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Immune signaling cascades have an indispensable role in the host defense of almost all the organisms.
Tumor necrosis factor (TNF) signaling is considered as a prominent signaling pathway in vertebrate as
well as invertebrate species. Within the signaling cascade, TNF receptor-associated factor (TRAF) and TNF
receptor-associated protein (TTRAP) has been shown to have a crucial role in the modulation of immune
signaling in animals. Here, we attempted to characterize a novel molluskan ortholog of TTRAP (AbTTRAP)
from disk abalone (Haliotis discus discus) and analyzed its expression levels under pathogenic stress. The
complete coding sequence of AbTTRAP consisted of 1071 nucleotides, coding for a 357 amino acid pep-
tide, with a predicted molecular mass of 40 kDa. According to our in-silico analysis, AbTTRAP resembled
the typical TTRAP domain architecture, including a 5’-tyrosyl DNA phosphodiesterase domain. Moreover,
phylogenetic analysis revealed its common ancestral invertebrate origin, where AbTTRAP was clustered
with molluskan counterparts. Quantitative real time PCR showed universally distributed expression of
ADTTRAP in selected tissues of abalone, from which more prominent expression was detected in he-
mocytes. Upon stimulation with two pathogen-derived mitogens, lipopolysaccharide (LPS) and poly-
inosinic:polycytidylic acid (poly I:C), transcript levels of AbTTRAP in hemocytes and gill tissues were
differentially modulated with time. In addition, the recombinant protein of AbTTRAP exhibited promi-
nent endonuclease activity against abalone genomic DNA, which was enhanced by the presence of Mg>*
in the medium. Collectively, these results reinforce the existence of the TNF signaling cascade in mollusks
like disk abalone, further implicating the putative regulatory behavior of TTRAP in invertebrate host
pathology.
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1. Introduction

Tumor necrosis factor (TNF)-related signaling is a highly
complicated and tightly regulated process, in which members of TNF
ligand and receptor family proteins specifically interact with each
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other to initiate and propagate a wide array of cascades to regulate
multiple cellular events, including cell proliferation and differenti-
ation, immune and inflammatory responses, and apoptosis [1]. In
this regard, TNF receptor-associated factors (TRAFs) and adaptor
proteins play a key role in transducing the initiated signals to mount
respective immune responses, by changing the signaling molecules
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within a target cell [2]. However, in order to render a vast array of
cellular responses according to variety of stimuli, the activity of
molecules in TNF signaling pathways are highly modulated through
different regulatory factors, including TRAF family member-
associated NF-kappa B activator (I-TRAF/TANK), TRAF-interacting
protein (TRIP) and TRAF and TNF receptor-associated protein
(TTRAP) [3—5]. Among these regulators, TTRAP plays a key role as a
negative regulator of the nuclear factor kB (NF-«kB) activation
pathway through TNF signaling, as a result of interactions exerted
with the cytoplasmic domain of CD40 and with TRAFs [4]. This
further suppresses ever shorter telomere 1 (EST1) transcriptional
activity and weakens synergistic transactivation by EST1 and acti-
vator protein 1 (AP1) as an E twenty-six transcription factor 1 (ETS-
1)-associated protein [6]. On the other hand, overexpression of
TTRAP could also trigger the activation of Janus kinase (JNK), leading
to DNA fragmentation and apoptosis in human umbilical vein
endothelial cells, as published in a previous report [7].

TTRAP is classified as a member of the Mg?*/Mn®*-dependent
phosphodiesterase (MDP) superfamily, which includes sphingo-
myelinases, inositol-phosphatases and nucleases [8]. Among them,
TTRAP is more closely related to nucleases than to sphingomyeli-
nases or phosphatases [8]. TTRAP is known to share significant
sequence and structure similarities with the human apurinic/
apyrimidinic endonuclease (APE1), which is involved in both DNA
repair and activation of transcription factors such as AP1 and p53
[9]. Interestingly, according to a previous report, endonuclease
activity was empirically demonstrated in human TTRAP, where it
was identified as a bona fide 3’- and 5’-tyrosyl DNA phosphodies-
terase [10]. As suggested, this endonuclease activity was believed to
be involved in DNA repair and apoptosis [11—13].

The identification and characterization of different regulatory
molecules in TNF signaling pathways has been performed pre-
dominantly in vertebrates, particularly in mammals. However, re-
ports on members of invertebrate TNF-related signaling cascades,
especially mollusks are scarce, with the exception of reports on
lipopolysaccharide (LPS)-induced TNF-a factor (LITAF), TNF-o and
Fas ligand from Haliotis discus discus [14—16], and two TNF ligands,
LITAF and TTRAP, exclusively from Chlamys farreri [17—20].

