMOL v1.5 software (DeLano, 2002).
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2.4 Tissue isolation and immune challenge experiment

Tissue samples derived from the gills, mantle, digestive tract, muscles, and
hepatopancreas were carefully isolated from four healthy abalones to analyze the
tissue specific expression of AbGSTs. Hemolymph was collected from the pericardial
cavity of each abalone using a sterile syringe and immediately centrifuged at 3000 x g
for 10 min at 4°C in order to isolate the hemocytes. All the tissue samples were snap-
frozen and stored at —80°C until RNA extraction.

Healthy disk abalones were divided into four groups and maintained separately to
determine their immune response to one pathogenic bacterial strain and two immune
stimulants. For the bacterial challenge experiment, one group of abalones was injected
with the gram-negative bacterial strain (Vibrio parahaemolyticus). To do this, live V.
parahaemolyticus (100 pL, 1 x 10* CFU/ puL) were suspended in saline (0.9% NaCl)
and injected intramuscularly into each abalone. For the immune stimulation
experiment, one group of abalone was injected with 100 puL of the double stranded
RNA viral mimic poly I:C (5 pg/uL), while in one other group each abalone was
injected intramuscularly with 100 pL of LPS (5 pg/uL, from Escherichia coli 055:
B5; Sigma, St. Louis, MO, USA) in saline. The remaining group of abalones was
injected with 100 pL saline and were treated as the control group. After the different
immune challenges, the gill tissues and hemocytes were isolated at 3, 6, 12, 24, 48,
72, and 120 h post-injection (p.i.). All the collected samples were snap-frozen and
stored at -80°C until RNA extraction.

2.5 RNA extraction and first-strand cDNA synthesis

Total RNA was extracted from the above-mentioned abalone tissues using TRIzol
Reagent (Sigma) following the manufacture’s protocol. The concentration of the

extracted RNA was determined using its absorbance at 260 nm in a spectrophotometer



(BioRad, USA). Thereafter an aliquot (2.5 pg) of the total RNA was reverse
transcribed using a Prime Script ™ first-strand cDNA synthesis kit (TaKaRa, Japan)
and stored at —20°C after being diluted 40-fold.

2.6 Transcriptional analysis —Quantitative real-time PCR

The transcriptional analysis of AbGSTO and AbGSTx in healthy and immune
challenged disk abalones were performed by quantitative real time PCR (qPCR) using
a Real Time System TP800 Thermal Cycler Dice '™ (TaKaRa, Japan) with SYBR
Green as the fluorescent agent. The gene specific primers were designed according to
the MIQE guidelines (Sinton et al., 1999) (Table 1), and were used to amplify the
AbGSTO and AbGSTk genes. For standardization, the abalone ribosomal protein L5
(GenBank accession: EF103443) was used as an internal reference with the
appropriate primers (Table 1). The qPCR reaction mixture contained 3 pL of diluted
cDNA from the respective tissue, 5 pL of 2 x TaKaRa Ex Taq™ SYBR premix, 0.5
pL of each primer (10 pmol/uL), and 1 pL of dH,O (PCR grade) in a total volume of
10uL. The PCR program consisted of one cycle at 95°C for 10 s; followed by 45
cycles of 95°C for 5 s, 58°C for 20 s; and 72°C for 20 s; and a final single cycle of
95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. The Livak (2"**“") method (Livak
and Schmittgen, 2001) was used to quantitatively analyze the relative mRNA
expression levels of AbGSTs. All the challenged samples had normalized to the
relevant saline control at each time point. Obtained results were represented as fold
changes (mean +/- standard deviation) using the expression at 0 h un-injected control

as the basal level reference.
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Table 1. Sequences of primers used in this study

Primer name  Application  Sequence of primer (5'-3")
AbGSTk _F ORF GAGAGAGGATCCATGTCGGCAAAGAAGAGAGTGGAGT
AbGSTk R amplification GAGAGAAAGCTTTCAGAGCTTAGCTTTGGCCATTTCTG
AbGSTk gF ¢PCR- GTTGACATGCAACAGCCTGACAAGAC
AbGSTx _gR amplification TGCATCACTAAGACCAGCCTTCTTCC
AbGSTO F ORF GAGAGAGAATTCATGGCGTTGAAAGTGTACTATGATTTGATGTCTC
ADbGSTO R amplification GAGAGAGTCGACTCAAAGATTAGATCCAAGTGAGGACTTGGTCA
AbGSTO qF ¢PCR- AACTGGCAGCACCTGAACACAAG
AbGSTO gR amplification TACCGGTGACAGCTTTACGAACCA
ADbRib F qPCR- TCACCAACAAGGACATCATTTGTC
ADbRib R Internal CAGGAGGAGTCCAGTGCAGTATG
control

2.7 Cloning of GSTs into the pMAL-c5X expression vector

Primers were designed with appropriate restriction sites to allow for cloning of the
coding region of AbGSTO and AbGSTk into the expression vector pMAL-c5X, as
shown in Table 1. PCR amplification was performed using a TaKaRa thermal cycler
(Japan), and the ExTaq™ DNA polymerase (TaKaRa, Bio Inc., Japan). The reaction
was performed in a total volume of 50 uL, containing 5 U of Ex Taq polymerase, 5 pL
of 10 Ex Taq buffer, 4 pL of 2.5 mM dNTPs, 50 ng of template, and 40 pmol of each
primer. The PCR profile was as follows, with an initial denaturation of 94°C for 3
min; 35 cycles of amplification at 94°C for 30 s, 59°C for 30 s, and 72°C for 1.5 min;
and a final extension at 72°C for 5 min. The amplified PCR product and the pMAL-
c5X vector were then digested using the corresponding restriction enzymes. The
resultant products were electrophoresed on a 1% agarose gel and the appropriate gel
bands were purified using the Accuprep'™ gel purification kit (Bioneer, Korea)

following the manufacturer’s instructions. The purified digested PCR products and
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vector were incubated overnight at 16°C with Mighty Mix (TaKaRa, Japan) to allow
for ligation of the PCR product into the pMAL-c5X vector. The ligated product was
then transformed into Escherichia coli DH5a and the coding sequence was confirmed
by sequencing.

2.8 Overexpression and purification of recombinant AbGST proteins

To express the recombinant AbGST proteins (rAbGSTO and rAbGSTx), the pMal-
cSX/AbGST constructs were transformed into E. coli BL21 (DE3) (New England
BioLabs, USA) and incubated at 37°C in LB broth medium containing 100 pg/mL
ampicillin, until the ODggo reach 0.6. Isopropyl-p-galactoside (IPTG) was then added
to the culture at a final concentration of 0.5 mM and incubated for 8 h at 20°C to
induce the expression of the recombinant protein. After incubation, the cells were
harvested by centrifugation at 1200xg for 30 min at 4°C. The resultant pellet was
resuspended in column buffer (20 mM Tris-HCI, pH 7.4, 200 mM NaCl) and stored
overnight at —20°C. Lysozyme (1 mg/mL) was added to the thawed cell suspension
and the suspension was sonicated on ice. The resultant cell lysate was centrifuged at
9000xg for 30 min at 4°C. The rAbGST proteins were purified from the supernatant
using maltose affinity chromatography, as described previously (Alexandrov et al.,
2001). The same protocol was repeated to overexpress and purify the maltose binding
protein (MBP). The size of the recombinant proteins were determined by 12% SDS-
PAGE along with molecular standards (Enzynomics'™, Korea) and the protein

concentrations were assessed using a Bradford assay (Bradford, 1976).
2.9 GST enzyme assay

The specific activities of rAbGSTs were measured, as described previously (Michel
and McGovern, 1974). The reactions were performed in a final volume of 200 pL

containing 0.1 M phosphate buffer pH 6.5, 100 mM reduced GSH, 100 mM substrate,
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and the appropriate amount of enzyme. The activity was measured separately using
CDNB, DCNB, 4-NPB, 4-NBC, and ECA as substrates. The absorbance of the
reaction was measured at the corresponding wavelengths indicated in Table 2,
immediately and 5 minutes after addition of the substrate. The temperature was kept
constant at 25°C throughout the experiment. All assays were performed in triplicate.
2.10 Michaelis-Menten Kinetics

To determine the Michaelis-Menten kinetics, different concentrations of the CDNB
substrate (0.25—4 mM) were used to measure the activity of the recombinant proteins,
as described in 2.8.1, while maintaining the GSH concentration constant. The
Michaelis-Menten constant (K;,) and the maximum reaction velocity (Vma.x) values
were analyzed using a Lineweaver-Burk plot (Maciolek et al., 1963). The activity of
the recombinant proteins was measured in the same manner using different
concentrations of GSH (0.25—4 mM), while maintaining the CDNB concentration
constant.

2.11 The effect of temperature, pH and inhibitors on rAbGSTs activity

To determine the effect of pH on activity of the recombinant rAbGST proteins using
CDNB as the specific substrate, a pH buffer series, ranging from pH 3—11 was used
while maintaining all other reaction conditions the same, as described in section 2.8.1.
The effect of temperature on the activity of recombinant rAbGST proteins was
measured using water baths ranging in temperature from 10-60°C, with CDNB as the
substrate. The effect of the GST inhibitor Cibacron blue (CB), on the recombinant
rAbGST protein was assessed over a range of CB concentrations (0.001-100 uM) as
described previously (Jayasinghe et al., 2016).

2.12 Disk diffusion assay

To compare the survival efficiency of the untransformed E. coli (DE3), E. coli
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transformed with pMAL-c5X vector, and E. coli. transformed with the AbGST
/pMAL-c5X construct, a disk diffusion assay was performed, as described previously
(Lee et al., 2007). LB bacterial cultures were induced with 0.5 mM IPTG and
incubated at 25°C for 4 hours. The bacterial cultures were then evenly spread on LB
agar plates and four Whatman filter-paper disks (3 mm diameter) were placed on each
agar plates in equal distance. The disks were treated with 5 pL of H,O,, 1 M CdCl,, 1
M CuSOy4 or 1 M ZnCl,, respectively as determined by a preliminary assay. Treated
plates were incubated overnight at 37°C and the diameter of the cleared zones was
measured.

2.13 Statistical Analysis

All experiments were performed in triplicate. The data are reported as mean +
standard deviation (SD). For the evaluation of the significance differences between
groups, an unpaired Student’s t-test was used, and for the disk diffusion assay, the
statistical analysis was performed using, a one-way analysis of variance (ANOVA)
with Duncan’s Post Hoc multiple comparisons to evaluate the significance differences
within groups. P-values less than 0.05 (P < 0.05) were considered as being

statistically significant.
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3. Results

3.1 Molecular characterization of AbGSTs

The amino acid sequences of AbGSTO (GenBank Accession No: MK226199) and
AbGSTxk (GenBank Accession No: KY022631) were deduced from the abalone
cDNA database. Based on the ExPASy-ProtParam analysis, the predicted AbGSTO
and AbGSTx proteins consisted of 230 and 227 amino acids, with a predicted
molecular weight of 26.6 kDa and 25.6 kDa, and a theoretical isoelectric point (pI) of
8.9 and 7.78, respectively. The instability indexes were 40.73 and 45.79 for AbGSTO
and AbGSTx, respectively. Several bioinformatics tools were used to identify protein
domains, families, functional sites, and associated patterns and profiles present in
AbGSTH and AbGSTxk.

AbGST-0 contained two soluble GST domains: a thioredoxin like N-terminal domain
(Residues 1-75) and a C- terminal domain (110-203). Eight GSH binding sites (G-
sites) at the positions of: S“, le, H4O, K41, Ksz’ L53, E66, S% and one sulfate binding
site (Q'%) were identified at the N- terminal of AbGST-0. Moreover, ten substrate
binding sites (H-sites) were observed in the AbGST-6 C-terminal at: H104, RIOS, G109,
Am, Mm, F”S, R“6, 1120, E'™ and Qm. Furthermore, the motif scan analysis
revealed that AbGST-0 consists with three casein kinase II phosphorylation sites
(146-149); 165-168; 206-209) and two protein kinase C phosphorylation sites (192-
194; 211-213).According to the analysis AbGSTxk protein contains GSH binding sites
(G-sites) at Prom, Tyr”, Serlg, Asn54, Lys63, Phelgz, Gly183, Lysm, Phewg, Serzm,
Asp™®”, and Arg®®; no hydrophobic ligand binding sites (H-sites) were observed.
AbGSTx also possessed the same general fold as DsbA, consisting of a thioredoxin
domain (5-212 aa), which is interrupted by an alpha-helical domain. SignalP 4.1

software analysis did not reveal any signal peptide in both AbGST-0 and AbGSTk
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proteins.

3.2 Homology analysis and phylogenetic relationship

The pairwise sequence alignment analysis was carried out to compare the identity and
similarity percentages of AbGSTs, with other known GST homologues.

