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Abstract

The razor clam, Sinonovacula constricta, contains high levels of long-chain PUFA (LC-PUFA), which are critical for human health. In addition,
S. constricta is the first marine mollusc demonstrated to possess A6 fatty acyl desaturase (Fad) and complete LC-PUFA biosynthetic ability,
providing a good representative to investigate the molecular mechanism of sterol regulatory element binding proteins (SREBP) in regulating
AG Fad for LC-PUFA biosynthesis in marine molluscs. Herein, S. constricta SREBP and AG Fad promoter were cloned and characterised.
Subsequently, dual luciferase and electrophoretic mobility shift assays were conducted to explore the SREBP binding elements in the core regu-
latory region of S. constricta A6 Fad promoter. Results showed that S. constricta SREBP had a very conservative basic helix-loop-helix-leucine
zipper motif, while S. constricta A6 Fad promoter exhibited very poor identity with teleost Fads2 promoters, indicating their differentiation
during evolution. A 454 bp region harbouring a core sequence in S. constricta A6 Fad promoter was predicted to be essential for the transcrip-
tional activation by SREBP. This was the first report on the regulatory mechanism of LC-PUFA biosynthesis in marine molluscs, which would
facilitate optimising the LC-PUFA biosynthetic pathway of bivalves in further studies.

Key words: Sinonovacula constricta: Sterol regulatory element binding proteins: A6 Fatty acyl desaturase: Transcriptional

regulation

Sterol regulatory element binding proteins (SREBP) are a family of
membrane-bound transcription factors, which play a critical role
in the maintenance of lipid homoeostasis by activating genes
encoding enzymes required for the biosynthesis of sterols and
fatty acids’’. To date, there are three kinds of SREBP, including
SREBP-1a and -1c derived from utilisation of alternate promoters
of one gene that differ in the first exon®*, and SREBP-2 encoded
by a separate gene®™. Specifically, SREBP-1a and -1c preferentially
activate transcription of genes required for fatty acids and TAG
biosynthesis, while SREBP-2 mainly controls transcription of
genes required for sterol biosynthesis®®. SREBP typically contain
a N-terminal transactivated domain possessing a basic helix-loop-
helix-leucine zipper (b HLH-Zip) motif and a C-terminal regulatory
domain, which are joined together by two membrane-binding
regions interrupted by about thirty amino acids (aa)?. They
are initially synthesised as inactive precursors that bind to mem-
branes of the endoplasmic reticulum. To influence transcription,
the SREBP must be proteolytically cleaved to release the N-

terminal transactivated domain so that they can enter the nucleus.
Those segments are designed as nuclear (mature) SREBP, which
further activate transcription of target genes by binging to the
sterol regulatory element (SRE) or classic palindromic E-box
within their promoters using bHLH-Zip motif®.

Long-chain PUFA (LC-PUFA), especially ARA (20 : 412-6), EPA
(20 : 512-3) and DHA (22 : 61-3), are critical in a number of physio-
logical processes, such as cell membrane formation, neurological
development, immune response and CVD treatments''®, The
endogenous biosynthesis of LC-PUFA from C,g precursors
(18 :21-6 and 18:3n-3) requires consecutive desaturation and
elongation steps catalysed by fatty acyl desaturase (Fad) and
elongase of very long-chain fatty acid (ElovD), respectively?.
Among which, A6 Fad not only catalyses the first desaturation step
but also catalyses the rate-limiting step in DHA biosynthesis by
conversion of 24 : 51-3 to produce 24 : 61-3, which is then parti-
ally p-oxidised to DHA via the Sprecher pathway">. Therefore,
A6 Fad has been considered as the key and rate-limiting enzyme

Abbreviations: aa, amino acid; cDNA, complementary DNA; EMSA, electrophoretic mobility shift assay; Fad, fatty acyl desaturase; LC-PUFA, long-chain PUFA;
ORF, open reading frame; RACE, rapid amplification of cDNA ends; SRE, sterol regulatory element; SREBP, sterol regulatory element binding protein.
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in LC-PUFA biosynthesis. Meanwhile, SREBP as important tran-
scriptional regulators of A6 Fad have been well demonstrated
or indicated by finding SRE within A6 Fad promoters in verte-
brates, that is, mammals"®!” and teleosts!®2? but still not in
invertebrates including marine molluscs.