Abalones (Haliotis species) are marine gastropods that are
cultivated as aqua-crops, contributing to an eminent proportion of
the yield in commercial aquaculture industry in East and Southeast
Asia. However, environmental stresses in their natural habitats,
mostly from a wide range of pathogenic infections, have a negative
impact on their survival and growth. Abalones are known to be
infected by bacteria [21,22], viruses [23] and some parasites [24].
Nevertheless, the innate immune mechanisms functioning in aba-
lones can combat these pathogenic threats to a certain extent.
Therefore, revealing the mechanisms that exist in abalones is a
constructive way to further develop appropriate strategies for their
disease management.

In this study, an invertebrate ortholog of TTRAP from disk
abalone (H. discus discus) (AbTTRAP) was identified and molecularly
characterized, further analyzing its transcriptional modulation
upon pathogen-derived mitogen stimulation. Furthermore, we
demonstrated the endonuclease activity of AbTTRAP, using its pu-
rified recombinant protein, which is a typical functional property of
TTRAPs, previously reported from invertebrates as well as
vertebrates.

2. Materials and methods
2.1. Identification and sequence characterization

A cDNA library of disk abalone was constructed as described in
our previous report [25]. A single putative clone, the sequence of

which showed higher similarity to known TTRAP homologs, was
identified using the Basic Local Alignment Tool (BLAST) algorithm
(http://www.ncbi.nlm.nih.gov/BLAST). Subsequently, the DNA
clone (containing TTRAP cDNA of disk abalone) was isolated using
AccuPrep® Plasmid Mini Extraction kit (Bioneer, Korea). The AbT-
TRAP internal sequencing primer, TTRAP-I1 (Table 1), was designed
based on the 3’-end of the known sequence, and then sequencing
was carried out by ABI3700 sequencer (Macrogen, Korea). Finally,
the full-length cDNA sequence of AbTTRAP in disk abalone was
identified. The coding sequence and respective amino acid
sequence of ADTTRAP were derived using DNAssist 2.2 software
(www.DNAssist.org).

Characteristic domains and sequences existing in TTRAP mole-
cules were predicted in AbTTRAP protein sequence using the NCBI-
CDD server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi) [26] and SMART online server (http://smart.embl-heidelberg.
de). In order to compare the derived AbTTRAP protein sequence
with its orthologs, pairwise sequence alignments and multiple
sequence alignment were performed using emboss needle (http://
www.Ebi.ac.uk/Tools/emboss/align) and ClustalW2 (http://www.
Ebi.ac.uk/Tools/clustalw2) online programs, respectively. In addi-
tion, some of the physicochemical properties of AbTTRAP were
determined through DNAssist 2.2 software. The phylogenetic
relationship of AbTTRAP with its orthologous sequences was
determined using the Neighbor-joining method under boot-
strapping values taken from 1000 replicates by Molecular Evolu-
tionary Genetics Analysis (MEGA) software version 5 [27].

2.2. Prediction of protein function

In order to improve the accuracy of our in-silico predictions,
domain analysis, biological processes and molecular functions
associated with AbTTRAP were further annotated using gene
ontology (GO) hierarchical prediction by using the I-TASSER online
server and COFACTER algorithm [28,29], which simulates the
derived AbTTRAP protein sequence.

2.3. Generation of a recombinant AbTTRAP plasmid construct

The coding sequence of AbPTTRAP was PCR-amplified and cloned
into the pMAL-c2X vector, as described in the protocol of pMAL™
Protein Fusion and Purification System (New England Biolabs, UK),
resulting a recombinant plasmid construct. Briefly, the open
reading frame (ORF) of AbTTRAP gene was amplified using the
sequence-specific primers, AbTTRAP-EF and AbTTRAP-ER, con-
sisted with the restriction enzyme sites for EcoRI and Hindlll,
respectively (Table 1). PCR was performed in a TaKaRa thermal

Table 1
Primers used in the study. F and R refer to forward and reverse oligomers,
respectively.

Name Target Primer sequence (5'—3')