Table 2. Pairwise identity (1%), similarity (S%), and gaps (G%) of disk abalone GST-
0 protein toward selected orthologs at amino acid levels

Name Accession no Identity | Similarity | Gaps | Amino
(%) (%) (%) | acids
Mizuhopecten yessoensis | XP_021358629.1 | 59.1 75.3 2.1 235
Lingula anatina XP _013408169.1 | 53.2 69.3 1.7 231
Alitta succinea ABQS82132.1 49 .4 69.3 2.6 231
Osmerus mordax ACO09513.1 45.7 64.5 4.3 234
Danio rerio NP _956815.2 44 .4 61.5 4.3 234
Ruditapes philippinarum | AFB83399.1 39.9 59.3 14.1 | 248
Cephus cinctus XP _015598273.2 | 39.6 54.9 15.7 | 255
Mus musculus CAA66666.1 35.6 53.8 12.6 | 253
Macaca mulatta NP 001244563.1 | 34.9 54.9 14.1 | 255
Homo sapiens AAC13317.1 34.1 533 149 | 255

According to the observed data, corresponding to AbGST-0, the highest sequence
identity and similarity was observed from Mizuhopecten yessoensis (Japanese
Weathervane Scallop) as 59.1% and 75.3%, respectively. The predicted multiple
sequence alignment of AbGST-0 with other molluscan and non-molluscan organisms
demonstrated that the N-terminal region is highly conserved through the evolution
compared to the C-terminal region (Fig. 1). Highly conserved GSH binding sites

were observed in the N-terminal at S”, le, E66, S% while substitutions were
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observed in H*, F*!, K2, L% positions. Out of the C-terminal H-sites, R'® g Q177

were highly conserved among all the species through the evolution although H'*,

G'%, AM2 M'B RS RM6 1129 gjtes exhibited replacements.

¢ N-terminal domain

H. discus discus VLT

M. yessoensis VLT

L. anatina LLT

A, succinea VLY

D. rerio VLT

M. musculus VLT

M. mulatta ILT

H. sapiens ILT

R. norvegicus VLT

X. tropicalis FMA

P. fasciata monilis TLA

. . + ++ ++

H. discus discus 4 EXKYRELVRKAVTGLE

M. yessoensis Y ENARNRLENVVSHLE

L. anatina Y. AERFRGDLDTVLDHTE

A. succinea Y YENTLSVVLDSEY

D. rerio Y A EKALSDLSGTLDKLE

M. musculus Y [ERNRDEMVLVLOOLE

M, mulatta Y. [ERNRTATIDQALQWLE

H. sapiens Y ERNRTATDQALOWLE

R. norvegicus Y. ERNRNSMVLALORLE

X, tropicalis Y. A DAVVAEFNTTMNNEE

P. fasciata monilis Y OGATKELNVVLEQFI

+

H. discus discus QPFLCG] DISTIADTREAE AN RAHDVTKSSLGSNL---—- 230
M. yessoensis GE RSRSVYSKQEKAQENAKL 235
L. anatina A KEVYEMNSGIQSK————— L 228
A, succinea DKVRNHFLASKI-———-—— 224
D. rerio RLEDKFTAKL———————— 228
M. musculus LSILGQAAKKMLEVPPPEV 232
M, mulatta LSILEQAAKKTLPTPPPEV 232
H. sapiens LSILEQARKKTLPTPSPER 230
R. norvegicus SVLGQAAKKTLEVPPPEA 232
X. tropicalis TNAKKMASEPLAPELMEFL 234
P. fasciata monilis KPFIAGKRY AR TNVENLTADONQPLCTDSV 232

Fig. 1. Multiple sequence alignment of the amino acid sequences of AbGST-0 and its
orthologs from different organisms. Fully conserved amino acids are shown in black,
and strongly conserved and weakly conserved amino acids are shown in dark grey and
light grey, respectively. The N-terminal domain and the C-terminal domain are
marked with orange and green color lines, respectively. The conserved Ser'' and
sulfate binding site (Q'?) are marked with red and green color symbols, respectively.
The putative G-sites are shown with yellow color boxes and the pink color symbols
indicate the H-sites.

However, all the aligned GSTks contained highly conserved G—sites. Based on the
pairwise sequence identity analysis of AbGSTxk, the highest identity was found with
the pufferfish (Zakifugu obscurus) (60.0%) ortholog with which it shared a 73.0%
sequence similarity. Sequence alignment analysis of AbGSTk with respective GSTk

from other species including fish, mollusk, amphibian, nematodes, and mammals,
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showed that both the N and C—termini were found to be relatively diverse and did not

contain any conserved amino acid sequences (Fig. 2).

Haliotis discus ——MS A R e e g N LR 1 S G S A0 LREF I GERTCGS| SHEFKRLREFM
Takifugu cbscurus ——MT SEIVa T iaegagt e hgaioiT ehgolt Tl 2R H — —7|g) FE L SR FIAGIEEI0CS) TERFERAREYE
L MAQLTEIIT) b VE ) IEAS) SRLAEYY

athus fasciatu —-MTSEEV k4 Y 2GS SELAEYF 7

15 tropicalis ——I{SNRﬁ v IDAS RLSDFF 7
Nematostella vectens —MAVSEIET] IS5 5| ERQREYY
Salmo salar —MES SRV IG5 HRLAQYF
Homeo sapiens —MGPLPRIT] KD 5| KLLEHHL
Mzcaca fascicularis —I{GPLLEI‘ KD 5| KLLRHHF

Haliotis discus MU LECEANEY]
Takifugu cbscurus iy rADi=hy
Lottis gigantea

ElVAE VM ERNes] A.E ] ] d TLEENEFVDEISHNEARLEDAEITE
L FFEAMEEIxes]

Oplegnathus fasciatu LO2 W oE K TEPARLSER LSDSEIKE
Xenopus tropicalis LR HFFGS‘!:I TEPERILEERK SADQAKE
Nematostella vectens IAD SHPVE VHMFEE VLPESLECQECLATEFSDTOSTA

LIPFEAMFE|
Homeo szpiens E
Macaca fasecicularis

TOPASLSER LSASEVEE
TEPQEILAHAE SAEQAQG
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EMLEHC IGEKWLEPRPN-NSAAKL———————
EULELLIDE :-m%pvpa— KSKL—————————
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EWLIHOLGE m-rﬁpvp O-KPRL—————————
FHTHL YGKEMFIRDLSTDYHRYFFYRCTAQ

EHIHI—IC IGEFKWMEPOPRA-ARKL—————————
EH]’_H"IT_ LGEFKWHEPIPS-AVHNARL-———-——

E!T_!FT_ LGEKWHEPVEPF-AVHARL-——————

Haliotis discus
Takifugu obscurus
Lottiaz gigantea

Oplegnathus fasciatu H‘
Xenopus tropicalis ET
1

Hematostella VecTens
Salmo salar

Homeo sapiens I
Macaca fascicularis [8R

tity (3%

Halieotis discus —_———— 227 0.0
Takifugu cbscurus ———- 228 585
Lottia gigantea . ———— 225 574
Oplegnathus fasciatuo —-—-- 228 58
Xenopus tropicalis ———= 223

Nematostella vectens FROI 238 522
Salme salar ———= 227 558
Homeo sapiens ———- 22& 535
Mzcaca fascicularis ---- 226 55.3

Fig. 2. Multiple sequence alignment of the amino acid sequences of AbGST«k and its
orthologs from different organisms. Fully conserved amino acids are shown in black,
and strongly conserved and weakly conserved amino acids are shown in dark grey and
light grey, respectively. The conserved DSBA-like thioredoxin domain (5-212) is
marked in yellow. The putative GSH binding sites, and the residues involved in the
dimer interface, are shown with green lines and pink letters, respectively. The
catalytic serine residue is shown in orange. The % identity of each orthologue with
AbGSTx is shown at the end of each respective sequence in the alignment.

A phylogenetic tree was constructed for AbGST-0 together with other various GST
classes, using the neighbor joining method (Fig. 3). According to the figure, GST-0
had form a separate clade including evolutionary different organisms together.
However, AbGST-0 clearly clustered together with molluscan GST-0: Mizuhopecten
yessoensis and Crassostrea gigas. Separate sub clades were observed for other GST
classes and previously identified disk abalone (Haliotis discus discus) GSTs had

appropriately placed in the respective classes.
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_%:ABV24047.1 GST-0 [Takifugu obscurus)

70 ACQ358539.1 GST-8 [Anoplopoma fimbrial
[ ADY80025.1 GST-8 [Oplegnathus fasciatusj
% ——————NP_001314691.1 GST-6 [Danio rerio]
AAHT6690.1 GST-8 [Xenopus tropicalis] ——— Amphibia GST.0
CAA66666.1 GST-8 [Mus musculus]
59 AAC13317.1 GST-8 [Homo sapiens] Mammals
£l ® NP_001244563.1 GST-8 [Macaca mulatta]
EK(27238.1 GST-B [Crassostrea gigas]
7 \GST-6 [Haliotis discus discus
XP_021358629.1 GST-6 [Mizuhapecten vessoensisf
AFB83399.1 GST-6 [Ruditapes philippinarum]
—%:AAFTSET\S,I GST-o [Homo sapiens]
NP_001002621.1 GST-e [Danio rerio]
99 ABO26601.1 GST-w [Haliotis discus discus]
65 ACI06747.1 GST-o [Crassostrea ariakensis]
100 CADB9618.1 GST-w [Crassostrea gigas]
[ NP_001016676.1 GST-a [Xenopus tropicalis]
59|_:AB\-'24—046.1 GST-a [Takifugu obscurus] GST-@
88 AAI10892.1 GST-o [Homo sapiens]
[ AAI35949 1 GST-n [Xenopus tropicalis]
AAH10915.1 GST-n [Homo sapiens] GST-7
——NP_001018349.1 GST-n [Danio rerio]
75 [ ABO026599.1 GST-pn [Haliotis discus discus]
CAD90167.1 GST-u [Crassostrea gigas]
NP_001004964.1 GST-p [Xenopus tropicalis]

Fish

Molluscs

GS5T-0

96

74

opus GSTp
53 NP_001103586.1 GST-p [Danio rerio]
i AAH24005.1 GST-p [Homo sapiens]
ABO26603.GST-o [Haliotis discus discus] = GsT. ¢
AAB17184.1 microsomal GST [Home sapiens] 5 Microsomal
3 NP_001002560.1 GST-k [Danio rerio] -
100 ABV24051.1 GST-« [Takifugu obscurus] GST-k
i ADY80026.1 GST-x [Oplegnathus fasciatus]

Fig. 3. A phylogenetic tree constructed using the neighbor-joining method based on
different classes of GSTs. The bootstrap values are shown at the node of each branch.

The NCBI accession numbers are given with the organism name.

The constructed phylogenetic tree for AbGSTk shows the relationship between
AbGSTxk and the different sub-families of the GST superfamily (Fig. 4). The tree
branched into two main clusters separating the cytosolic GSTs and the mitochondrial
GSTs. AbGSTk was found to be clustered with the mitochondrial GSTs. Moreover,

AbGSTxk was found to be closely clustered with other fish GSTxks.
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ACQSE017.1 [Anoplopoma fimbria]

MP_238592 1 [Danio rerio]
R 0 Q5 5963, 1 [Anoplopoma fimbiia)

3z

o7

06

AAB1T184 1 [Homo sapiens]

Halictis discus

ADDZ28199 1 [ictalurus furcalus]
ABV240351.1 [Takifugw obscurus]

AAHBTE19.1 [Kenopus tropicalis]
ADYSE0026.1 [Oplegnathus fasciafus]
MP_001002560.1 [Danio rerio]
ACOS58550.1 fAnoplopoma fimbria]

The NCBI accession numbers are given with the organism name.
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Fig. 4. A phylogenetic tree constructed using the neighbor-joining method based on

different classes of GSTs. The bootstrap values are shown at the node of each branch.



3.3 Tertiary structural model of AbGSTs

In order to analyze the structural features of AbGST-0, a three-dimensional model was
constructed using Swiss-Modeling and then it was analyzed by the PyMOL computer
software (Fig. 5A).

A)

C-terminal domain N-terminal domain
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Fig. 5.Surface representations of human GST-6 (B, D) and AbGST-0 (C, E)
highlighting the C-terminal tails in red color. The blue color surface representing the
H-site and green color surface representing the G-site region in each figure. The 3D

structure models were predicted using the Swiss-model server and visualized using
PyMOL software.

N- terminal and C-terminal domains could identified separately which were
connecting each other by a short tract. The N-terminal domain consisted with Baf unit
connected to BPa unit by a surface exposed region which contain two small a-helices.
The structural topology of the C-terminal domain consisted with only six a-helices.
The orange color sphere represented the Ser'' residue which is considered as a
characteristic feature in GST- 0 class. The surface representations of human GST- 0
(Fig. 5 B, D) and AbGST-0 (Fig. 5 C, E) demonstrated the highlighted C-terminal tail
in red color. According to the figure, human GST- 0 showed a long C-terminal
extension compared to AbGST-0. The blue color surface represented the H-site and

green color surface represented the G-site region in both figures.
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3D structure modeling of AbGSTk was performed using the SWISS-MODEL server
and visualized using the PyMOL surface viewer program (Fig. 6A).

A)

Catalytic
site

B)

Fig. 6. A) Predicted three-dimensional structure of AbGSTk. The a-helices and f-
sheets are marked, and the positions of the predicted G-sites are labeled. The catalytic
residue is shown as a blue colored sphere. B) The butterfly-like shape adopted by the
AbGSTxk dimer. The 3D structure models were predicted using the Swiss-model
server and visualized using PyMOL software.

The crystal structure of glutathione transferase belonging to the human kappa class

was used as a template. This template shares 53.78% sequence identity and 0.99
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coverage with the AbGST«k sequence. The 3D structure analysis showed the presence
of a-helices and four conserved antiparallel B-sheets. The functional DSBA domain
of AbGSTx is distributed throughout the helices, coils, and sheets while forming the
butterfly-like shape of the dimer (Fig. 6B).

