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A B S T R A C T

SAHH is an enzyme, playing a significant role in the catalyzation of the S-adenosyl homocysteine (SAH) into
homocysteine (Hcy) and adenosine (Ado). However, little is known information of the enzyme in crustaceans. In
the present study, SAHH cDNA was cloned from Litopenaeus vannamei (LvSAHH). The full length of the LvSAHH
was found, containing a 5′ UTR of 119 bp, an ORF of 1236 bp and a 3′ UTR of 549 bp. The LvSAHH gene encoded
a polypeptide of 411 amino acids with an estimated molecular mass of 45.55 kD and a predicted isoelectronic
point (pI) of 5.63. Comparison of the deduced amino acid sequence showed that LvSAHH has high identity (70
%–82%) with other known species. qRT-PCR analysis revealed that LvSAHH mRNA was broadly expressed in all
of the examined tissues, while the highest expression level was observed in muscle, followed by the expression in
stomach, gill, pleopod, hepatopancreas, heart, eye and intestine. Subcellular localization analysis revealed that
LvSAHH was predominantly localized in the cytoplasm and nucleus. LvSAHH mRNA expression levels in he-
patopancreas and gill were significantly up-regulated from 6 to 48 h after V. alginolyticus injection and reached
the highest level (15-fold and 8-fold, p < 0.01) at 24 h, respectively. Additionally, the Toll-like receptors (TLR)
and interleukins-16 (IL-16) were detected in hepatopancreas and gill of LvSAHH-knockdown SAHH. LvRack1,
LvToll1, LvToll2, LvToll3 and LvIL-16 transcripts were decreased significantly in LvSAHH-knockdown shrimp at
24 h post V. alginolyticus stimulation in hepatopancreas and gill. But LvToll3 was no significant difference in gill.
In summary, these results indicated that LvSAHH may play a regulatory role in the invertebrate innate immune
defense by regulating TLR and IL-16 expression.

1. Introduction

SAHH catalyzes the reversible hydrolysis of S-adenosyl homo-
cysteine (SAH) to homocysteine (Hcy) and adenosine (Ado) in eu-
karyotes [1,2]. The reaction is reversible, and the equilibrium lies far in
the direction of SAH synthesis. Under physiological conditions, the
removal of both Ado and Hcy is sufficiently rapid that the net reaction
proceeds in the direction of hydrolysis [3,4]. SAH is the product of all S-
adenosylmethionine (SAM)-dependent biological transmethylations
and acts as a potent inhibitor of SAM-dependent methyltransferases.
Thus, the ratio of cellular SAH/SAM is frequently used as an indicator
of cellular methylation status. The transmethylation reactions include
methylations of proteins, lipids, nucleic acids, and small molecules are

key factors in T and B cell immune responses in the development of
inflammatory disease [5–8]. Inhibition of SAHH has been known to
result in accumulation of intracellular levels of SAH, the im-
munosuppressive properties of SAHH inhibitors have been well known
for years [9]. Previous studies showed that SAHH inhibitor DZ2002 has
an immunomodulatory activity and to alleviate disease in several in-
flammatory and autoimmune animal models, by reducing pro-in-
flammatory cytokine production from macrophage and regulating TLR
[9,10]. However, the knowledge of how SAHH regulates the gene ex-
pression of immune, as well as other target genes such as cytokines is
still not very clear in invertebrates.

In Drosophila melanogaster, the Toll pathways are the major reg-
ulators of the immune response [11]. In shrimp, silencing LvToll
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increased mortality and reduced pathogen clearance after Vibrio harveyi
challenge [12]. FcToll and MjToll are responsive to various immune
challenges [13,14]. Interleukins play essential roles in regulation of
various innate and adaptive immune processes. Interesting, Rack1 plays
an important role in innate immune response in invertebrates [15]. It
can functionally interact with immune-related cytokine and anti-virus
protein, such as interleukin-3 (IL-3), IL-5 and granulocyte macrophage
colony stimulating factor [16], interferon receptor [17]. These expres-
sion pattern of SAHH and Rack1 in response stress has a potential link
with organism's immune response.

Litopenaeus vannamei is an economically important species of shrimp
aquaculture worldwide [18,19]. Environmental stress factors may af-
fect the ability to maintain homeostasis and the metabolism, growth,
survival, osmotic capacity and immune system of Litopenaeus vannamei
[20,21]. Therefore, understanding the innate immune system of shrimp
might contribute to developing strategies for the prevention and
treatment of these diseases.