TTRAP-I1 Internal CAGAATGTATCATTGCCTCCAGGAT
sequencing

ADTTRAP-F Real time PCR  AAATGTCGTGTGAAGGGCATCAGC
amplification

ADTTRAP-R Real time PCR  AGTGTCGCCACCGAATATGACAG
amplification

ADTTRAP-EF OREF cloning for gagagaGAATTCTCTGACAGTGAGGCTGACAGTG
expression

ADTTRAP-ER  ORF cloning for gagagaCTGCAGCTAGACTGACGCACAGGTTGG
expression

AbRibosomal-F Real time PCR  GGGAAGTGTGGCGTGTCAAATACA
amplification

AbRibosomal-R Real time PCR  TCCCTTCTTGGCGTTCTTCCTCTT
amplification
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cycler in a total volume of 50 pL with 5 U of Ex Tag™ Polymerase
(TaKaRa, Japan), 5 pL of 10x Ex Taq™ buffer, 8 uL of 2.5 mM dNTPs,
80 ng of template, and 20 pmol of each primer. The reaction was
carried out in 35 cycles under the following conditions: 94 °C for
305,56 °Cfor 30 s and 72 °C for 1 min, along with a final extension
at 72 °C for 5 min. The PCR product (approximately 1.6 kbp) was
resolved on a 1% agarose gel, excised, and purified using the
Accuprep™ gel purification kit (Bioneer Co., Korea). The digested
PMAL-c2X vector (150 ng) and PCR product (180 ng) were ligated
using Mighty Mix (7.5 pL, TaKaRa, Japan) at 4 °C overnight. The
ligated pMAL-c2X/AbTTRAP product was transformed into DH5a.
cells and sequenced. The sequence-confirmed recombinant
expression plasmid was transformed into Escherichia coli BL21
(DE3) competent cells.

2.4. Overexpression and purification of recombinant AbTTRAP
(rAbTTRAP)

The recombinant AbTTRAP protein as a fusion product with
maltose binding protein (MBP - rAbTTRAP) was overexpressed
using isopropyl-B-galactopyranoside (IPTG, 1 mM final concentra-
tion) at 20 °C for 16 h in E. coli BL21 (DE3) cells carrying the re-
combinant fusion construct. Subsequently, the protein was purified
using the pMAL protein fusion and purification system. The purified
protein was eluted with elution buffer (10 mM maltose) and the
concentration was determined by the Bradford method using
bovine serum albumin (BSA) as the standard [30]. The rAbTTRAP
samples collected from different purification steps were analyzed
by SDS-PAGE, using 12% gels under reduced conditions, with
standard molecular weight marker (TaKaRa, Japan). This confirmed
the successful overexpression of rAbTTRAP, along with the suffi-
cient purity and integrity of the final eluted fusion protein, after
staining the gel with 0.05% Coomassie blue R-250, followed by a
standard de-staining procedure.

2.5. Investigation of the endonuclease activity of rAbTTRAP

In order to analyze the endonuclease activity of AbTTRAP and its
dependence on the presence of Mg?*, genomic DNA (gDNA) of disk
abalone was digested with the purified rAbTTRAP fusion protein.
Disk abalone gDNA was extracted from its muscle tissues using
QIAamp DNA Mini Kit (QIAGEN-USA) according to the manufac-
turer's instructions. Extracted DNA was incubated with 100 pg of
rAbTTRAP fusion protein in Tris-HCl, with or without adding MgCl,
(Final concentration - 5 mM), 37 °C for 2, 4 and 8 h. Abalone DNA
was also mixed with 100 pg of MBP instead of rAbTTRAP, as a
control, and incubated at 37 °C for 8 h to clarify the effect of MBP
fusion on the endonuclease activity of rAbTTRAP. After the relevant
period of digestion, reaction mixtures were analyzed by 1% agarose
gel electrophoresis, to observe the degree of DNA cleavage.

2.6. Animal rearing and tissue collection

Pre-acclimatized (1 week) unchallenged disk abalones (H. discus
discus) averaging 8 cm in size were obtained from the “Youngsoo”
abalone farm (Jeju Island, Korea). The seawater was filtered and
aerated continuously; salinity and temperature were maintained at
34 + 1%0 and 20 + 1 °C, respectively. Abalones were fed daily with
fresh marine seaweed (Undaria pinnatifida) during the acclimation
period. Hemolymph was collected from pericardial cavities of three
healthy and unchallenged animals, using sterilized syringes sepa-
rately, and samples were immediately centrifuged (3000 g at 4 °C
for 10 min) to harvest the hemocytes. Tissues from adductor
muscle, mantle, gill, hepatopancreas, digestive tract, brain and

gonad were collected from three animals, snap frozen in liquid
nitrogen and stored at —80 °C.

2.7. Stimulation of healthy abalones with pathogen-derived
mitogens

Abalones with an average weight of 50 g and average size of
8 cm were selected for the immune challenge experiment. One
group of collected abalones was intramuscularly injected with
100 pL (500 pg/animal) of LPS in saline, equaling a dose of
approximately 10 mg/kg (E. coli 0127:B8, Sigma-Aldrich, USA). In
order to expose abalones to a viral mitogen stress, healthy animals
were injected with 100 pL (10 pg/uL) of polyinosinic:polycytidylic
acid (poly I:C) (Sigma-Aldrich, USA) in saline. A group of abalones
that had not been injected was used as a negative control, and
another group of abalones injected with the same amount of saline
was kept as an alternative negative control. Hemolymph was
extracted and hemocytes were collected from both control and
challenged groups at respective time points, as described in Section
2.6. Gill tissues were also collected from both groups at 3, 6, 12, 24,
48, and 72 h post-injection. Total RNA was extracted from the
corresponding tissues of at least four animals and used for cDNA
synthesis.