3.4 Tissue-specific expression of AbGSTs

To understand the potential endogenous functions of AbGST-6 and AbGSTk, their
relative expressions were examined in different tissues. To achieve this, cDNA
samples were prepared from the disk abalone organs and analyzed using qPCR.
According to the analysis of the expression profiles from the disk abalone revealed
that the highest expression level of 4bGST-0 was observed from the digestive tract
(~26 fold), followed by hepatopancreases (~20 fold). All the examined tissues had
expressed AbGST-0 in different levels indicating their potential physiological roles
within the body (Fig. 7A). AbGSTx was highly expressed in the digestive tract (~20
fold), mantle (~20-fold), and muscles (~18-fold), whereas the lowest expression was

observed in the hepatopancreas (Fig. 7B).
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Fig. 7. Tissue specific transcriptional profile of A) 4AbGST-0 and B) AbGSTk in disk
abalone (Haliotis discus discus). Data are presented as mean =+ standard deviation
(n=3).

25



3.5 AbGSTs expressions against pathogenic stress

In order to understand the roles of AbGST-0 and AbGSTx in immune responses, we
examined the transcriptional levels of both AbGSTs in gill tissue and hemocytes after
immune challenges with bacteria, a viral mimic, and LPS (Fig. 8). ¥V
parahaemolyticus, Poly (I:C), and LPS were used to challenge the abalones to assess
the immune responses.

The AbGST-6 was significantly upregulated after 48 h (~ 4-fold) p.i. of LPS in
abalone gills (Fig. 8A). Meanwhile the poly I:C injection was able to significantly
upregulate AbGST-6 in abalone gill tissue at 48h (~5-fold) of p.i. (Fig. &B).
Furthermore, V. parahaemolyticus injection resulted with significant upregulations in
abalone gill tissue at 24h (~2-fold) and 72h (~3-fold) of p.i (Fig. 8C). The mRNA
expression of 4bGST-0 was significantly upregulated at 72 h and 120 h p.i. of LPS
and V. parahaemolyticus in hemocytes (Fig. 8D and F). Moreover, poly L:C
stimulation significantly upregulated the expressions of AbGST-6 only at 72h of p.i

(Fig. 8E).
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Fig. 8. Relative mRNA expression, analyzed by qPCR of 4AbGST-6 over time in gill
tissue (A, B, C), and hemocytes (D, E, F) in response to challenges with LPS (A, D),
poly I.C (B, E), and Vibrio parahaemolyticus (C, F). Data are presented as mean =+
standard deviation (n=3). Data with marked with a « represent a statistical difference
in expression compared with the 0 h post-injection baseline.

Following LPS treatment, the basal transcriptional level of AbGSTxk in the gills
rapidly decreased at 3 h of p.i, and then increased gradually up to 48 h of p.i. This
upregulation at 48 h of p.i. was significant (P < 0.05) compared with that in the un-
injected control animals (Fig. 9A). Following V. parahaemolyticus injection, the
mRNA level of AbGSTk in gill tissue decreased as well as increased at different time
points, not showing any significant up or downregulation overall (Fig. 9B). Treatment
with poly [:C resulted in a fluctuating pattern of AbGSTxk mRNA levels in gills, with
both upregulation and downregulation being observed (Fig. 9C). Following the same
immune challenges, the relative mRNA level of AbGSTxk in hemocytes showed
different expression patterns from those seen in the gills. In hemocytes, following

LPS treatment, the AbGSTx mRNA levels were significantly upregulated at 48 and 72
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h.p.i. but were significantly downregulated at 6, 24, and 120 h.p.i (Fig. 9D). V.
parahaemolyticus treatment significantly downregulated 4bGSTxk mRNA levels at 12
and 72 h.p.i (Fig. 9E). The viral mimic, poly I:C, caused a significant upregulation of
AbGSTk mRNA levels at 3 h.p.i., and a significant downregulation at 24 and 48 h.p.i.

(Fig. 9F).
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Fig. 9. Relative mRNA expression, analyzed by qPCR of AbGST-x over time in gill
tissue (A, B, C), and hemocytes (D, E, F) in response to challenges with LPS (A, D),
poly I:C (B, E), and Vibrio parahaemolyticus (C, F). Data are presented as mean =+
standard deviation (n=3). Data with marked with a « represent a statistical difference
in expression compared with the 0 h post-injection baseline.
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3.6 Construction of recombinant AbGST proteins and purification

Recombinant AbGST proteins (rAbGST-0 and rAbGSTx) were over-expressed using
the pMal-c5X/ AbGSTs construct in E. coli BL21 after induction with IPTG. After
purifying the recombinant protein using affinity chromatography based on the
presence of the maltose binding protein (MBP) fusion tag, their approximate
molecular masses were determined by electrophoresis on a 12% SDS-PAGE gel using
molecular mass markers (Fig. 10). The resultant AbGST-6/MBP fusion protein
exhibited a band of ~70 kDa being compatible with the predicted molecular mass of
AbGST-0-26.6 kDa; MBP 42.5 kDa (Fig. 10A). Moreover, the AbGSTk/MBP fusion
protein had a size of ~68 kDa, including the 42.5 kDa MBP tag, confirming
AbGSTxk’s predicted molecular mass of 25.6 kDa (Fig. 10B). Both proteins were
considered as pure based on the presence of only those appropriate single bands.

A)

69kDa
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Fig. 10. SDS-PAGE analysis of purified A) rAbGST-0 and B) AbGSTk. M: protein
marker, U: un-induced extract, L: lysate from IPTG induced cells, P: pellet from
IPTG induced cells, S: supernatant from IPTG induced cells, E: purified recombinant
protein after elution.

3.7 Specific activity and kinetic assay

The activities of rAbGST-0, rAbGSTk and MBP against different substrates,
including CDNB, DCNB, 4-NPB, 4-NBC, and ECA were measured, as described
previously (Board et al., 2000) (Table 5). Detectable activity was observed only using
CDNB as the substrate. No significant activity was detected for MBP against any of
the substrates and therefore it was treated as a control and further functional studies

were conducted only with rAbGST-6 and rAbGSTx.
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Table 3.Substrate specific parameters at 25°C, when the substrate and GSH
concentrations were 1.0 mM each, and the specific activities of AbGST-0 and
AbGSTxk towards the different substrates.

Substrate pH Amax  Molecular AbGST-0 AbGSTx
(nm) extinction Specific activity Specific activity

Coefficient (€) (umol min ' mg™) (umol min ' mg ™)
(mM 'cm )

CDNB 6.5 340 9.6 5.38 +£0.09 6.51 +0.09

DCNB 7.5 345 8.5 n.d n.d

4-NPB 6.5 310 1.2 n.d n.d

4-NBC 6.5 310 1.9 2.52+£0.08 n.d

ECA 6.5 270 5.0 0.52 £0.07 n.d

n.d — not detected

The rAbGST-6 showed highest catalytic activity towards the CDNB substrate (5.38 +
0.09 umol min ' mg ™) with detectable activities towards 4-NBC (2.52 + 0.08 pmol
min "' mg ") and ECA (0.52 + 0.07 pmol min ' mg ™) substrates. No detectable
activities were observed for DCNB and 4-NPB substrates. The specific activity of
rAbGSTxk against the CDNB substrate was 6.51 = 0.09 umol/min/mg. No detectable
activities for rAbGSTk were observed with other substrates.

The enzyme activity for rAbGST-0 and rAbGSTx were measured with different
concentrations of CDNB and GSH. For rAbGST-0, with a fixed concentration of
CDNB, the K, and V,x were calculated as 5.21 = 0.22 mM and 10.68 + 0.10 pmol
min "' mg ', respectively. Meanwhile with a fixed concentration of GSH, the K, and
Vmax Values were calculated to be as 2.65 £ 0.18 mM and 8.23 £+ 0.09 pmol min . mg
! respectively (Table 6.). For rAbGSTx, at a fixed CDNB concentration, the K, and
Vmax values for GSH were 2.95 + 0.28 mM and 12.77 + 0.29 pmol/min/mg,
respectively. At a fixed GSH concentration, the K,, and V. values for CDNB were

3.81 £ 0.30 mM and 14.35 £ 0.30 pmol/min/mg, respectively.
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Table 4. Optimum temperature, pH, Michaelis-Menten kinetic parameters, and
inhibitor ICsy values for AbGST-0 and AbGST«k using CDNB as the substrate (n=3).

Protein Optimum Optimum Inhibitory Kinetics Kinetics
TSmp. pH IC 50 (LM) CDNB(GSH(lmM)) GSH(CDNB(lmM))
( C) I<m(mM) Vmalx | I<m(mM) Vinax
(mmol mg min ) (umol mg min )
AbGSTO 37 7.5 0.08+0.01 521+0.22 10.68+0.10 2.65+£0.18 8.23=0.09
AbGSTx 35 8 0.05+0.01 3.81+0.30 14.35+0.30 295+0.28 12.77+£0.29

3.8 Effect of temperature, pH, and an inhibitor on GSTs activity

Using CDNB as the specific substrate, the optimum pH and temperature for
maximum catalytic activity of rAbGST-0 and rAbGSTx were determined. For
rAbGST-0 the optimum pH was detected as pH:7.5 while giving highest activities
within a narrow range from pH 7 to 9 (Fig. 7A). The optimum temperature of
rAbGST-0 for CDNB conjugation activity was ~ 37 °C (Fig. 7B). Moreover, the
higher temperatures resulted the loss of enzymatic activities. Furthermore, 100%
inhibition of rAbGST-0-CDNB conjugation activity was observed with 100 uM
concentration of CB (Fig. 7C). The ICsy value for CB was calculated as 0.08 +

0.01 puM.
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Fig. 11. A) The effect of pH, B) temperature and C) inhibitor (Cibacron Blue)
concentration on the GSH conjugating activity of AbGST-6.
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Fig. 12. Effect of A) Temperature, B) pH, and C) Inhibitor (Cibacron Blue)
concentration on the GSH conjugating activity of AbGSTk.

The optimum temperature for the CDNB conjugation activity of rAbGSTk was 35°C
(Fig. 7A). rAbGSTxk was also shown to have GSH: CDNB conjugating activity over a
broad pH range from 4 to >11, with an optimum activity at pH 8 (Fig. 7B). The
highest activities were observed over the pH range of 7-10. Moreover, CB (100 uM)
inhibited rAbGSTk by 100% using CDNB as the substrate (Fig. 7C). The ICs, value

for CB was 0.05 uM.
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3.9 Disk diffusion assay

In AbGST-6, Clearance zones with various diameters were observed around all the
H,0,; treated disks. Among them the largest clearance zone was observed at the
untransformed E. coli plate while other two were smaller than that. Apart from that,
all the heavy metal treated disks also exhibited clearance zones with different
diameters. Maximum diameters for CdCl,, ZnCl, and CuSQO, treatments were
observed in the untransformed E. coli plates, whereas the AbGST-0 transformed

plates showed significant smaller clearance zones around the disks.
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Fig. 13. Disk diffusion assay of AbGST-0 against E. coli BL21. The diameter of the
clearance zone (cm) was measured in plates with untransformed E. coli (un-EC), E.
coli transformed with the pMALc2X vector (ve-EC), and E. coli transformed with the
AbGST-0 /pMAL-c2X vector (8-EC). Disks were impregnated with H,O,, CdCl,,
CuSOy, and ZnCl,, Data are presented as mean =+ standard deviation (n=3). Significant
differences within each group were analyzed using a one-way analysis of variance
(ANOVA) with Duncan’s Post Hoc multiple comparisons test. Data indicated with
different letters are significantly different (p < 0.05) within the group.

In the disk diffusion assay for AbGST«k using H,O,, clearance zones were observed to
varying degrees (Fig. 8) around all the disks. The largest clearance zone was observed
in the untransformed E. coli plate, whereas the clearance zones of the other two plates

were significantly smaller. At the same time, we demonstrated the effect of three
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heavy metals (Cd, Zn, Cu) on AbGSTxk (Fig. 8) using the disk diffusion assay. All the
disks treated with heavy metals in the LB agar plates showed clearance zones of
varying degrees. For CdCly-treated disks, the maximum diameter of the clearance
zone was observed for the untransformed E. coli plate, whereas the other plates had
significantly smaller clearance zones (Fig. 8). For the CuSOjs-treated disks, the
AbGSTxk-transformed plate did not show any significant change in the clearance zone
diameter compared with that of the untransformed and vector transformed plates.
Finally, for the ZnCl,.treated disks, the highest clearance zone diameter was observed
on the untransformed E. coli plate, whereas the AbGST«k-transformed E. coli plate had

a significantly smaller clearance zone diameter (Fig. 8).
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Fig. 14. Disk diffusion assay of AbGST«k against E. coli BL21. The diameter of the
clearance zone (cm) was measured in plates with untransformed E. coli (un-EC), E.
coli transformed with the pMALc5x vector (ve-EC), and E. coli transformed with the
AbGSTx/pMALc5x vector (k-EC). Disks were impregnated with H,O,, CdCl,,
CuSOy4, and ZnCl,, Data are presented as mean =+ standard deviation (n=3). Significant
differences within each group were analyzed using a one-way analysis of variance
(ANOVA) with Duncan’s Post Hoc multiple comparisons test. Data indicated with
different letters are significantly different (p < 0.05) within the group.
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4. Discussion

GSTs are identified as a diverse and important class of isoenzymes involved in the
phase II detoxification system (Glisic et al., 2015). GST-0 is considered as the most
ancient group which consists with two different types; GST-01 and GST-02 sharing
55% sequence identity in their protein structure. Among the numerous studies on
GSTs, kappa class has been recognized as the least studied class (Hayes et al., 2005).
Limited reports are available on their gene expression and functional studies,
especially in mollusks. Therefore, in this study we are focusing on these two genes
from GST superfamily: GST-0 and GST-«k identified from disk abalone (Haliotis
discus discus).