SAHH has been isolated and cloned from a variety of sources, such
as bacteria, parasites, plants, amphioxus, mouse, rat, porcine, human.
But there is little information of the enzyme about crustaceans. We
found that SAHH has a significant difference in the transcriptome after
L. vannamei being treated in different stress (Vibrio alginolyticus and
temperature). We hypothesized that SAHH activities in overall stress
mitigation may offer insights into general adaptive and defense re-
sponses in L. vannamei. In this study, we reported SAHH gene and its
molecular properties, phylogenetic relationship and identified its reg-
ulates mechanism related to immune in response to low temperature
stress. These findings would be helpful for understanding the activation
mechanism of SAHH as well as its function in regulating the production
of cytokines in invertebrate.

2. Materials and methods

2.1. Animals

L. vannamei, 6.86 ± 0.39 cm long and weighing 3.03 ± 0.53 g,
were collected from a local shrimp farm in Panyu (Guangdong, China)
and reared in 20m3 cycling filtered fiberglass tanks in which the sali-
nity (5‰) and temperature (25 ± 2 °C) were maintained at the same
levels as in standard shrimp culture ponds. Prior to experimental use,
animals were acclimated to the laboratory conditions for 1 week, and
fed three times per day with commercial shrimp feed until 24 h before
the experimental treatments began, when feeding ceased.

2.2. Challenge experiment

Immune challenge experiments were performed to determine the
LvSAHH expression profiles of infected and control shrimp. V. algino-
lyticus (ATCC33787) was suspended in 1×PBS (pH 7.2) with con-
centration of 107 CFU/ml. Thirty shrimps were randomly transferred to
plastic aquaria for each group. One group received a 10 μL in-
tramuscular injection of the V. alginolyticus dilution at the fourth ab-
dominal segment, while another group was injected with 10 μL PBS at
the same site for negative control. Three shrimp from each group were
then randomly selected for hepatopancreas and gill collection at 0, 3, 6,
12 and 24 h post-challenge. The cDNA synthesis and RT-qPCR were
performed as described above. Each treatment was replicated three
times.

2.3. RNA extraction and cDNA synthesis

Total RNA was then extracted from the samples, using Trizol
(Invitrogen, USA) following the manufacturer's instructions for quan-
titative real-time PCR (qPCR). The purity of the RNA samples was
verified by measuring their absorbance at 260 and 280 nm using
NanoDrop 2000 (USA) and its integrity was confirmed by 1.2% agarose

Table 1
Summary of primers used in this study.