2.8. Total RNA extraction and cDNA synthesis

Total RNA was extracted by Tri-Reagent™ (Sigma-Aldrich, USA)
from abalone muscle, mantle, gill, hemocytes, digestive tract,
hepatopancreas, and gonad of healthy animals, as well as from the
collected gill tissues of immune-stimulated abalones. Concentra-
tion was quantified by measuring the absorbance at 260 nm in a UV
spectrophotometer (Bio-Rad, USA). Purified RNA samples were
diluted up to 1 ug/uL and subjected to cDNA synthesis through
reverse transcription PCR using the PrimeScript™ cDNA Synthesis
Kit (TaKaRa, Japan), following the manufacturer's instructions.
Finally, newly synthesized cDNA was diluted 40-fold (800 pL total)
before storing at —20 °C until further analysis.

2.9. Transcriptional analysis of AbTTRAP by quantitative real time
PCR (qPCR)

gPCR was used to detect the expression levels of AbTTRAP in
tissues of unchallenged abalones, and the temporal expression of
ADbTTRAP in gills and hemocytes of immune-stimulated animals.
Total RNA was extracted at different time points following the
immune stimulation, and first strand cDNA synthesis was carried
out as described in Section 2.8. qPCR was performed using the
Dice™ (Real Time System TP800, TaKaRa, Japan) thermal cycler, in a
15 pL reaction volume containing 4 pL of diluted cDNA from each
tissue, 7.5 pL of 2x TaKaRa Ex-Taq™ SYBR Green Premix, 0.6 pL of
each primer (AbTTRAP-F and AbTTRAP-R) (Table 1) and 2.3 pL of
dH,0. qPCR was carried out under the following conditions: 95 °C
for 10 s, then 35 cycles of 5 s at 95 °C,10 s at 58 °C and 20 s at 72 °C,
and a final cycle of 95 °C for 15 s, 60 °C for 30 s and 95 °C for 15 s.
The baseline was set automatically by the Dice™ thermal cycler
Real Time System Software (Version 2.00) (TaKaRa, Japan). APTTRAP
expression was determined by the Livak (2728CY method [31]. The
same qPCR cycle profile was used for the internal control gene,
abalone ribosomal protein L5 gene (GenBank ID: EF103443), using
corresponding primers (AbRibosomal-F, AbRibosomal-R, Table 1).
Expression levels were analyzed in triplicate, and all of the data
were presented as relative mRNA expression by calculating the
mean + standard deviation (SD). The transcript levels detected
following each stimulant were compared with expression levels of
the internal reference gene, and further normalized to the
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GGGGCTAGACAGGCGGGAGTGATATCAAACATGTCGGTCGATTAAGTCTGAATCAAAA
GTGTAGTTATTTCACAACAACAAGGCAGTGTCGGCACAAAAGAAGCACTTGAAGTAAACA
AGTCCTGGTCAATTACACATTAGCCTATGTCAGAGGCTATTGCGTATTGCATGTTTTAAT
CGTAGCAGCTCCTTGAGTGGATCTCAACACTACTGCGTAGATCTCCCCAGCAGCCGCAGG
ATGTCTGACAGTGAGGCTGACAGTGATGTGGATGAGAAGAATCTCCCTTCCAGGGAGGAG

MSDSEADSDVDETZ KNTLUPSREE
TGCGAGGAGAGATGTCAGATGTTCGCCCAAGTGACCGGCACCGACACTGCTCTAGCCATG
CEERCQMFAQV TGTTDTALAM
TTCTATCTTCAAGATAGGGAATGGAACGTAGAGACAGCACTGAATGCTTATTTCGCAGAG
FYLQDREWNYVETALNAYT FATE
ACGGGGGGTGAACCAGTGGGGTCAGGTCAGAACACCATCGTTGGCACCAACACACATAGC
T 6GGEPVGGS GGQNTTIVGEGTNTHS
AGAACACAAACAGTGAGAGCTGGACCGGAAGGACCTGATCCAGAGCCTCACCGTATCCGC
R TQTVRAGPESGPDPEZPHRTITR
CTCTTGTCCTGGAACCTGGATGGCCTTGACCCTGGGAGCATCAAGTCCAGGATGCAAGCT