In our study, we identified several characteristics of AbGST-6 and AbGST«k by means
of in silico analysis. Most of the cytosolic GSTs are available in nature as dimers with
a molecular mass of a subunit varies from 23 kDa to 27 kDa (Blanchette et al., 2007).
The predicted molecular weight of AbGST-0 (26.6 kDa) was agreed with other
previously identified theta class GSTs (Saranya Revathy et al., 2012)(Bathige et al.,
2014) and this also indicates the cytosolic nature of AbGST-0. Furthermore, the
absence of signal peptides within AbGST-0 also proposed it to be a cytosolic protein
(Talmud et al., 1996). The instability index, which predicts the regional instability is
calculated based on the weighted sum of dipeptides that occur more frequently in
unstable proteins than in stable proteins, was 45.79 for AbGSTk. This high value,
being greater than 40, classifies this protein as being unstable (Guruprasad et al.,
1990). The lack of a signal peptide suggests that the both proteins do not have any
secretion properties. AbGSTk also possessed the same general fold as DsbA,
consisting of a thioredoxin domain (5-212 aa), which is interrupted by an alpha-

helical domain, a characteristic feature of the GST«k family. All members of the GST
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super-family have the ability to bind glutathione tripeptides and therefore it has been
suggested that G—sites have a highly conserved amino acid sequence (Ren et al.,
2009) in GSTs. Agreed with that, NCBI-CDD analysis was exhibited the presence of
N- terminal and C-terminal domains in AbGST-0. According to the multiple sequence
alignment, the N-terminal region can be determined as highly conserved while
expressing more diversification in the C-terminal region. The G-sites in the N-
terminal domain are involving in the maintenance of high affinity for GSH, while H-
sites in the C-terminal domain are responsible for increasing the capability of enzyme
in detoxifying high amount of substrates (Armstrong, 1997). The C- terminal
variability indicates the diversification in the substrate specificity of the enzyme
within the class towards xenobiotics (Blanchette et al., 2007). Altogether these
binding sites are contributing in the catalytic activities of GSTs by forming

. : : . . : 1 112 11 11
multifunctional dimeric forms. The presence of H-site residues: G ® A2 M1 IS

1'*” were identified as hydrophobic residues contributing in the hydrophobic nature of
the protein surface. This hydrophobic nature is required for the binding of
hydrophobic electrophiles. Moreover, theta class possess a conserved Ser residue at
their N-terminal, instead of Tyr residue in other GSTs (a, w, n) which is an unique
feature of GST- 0 (Board et al., 1995). This Ser'" residue is involving in the enzyme
activation (Board et al., 1995). However it was stated that any mutation in this Ser'’
residue has experienced in enzyme inactivation and therefore it is highly conserved
among the theta class members (Board et al., 1995). Thereby the presence of Ser'' in
AbGST-0 confirms its classification as a member of theta class GST and allow to
possess proper enzyme activities in it. Comparing with the surface representations of

human GST-6 with AbGST-0, it is possible to identify a long extension of C-terminal

tail in human GST-0 (Rossjohn et al., 1998). This explains the differences of GSH
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binding affinity of mammalian and non-mammalian GST-8 (Rossjohn et al., 1998) as
this extended C-terminal tail together with adjacent H-site can block the GSH binding
site in mammals. However non-mammalian GST-0 possess very deep but accessible
G-sites in their structure (Rossjohn et al., 1998) as already resulted from our study.
Therefore, it is possible to expect high affinity of GSH binding activity from AbGST-
0 comparing with human GST-0 according to structural analysis.

AbGSTx protein also contains GSH binding sites (G-sites) in its amino acid sequence.
Furthermore, the alignment analysis suggests that the AbGSTk shares a putative
conserved DSBA domain, which is an oxidoreductase domain involved in disulfide
bond formation in the periplasm of gram-negative bacteria (Morel et al., 2004). Based
on this fact, AbGSTk can be recognized as part of the DSBA family, which is a
subfamily of the thioredoxin family (Morel et al., 2004). Moreover, the catalytic
residue (Ser) is highly conserved within the kappa class, which suggests that this
residue plays a major role in the catalytic activation of GSH.

The primary structural analysis of AbGST-0 showed higher sequence similarities with
other invertebrate and vertebrate orthologues (>53%). This allowed to suggest that
GST-0 had relatively conserved through the evolution among all the analyzed
organisms. Nonetheless the maximum identity and similarity of AbGST-0 could be
observed from the molluscan orthologues indicating their evolutionary relatedness
with the phylum Mollusca. Although the marine GSTs are not well classified up to
date, in this study, it is possible to define a relationship for AbGST-6 with other
previously identified GST-0 enzymes using the constructed phylogenetic tree.

Based on the sequence identity analysis of AbGSTxk, the highest identity was found
with the pufferfish (7akifugu obscurus) (60.0%) ortholog with which it shared a

73.0% sequence similarity. Compared with the owl limpet (Lottia gigantea), AbGSTk
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had a 58.5% sequence identity demonstrating its similarity to other mollusks. The
constructed phylogenetic tree branched into two main clusters separating the cytosolic
GSTs and the mitochondrial GSTs. Clustering together with mitochondrial GSTs,
AbGSTx showed genetic distance from cytosolic GSTs. Collectively, these data
clearly demonstrate that AbGSTxk is a member of the GSTxk class, and it has an
evolutionarily distant relationship with other cytosolic GSTs. This finding is also
supported by those of Ladner et.al (Ladner et al., 2004) and Robinson et.al (Robinson
et al., 2004) who proposed that GST«k exhibits structural, catalytic, and functional
differences from other members of the cytosolic GST family, suggesting that it
originated along a separate evolutionary pathway.

The 3D structure of AbGSTk was modelled using the crystal structure of human
kappa class glutathione transferase as a template, which shares satisfactory sequence
identity and coverage with the AbGST«k sequence. The 3D structure analysis showed
the presence of a-helices and four conserved antiparallel B-sheets, which were also
identified in M. rosenbergii GSTk (Chaurasia et al., 2016). As illustrated in Fig. 3B
the functional DSBA domain of AbGSTx is distributed throughout the helices, coils,
and sheets forming the butterfly-like shape of the dimer. These features are in
agreement with the 3D model analysis of M. rosenbergii GSTk performed previously
(Chaurasia et al., 2016). Collectively, AbGSTx possesses all the features of kappa
class GSTs, as exemplified by its similarity at the tertiary structural level.

The level of GSTs expressions in different tissues showed significant variations due to
number of factors as identified in early studies. For instance, sex of the organism,
developmental stage, different tissue specific factors and the type of the xenobiotics in
contact are some of the factors which can modulate the regulation and expression of

GSTs (Saranya Revathy et al., 2012). Moreover, these variations may (Wan et al.,
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2008a)(Wan et al., 2008a) have occurred due to the multiple functions of the GSTs
(Wan et al., 2008a). Human GST-6 expressed highly in kidney, liver, small intestine
and in brain (Chandra, 2017). In hermaphroditic fish Rivulus marmoratus GST-6 has
given its higher expression in liver, intestine, gonad, and in skin (Lee et al., 2006).
Apart from that, GST-6 from Macrobrachium rossenbergii was expressed highly in
hepatopancreases and hemocytes (Arockiaraj et al., 2014). Moreover, in Apostichopus
Jjaponicus, highest expression levels of GST-0 were observed in intestine and in
respiratory tree (Shao et al., 2017). As reported in a previous study on Manila clam
(Ruditapes philippinarum), GST-6 highly expressed in hemocytes, gill and in mantle
(Saranya Revathy et al., 2012). Furthermore, previous studies focused on disk abalone
GST isoforms have demonstrated that their expressions in wide range of tissues in
different extent. Disk abalone GST-u (Wan et al., 2008b) has resulted with its highest
expressions in gill and gonad while GST-o showed its higher expressions in gonad,
foot, gill and digestive tract (Wan et al., 2008a). Moreover, disk abalone GST -w was
highly expressed in gonad and digestive tract and GST-x highest expressions were
observed in digestive tract, mantle and in muscle (Sandamalika et al., 2018). Since
the highest expressions of disk abalone GS7-60 was observed in digestive tract and in
hepatopancreases in this study, it also suggests the tissue specific and isoform specific
manner of GSTs along with previous evidences. Usually various exogeneous and
endogenous harmful compounds get directly contact with the digestive tract of the
aquatic animals. Furthermore, in mollusks, digestive tract is one of the main organ
involving in the accumulation and detoxification of toxins apart from the immune
defense and the metabolic and homeostatic regulation (Marigomez et al., 2002).
Therefore, the digestive tract should be equipped with free radical scavengers to

mediate the high level of ROS produced during the oxidative respiration (Ataya et al.,
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2014). Glutathione (GSH) is identified with its antioxidant potentials in cells which is
regulated and controlled by GSTs in different cellular compartments (Ataya et al.,
2014). At the same time GSTs are capable enough to detoxify various other
electrophilic xenobiotics, such as environmental pollutions (Chen et al., 2017).
Therefore, it is possible to have high amount of 4bGST-0 in the digestive tract of the
disk abalone as we have observed in this study, to maintain an effective detoxification
system for the host. Moreover, hepatopancreases gets closely contact with the food
digestion process of the organisms and in invertebrates it works as a functional
analogue to liver in vertebrates (Contreras-Vergara et al., 2004). Therefore,
hepatopancreases is required to contain high level of detoxification enzymes and thus
we may have obtained higher expression of AbGST-6 in disk abalone
hepatopancreases.

To understand the potential endogenous functions of AbGSTkx, its relative expression
was examined in different tissues, which were prepared from the disk abalone organs
and were analyzed using qPCR. In this study, the highest expression was observed in
the digestive tract (Fig. 4). Based on previous studies on human GSTs, GSTx mRNA
was ubiquitously expressed in all the examined tissues at different levels (Morel et al.,
2004). The highest expression of human GSTx mRNA was observed in the kidney,
liver, and adrenal gland (Morel et al., 2004). Based on the prawn (M. rosenbergii)
tissue distribution, the highest GSTx expression was found in the hepatopancreas,
whereas the intestine had relatively low levels of expression (Chaurasia et al., 2016).
In the domesticated one-humped camel (Camelus dromedaries), the highest
expression level was found in the liver, followed by the testis, spleen, kidney, and
lung (Ataya et al., 2014). Several bivalve GST isoforms are expressed with differing

abundances in different tissues. Disk abalone and rock shell have the highest
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expression of GSTy in the gill tissue (Rhee et al., 2008; Wan et al., 2008b) whereas
the Manila clam has the highest GSTu expression in the hepatopancreas (Zhang et al.,
2012). In contrast, the Manila clam has the highest levels of expression of GSTd and
GSTO in the gills and hemocytes, respectively (Kasthuri et al., 2013)(Umasuthan et
al., 2012). As shown in previous studies on the black rockfish, the digestive glands of
aquatic animals are usually associated with harmful exogenous and endogenous
compounds (Jayasinghe et al., 2016). Therefore, it seems reasonable that it possesses
an appropriate protection mechanism to allow for the survival of the organism.
Previous evidence from a study in marine limpets has suggested that the digestive
gland is involved in the accumulation and detoxification of toxins, and that the
metabolizing enzymes act against ROS and xenobiotics, and are produced as a
response to environmental and dietary factors (Cunha et al., 2008). Free radical
scavengers are required in the digestive glands as high levels of ROS are produced
due to oxidative respiration (Ataya et al., 2014). GSH is an important cellular
antioxidant, and its regulation in different cellular compartments is critically
controlled by GSTs (Ataya et al., 2014). Moreover, GSTs have the ability to detoxify
multiple compounds, such as electrophilic xenobiotics, including environmental
pollutants (Chen et al., 2017). Therefore, the data from our present study suggest that
AbGSTxk 1s highly expressed in the digestive tract in order to ensure an effective
protective detoxification mechanism in disk abalones.

Abalones live in dynamic environment filled with several pathogens and
immunologically harmful conditions. To understand the role of 4AbGS7s in immune
responses, we examined the transcriptional levels of AbGST-6 and AbGSTk in gill
tissue and in hemocytes after an immune challenge with bacteria, a viral mimic, and

LPS. V. parahaemolyticus is a marine gram-negative bacterium that is considered to
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be highly pathogenic to abalones, causing a withering syndrome (Zorrilla et al., 2003).
Moreover, V. parahaemolyticus strongly affects the abalone post-larval stage resulting
in a large degree of abalone mortality in the population (Lee et al., 2003). This high
pathogenicity of V. parahaemolyticus was the reason we selected it as the bacterial
pathogen in the immune challenge experiment in this study. Poly (I:C) is a double-
stranded viral mimic, and we used this to assess the AbGST« response towards viral
infections (Reisinger et al., 2015). LPS is a well-known pro-inflammatory immune
stimulant and was used in this study to examine the mRNA expression patterns of
AbGSTk over immune stimulations (Nya and Austin, 2010). Abalones live in a marine
aquatic environment and their gills are directly in contact with sea water, and
consequently the gills act as one of the first target tissues for the entry and adhesion of
bacteria. In addition, the mucus covering the gills may attract, or serve as a nutrient
for several microbes (Rosenberg and Falkovitz, 2004). As a result of the circulation of
hemolymph through the gills, pathogens can spread throughout the host and can infect
other parts of the body. Several studies have revealed that gill tissues show significant
changes in their expression of immune- and antioxidant-related genes in response to
changes in environmental conditions (De Zoysa et al., 2009). Therefore, we selected
gill tissues as a target site to analyze transcriptional changes in immune-related
molecules. Evidence suggests that, hematopoietic tissue, hematopoiesis, and
hemocyte circulation, are important basic immune system components in mollusks
(Wang et al., 2017). As hemocytes can circulate freely, they can contribute to many
different biological processes in bivalves including immunological homeostasis
(Cochennec-Laureau et al., 2003). Hemocytes can come in contact with xenobiotics
and are involved in the activation of phagocytosis, apoptosis, encapsulation, and

several other cellular responses (Wang et al., 2017). Studies in mollusks have revealed
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that following a challenge with the live bacteria V. splendidus, there is a significant
increase in the total hemocyte count, number of regenerated hemocytes, and
expression levels of hematopoiesis-related genes, suggesting an immune-related
response (Wei et al., 2017). Based on these facts, we also selected hemocytes as
another target tissue to analyze changes in AhGSTs mRNA levels in abalones
following an immune challenge.