Names Sequences (5’→3′)
For cDNA cloning
LvSAHH-5′GSP CAGCCTGAAGGGCATTGATGGGGTC LvSAHH-5′NP TCAGGTCACCGCCGTCGTC
LvSAHH-3′GSP CTGGCAAGACCTGTGTTGTGGCTGGC LvSAHH-3′NP GGTGTGCACTTCCTGCCCAA
For real-time quantitative RT-PCR
LvSAHH-F GCAAGACCTGTGTTGTGGCT LvSAHH-R GTAACCCTCACAAGCAGCCTG
LvRack1-F TGCTCTCCGTTGCTTTCAGT LvRack1-R TGGGGTTACTGTTGGAGGGA
LvToll1-F TCGACCATCCCTTTTACACC LvToll1-R TTGCCTGGAAGGTCTGATTC
LvToll2-F CATGCCTGCAGGACTGTTTA LvToll2-R GGCCTGAGGGTAAGGTCTTC
LvToll3-F TCGTACAACCAGCTGACGAG LvToll3-R ATACTTCAGGTGGGCCACAG
LvIL-16-F AGCAAGAGCCTCGTGTCAGAC LvIL-16-R TCCTCCAGAGAAAAGCCCAGT
β-actin-F GCCCATCTACGAGGGATA β-actin-R GGTGGTCGTGAAGGTGTAA
For RNAi
dsRNA-LvSAHH-F ATGACTTCCAAGCCAGCATACG dsRNA-LvSAHH-R CGATAATGCTCTGGCTTGAAGG
dsRNA-GFP-F ATGGTGAGCAAGGGCGAGGA dsRNA-GFP-R TTACTTGTACAGCTCGTCCA
dsRNA-LvSAHH-T7-F TAATACGACTCACTATAGGATGACTTCCAAGCCAGCATACG dsRNA-LvSAHH-T7-R TAATACGACTCACTATAGGCGATAATGCTCTGGCTTGAAGG
dsRNA-GFP-T7-F TAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGA dsRNA-GFP-T7-R TAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCA
For protein expression
pProEX-LvSAHH-F GGCGCCATGGATCCGGAATTCATGACTTCCAAGCCAGCATACG
pProEX-LvSAHH-R CGCCAAAACAGCCAAGCTTGGTACCATAACGATAATGCTCTGGCTTGAAGG
pGEX4T1-Rack1-F CCGCGTGGATCCCCGGAATTCATGAATGAGAGCTTACAGCTGCG
pGEX4T1-Rack1-R GTCACGATGCGGCCGCTCGAGCGCACGGGAAGTAACGATGAC
pFBDM-SAHH-F GGTCCGAAGCGCGCGGAATTCACATCAAAATGGCGGAGAAGGAGATGC
pFBDM-SAHH-R CTAGTACTTCTCGACAAGCTTCTTATCGTCGTCATCCTTGTAATCATAACGATAATGCTCTGGCTTGAAGG
pFBDM-Rack1-F TTGATCACCCGGGATCTCGAGTGATCAAAATGAATGAGAGCTTACAGCTGCG
pFBDM-Rack1-R GCCTCCCCCATCTCCCGGTACCTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCCGCACGGGAAGTAACGATGAC
For subcellular localization
pAC5.1-LvSAHH-GFP-F TCTAATCCAGAGACCCCGGATCGGGGTACCATCAAAATGGCGGAGAAGGAGATGC
pAC5.1-LvSAHH-GFP-R TCACGCTACTAGCCATGAATTCCACCACACTGGCATAACGATAATGCTCTGGCTTGAAGG

a Nucleotides in bold indicate restriction sites introduced for cloning and underlined was label.
b The Kozak translation initiation sequence is shown in bold and in a box.
c The T7 RNA polymerase binding site is underlined.
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electrophoresis. First-strand cDNA was synthesized with total RNA 1 μg
in each reaction systems using PrimeScript RT reagent Kit With gDNA
Eraser (Takara, Dalian, China) according to the manufacturer's pro-
tocol. Rapid amplification of cDNA ends (5′, 3′ RACE) was accom-
plished using a BD SMART RACE cDNA amplification kit (BD Bioscience
Clontech, CA, USA) following the manufacturer's instructions.

2.4. Bioinformatics analysis

According to the highly-conserved domains of SAHH sequence from
other species in the GenBank database (http://www.ncbi.nlm.nih.gov/
genbank/), a partial sequence of LvSAHH was obtained by the touch-
down PCR using the degenerate primers (Table 1), and the liver cDNA
was used as the template. Both the nucleotide sequence and the amino
acid sequence of LvSAHH and/or LvSAHH were analyzed on NCBI blast
program (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The con-
served domain of LvSAHH sequence was predicted by the motif scan
analysis program (http://myhits.isb-sib.ch/cgi-bin/motif_scan). The
multiple sequence alignments of the LvSAHH amino acid were con-
ducted by using the BioEdit. The phylogenetic tree was constructed
using the neighbor-joining (NJ) method within MEGA software (version
7.0).

2.5. Quantitative real-time PCR analyses

cDNA was prepared from the samples collected from shrimp chal-
lenged with dsRNAs and V. alginolyticus. Differential expression analysis
was performed using an ABI 7500 Real-Time PCR system (Applied
Biosystems, USA). The PCR reactions were conducted in a volume of
20 μL comprising 10 μL of SYBR Premix Ex Taq™II (TaKaRa, Japan),
6.8 μL of sterile distilled water, 0.4 μL of each primer (10 μM), 0.4 μL of
ROX Reference Dye (50 ×) and 2 μL of 1:20 diluted cDNA. Triplicate
analyses were performed for each sample. The PCR program were 95 °C
for 30 s, 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s.
Melting curve analysis was implemented at the end of the qRTPCR to
confirm the credibility. The results were then determined by 2 -△△Ct

methods. The primers used are shown in Table 1.