VCDITINEKETEKPHVVFLQ QIAV TP
CTCACCCTCCCTATCCTGGAGGATGGGTGCGGCATGTACCAGGTGATCCCAGGGGGAGAC
LTLPTILEDGC CGMYQVTIPGGHD
AACCACTACTTCACTGCTATCATGCTGCGGGTTGGACATGTACAGTTTGAAGATGCTGTG
NHYFTATMLT RYGHVQFETDA.UV
GTTACATCCTTCCCAACCAGCAAGATGTTGAGAAACATTATAACAATCAAATGTCGTGTG
VTSFPTSEKMLERNTITITTITEKTCTRYV

AAGGGCATCAGCTTCCAGGTGATGACTTCCCACCTGGAGAGTACGGCTGCGCACAGTGAT

GAGAGGAAGAGGCAGTTGGTACGGGCATTCGAGGCGATGAAACACGCAGATCCTGACAGA
ERKROQLVRAFEAMEKUHADZPTDR
ACTGTCATATTCGGTGGCGACACTAACCTGAGAGATAAGGAGGTGGCCCAGGTTGGAGGT

ATCCCGGAAGATATCTACGACATATGGGAGATGACGGGCCAGCGTCCAGAGGCCAAGTTC
I PEDTIYDTIWEMMTSGA QRPEATZKF
ACCTGGGACATGAGGAGAAACGACAACCATGAATACCCAGGATACAAATCATTCCTGAGA
T wWDM®RRNDNHEY®PGYKSTFTLR
CCGGACCGACTTTACATCCGTCATTGTAAGCCCAGATCCAAAGTGACCCCCGTGTACTTC

CTGGCACACTTTGACATCAATGGCGTTTCCAAGCCAACCTGTGCGTCAGTCTAGCCGTTC
L AHFDINGVSKPTZ CASV %

ACATCACACACCTTGGAGTCCTTGTTGATTATCATTGTCTATGTGTGAAAAGTAATCAGC
ATTTCCAAGTTAGATTAATTGTTATGTCAAGCATTTGATCAGAATGTATCATTGCCTCCA
GGATAGAAATGTTTAAAGATCACTGGATTGATCAGAGAATCATTTTTGTAAAATATTTGT
TTGTTGAAAAAGTGGACAGTTCATTTGCCATGTGGAGATATATTCTTGTTTCTGCTGTTG
AGATTTCAACATTGTCTACTTACTTAAGCTGAGAGTAAAACACCTGATTTGATTGTTGTC
AATATTTATGATTGGGATATTTACCCTTTCACAAGAAAATATATCTCATTGACAGATTGT
ATGATTATTGTGTTATCATCAGGGGTGAGAATCTGCCGCGGATCTACGAATTTCCGTGAA
TTTTAGTGACGACAAATTTTGTCAAAATCTGATGGCTTAAAGGTCAAACTCCACTTATCT
CCCATAAACACCCCCAAATTATGGCACACGCTTCATTGAAAAAAAAAAAAAAAAAAAAAA
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Fig. 1. Nucleotide and deduced amino acid sequence of AbTTRAP. The start codon (ATG), the stop codon (TGA), RNA instability motifs (ATTTA) and poly (A) tail are shown in bold. The
in-silico predicted 5’-tyrosyl DNA phosphodiesterase domain is shaded in gray. The residues in putative catalytic sites are denoted using discontinuous boxes, in which putative

phosphate binding residues and metal binding resides are indicated in bold and italic, respectively.
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expression levels of corresponding saline-injected controls at each
time point post-injection. In addition, the relative transcript level of
a non-injected control (0 h) group was defined as the basal
expression level in each experiment. To determine the statistical
significance (P < 0.05) between each experimental group and the
negative control group (non-injected animals), two-tailed unpaired
t-tests were performed.

3. Results and discussion
3.1. Sequence profiles of AbTTRAP

The complete cDNA sequence (1860 bp) of AbTTRAP, consisted of
a 1071 bp ORF sequence coding for a 357-amino acid peptide, a
238 bp 5'-untranslated region (5’-UTR) and a 551 bp 3’-UTR. The
complete cDNA sequence of AbPTTRAP was deposited in the GenBank
database under the accession number JQ710444. According to the
in-silico prediction, the molecular mass of AbTTRAP protein was
around 40 kDa and the theoretical isoelectric point was around 5.6.
As anticipated by bioinformatic tools, AbTTRAP displayed the
conserved features of typical TTRAP molecules, suggesting that
AbTTRAP is indeed an ortholog of TTRAPs. These features include a
5’-tyrosyl DNA phosphodiesterase domain (TDP domain, residues
100—344), which was commonly identified in proteins involved in
intracellular signaling and particularly in Mg?*/Mn?*-dependent
phosphodiesterases [8], putative catalytic sites (residues 105, 137,
211, 147, 149, 302, 336 and 337), putative metal binding sites (res-
idues 137 and 336) and putative phosphate binding sites (residues
211 and 337) (Fig. 1).