The results of our study suggest that the AbGSTk gene is induced in response to
challenge with bacteria, viruses, and LPS injection, and that there is a considerable
variability in the patterns of expression that can be observed depending on the tissue
type and the time. GSTs are detoxification enzymes that can act on several
xenobiotics and many aquatic organisms show increased GST expressions after
exposure to pollutants (Lee et al., 2007; Wan et al., 2008). Moreover, changes in GST
expression have been observed following exposure to biological stresses, including
different types of infectious pathogens (Umasuthan et al., 2012). Previous studies on
abalone GSTs have indicated that both hemocytes and digestive glands have a higher
expression of GSTs following bacterial invasion, than the gill and the mantle (Wang et
al., 2016). This suggests that internal tissues are more sensitive to bacterial infections
than external tissues (Umasuthan et al., 2012). In our study, we found that, although
the gill tissue exhibited higher mRNA levels of 4bGSTs under normal conditions, a
much greater and significant relative induction was observed in hemocytes after the
immune challenge. Similar data have been reported for the Manila clam GSTo
(Umasuthan et al., 2012), and thus it appears that hemocytes act as a secondary target
tissue in the pathogen invasion process.

Our data also suggest that AbGSTs are associated with the mechanism underlying the

protective effects against microorganisms’ post invasion. Based on previous studies of

52



GSTs in M. rosenbergii (Arockiaraj et al., 2014), infection of prawns with pathogenic
bacteria and viruses can affect the ability of GSTs to modulate the respiratory burst
that is involved in stimulating ROS production, which is responsible for destroying
pathogens and protecting the host cell (Hunaiti and Soud, 2000). The generation of
ROS is considered to be one of the early responses in aerobic organisms following the
recognition of a pathogen (Liu et al., 2000). A downregulation of AbGSTk mRNA was
observed in hemocytes following an immune challenge. This response is different
from what has been observed for other invertebrate GSTs, which showed a significant
upregulation after a challenge with immune stimulants (De Zoysa et al., 2008)(Li et
al., 2012). However a downregulation of GST6 has been observed in the razor clam
(Solen grandis) following a challenge with a gram-negative bacteria (Yang et al.,
2012), in agreement with our data. These downregulations suggest that the activation
of various GSTs might occur through different mechanisms. GSTx is localized to the
mitochondria and peroxisomes, which are both involved in lipid metabolism and
oxygen consumption (Sasagawa et al., 2016). Therefore, downregulation of GSTk
may increase oxidative stress and lipid peroxidation, and contribute to mitochondrial
dysfunction (Sasagawa et al., 2016). This increase in oxidative stress activates the
serum response factor (SRF), resulting in an increase in serum-inducible genes, which
can affect many physiological processes such as proliferation, wound healing,
migration, and tissue remodeling (Sasagawa et al., 2016). Therefore, we suggest that,
in hemocytes, as a highly sensitive internal tissue, AbGST«k has a different expression
pattern after a challenge with immune stimulants. GSTs act as major antioxidant
defense system to combat pathogens and being a member of this superfamily, it is
logical that GSTO and GSTk also play a role in the anti-infection process.

Collectively, with the data obtained on AbGSTs mRNA levels following bacterial,
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viral mimetic, or LPS treatments, the present study has provided evidence for the
involvement of AbGST5s in protecting the host by functioning in the innate immune
response.

To determine the optimal conditions and the specific activities of AbGSTs, different
substrates, including CDNB, DCNB, 4-NPB, 4-NBC and ECA were used with
rAbGSTs and MBP (Table 2). Detectable activity was obtained only using CDNB as
the substrate. No significant activity was detected for MBP against each substrate and
therefore it was treated as a control and further functional studies were conducted
only with rAbGSTs. The rAbGST-0 showed its highest activity towards the CDNB;
an universal GST substrate, comparable with GST-0 homologues from Manila clam
(Saranya Revathy et al., 2012) and silkworm (Yamamoto et al., 2005) but in contrast
with human (Hayes and Pulford, 1995) and rat (Harris et al., 1991). The contrasted
results with human GST-0 is agreed with the structural variations observed between
mammalian and non-mammalian GST-0 as described in 3D structural analysis.
However, no detectable activity of rAbGST-0 was observed towards the DCNB
substrate comparable with mammalian (Tan and Board, 1996) and molluscan
(Saranya Revathy et al., 2012) GST-6 homologues. Although the level of activity
varies among different species, activation of rAbGST-0 towards predominantly
halogenated aromatics suggests that rAbGST-0 possess the same substrate profile
along with the GST-0 class enzymes from Manila clam and silk worm.

Based on previous studies using CDNB as a substrate, the specific activity of human
GSTkl was 7.4 pumol/min/mg (Robinson et al., 2004), mouse GSTk was 154.8
pmol/min/mg, and rat GSTk was 54.4 pmol/min/mg (Jowsey et al., 2003). These data
reflect the fact that the human, mouse, and rat, kappa class enzymes, along with disk

abalone, have a similar substrate profile, being active towards predominantly
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halogenated aromatics; however, the level of activity does vary across species.

To analyze the catalytic properties of rAbGST-0, Michelis-Menten kinetic parameters
were determined. The Vy,.x and K, values for any molluscan GST-0 have not been
determined up to date. However, by the values obtained from the Lineweaver-Burk
plot, rAbGST-0 showed relatively similar enzyme kinetic parameters along with
Australian sheep blowfly (Board et al., 1995), silkworm (Yamamoto et al., 2005) and
fish (Lee et al., 2006) with CDNB substrate.

Apart from that, rAbGST-0 showed their optimum CDNB conjugation activity at a
higher temperature (~37 °C) proposing GST-0 high temperature adaptability, in line
with the study of Manila clam GST-0 (Saranya Revathy et al., 2012). Moreover, the
CDNB: GSH conjugation activity of rAbGST-0 extended for a range of pH. Early
study based on Manila clam (Saranya Revathy et al., 2012) reported that a narrow pH
range (5.5-6.5) contrast with our study. Collectively, having maximum activities of
rAbGST-0 in a diverse range of temperature and pH, allow us to expect AbGST-6
mediated host defensive activity of abalones in a dynamic environment. For the
determination of the inhibition of CDNB-GSH conjugating activity of rAbGST-0, CB
was used as pre-defined GST inhibitor by previous studies. The activity inhibition
indicates the presence of a dinucleotide fold in the protein which facilitates the
binding of CB to the protein although this was challenged by the lack of inhibition by
NAD' or NADP" (Kalim Tahir et al., 1985).

To the best of our knowledge, the substrate affinity and specific enzyme activity of the
mollusk GST kappa using CDNB as a substrate have not been studied to date. Based
on a previous study of human GST kappa (hGSTkl1) (Robinson et al., 2004), the K,
and Vpax for variable GSH concentration were 3.3 mM and 21.4 pmol/min/mg,

respectively, which agree with our data. From the same previous study (Robinson et
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al., 2004), a Vi value for hGSTkl1 of 40.3 pumol/min/mg was reported when CDNB
was used as the variable substrate. However, the data from our study were fitted with
the Michaelis-Menten equation and clearly show that rAbGSTxk has a low affinity for
both CDNB and GSH, indicating that catalyzing a conjugation reaction may not be
the natural role for the kappa-class GSTs, as has been stated previously (Robinson et
al., 2004).

In our study, we determined the optimum temperature for the CDNB conjugation
activity of rAbGSTx (35°C). This temperature was higher than the optimum
temperature of Pseudomonas sp. DJ77 GST (30°C) (Kim et al., 2000), and agreed
well with that of E. coli IM83 GST (35°C) (Arca et al., 1990), and was lower than
that for Culex pipiens GST (44°C) (Samra et al., 2012) and Monopterus albus GST
(45°C) (Huang et al., 2008). By achieving its highest CDNB conjugation activity at a
comparatively high temperature (35°C), AbGSTx was found to adapt to a higher
temperature. rAbGSTk was also shown to have GSH: CDNB conjugating activity
over a broad pH range (Fig. 7B). hGSTk1 exhibited its conjugating activity over a pH
range of 6—10.5 with an optimum activity at ~ pH 9, having the highest activity
between pH 8 and 9.5, which is line with our data (Robinson et al., 2004). However,
to date, there have been no reports on the optimal temperature or pH for GSTk
mollusk counterparts. The data of this study indicate that the maximal activity of
rAbGSTxk is observed over a diverse range of temperature and pH values. This may
explain the fact that AbGSTxk individually, and other GSTs together, have helped the
abalones to adapt successfully to life in an environment with a wide range of
temperatures and pHs. More studies using different mollusks will be required to
address this matter further.

CB has often been used as an inhibitor of rAbGSTs, since it has been identified to be
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an effective inhibitor of GSTs in previous studies (Jayasinghe et al., 2016). Therefore,
we used CB in our study to determine the complete inhibition and ICs, value of CB
for rAbGSTk. Although CB is an effective GST inhibitor, it is thought that CB
binding indicates the presence of a dinucleotide fold in AbGSTx. This is contradicted
by the lack of inhibition of GST transferases by NAD™ or NADP" (Mannervik et al.,
1985).

H,0; is a well-known source of oxidative stresses, and is involved in pathological
damage in several diseases (De Zoysa et al., 2008). GST’s capacity to protect the
oxidative cell from stress induced by H,O, has been clearly documented in a previous
study (Fiander and Schneider, 1999). From the results obtained in the disk diffusion
assay, it is clear that AbGSTxk expressed in E. coli is more efficient at overcoming the
oxidative stress caused by H,O,.

Heavy metals are common aquatic pollutants that are released into the aquatic
environment through both natural and anthropogenic sources. Cd is a heavy metal that
is toxic to a variety of aquatic species, affecting their growth, behavior, and
physiological functions (Bertin and Averbeck, 2006). Cd can interfere with cell cycle
progression, proliferation, differentiation, DNA replication and repair, and apoptotic
pathways (Bertin and Averbeck, 2006). It can also induce oxidative stress by
increasing the levels of superoxide anions and hydrogen peroxide. Cu is a trace
mineral essential for all living organisms which functions as a cofactor in numerous
enzymes and is required for their structural and catalytic properties (Reports, 2014).
Excess Cu induces ROS formation through the production of hydroxyl radicals, and
ultimately is toxic to cells (Reports, 2014). Zinc (Zn) is also an essential trace element
involved in protein synthesis, enzyme catalytic function, and carbohydrate

metabolism (Hambidge and Krebs, 2001). An excessive amount of Zn can play either
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an inhibitory or enhancing role in H,Os.induced transcriptional changes in GSTs
(Hodgson, 2010).

Our results from the disk diffusion assay suggest that AbGSTs has a significant
protective activity against the stress caused by exposure of cells to H>O, Cd, and Zn,
consistent with the data from previous studies (Hambidge and Krebs, 2001; Reports,
2014). Moreover, the oxidative stress caused by H,O, was significantly reversed by
the presence of AbGSTs, indicating its strong ability to protect the cell from oxidative
stress. AbGSTs expression was not able to protect E. coli from cell stress caused by
excess Cu since there were no significant differences in the clearance zone diameters
compared with that of the untransformed E. coli plate. The clearance zone around the
CdCl, disks were not clearly defined, as has been reported previously (Jayasinghe et
al., 2016), suggesting that toxicity retards bacterial growth rather than causing the
death of the bacteria. Collectively, AbGSTs has a significant protective activity
against Cd and Zn toxicities but does not have a significant protective effect against
Cu toxicity. These data provide evidences that the antioxidant role of GSTO and GSTk
in disk abalones is involved in overcoming heavy metal stress in their living
environment to allow them to survive. However, once abalones are exposed to heavy
metal pollution, the extent of survival may vary depending on the concentration of the
heavy metal, time of exposure, and other environmental conditions.

5. Conclusion

In conclusion, we have identified a full-length cDNA encoding disk abalone GSTO
and GSTk and cloned them into their corresponding expression vectors and
characterized the purified recombinant AbGST-0 and AbGSTxk proteins. Functional
domains and conserved regions were identified by sequence analysis and query of

publicly available databases. Different xenobiotic substrates were used to analyze the
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GSH-conjugating enzymatic activities of GSTs and as a result, from kinetic studies,
we found the both enzymes had a low affinity for both CDNB and GSH as substrates.
The pH and temperature optima for enzymatic activity were determined and suggest
that abalones can adapt to a wide range of environmental changes. A tissue
distribution analysis of AbGSTk mRNA showed the highest level of expression in the
digestive tract and the mantle. The digestive tract and the hepatopancreas showed the
highest tissue specific distribution for AbGST-6. By analyzing the relative mRNA
expression of AbGSTs after different immune stimulants, their responsive to
pathogens was determined. Finally, a disk diffusion assay was used to assess the
ability of AbGSTs to protect the cells from oxidative and heavy metal stresses. Apart
from the classical view of detoxifying xenobiotics by GSTs, our data suggest that the
theta and kappa class GST isoenzymes are also involved in the modulating the cellular

stress response in abalones.
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CHAPTER 2:

Two  phospholipid scramblase 1-related proteins
(PLSCRI1like-a & -b) from Liza haematocheila: Molecular
and transcriptional features and expression analysis after
immune stimulation
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1. Introduction

In all living organisms, cellular membranes consist of a double layer of lipids known
as phospholipids where proteins are embedded (Pomorski and Menon, 2006). In the
plasma membrane, out of a variety of phospholipids, phosphatidylcholine (PC) and
sphingomyelin  (SM) are located in the extracellular leaflet, while
phosphatidylethanolamine (PE) and phosphatidylserine (PS) are present only in the
cytoplasmic leaflet (Contreras et al., 2010). Under normal conditions, cells maintain
this membrane asymmetry, and it gets disrupted under some critical conditions, such
as activation of cells, coagulation, and apoptosis, which may be affected by the
phospholipid translocation (Sahu et al., 2007).