2.6. Expression purification of the recombinant LvSAHH protein and
polyclonal antibody preparation

Briefly, LvSAHH ORF cDNA was subcloned between the EcoRI and
HindIII sites of the pProEX-SAHH vector with Trelief ™ SoSoo Cloning
Kit Ver.2 (Tsingke, BeiJing, China) following the manufacturer's re-
commendations. pProEX-SAHH vector was transformed into E. coli
BL21, and the success of the ligation was confirmed by sequencing. The
recombinant LvSAHH was then over-expressed in E. coli BL21 cells by
induction with isopropyl-β-thiogalactopyranoside (IPTG). After in-
cubation at 37 °C for a further 3 h, the bacterial cells were harvested by
centrifugation at 8000×g for 10min at 4 °C, re-suspended in 50mM
phosphate buffered solution (PBS, pH 8.0) containing 0.3M NaCl and
10mM imidazole, and sonicated on ice. The cell debris was removed by
centrifugation at 15,000×g for 20min, and the supernatant was col-
lected. The recombinant LvSAHH was then purified using a glutathione
sepharose 4B affinity chromatography system from Amersham
Pharmacia Biotech (Piscataway, NJ, USA) following the manufacturer's
protocol [22]. The purified recombinant LvSAHH was used for analysis
by SDS-PAGE and protein concentrations were determined by the
method of Bradford.

The purified recombinant LvSAHH was used to raise antibodies in a
New Zealand white rabbit by emulsifying approximately 1mg of the
purified LvSAHH with Freund's complete adjuvant and injecting it
subcutaneously at multiple sites of the rabbit. Three booster injections
of 1.5mg antigen (0.5 mg each time) mixed with Freund's incomplete
adjuvant were subsequently administered subcutaneously at intervals
of 3 weeks. Six days after the final booster, blood was collected and

serum was prepared. Serum from the same rabbit collected prior to
immunization was used as a control. The anti-sera were aliquoted and
stored at −80 °C.

2.7. Cell culture and subcellular localization

Drosophila S2 cells were grown in Schwartz Differential Medium
(SDM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; GIBCO, USA) and penicillin (100 IU/ml)/streptomycin (100mg/
ml). Cultures were maintained at 28 °C in cell culture incubator. An
Endotoxin-free Plasmid Maxiprep Kit were used plasmid purification
(Omega, USA) following the manufacturer's recommendations. For a
transient transfection experiment, S2 cells were transfected with the
indicated expression plasmids by using Escort ™ IV transfection reagent
(Sigma, Germany) according to the manufacturer's protocol.
Transfected S2 cells were incubated for 24 h in 24-well plate, then
washed with PBS three times, stained with 50 nM Mito-Tracker
(Beyotime, China) working solution at 27 °C for 40min. And then wa-
shed with PBS three times, fixed with 4% paraformaldehyde, and
stained with DAPI (1 μg/ml). Fluorescence was detected using a con-
focal laser scanning microscope (LSM 710, Zeiss, Germany).

2.8. GST pull-down

S2 cells were grown in 6-well plate for 18 h. Cells were transfected
with pAC5.1-SAHH plasmid and cultured with fresh medium, harvested
and lysed at 36 h post-transfection. Supernatant of cell lysates was in-
cubated with the above purified GST/GST-Rack1 coupled with GST
beads at 4 °C. Then, beads were washed with 1% Triton X-100/PBS
three times and then eluted. After that, proteins were loaded on 12%
SDS-PAGE gels, ectrophoretically separated, transferred to Bio-rad
PVDF membranes on ice at 250mA for 90min, washed in TBST for
5min and then incubated with blocking buffer containing 5% BSA for
1 h, followed by incubation with 1:500 diluted anti-GST antibody and
anti-SAHH antibody at 4 °C overnight. The PVDF membranes were
washed in TBST, incubated with 1:2000 diluted peroxidase-conjugated
antibody for 60min at room temperature. Following three times washes
in TBST, PVDF membranes were developed and visualized. The ex-
periment was performed in triplicate.