3.2. Anticipated functions of AbTTRAP via gene ontology analysis

According to the hierarchical prediction of gene ontology, in
terms of molecular function and biological process, AbTTRAP protein
was anticipated to bind metal ions and be involved in cell death,
respectively, under adequate levels of GO-score (0.74 and 0.53,
respectively). This was calculated based on the average weight of
global and local similarity between query and template proteins. As
shown in Fig. 2(A), graphical representation depicts the hierarchy of
predicted molecular functions of AbTTRAP based on the corre-
sponding GO terms of templates, in which ultimately the function
has reduced to metal ion binding. This anticipation reinforces the
presence of putative iron binding sites in AbTTRAP protein sequence,
as predicted in our computational analysis, which is consistent with
the Mg?>"/Mn?* dependence of typical TTRAP function [8].
Furthermore, the GO annotation predicted the putative involvement
of AbTTRAP in cell death processes, which is consistent with the
distinct functional role of known TTRAPs, since they can suppress
the activation of NF-kB in the TNF signaling pathway to activate JNK-
mediated apoptosis and DNA degradation in cells [4,7].

3.3. Sequence homology between AbTTRAP and its orthologs

According to the pairwise sequence alignment study, AbTTRAP
exhibited the highest percent identity (45.5%) and similarity
(60.3%) values when compared with its counterpart from the
invertebrate, C. farreri, and the lowest percent identity (25.6%) and
similarity (39.6%) when compared with its counterpart from the
vertebrate, Oreochromis niloticus (Table 2). As shown in Fig. 3,
multiple sequence alignment of AbTTRAP with its orthologs
revealed the conservation of four motifs important for endonu-
clease activity in AbTTRAP. These motifs are known to be involved
in the maintenance of orientation of catalytic residue (S/TWN),
coordination of the cofactors Mg?* or Mn?* (LQE), interactions with
phosphate groups of the substrate (GDXN), as well as acid-base

A[ Go.0003674 B
molecular_function
GO:0008150
biological_process
GO:0005488
binding \
G0:0009987 'GO:0044699
cellular process single-organism
GO:0043167 process
ion binding /
GO:0044763 -
G0O:0043169 single-organism Go'é):altizss
cation binding cellular process
GO:0046872 G0:0008219
metal ion binding cell death

Fig. 2. Gene ontology hierarchy of AbTTRAP functions. (A) Graphical representation of
predicted AbTTRAP molecular function, with respect to the GO terms of template
proteins. (B) Graphical representation of the biological processes in which AbTTRAP is
putatively involved.

catalysis and stabilizing the transition state (SDH), as character-
ized in mammals and prokaryotes [13,32].

3.4. Phylogenetic reconstruction of APTTRAP

Phylogenetic analysis of AbTTRAP protein sequence, with its
different vertebrate and invertebrate counterparts confirmed its
invertebrate ancestral origin, since it was sub-clustered with a
mollusk species, C. farreri, showing strong bootstrapping support
(99) under the main invertebrate clade (Fig. 4). Vertebrate TTRAPs
were clustered separately in a large clade, where mammalian and
fish counterparts were sub-grouped together as expected, reflecting
an accepted evolutionary relationship. Notably, the TTRAP ortholog
of the nematode parasite, Trichinella spiralis, showed a distant
evolutionary relationship with the other vertebrate and invertebrate
clades, clustering outside of the main branch of the tree.

3.5. Endonuclease activity of rAbTTRAP

TTRAPs are known as key regulatory factors involved not only
in TNF signaling, but are also in the efficient repair mechanisms of

Table 2
Percent identity and similarity of AbTTRAP with its orthologs.

Species Identity Similarity GenBank accession no.
Chlamys farreri 455 60.3 ACS72243
Saccoglossus kowalevskii 39.5 54.1 XP_002732161
Heterocephalus glaber 34.8 48.9 EHB09596
Anolis carolinensis 38.5 50.9 XP_003219821
Meleagris gallopavo 36.8 51.3 XP_003204960
Xenopus laevis 34.1 49.4 NP_001092156
Danio rerio 33.2 50.2 CAKO05007
Cavia porcellus 34.6 49.2 XP_003468816
Lepeophtheirus salmonis 329 48.9 ADD38656
Homo sapiens 31.2 44.8 EAW55458
Oreochromis niloticus 25.6 39.6 XP_003444211
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Fig. 3. Multiple sequence alignment of different vertebrate and invertebrate TTRAP counterparts. Completely conserved residues are denoted by an asterisk under the corre-
sponding alignment. Four conserved motifs known to be involved in the proper orientation of catalytic residues (Motif 1), coordination of Mg?* or Mn?* ions (Motif 2), interactions
with the phosphate group of the substrate (Motif 3), and acid-base catalysis and stabilization of the transition state (Motif 4) are shaded in gray.