Amino phospholipid translocases are the enzymes that can move PS to the cell surface
from the inner leaflet by means of passive diffusion (Bevers et al., 2016; Srinivasan
and Basu, 1996). Nonetheless, when considering the time required for the overall
process of apoptotic cell death culminating cell lysis, it takes a similar amount of time
or less than that of the halftime for trans-bilayer diffusion (Srinivasan and Basu,
1996). Therefore, it is clear that another membrane protein is involved in the above
process for the rapid movement of PS to the cell surface and effective removal of
apoptotic cells before the initiation of cell lysis and inflammation (Srinivasan and
Basu, 1996). This protein has been identified as phospholipid scramblase (PLSCR), a
nonspecific lipid flippase, which allows for rapid flipping through lipid bilayers and
effectively disturbs the asymmetry of phospholipid bilayers (Williamson and
Schlegel, 2002). Aside from apoptotic cells, this mechanism can also be observed in
platelets, which eventually activate the process of blood coagulation (Zwaal et al.,
1998).

It has been reported that the recognition of cell membrane surface PS and limiting the
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PS localization to the outer leaflet of the plasma membrane have been
phylogenetically conserved in vertebrates and mammals for millions of years
(Williamson et al., 2001). However the identity and the mechanisms of their
regulation for control over PS distribution are not clarified well (Williamson and
Schlegel, 2002). On the other hand, scramblases get activated in response to an
increment of Ca®" concentration, and after activation they get redistributed throughout
the plasma membrane rapidly via an unknown mechanism. As a result of this change,
the targeted cellular membrane PL bilayer loses its asymmetry (Williamson and
Schlegel, 2002).

PLSCRs consist of several functionally important domains. They are named as
proline-rich N-terminal domain, cysteine-rich region, the Ca®’-binding motif, a
nuclear localization signal (NLS), the DNA-binding motif, and a transmembrane
region (Chen et al., 2005; Sahu et al., 2007). All these identified domains have
specific functions. The N-terminal region contains multiple proline-rich domains,
which interact with SH3 and WW domain—containing proteins (Rayala et al., 2014).
The Ca**-binding motif is required for Ca*"-binding and activation (Sahu et al., 2009),
whereas the cysteine-rich motif is involved in membrane anchoring (Wiedmer et al.,
2003). The DNA-binding motif is responsible for the protein—DNA interactions in
transcriptional regulation (Sahu et al., 2007). A nonclassical NLS is essential for the
nuclear localization of PLSCRs (Chen et al., 2005), and the transmembrane region is
required for insertion into the membrane (Sahu et al., 2007).

PLSCRs are a group of homologous proteins, and four isoforms have been identified
in humans named as hPLSCR1-hPLSCR4 (Zhou et al., 2000). The functions of
hPLSCR1 have been identified as expression of different levels of PS on the cell

surface, regulation of blood coagulation properties, and effective contribution to
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apoptosis (Sahu et al., 2009). Besides, recent studies revealed that hPLSCR1 interacts
with cell signaling pathways and works as a transcription factor in activation of other
genes (Sahu et al., 2007; Zhou et al., 1997). Although hPLSCRI1, -3, and -4 are
detectable in various types of tissues, there are a few exceptions (Sahu et al., 2007).
hPLSCR1 and -3 are undetectable in the brain, whereas hPLSCR4 is absent in
peripheral-blood lymphocytes (Sahu et al., 2007). Moreover, hPLSCR2 is restricted to
testes (Sahu et al., 2007). hPLSCRs have been documented as multifunctional
proteins because they are involved in the main cellular processes like cell proliferation
(Huang et al., 2006), antiviral responses (Dong et al., 2004; Lizak and Yarovinsky,
2012; Sivagnanam et al., 2017), apoptosis (Segawa and Nagata, 2015; Sivagnanam et
al., 2017; Williamson et al., 2001), transcriptional regulation (Sivagnanam et al.,
2017), tumor suppression, and protein interactions. Most of the documented
experiments with PLSCRs are carried out to identify the roles of human PLSCRs.
Recently, aside from human studies, some reports on PLSCRs of planarian Dugesia
japonica (Han et al., 2017), mice, and Drosophila melanogaster became available
(Acharya et al., 2006). Moreover, a study focused on PLSCRs of D. japonica have
explained the involvement of PLSCRs in immune responses upon pathogen invasion
(Han et al., 2017). To date, no records are available for any study on PLSCRs in fish.
Therefore, this report is the first attempt at characterization of PLSCR1 from fish,
with a focus on its molecular mechanism of action and immunological functions.

Red lip mullets (Liza haematocheila) are naturally populated among the tropical and
temperate regions of the world and are considered an important species in aquaculture
(Han et al., 2015). Recently, mass mortality of red lip mullets was observed during
cultivation, owing to disease outbreaks caused by pathogenic species (Han et al.,

2015). Therefore, identification of novel immunity-related genes as well as their
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responses to pathogens is essential for disease prevention and development of the
aquaculture industry. In this study, two PLSCRI-related genes: PLSCRIlike-a and
PLSCRI1like-b were identified in the red lip mullet and molecularly characterized
(Sahu et al., 2007). Furthermore, their involvement in post-immune responses to live

bacteria and potent immune stimulants were determined.
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2. Materials and methods

2.1. Experimental fish rearing and tissue collection

Red lip mullets were purchased from the Sangdeok fishery in Hadong, Korea. The
average body weight of selected fish was set to be as 100 g. They were acclimated to
the laboratory conditions, by rearing in 40 L flat-bottomed tanks with aerated and
sand-filtered sea water for 7 days prior to the experiment. Salinity and temperature
were maintained at 34 + 0.6 %o and 20 + 1 °C, respectively.

For tissue-specific expression analysis, five mullets were selected with the 100 g
average body weight and were anesthetized conventionally (MS-222; 40 mg/L). For
blood collection, heparin sodium salt (USB, USA)-coated sterile syringes were used
to withdraw whole blood from the caudal vein of a mullet (~1 mL/fish), and the
peripheral blood cells were separated immediately by the means of centrifugation at
3000 x g for 10 min at 4 °C. After collection of blood, 11 types of tissues were
collected including the head kidney, spleen, liver, muscle, gills, intestine, kidneys,
brain, skin, heart, and stomach by dissection. All the collected tissues were
immediately snap-frozen in liquid nitrogen and stored at —80 °C.

Another set of mullets was divided into four groups with 100 g average body weight
and was subjected to an immune challenge experiment. Lipopolysaccharide (LPS;
1.25 ng/g, from Escherichia coli 055:B5; Sigma, St. Louis, MO, USA),
polyinosinic:polycytidylic acid [poly(I:C) 1.5 pg/g], and Lactococcus garvieae
1 x10° colony-forming units [CFU]/uL), were prepared in phosphate-buffered saline
(PBS), and 100 pL was injected intraperitoneally into the fish. The control group of
fish was injected with 100 pL of PBS. After the challenge, tissues from the spleen &
head kidney were collected from five individuals at 0, 6, 24, 48, or 72 h post injection

(p.i.) by the same method as described above. All the collected samples were snap-

65



frozen and stored at —80 °C until used for RNA extraction.

2.2. RNA extraction and cDNA synthesis

For tissue distribution and immune-challenge experiments, the collected tissue
samples were pooled (n = 5), and total RNA was extracted by means of RNAiso plus
(TaKaRa, Japan) followed by clean-up on RNeasy Spin Columns (Qiagen). The
quality of RNA was determined by running 1.5% agarose gel electrophoresis and the
concentration at 260 nm was measured using uDrop Plate (Thermo Scientific). The
first-strand ¢cDNA was synthesized with the Prime Script'™ II 1% strand cDNA
Synthesis Kit (Takara, Japan). The total volume of 20 pL reaction mixture was

prepared which contained 2.5 ug of total RNA. Synthesized cDNA was diluted 40-

fold with nuclease-free water and stored at —80 °C until further use.

2.3. Identification and sequence analysis of MuPLSCRlike proteins

A cDNA database of the red lip mullet was established via the PacBio sequencing
technology (Rhoads and Au, 2015). The Basic Local Alignment Search Tool (BLAST)
(Altschul et al., 1990), at the National Center for Biotechnology Information (NCBI)
web-based query system (http://www.ncbi.nlm.nih.gov/BLAST), was used to identify
putative MuPLSCR1like-a & -b. The complete open reading frames (ORFs) and their
corresponding amino acid sequences were determined by means of an online server,

OREF finder (https://www.ncbi.nlm.nih.gov/orffinder/). The SignalP software was used

(http://www. cbs.dtu.dk/services/SignalP) to determine the availability and the
localization of signal peptides (Petersen et al., 2011), while predicting the protein
domains and functional sites by analysis in ExPASy prosite (http://prosite.expasy.org)
(Sigrist et al., 2013). The Molecular Evolutionary Genetics Analysis (MEGA) version
6.0 software served for comparative analysis of evolutionary relations by constructing

the phylogenetic tree via the Neighbor-joining method with 1000 bootstrap replicates
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(Tamura et al., 2011). Pairwise sequence alignment was performed with the EMBOSS

Needle (https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi) web-based tool

(McWilliam et al., 2013). Multiple sequence alignment was generated by Clustal

omega (http://www.ebi.ac.uk/Tools/msa/clustalo) (Sievers et al., 2014) and Color

align  conservation  (http://www.bioinformatics.org/sms2/color_align cons.html)
(Manipulation, 2000) web-based tool using the amino acid sequences obtained from
the BLAST analysis. 2D structure was modeled on the PRED-TMBB

(http://bioinformatics.biol.uoa.gr/PRED-TMBB/) web server (Bagos et al., 2004). To

reveal 3D  structure of MuPLSCRIllike-a & -b, Swiss model

(https://swissmodel.expasy.org) protein structure homology-modeling server

(Schwede et al., 2003) was used, and the results were visualized in PyMOL v.1.5
software (DeLano, 2002).

2.4. Transcriptional analysis by Quantitative real time PCR (gPCR)

Transcriptional analysis in groups of unchallenged and immune challenged mullets
was performed by qPCR on a Thermal Cycler Dice™ TP950 (Takara, Japan)
following manufacturer’s instructions. SYBR Green served as the fluorescent agent.
For amplification of genes, gene-specific primers were designed according to the

MIQE guidelines (Page, 2010) (Table 1).

Table 5. Sequences of primers used in this study

Primer name Application Sequence of primer (5'-3")
MuPLSCRIlike-a _qF GTGAGGTCTCTGGATGAGTCGATGG
MUPLSCRHZ:ke'a _qR qPCR ampliﬁca‘[ion TCCCACCATCACAGCCTTCAT
MuPLSCR1 l{ke'b _aqF GCGTAACTCCATGGGCCAGAAC
MuPLSCR1like-b _qR AGTGGTCTGGTGACGCTGATG
MuEFla F gPCR Internal reference CCCTGGTCAGATCAGTGCTGGTTAT
MuEFla R AGCGTCGCCAGACTTTAGGGATTT
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The total reaction mixture was 10 pL and consisted of 3 pL of a diluted cDNA
template, 5 uL of 2x TaKaRa ExTaq™ SYBR premix, 0.4 uL of each forward and
reverse primer (10 pmol/uL), and 1.2 pL. of dH,O (PCR grade). The qRT-PCR cycling
program included a single cycle of 95 °C for 10 s; followed by 45 cycles of 95 °C for
55,58 °C for 10 s, and 72 °C for 20 s; and a final single cycle of 95 °C for 15 s, 60 °C
for 30 s, and 95 °C for 15 s. All the analyses were performed in triplicate to increase
accuracy. For the standardization, mullet elongation factor 1 alpha (EF1a) (accession
No.: MHO017208) served as the internal control gene in the analysis with
corresponding primers. By the Livak (27**“") method (Livak and Schmittgen, 2001)
the relative mRNA expression levels were analyzed quantitatively. All the data from
challenged groups were normalized to the relevant PBS control at each time point. All
the obtained data were presented as fold changes (means + standard deviation [SD])
using the 0 h expression of un-injected control as the basal level reference. To
evaluate the statistical significance of the data, they were subjected to statistical
analysis in the SPSS 16.0 software (USA). One-way analysis of variance (ANOVA)
followed by Duncan’s post hoc comparison test was carried out for the analysis of
tissue-specific mRNA expression levels. The unpaired Student’s ¢ test was conducted
in the immune challenge experiment for analyzing the significance of differences
between control and experimental groups. Statistically significant data were obtained

by considering the P values, less than 0.05 (P < 0.05).
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3. Results

3.1. Identification and characterization of MuPLSCRlike-a and b

Two cDNA contigs belonging to the PLSCR family were identified in the red lip
mullet transcriptome database using BLAST analysis and were designated as
MuPLSCRlike-a and MuPLSCR 1like-b.