2.9. Coimmunoprecipitation

LvSAHHFlag cDNA was subcloned between the EcoRI and HindIII
sites of the pFBDM vector with Trelief ™ SoSoo Cloning Kit Ver.2,
pFBDM-SAHH was transfection into E. coli BL21, And then pFBDM-
SAHH vector were used purification with Plasmid Kit, then, LvRack1Myc

cDNA was subcloned between the KpnI and XhoI sites of the Pfbdm-
SAHH vector with Trelief™ SoSoo Cloning Kit Ver.2, construction
pFBDM-SAHHFlag-Rack1Myc vector. S2 cells transfected with pFBDM-
SAHHFlag-Rack1Myc or pFBDM at 48 h were harvested and then cells
were lysed in 300 μl in 6-well plate with the lysis buffer (50mM Tris-
HCl, pH 8.0, 100mM NaCl, 5 mM EDTA, 0.5% Triton X-100, and 1mM
PMSF). The soluble supernatants were mixed with the anti-Flag or the
anti-Myc antibody, and incubated for 2 h at 4 °C. Protein G-Sepharose
beads were then added and incubated for 1 h at 4 °C. The samples were
washed with the lysis buffer three times and the bound proteins were
eluted by boiling in the SDS-sample buffer. Proteins were analyzed by
10% SDS-PAGE, the gels were washed in TBST (50mM Tris-HCl (pH
7.4), 2.5M NaCl, 0.05% Tween-20) for 10min, and the separated
proteins were transferred to PVDF membranes on ice at 100 V for
90min. Then, membranes were washed in TBST for 5min, and in-
cubated in 20mM TBS (50mM Tris-HCl (pH 7.4), 2.5M NaCl) con-
taining 3% BSA at 4 °C overnight. The membranes were then washed in
TBST for 5min, and incubated with the anti-Rack1 (Beyotime, China)
and anti-Myc (Beyotime, China) or anti-SAHH and anti-Flag (Beyotime,
China) primary antibody diluted 1:1000 in 0.5% BSA-TBST for
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60min at room temperature with gentle shaking. Following four washes
in TBST (10min per wash), the membranes were incubated with the
peroxidase-conjugated secondary antibody diluted 1:2000 for 60min at
room temperature. Following a further four 10min washes in TBST, the
membranes were visualized with ECL detection reagents (Beyotime,
China) using a DAB imaging analysis system (Bio-Rad, USA).

2.10. RNA interference

The cDNA fragment of LvSAHH was amplified by the primers
LvSAHH-Fi and LvSAHH -Ri linked to the T7 promoter (Table 1), and
used as template to synthesize dsRNA of LvSAHH. dsGFP was used as
control and amplified with primers GFP-Fi and GFP-Ri (Table 1). dsRNA
was synthesized using T7 RiboMAX Express (Promega, USA) according
to the manufacturer's protocol. L.vannamei were separated into two
groups and intramuscularly injected with either dsLvSAHH (2.5 μg/g
shrimp) or dsGFP (2.5 μg/g shrimp) at the fourth abdominal segment.
After 36 h both groups (designated GFP and LvSAHH, respectively) were
injection V. alginolyticus. Samples were collected after 0, 3, 6, 12 and
24 h, the hepatopancreas and gill of three shrimps of each group were
collected and separately frozen in liquid nitrogen for RNA extraction.

2.11. Statistical analyses

We used SPSS (version 20.0 for Windows) for all statistical analyses
and considered p < 0.05 (*) or p < 0.01 (**) as significant for all
statistical tests. Significant differences of the bacterial abundance across
different treatments were analyzed by performing one-way ANOVA. All
results are expressed as means ± SD. Non-normally distributed data
were transformed to natural logarithms. Differences among groups
were analyzed with one-way ANOVA followed by LSD post hoc com-
parisons.

3. Results

3.1. Characterization of LvSAHH

The full-length LvSAHH cDNA was 1664 bp, containing a 5′ UTR of
119 bp, an ORF of 1236 bp and a 3′ UTR of 549 bp (Fig. 1). The ORF
putatively encodes a polypeptide of 411 amino acids with an estimated
molecular mass of 45.55 kDa and a predicted isoelectric point (pI) of
5.63. The deduced amino acid sequence of LvSAHH was compared with
the sequences of SAHH from other species that were available in Gen-
Bank, and submitted to the NCBI GenBank under accession number
JN676157. The BLAST (blastp) search of the NCBI database with the
deduced amino acid sequence for S-adenosylhomocysteine hydrolase
from L.vannamei revealed that LvSAHH had the highest similarity (82%)
to Anopheles gambiae, and shared 70 %–81% similarity to other known
SAHH sequences (Fig. 2).