topoisomerase Il (Top2)-induced chromosomal double-strand
breaks, through their potent Mg?*/Mn2*-dependent 5'-tyrosyl
DNA phosphodiesterase activity [10]. Therefore, the potential
endonuclease activity of purified rAbTTRAP against abalone
genomic DNA was analyzed. Agarose gel electrophoretic analysis
of the reaction mixtures revealed the clear nuclease activity of
rAbTTRAP through degradation of abalone genomic DNA with the
time. This demonstrated the characteristic function of TTRAPs,
even in the absence of Mg?*, and activity was increased by the
presence of Mg?* (Fig. 5, lanes 3—8). However, no digestion was
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Fig. 4. Phylogenetic analysis of AbTTRAP. The tree was constructed based on Clustalw
alignment of the deduced amino acid sequences of different vertebrate and inverte-
brate orthologs estimated by the Neighbor-joining method in MEGA version 5.0.
Bootstrap values are shown for each lineage of the tree, at respective branches. The
NCBI-GenBank accession numbers are given in Table 2, except for M. musculus
(EDL32474) and T. spiralis (XP_003368460).

observed for the MBP control, indicating its dormant behavior
within the rAbTTRAP fusion product. A similar functional property
has already been identified in a TTRAP ortholog of C. farreri, as the
only evidence from mollusk species other than disk abalone, in
which detectable endonuclease activity was only observed in the
presence of Mg?*, reinforcing its importance in DNA repair
mechanisms [20].

1 2 3 5 6 7 8

gDNA 4+ + + + + + +
MBP - + - - - - - -
rAbTTRAP - = + + + + + +
Mg** - - - - - + + +

Fig. 5. In vitro rAbTTRAP endonuclease activity against abalone genomic DNA (gDNA).
Degradation of 100 pg of disk abalone gDNA by rAbTTRAP with the presence or
absence of 5 mM Mg?* was analyzed using agarose gel-elecrophoresis. The reagents
used in each treatment were indicated above the respective lanes corresponding to the
each experiment. The incubation time after treatment at corresponding assay was 8, 8,
2,4,8,2,4,8 in hours, lane 1 to 8, respectively.
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3.6. Spatial mRNA expression pattern

In order to prefigure the importance of AbTTRAP in abalone
physiology as a key regulatory element in TNF receptor-associated
signaling pathways, the tissue-specific mRNA expression profile
of AbPTTRAP was investigated in some of the physiologically
important tissues of disk abalone, using qPCR. Consistent with
previously observed transcriptional profiles in human [4] and the
mollusk, C. farreri [20], AbTTRAP transcription was ubiquitously
distributed among the tissues examined, albeit in different mag-
nitudes, confirming its universal importance in the cellular pro-
cesses of abalone (Fig. 6). The highest transcript level of AbTTRAP
was detected in abalone hemocytes, whereas the lowest was
observed in muscle. This contrasted the expression profile of the
TTRAP homolog in C. farreri, where expression was more pro-
nounced in muscle and diminished in hemocytes. However, the
abundant level of AbBTTRAP transcripts in hemocytes may be
attributed to its immune modulatory properties, especially with
respect to TNF receptor signaling, since hemocytes function as a
major innate immune component in mollusk species such as aba-
lones, through involvement in phagocytosis-like cellular processes
[33].