The MuPLSCR 1like-a (GenBank accession No: MH511809) encodes a polypeptide of
245 aa with a predicted 27.82 kDa molecular weight. The theoretical isoelectric point
(pl) and the instability index of MuPLSCR1like-a were found to be 4.79 and 53.59,
respectively. MuPLSCRI1like-b (GenBank accession No: MHS511810) encodes a
polypeptide of 228 aa with predicted 25.74 kDa molecular weight. MuPLSCR1like-b
has a theoretical pl value of 4.75. The instability index for MuPLSCRIlike-b was
calculated too: 49.51.

To identify the different characteristics of MuPLSCR1like-a and -b, analyses of
several domains and motifs were performed. The protein sequence analysis performed
by SignalP 4.1 server revealed that both MuPLSCR1like-a and MuPLSCR1like-b do
not contain any signal peptides. Remarkably, in MuPLSCRI1like-a, a DNA-binding
motif was identified at positions 18-51 (aa), and a cysteine-rich region was identified
at aa positions 113—121. MuPLSCR1like-a contained the NLS domain at aa positions
188-198 and a Ca*"-binding motif was detected in the region 203-216 aa.
Furthermore, a transmembrane region was detected at the C terminus at aa positions
220-238 in MuPLSCRI1like-a. By contrast, in MuPLSCR1like-a, no proline-rich N-
terminal domain could be detected by the protein sequence analysis. Similarly,
MuPLSCRI1like-b contains a DNA-binding motif at aa positions 5-37, an NLS
domain at 175-186, and a Ca®"-binding motif in the region 190-203 aa. The

transmembrane region was detected at aa positions 207-225 in MuPLSCRI1like-b.
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Nonetheless, no proline-rich N-terminal domain or cysteine-rich region were detected

in MuPLSCR1like-b. Moreover, both MuPLSCR1like proteins have a final short

exoplasmic tail at their C terminus. In MuPLSCR1like-a, the exoplasmic tail extends

up to 7 aa (*’IKPQRDS?**), and in MuPLSCR1likel-b, it is only 3 aa long (***ITN***;

Fig. 15).
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3.2. Homology analysis of MuPLSCR 1like-a and -b

Protein BLAST analysis suggested that MuPLSCR1like-a and -b were similar to other

(previously described) PLSCR1 and PLSCR1like homologues. The identity and

similarity percentages were determined using the pairwise sequence alignment (Table

2). The results indicated that the highest identity (1%) and similarity (S%) for both

MuPLSCR1like-a (I-53.5%, S-66.9%) and MuPLSCRL1like-b (1-96.9%, S-98.2%)

were shared with PLSCR1like of a fish, Fundulus heteroclitus. Moreover, the data

revealed that both MuPLSCR1like-a and -b share greater than 48% identity with other

fish homologues (Table 6).

Table 6. Pairwise identity (I1%), similarity (S%), and gaps (G%) of red lip mullet
PLSCRI1like proteins toward selected orthologs at amino acid levels.

MuPLSCR1like-a MuPLSCR1like-b Taxonomy
Gene Species Accession no.

I(%) |[S(%) [G(%) [I(%) |S(%) |G (%)
MuPLSCRI1like-a | Liza hematochelia 100% | 100% | 0.0 54.7% | 67.3% | 6.9% Fish
MuPLSCR1like-b | Liza hematochelia 54.7% | 67.3% | 6.9% 100% 100% 0.0 Fish
PLSCR2 Larimichthys crocea KKF30002.1 54.7% | 67.3% | 6.9% 96.5% | 98.7% 0.0% Fish
PLSCRI Like Fundulus heteroclitus XP 012708587.1 | 53.5% | 60.9% | 6.9% 96.9% | 98.2% 0.0% Fish
PLSCRI Like Danio rerio XP 693207.5 51.6% | 63.4% | 12.9% | 52.7% | 66.4% 17.7% | Fish
PLSCRI Like Oncorhynchus mykiss XP 021420053.1 | 482% | 61.8% | 9.2% 53.8% | 70.4% | 7.5% Fish
PLSCRI Like Cyanistes caeruleus XP 023788895.1 | 46.2% | 50.8% | 24.3% | 47.5% | 60.9% 19.7% | Aves
PLSCRI Like Lonchura striata domestica | XP_021392490.1 | 44.9% | 55.1% | 24.6% | 48.8% | 60.4% 19.4% | Aves
PLSCRI Like Rattus norvegicus XP 017451607.1 | 47.2% | 63.6% | 8.8% 51.5% | 71.1% 7.1% Mammal
PLSCRI Homo sapiens NP_066928.1 44.0% | 54.7% | 23.0% | 45.6% | 56.3% 28.3% | Mammal
PLSCRI Like Muacaca nemestring XP 011720023.1 | 42.1% | 61.9% | 6.5% 474% | 67.9% 3.0% Mammal
PLSCRI Like Bos indicus XP 019816762.1 |37.3% | 56.8% | 14.0% | 39.8% |357.2% 15.5% | Mammal
PLSCRI Like Xenopus laevis XP_018121282.1 |39.2% | 50.9% | 31.3% |45.1% |57.6% |25.1% | Amphibia
PLSCRI Like Mizuhopecten yessoensis XP 021374068.1 | 39.2% | 50.7% | 22.3% | 44.1% | 58.4% 18.9% | Mollusk
PLSCRI Like Crassostrea virginica XP 022345293.1 | 21.5% | 352% |244% |24.0% |383% 26.0% | Mollusk
PLSCRI Like Limulus polyphemus XP 022256660.1 | 37.7% | 48.9% | 27.5% |47.1% | 59.6% 23.9% | Arthropoda
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The amino acid sequences of MuPLSCRL1like-a and -b were compared with other
orthologs from different taxonomic groups, and it was revealed that MuPLSCR1like-a
and -b contain a conserved DNA-binding motif, a Ca**-binding motif, an NLS, and a
C-terminal transmembrane region in their structure (Fig. 15). Only MuPLSCR1like-a
has a conserved cysteine-rich region as identified by the sequence analysis.
Nonetheless, both MuPLSCR1like-a and -b do not contain N-terminal proline-rich

domains in their structures (Fig. 15).
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3.3. The 2D and 3D structural analysis of MuPLSCR1like-a & -b

The 3D structures of both MuPLSCR 1like proteins showed a 12-stranded symmetrical

B-barrel, which encloses a central C-terminal a-helix (Fig. 16)

Fig. 16. A & B) Predicted 3D structures of MuPLSCR1like-a & -b, respectively. The
a-helices and B-sheets are marked with the corresponding letters. C & D) The 12-
stranded symmetrical B- barrel which encloses a central C-terminal a-helix in
MuPLSCRI1like-a & -b, respectively. The models of 3D structure were predicted
using the Swiss-model server and were visualized in the PyMOL software.

The C-terminal helix is shown in side-to-outside orientation from the hollow cylinder.
Based on the Posterior decoding algorithm in PRED-TMBB, topology of the protein

structures was clearly determined with respect to the phospholipid bilayer (Fig. 17).
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Fig. 17. A & B) Graphical representation of the predicted topology of
MuPLSCRI1like-a & -b with respect to the lipid bilayer. Output of the prediction
obtained in the PRED-TMBB software by the posterior decoding method.
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3.4. Construction of the phylogenetic tree

The phylogenetic tree was constructed by the neighbor-joining method to evaluate the

evolutionary relations among MuPLSCR 1like proteins (Fig. 18.).
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Fig. 18. A phylogenetic tree constructed by the neighbor-joining method based on
different classes of PLSCRs. The bootstrap values are shown at the node of each
branch. The NCBI accession numbers are given with each organism name.

According to these data, MuPLSCR1like-a and MuPLSCR1like-b are clustered in the
same clade but from different branches together with other fishes’ PLSCR1, PLSCR2,
and PLSCRI1like homologues. MuPLSCRI1like-a showed close relatedness to
PLSCRI1like from Danio rerio. Additionally, MuPLSCRI1like-b manifested a close
relationship with PLSCR2 from Larimichthys crocea including PLSCRI1 and

PLSCR1like from other fish species.
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3.5. Tissue distribution analysis of MuPLSCR 1like-a and -b

Both MuPLSCR1like-a and -b were found to be expressed in all the examined tissues,
including the head kidney, spleen, liver, gills, intestine, kidneys, brain, muscle, skin,
heart, stomach, and blood, at different mRNA levels (Fig. 19.). MuPLSCRIlike-a
showed its highest expression in the intestine with ~56-fold value, following skin and
muscle with ~43- and ~37-fold values, respectively (p < 0.05). In contrast,
MuPLSCRlike-b manifested its strongest expression in the brain with a ~182-fold

value, followed by muscle with a ~73-fold value (p < 0.05).
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Fig. 19. A) & B) Tissue-specific transcriptional profiles of MuPLSCR1like-a & -b in
red lip mullets. The calculations were performed by the Livak method. Data are
presented as mean + standard deviation (n = 3). Significance of inter-tissue
differences was evaluated by one-way analysis of variance (ANOVA) followed by
Duncan’s multiple-range test in the SPSS 16.0 software. Identical letters indicate the
absence of a significant difference (p < 0.05) between the tissues.
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3.6. Expression analysis of MuPLSCR1like proteins after immune stimulation

To determine the potential involvement of MuPLSCRIlike-a and -b in immune
responses, transcriptional regulation in the spleen (Fig. 20 A—F) and the head kidney
(Fig. 21 A-F) was analyzed at different time points, after injection of the fish with

various immune stimulants including LPS, poly(I:C), or Lactococus garvieae.
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Fig. 20. Relative mRNA expression of MuPLSCRI1like-a and MuPLSCR1like-b
analyzed by qPCR over time in the spleen of red lip mullets (A—F) in response to
challenges with poly(I:C) (A, D), LPS (B, E), and L. garvieae (C, F). Data are
presented as mean + standard deviation (n = 3). Data marked with a « represent a
statistical difference in expression as compared with the 0 h p.1. baseline.

In the spleen, after stimulation with poly(I:C), the expression of MuPLSCRlike-a and
MuPLSCRlike-b was significantly upregulated at 6 h p.i. (Fig. 20 A&D). The LPS
treatment did not cause any significant upregulation or downregulation pattern for
MuPLSCRIlike-a as compared to the unchallenged group. Nevertheless, mRNA
expression of MuPLSCRIlike-b was significantly upregulated after 48 h p.i. (Fig.
20E).

As for MuPLSCRIlike-a, the treatment with L. garvieae did not significantly alter

gene expression either. By contrast, regarding MuPLSCRIlike-b, the L. garvieae
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treatment significantly upregulated the mRNA expression levels at 24 h p.i. (Fig.

20F).
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Fig. 21. Relative mRNA expression of MuPLSCRI1like-a and MuPLSCRI1like-b,
analyzed by qPCR over time in the head kidney of red lip mullets (A—F) in response
to challenges with poly(I:C) (A, D), LPS (B, E), or L. garvieae (C, F). Data are
presented as mean =+ standard deviation (n = 3). Data with marked with a = represent a
statistical difference in expression as compared with the 0 h p.1. baseline.

In the head kidney, after poly(I:C) administration, only MuPLSCRIlike-a was
significantly upregulated at 6 and 24 h p.i. (Fig. 21A), while MuPLSCR Ilike-b did not
show any significant alterations (Fig. 21D). Nonetheless, LPS induction significantly
downregulated MuPLSCR1like-b after 72 h p.i. (Fig. 21E) without any significant
alterations in MuPLSCRIlike-a expression (Fig. 21B). Moreover, L. garvieae
treatment did not cause any significant changes in MuPLSCRIlike-a and

MuPLSCR llike-b expression (Fig. 21C & F).
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4. Discussion

Phospholipid scramblases are the proteins that facilitate rapid movements of
phospholipid molecules along bidirectional pathways, ensuring the phospholipid
asymmetry in the plasma membrane (Rayala et al., 2014). The previously identified
PLSCR domains have their own distinct functions, which can be clarified separately
(Sahu et al., 2007). From the results obtained in our study on MuPLSCR1like-a and -
b, it was possible to identify most of the conserved domains and motifs in their
sequences as well as slight differences from other PLSCR1 homologues. Therefore,
because they share a common structural topology with PLSCRI1 orthologs,
MuPLSCR1like-a and -b were categorized as members of the scramblase family.
According to one study by Sims et al. (Sims and Wiedmer, 2001), human PLSCRs
contain multiple PXXP and PPXY domains, which are responsible for the ability of
PLSCRs to interact with SH3- and WW domain—containing proteins, except for
human PLSCR2. As revealed by our results, the N termini of both MuPLSCR 1like-a
and -b are not enriched in proline (Pro) residues, thus pointing to their weaker
interactions with SH3- and WW domain—containing proteins.

The tertiary structure analysis of MuPLSCRI1like-a and -b clearly showed the 12-
stranded B-barrel which encompasses the central C-terminal o-helix, which is a
common feature of scramblases (Bateman et al., 2009). This C-terminal helix has
been previously identified as a transmembrane helix that is believed to be
hydrophobic (Bateman et al., 2009). As suggested previously, this hydrophobicity
may have developed due to the packing nature of the helix in the core protein domain,
and therefore it is not a true transmembrane helix (Bateman et al., 2009). The 2D
graphical representation clearly revealed the membrane-spanning segments of

MuPLSCRI1like-a and -b. These were formed by antiparallel B-strands, constituting a
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barrel shape channel that spans the membrane.