A phylogenetic tree, based on the deduced amino acid sequences
from the different SAHH of 17 known species, was created using the
neighbor-joining (NJ) method to determine the position of the LvSAHH
in an evolutionary context. Phylogenetic analysis showed that LvSAHH
and from the other insects, were grouped into one cluster (Fig. 3).

3.2. Expression of recombinant LvSAHH and polyclonal antibody
preparation

An expression vector pProEX HT-b, including the entire ORF of
LvSAHH, was constructed and transformed into E. coli BL21, following
which the recombinant LvSAHH was purified by affinity chromato-
graphy. The purified recombinant LvSAHH with the His-tag yielded a
single band of 49 kDa on SDS-PAGE gels after Coomassie blue staining
(Fig. 4a). Rabbit antiserum was obtained against the purified re-
combinant LvSAHH with a rate of 1:600, which reacted in Western blot
analysis with a constituent (apparent molecular weight, 49 kDa) of the

supernatant of the cell lysate of IPTG-induced E. coli BL21 carrying the
expression vector, but not with any constituents of a corresponding
preparation of E. coli BL21 containing the expression vector prior to
induction by IPTG. The antiserum was also reactive with a constituent
that had an apparent molecular weight ca. 49 kDa, corresponding to the
molecular mass predicted for LvSAHH cDNA of the shrimp hepato-
pancreas homogenates (Fig. 4b). These findings show that the rabbit
antiserum had marked antigen-specific reactivity.

3.3. Subcellular localization and tissue-specific expression

Subcellular localization was a dominant functional characteristic
and tightly linked with its function. To determine the subcellular lo-
calization of LvSAHH was determined by pAc5.1-GFP-LvSAHH fusion
protein assay. The result shown that the green fluorescence signaling
was observed throughout the cytoplasm and nucleus in pAc5.1-GFP
transfected cells, but the green fluorescence signaling was also ag-
gregated in the cytoplasm and nucleus in pAc5.1-LvSAHH-GFP trans-
fected cells (Fig. 5a). A strong LvSAHH mRNA or protein expression was
detected in LvSAHH overexpression cells at 36 h post transfection by
using PCR or LvSAHH antiserum (Fig. 5b).

The expression of LvSAHH mRNA was detected by RT-PCR in heart,
hepatopancreas, stomach, intestine, gill, eye, pleopod and muscle tis-
sues (Fig. 5c). β-actin was as an internal control. The results showed
that LvSAHH mRNA was expressed in almost all examined tissue types,
but they were especially higher in hepatopancreas and stomach, and
was detected at lower levels in the other tissues. These results suggest
that LvSAHH was differentially expressed in different tissues.

3.4. Specific interaction of Rack1 and SAHH in vitro and in vivo

It has been reported that Rack1 plays an important role in the in-
tracellular signaling of resistance to apoptosis induced by contaminants
[23]. To further confirm the protein-protein interaction of SAHH with
Rack1, in vitro binding assays were performed. We constructed a glu-
tathione S-transferase (GST) and GST-Rack1 fusion protein.

Fig. 1. Nucleotide and deduced amino acid sequences of LvSAHH (Genbank
accession No. JN676157). The initiation codon (ATG) and stop codon (TAA)
were boxed, respectively. The potential poly adenylation signal (ATTAAA) and
the ploy (A) tail were underlined, respectively. The NAD binding domain was
shaded in gray.

Q. Liang, et al. Fish and Shellfish Immunology 88 (2019) 284–292

287



Overexpressed SAHH in S2 cell was incubated with GST, or GST-Rack1
immobilized onto glutathione-Sepharose beads. The beads were washed
with binding buffer three times, and GST or GST-Rack1 bound proteins
were eluted with 2× SDS sample buffer. Following separated on 10%
SDS-PAGE, the bound proteins were analyzed by ECL method. Our

findings suggest that SAHH bound to GST-Rack1 but not to GST, in-
dicating that SAHH can interact with Rack1 (Fig. 6a).