3.7. Modulated transcription of AbTTRAP under pathogenic stress

With the objective of investigating the potential modulation of
host defense by AbTTRAP, its temporal mRNA expression level in
hemocytes and gill tissues was measured by qPCR, upon stimula-
tion with the well-characterized bacterial endotoxin, LPS, and
double-stranded viral RNA emulator, poly I:C. The relative tran-
script level of APTTRAP in hemocytes was significantly up-regulated
(P < 0.05) in the early phase (3 h and 6 h) after LPS stimulation, but
significantly down-regulated (P < 0.05) in its latter phase (12—48 h
post-injection (p.i.)) (Fig. 7(A)). On the other hand, upon poly I:C
stimulation, the AbTTRAP basal transcript level in hemocytes was
initially down-regulated at 3 h, 12 h and 24 h p.i., and then elevated
at 48 h p.i. in the later phase of the experiment (Fig. 7(A)). This
contrasting observation may be attributed to the activation of two
different immune signaling cascades in TNF signaling, upon two
different pathogen-associated molecular patterns (PAMPs). Bacte-
rial PAMPs such as LPS, which is characterized as a potent stimu-
lator of TNF and the TNF receptor signaling pathway [34], may
trigger the inhibition of TRAF-mediated activation of NF-kB,
resulting in switching from the main TNF signaling pathway to JNK
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Fig. 6. Tissue-specific expression of AbTTRAP mRNA, as detected using quantitative
real-time PCR (qPCR). Error bars represent standard deviation (n = 3). Data with
different letter combinations represent statistically significant (P < 0.05) differences in
transcript levels. Dt: digestive tract; Gi: gill; Gd: gonad; Hc: hemocytes; Hp: hepato-
pancreas; Mt: mantle; Ms: muscle.
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Fig. 7. Modulated transcriptional profiles of AbTTRAP in hemocytes (A) and gill tissue
(B) upon LPS and poly I:C stimulation, as determined by quantitative real-time PCR
(qPCR). Relative expression was calculated by the 2722 method, using abalone ri-
bosomal protein L5 as the reference gene with respect to the corresponding saline-
injected controls at each time point. The relative expression fold-change at 0 h post-
injection (Un-injected control) was used as the baseline. Error bars represent stan-
dard deviation (n = 3), and each asterisk indicates P < 0.05.

activation and causing apoptosis in the early phase of the infection
[7]. However, it may also activate NF-«kB, mediated by TRAF, to
mount immune responses against bacterial pathogens in the late
phase of the infection [4], which is reflected in the early phase up-
regulated and late phase down-regulated transcript levels of AbT-
TRAP. In the case of poly I:C stimulation, activation of the afore-
mentioned pathways may be triggered in an opposite manner,
implicating the induction of NF-kB-mediated immune responses as
the major defense strategy used against viral infection, through the
TNF signaling cascade.

In contrast to the observed variation in hemocytes, the AbTTRAP
mRNA expression level in gill (Fig. 7(B)) was modulated in a similar
manner upon both LPS and poly I:C exposure, showing significant
reduction (P < 0.05) from 3 h to 24 h p.i., with a single elevation
above the basal level after 48 h. This may indicate the activation of
NF-kB to evoke innate immune responses against invading patho-
gens [35] at the early phase and prior late phase of bacterial and
viral infections [4], with a latter late phase induction of JNK-
mediated apoptosis [7].

In terms of the clearance of damaged and pathogen-infected
cells without mounting any inflammatory reactions, apoptosis
plays a significant role in molluskan defense mechanisms against
invading pathogens. In this regard, hemocytic apoptosis can be
considered as an indispensable mechanism, triggered by patho-
genic stress such as bacterial infection [36]. Therefore, the up-
regulated transcriptional profile of AbTTRAP in hemocytes in the
early phase after LPS stimulation may indicate the activation of
apoptosis and DNA degradation in hemocytes following a bacterial
(particularly gram-negative) infection. Meantime, observed
expressional modulation in hemocytes showed marked difference
compared to that observed in abalone gill tissue upon LPS stimu-
lation. However, the transcriptional modulation of TTRAP in
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abalone gill tissues and hemocytes reflects the prolonged activation
of NF-kB under viral or bacterial PAMP stress, albeit in a different
phase after stimulation. This implicates the immune modulatory
properties of AbTTRAP upon bacterial or viral exposure, supporting
to our previous evidence which confirms the existence of the TNF
signaling pathway in disk abalone [14,15].

A previous study on molluskan TTRAP from C. farreri also re-
ported that TTRAP transcription could be modulated by three
different PAMPs, including B-glucan, LPS and peptidoglycan (PGN)
[20]. In this case, LPS stimulation triggered a down-regulated
expression profile in C. farreri hemocytes, which was consistent
with the late-phase expression profile of AbPTTRAP observed here
upon LPS stimulation. However, the other PAMPs could induce
significant elevations throughout the experiment, providing mo-
lecular insights into the TTRAP-modulated TNF signaling that exists
in the molluskan level of invertebrate lineages. Nevertheless, in
order to elucidate the exact mechanisms of TNF signaling in mol-
lusks, further investigation has to be conducted, following the
identification of different downstream members in a wide array of
species.

4. Conclusion

Collectively, our computational and expression data reveal that
AbTTRAP is indeed an ortholog of TTRAPs involved in the regulation
of TNF signaling in abalone. Furthermore, the detected nuclease
activity of AbTTRAP against abalone gDNA, which was enhanced by
the presence of Mg”*, reflected the characteristic of TTRAP as a
molecule that may be involved in DNA repair mechanisms. Alto-
gether, we can suggest that AbTTRAP is a molecule possessing
immune modulatory properties, which may be involved in a TNF-
TNF receptor signaling cascade in the host defense under patho-
genic stress, potentially participating in DNA repair mechanisms
through its potent endonuclease activity.
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