Another major feature of scramblases is a DNA-binding domain, which enables the
protein to interact with DNA (Sahu et al., 2007). As illustrated in Fig. 1, the region
18-51 aa in MuPLSCR1like-a and region 5-37 aa in MuPLSCR1like-b are the DNA-
binding motifs, which show low conservation with homologues. Although little
evidence is available about the DNA-binding properties of scramblases, studies on
human PLSCRI1 indicate that it interacts with the inositol 1,4,5-tri-phosphate (IP3)
receptor type 1 (/P3RI) promoter (Frisby, 2006) and is reported to be highly
conserved in mice, the fruit fly, zebrafish, and frogs (Sahu et al., 2007). In human
PLSCRI1, the DNA-binding motif spans aa residues at positions 86—118 (Wiedmer et
al., 2000). Its deletion causes misfolding of the B-barrel because of removal of the
first B-strand in the domain; there is evidence that this removal eliminates the capacity
for DNA binding (Bateman et al., 2009). Therefore, persistence of DNA-binding
motifs in MuPLSCR1like-a and -b probably maintains the correct folding patterns of
the B-barrel in their structures, thereby ensuring the DNA-binding ability.

The cysteine palmitoylation motif is another functionally important region that
regulates the trafficking of PLSCR to the nucleus or to the plasma membrane
(Wiedmer et al., 2003). In our study, the cysteine palmitoylation motif was identified
only in MuPLSCR1like-a while lacking in MuPLSCR1like-b. On the other hand, this
motif is conserved in most of the sequences that have been identified previously,
except for yeast (Sahu et al., 2007) and planarian (Dugesia japonica) sequences (Han
etal., 2017).

Proteins that are destined to function inside the nucleus contain a classical NLS with
three Arg/Lys residues that can form a basic patch over an imported cargo (Huang et

al., 2006). The classical NLS has been recognized in the SV40 virus (PKKKRLYV),
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which has a positively charged amino acid sequence in its NLS (Chen et al., 2005).
This sequence is replaced by hydrophobic residues in nonclassical NLS, discovered in
human PLSCRI1 as the aa sequence STGKISKHWTGI® (Chen et al., 2005). In
agreement with that finding, we observed " GQISKQWGGF'* in MuPLSCR1like-a
and '"®*GKISKQWTGL'** in MuPLSCR1like-b, suggesting that MuPLSCR 1like-a and
-b possess a nonclassical NLS. The critical lysine residue located at the 5™ position of
a nonclassical NLS is highly conserved throughout all the examined organisms, and
same was obtained in an early study by Sahu et al. in 2007 (Sahu et al., 2007).

A Ca*"-binding EF-handlike domain structure has been identified in human PLSCRI,
with two short a-helical segments close to the C terminus, which are separated by 12-
residue acidic loops (Notredame et al., 2000). Nevertheless, the proposed structural
model for hPLSCRI1 indicates that this motif overlaps with one of the core -strands
of the B-barrel formation around the C-terminal o helix (Sahu et al., 2009). The same
structural features were observed in the predicted 3D structural models of
MuPLSCRI1like-a and MuPLSCR1like-b in our study. Both MuPLSCRI1like-a and
MuPLSCR 1like-b showed highly conserved amino acid residues at positions 1 (D), 3
(D), 5 (F), 7 (I), 9 (F), and 12 (D), which are supposed to contribute to the octahedral
loop formation for binding to Ca*" ions, and this arrangement is fully consistent with
the predicted EF-handlike motif in hPLSCR1 (Sahu et al., 2007). According to a
hypothesis advanced in early studies, replacement of those selected residues within
the motif may abrogate the Ca*"-binding ability of PLSCR1 and the expression of
phospholipid scramblase activity too, which depends on the concentration of Ca®"
(Bateman et al., 2009). Therefore, we can suggest that by having conserved amino
acid residues at critical positions of the motif, MuPLSCR 1like-a and MuPLSCR 1like-

b may have the same Ca”*"-binding affinity as hPLSCR1 does.
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Furthermore, the transmembrane domain at the C terminus is essential for scrambling
activities (Sanchez-Magraner et al., 2014; Zhou et al., 1997). Additionally, although
the Ca*"-binding domain exists in the sequence, deletion of the C-terminal a-helix of
the transmembrane region causes misfolding of the Ca®"-binding site and thereby
reduces the Ca*"-binding ability (Sanchez-Magraner et al., 2014). As depicted in Fig.
1, this transmembrane region is highly conserved among the PLSCR1 homologues
including MuPLSCR1like-a and -b. Furthermore, the short tail extending from the C-
terminal end to the plasma membrane suggests that MuPLSCRIllike-a and
MuPLSCR 1like-b belong to type II membrane proteins (Sims and Wiedmer, 2001).

The constructed phylogenetic tree uncovered the evolutionary relation of
MuPLSCR1like-a and MuPLSCRI1like-b with other PLSCRs. All the fish
PLSCRI1like proteins were clustered in one clade with several other fish PLSCR1 and
-2 proteins, thus pointing to their common ancestral origin. Fish from different
taxonomic orders and their molecular similarity allowed for formation of subclades
within the clade. According to the constructed phylogenetic tree, MuPLSCR1like-a
and MuPLSCR 1like-b diverged from each other. Because they belong to the same fish
species, this divergence may be due to their molecular differences, which we have
discussed from the beginning. Nevertheless, in the constructed phylogenetic tree,
MuPLSCR 1like-a showed a close relation with PLSCRI1, just as with the Danio rerio
protein by separately branching together in the same clade. This phenomenon was
also confirmed by 51.6% of shared sequence identity and 63.4% of shared similarity
in the pairwise sequence comparison. Moreover, MuPLSCR1like-b closely clustered
together with Larimichthys crocea PLSCR2 with 96.5% sequence identity and 98.7%
similarity in their sequences. In addition, Oryzias latipes PLSCR1 and PLSCR1like

proteins from Seriola dumerili and Amphiprion ocellaris were clustered in the same
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subclade.

Although PLSCR isoforms are expressed in different locations in the cell, PLSCRI1 is
present in the plasma membrane (Contreras et al., 2010). According to the previous
studies, hPLSCR1 1is expressed in various tissues including the heart, kidneys,
pancreas, prostate, and colon whereas hPLSCR2 is expressed in only testis (Zhou et
al., 1997). According to those studies, hPLSCR1 is not detectable in the brain
(Wiedmer et al., 2000; Zhou et al., 1997). In our study, MuPLSCRIlike-a and
MuPLSCRI1like-b were detected in all the examined tissues. Nevertheless,
MuPLSCRIlike-a showed its highest expression in the intestine, while
MuPLSCR1like-b was highly expressed in the brain. Although our MuPLSCR1like-a
data are consistent with the previous studies on humans, our MuPLSCR1like-b data
contradict them: detection in the brain and muscle. This finding suggests that the
mRNA expression levels of PLSCRs have species-specific and isoform-specific
distribution patterns. The fish intestine is in contact with the external environment
through the mouth and gut opening stages and at the onset of feeding, while being
exposed to various unfamiliar pathogens. Therefore, the fish intestine works as a
multifunctional organ both performing nutrient uptake and having pathogen
recognition mechanisms (Martin et al., 2016). According to early studies, mast cells
can be activated by PLSCRs, and this event stimulates the secretion of
proinflammatory cytokines (Acharya et al., 2006). During a viral infection, the
intestine activates the adipocytokine pathway, which can be induced by
proinflammatory cytokines (Martin et al., 2016). Therefore, we suppose that the
highest amount of MuPLSCR1like-a was present in the intestine for the purpose of
protecting the host cells from viral infections. The brain is considered as the main

component of the central nervous system (CNS), and microglia are the first
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responders to CNS injury or diseases (Tufail et al., 2017). This microglial activation
can induce inflammatory responses with the end result of restricting tissue injury or
pathogen spread (Tufail et al., 2017). Due to a viral infection, the CNS activates its
innate immune response, which includes microglial phagocytosis (Tufail et al., 2017).
PLSCR1 has been identified as an effective target for the control of microglial
phagocytosis, and the greatest expression of MuPLSCRI1like-b in the brain as
observed in the present study also provides strong evidence for this scenario.

The immune system is present in all the organisms and varies in its complexity
including variation in the innate and adaptive components (Rauta et al., 2012). Fish
possess both innate and adaptive immune systems by evolution. At the same time, the
fish innate immune system is considered stronger than the adaptive immune system of
fish (Rauta et al., 2012). Immune responses mediated by PLSCRs have been
documented in the early studies on mammals (Dong et al., 2004)(Lizak and
Yarovinsky, 2012) and planarians (Han et al., 2017). These data prompted us to focus
on the immune responses involving MuPLSCR1like-a and MuPLSCR 1like-b in red lip
mullets. Out of several immune organs in the fish immune system, the spleen has been
identified as a major secondary lymphatic and scavenging organ that has a critical role
in hematopoiesis, antigen degradation, and the process of antibody production (Rauta
et al.,, 2012). Moreover, it performs a major function in trapping of antigens, even
though fish do not possess lymph nodes (Press et al., 1994). Furthermore, spleen size
of fish is considered a primary indicator of the immune responses to parasitic
infections (Lovy et al., 2007). The head kidney of fish is considered the principal
immune organ responsible for phagocytosis, antigen processing, and formation of
IgM and immune memory through melanomacrophagic centers (Tort et al., 2003).

Moreover, the head kidney is an important endocrine organ which possesses major
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regulatory functions for immune endocrine interactions (Tort et al., 2003). Therefore,
the spleen and head kidney were used in this study as the sites for transcriptional
analysis to evaluate the immune responses mediated by MuPLSCRIlike-a and
MuPLSCR Ilike-b induced by different immune stimulants.

In the immune challenge experiment, we injected the fish with different immune
stimulants including bacteria (L. garvieae), a virus mimic (poly[I:C]) and LPS. L.
garvieae is a gram-positive bacterium that is known as a causative agent of green liver
syndrome of red lip mullets; it has caused outbreaks of the disease and mass mortality
of mullets in several countries, including Korea (Han et al., 2015). Therefore, in the
present study, we chose L. garvieae as a virulent bacterium for the red lip mullet
considering the high pathogenicity. Furthermore, poly(I:C) is a viral mimic and it has
been widely used as an immune stimulant in immune-challenge experiments because
of its high antigenicity (Han et al., 2017; Reisinger et al., 2015). These data led us to
challenge the mullets with poly(I:C) to examine the responses to viral infections. LPS
1s a main component of gram-negative bacterial cell wall and was employed in this
study to determine the responses of MuPLSCR1like-a and MuPLSCR 1like-b to gram-
negative bacterial infections, as stated in previous studies (Han et al., 2017).

In our study, MuPLSCRIlike-a and MuPLSCRIllike-b from the spleen and
MuPLSCRIlike-a from the head kidney showed significant upregulation after
poly(I:C) treatment, i.e., at 6 h after the injection. Induction with poly(I:C) allows the
host cell to express its antiviral functions against pathogens. Viral infections can
stimulate IFN-a or - or IFN-stimulated genes, which can act as major components of
an antiviral host defense mechanism (N et al., 1994). PLSCR1 has been identified as
an interferon-stimulated gene (ISG) in previous antiviral studies (Dong et al., 2004),

and many reports are available showing the interferon inducing ability of PLSCRs
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(Han et al., 2017; Lizak and Yarovinsky, 2012; Zhou et al., 2000). Together with our
results, these data led us to suggest that MuPLSCRlike-a and MuPLSCR1like-b also
have the interferon inducing ability being related with PLSCR family, thereby activate
the host defense mechanism while infected with viral pathogens. Moreover, in the
spleen, MuPLSCR //ike-b showed high expression levels in response to LPS and L.
garvieae treatments. MuPLSCR1like-a and MuPLSCRlike-b in the head kidney did
not show this kind of significant upregulation. One study on Staphylococcal a-toxin, a
pore-forming toxin from a gram-positive pathogen, has described PLSCRI1s’
mediation of host cell defense against the critical damage caused by these toxins
(Lizak and Yarovinsky, 2012). Additionally, stimulation with PGN, another
component of gram-positive bacteria, significantly upregulates PLSCRs in planarians;
thus, PLSCRs help to counteract gram-positive bacterial infections (Han et al., 2017).
Furthermore, PLSCR1 upregulation in response to LPS has been observed since early
studies on mice (Lu et al., 2007) and planarians (Han et al., 2017). Nevertheless, the
effect of LPS on the PLSCRs is considered isoform-specific and tissue-specific (Lu et
al., 2007). This arrangement supports the different findings about MuPLSCRlike-a
and MuPLSCRlike-b in our study. Collectively, we suggest that the results obtained
in the immune challenge experiment of this study may be explained by the immune
response activation via MuPLSCR1like-a and MuPLSCR1like-b as immunity-related

proteins.
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5. Conclusion

This study provides the first experimental insights into the molecular and
transcriptional characteristics of two PLSCR1-related genes in the red lip mullet. In
summary, cDNA of two putative PLSCRI1-related genes, MuPLSCRIlike-a and
MuPLSCRlike-b from the red lip mullet were identified and characterized in the
present study. Because of their structural characteristics, phylogenetic relations, and
homology analysis, these two genes were confirmed as PLSCR-like genes belonging
to the PLSCR family. Transcriptional analysis of MuPLSCRIlike-a and
MuPLSCRlike-b revealed their different distribution patterns in different tissues of
red lip mullets. The mRNA expression levels of MuPLSCRIlike-a and
MuPLSCR1like-b were determined at different time points after the fish were
challenged with bacterial or viral components. The significant changes in their
expression allow us to propose possible functions of MuPLSCRIlike-a and

MuPLSCRlike-b in the innate immune system of red lip mullets.
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