To examine whether SAHH could interact with Rack1 in vivo, S2
cells were transiently transfected with the expression plasmid encoding
Flag-SAHH and Myc-Rack1, which was designed to express full-length

Fig. 2. Multiple sequence alignment of the deduced amino acid of LvSAHH with other SAHH. The shared residues represented the similar regions between the
different species, and the conservative degree was distinguished from light to dark.
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Rack1 protein Myc-tagged, together with the expression full-length
SAHH protein Flag-tagged. Cell lysates were immunoprecipitated with
a monoclonal anti-Myc or anti-Flag antibody, and the im-
munoprecipitated proteins were analyzed by Western blotting using a
polyclonal anti-SAHH or the anti-Rack1 antibody, respectively. As

Fig. 3. A phylogenetic tree of LvSAHH with 17 other SAHH
species reconstructed using the NJ method. The tree is based
on an alignment corresponding to full-length sequences by
Mega 7.0 with 1000 bootstrap replications. The GenBank
accession numbers for the sequence designations are as
follows: HsSAHH (Homo sapiens, NP_000678); RnSAHH
(Rattus norvegicus, NP_058897.1); MmSAHH (Mus musculus,
EDL06108); XlSAHH (Xenopus laevis, NP_001089027);
BpSAHH (Boleophthalmus pectinirostris, XP_020786066.1);
XmSAHH (Xiphophorus maculatus, XP_023180569.1);
AoSAHH (Amphiprion ocellaris, XP_023154575.1); OlSAHH
(Oryzias latipes, XP_004069107.3); OmSAHH (Oryzias mela-
stigma, XP_024125950.1); NcSAHH (Nephila clavipes,
PRD24306.1); LsSAHH (Lepeophtheirus salmonis,
ADD38615.1); LdSAHH (Leptinotarsa decemlineata,
XP_023018187.1); ZnSAHH (Zootermopsis nevadensis,
XP_021933308.1); CsSAHH (Cryptotermes_secundus,
XP_023717501.1); AgSAHH (Anopheles gambiae,
AAC29475.1); PrSAHH (Pieris rapae, ASJ26447.1).

Fig. 4. Expression and purification of the recombinant LvSAHH fusion protein.
M, Prestained protein size markers (Fermentas); 1, vector control from BL21; 2,
crude extract from BL21 induced with 1mM IPTG. 3. Purification of the re-
combinant LvSAHH fusion protein; 4. Western blotting with anti-LvSAHH
polyclonal antibody.

Fig. 5. Subcellular localization and tissue-specific expression of LvSAHH. (a) Subcellular localization of LvSAHH; (b) realtime PCR and western blot detection SAHH
overexpression; (c) tissue-specific mRNA expression of the LvSAHH determined by quantitative real-time PCR.

Fig. 6. Interaction between LvSAHH and LvRack1 in vitro (a) and in vivo (b).
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shown in Fig. 6b, SAHH is sufficient for the interaction with Rack1.

3.5. Upregulation of LvSAHH in V. alginolyticus infection

To confirm the expression level of LvSAHH in different tissue, the
SAHH profiles was investigated by qPCR, and the results revealed that
LvSAHH mRNA levels in the hepatopancreas and gill significantly in-
creased about 15-fold and 8-fold after 24 h of infection, then began to
decrease, respectively (Fig. 7a and b).

3.6. LvSAHH regulated inflammatory cytokines expression in shrimp

The LvSAHH was knocked down (0.45-fold and 0.53-fold compared
with GFP-RNAi) in shrimp hepatopancreas and gill, respectively
(Fig. 8a, g). LvRack1 (0.22-fold, p < 0.01; 0.51-fold, p < 0.05),
LvToll1 (0.41-fold, p < 0.01; 0.26-fold, p < 0.01), LvToll2 (0.37-fold,
p < 0.01; 0.29-fold, p < 0.01), LvToll3 (0.44-fold, p < 0.01), LvIL-16
(0.35-fold, p < 0.01; 0.28-fold, p < 0.01) transcripts in hepatopan-
creas and gill were decreased significantly in dsLvSAHH-injected shrimp

at 24 h after V. alginolyticus injection compared with that in dsGFP-in-
jected shrimp, respectively (Fig. 8 b-f, h-l). There was no significant
change in LvToll3 expression between dsLvSAHH -injected and dsGFP-
injected groups.

4. Discussion

SAHH is a highly conserved tetrameric protein that catalyzes the
reversible hydrolysis of AdoHcy to adenosine and Hcy and plays crucial
roles in a variety of physiological and pathological processes [9,24].
Recent findings that SAHH deficiency caused clinical manifestations of
psychomotor developmental delay, hypomyelination, white matter
atrophy, liver dysfunction, and striking tissue accumulation of SAM and
SAH [25]. Furthermore, S-adenosyl methionine (AdoMet) increasement
promotes oxidative stress and decreases Na+, K+-ATPase activity in
cerebral cortex of rats [26]. However, the knowledge of how SAHH
regulates the gene expression, as well as other target genes such as
cytokines is still not very clear in invertebrates. In this study, a full-
length cDNA sequence of the SAHH was successfully cloned from L.

Fig. 7. Expression pattern of LvSAHH in hepatopancreas (a) and gill (b) after Vibrio alginolyticus injection by quantitative real-time PCR analysis.

Fig. 8. Gene expression in LvSAHH silenced shrimp Vibrio alginolyticus injection. The efficiency of LvSAHH-RNAi in hepatopancreas (a) and gill (g) was analyzed by
qRT-PCR. After dsLvSAHH injection, the expression of LvRack1, LvToll1, LvToll2, LvToll3, LvIL-16 in hepatopancreas (b–f) and gill (h–l) of shrimp at 24 h after Vibrio
alginolyticus injection was detected by qRT-PCR, respectively. The GFP-RNAi was used as the control. Each value is the mean ± SD. * significantly different
(p < 0.05) and ** significantly different (p < 0.01) without groups (t-test).
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vannamei. To our knowledge, this is the first full-length cDNA sequence
of SAHH cloned from a crustacean. The SAHH gene of L.vannamei dis-
plays high sequence similarity with known SAHH genes from other
organisms (both vertebrate and invertebrate). The significant homology
noted between different categorized groups clearly suggests that SAHHs
are conserved proteins in almost all species. Previous studies indicate
that SAHH is crucial for maintaining the cellular methylation potential,
indirectly impacting methylation of DNA, mRNA, tRNA, lipid and
protein [2,4]. It is thought to be located at the sites of ongoing AdoMet
dependent methylation, presumably in the cell nucleus [24]. Indeed,
our results show that endogenous SAHH is located both in cytoplasm
and the nucleus, implying the interaction with various proteins.

The cells can be survival in many stresses because they have evolved
diverse mechanisms that allow organisms to respond to environmental
and physiological stresses. For instance, SAHH is critical for the reg-
ulation of the trans-methylation cycle since excess SAH inhibits the
methylation reaction [27]. And SAHH can also regulates immune re-
sponses such as cellular apoptosis, cell differentiation, tumorigenesis,
and cytokine production in vertebrates [10,24,28,29]. Interesting, The
Rack1 with seven highly conserved internal consensus Trp-Asp 40
(WD40) repeats family protein, found that involved in diverse processes
including apoptosis, proliferation, cell cycle, cell survival, cell adhe-
sion, migration and immune responses [30–32]. Rack1 though interact
with protein kinase C involved regulate cell growth, cell death, and
stress response [33]. Geijsen et al. demonstrated that Rack1 as a pos-
sible adapter molecule associating with the intracellular domain of
cytokine receptors [16]. Barbara et al. found that Rack1 can regulate
the anti-inflammatory activity of estrogen in glial cells [34]. Further
evidence linking Rack1 to immune responsiveness is its involvement in
killing the microbial invaders through regulation of superoxide anion
generation [35]. In addition, Rack1 is also involved in the NF-kB sig-
naling pathway, suggesting that Rack1 plays an important role in innate
immune response. Our results found that SAHH interacted with Rack1
in vivo and in vitro by CoIP and GST-pulldown, respectively. Previous
studies have shown that SAHH genes were differentially expressed in
cows of breast after infected by pathogen [36]. It was reported that
overexpression SAHH increase Rack1 expression and promoted cell
apoptosis, inhibited cell migration and adhesion [28]. In contrast, our
study found that silencing SAHH leads to moderate inhibition of Rack1.
Further study showed that LvSAHH could regulate the TLRs and IL-16
expression in V. alginolyticus injection shrimp. These results of in vivo
studies revealed that LvSAHH by activation Rack1 to regulating the
production of cytokines. The immune responses were tissue-specific
because hepatopancreas seemed to have a greater ability to defend
against pathogens and was more sensitive to stress than gill based on
the results of TLRs and IL-16 mRNA expression, hepatopancreas is a
major site of toxic metal and bacteria accumulation. These findings
would be helpful for understanding the activation mechanism of SAHH
as well as its function in regulating the production of cytokines in in-
vertebrates.
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