The razor clam Sinonovacula constricta is an economically
and nutritionally important bivalve species that is widely distrib-
uted in the estuarine and intertidal zones along the coasts of the
west Pacific Ocean, with a total production of over 823 000 tons
and a value of US$ 1-3 billion in 2016%4?%, Particularly, it pos-
sesses high levels of EPA and DHA, each accounting for about
10 % of the total fatty acids®®. Therefore, S. constricta is an
excellent LC-PUFA resource for human nutritional requirement.
Importantly, S. constricta is demonstrated as the first marine
mollusc to possess all Fad and Elovl activities required for
LC-PUFA biosynthesis via the Sprecher pathway@?®. In
addition, S. comstricta A6 Fad is also the first report of a AG Fad
in a marine mollusc®”. Therefore, S. constricta provides a
favourable organism to investigate the regulatory mechanisms
of LC-PUFA biosynthesis in marine molluscs.

In the present study, the characterisation of SREBP and its tran-
scriptional regulation mechanism on A6 Fad were investigated in
S. constricta. In brief, the S. constricta SREBP was first cloned and
its sequence was analysed. Second, the structure of S. constricta
A6 Fad promoter was characterised, including cloning of the
promoter sequence, prediction of SRE by bioinformatic software
and determination of the core promoter region by dual lucif-
erase assay. Third, considering the SREBP activate transcription

independently by their N-terminal segments (nuclear SREBP)
harbouring bHLH-Zip motif in cultured cells and intact
animals®>72 the partial segment containing bHLH-Zip motif
of S. constricta SREBP was subjected to a prokaryotic expression
system. Followed by, the purified protein was used to interact with
the potential SRE in S. constricta A6 Fad promoter by electropho-
retic mobility shift assay (EMSA). The results greatly increased our
understanding on the regulatory mechanism of LC-PUFA biosyn-
thesis in marine molluscs, which would facilitate optimising the
LC-PUFA biosynthetic pathway of bivalves in further studies.

Materials and methods

Cloning and sequence analyses of Sinonovacula constricta
sterol regulatory element binding proteins

S. constricta RNA was extracted from fresh-mixed tissues of foot
muscle, gill and gonad using a MiniBEST Universal RNA
Extraction Kit (TaKaRa). The quality and concentration of the
extracted RNA were determined on a 1% agarose gel and a
NanoDrop® ND-1000 (NanoDrop), respectively. A quantity of
1 pg of total RNA was reverse-transcribed into template comple-
mentary DNA (cDNA) using a PrimeScript™ RT-PCR Kit
(TaKaRa).

The first fragment of S. constricta SREBP cDNA was obtained
by searching against its transcriptome data, and only one gene
with high homology to vertebrate SREBP was detected. To verify
the target sequence, gene-specific primers (SREBP-V-F, V-R in

Table 1. Primers used for cloning of Sinonovacula constricta sterol regulatory element binding proteins
(SREBP) and A6 fatty acyl desaturase (Fad) promoter, construction of reporter vector and express vector,
prokaryotic expression of SREBP-D and electrophoretic mobility shift assay (EMSA) assay*

Primer Sequence (5" - 3)

SREBP-V-F TCCAGATGGCATCCCCGT

SREBP-V-R TCTAACTACAAGTGACAGTAGATGCAGC
SREBP-5'-GSP1 CGGCTGGGAGGATGGTTGGGG

SREBP-5'-GSP2
SREBP-3'-GSP1
SREBP-3'-GSP2
A6 Fad-promoter-V-F
A6 Fad-promoter-V-R
pGL3-A6 Fad-1F
pGL3-A6 Fad-2 F
pGL3-A6 Fad-3 F
pGL3-A6 Fad-4 F
pGL3-A6 Fad-R
pCS-SREBP-ORF-F
pCS-SREBP-ORF-R
SREBP-D-F
SREBP-D-R
W-F6-1F

W-F6-1R

M-F6-1F

M-F6-1R

W-F6-2F

W-F6-2R

M-F6-2F

M-F6-2R

W-F6-3F

W-F6-3R

M-F6-3F

M-F6-3R

GATTGGGCTGGACACAGGCACCAC
CCGACAGTGAGGTCCCGGATAGGG
CTGTCCAGAGCTGTCGTCGGACACTG
CTCGTGCAGTTCTTTTATATGCA
ATTTACTTCTGCACGCGGAT
GGGGTACCCTCGTGCAGTTCTTTTATATGCA
GGGGTACCGTAGTACCGCTTATTTTGGTATGAGA
GGGGTACCGTAGTTCTTACCCGCTGTCGC
GGGGTACCGTTAAGTTGAAAACCCCAAATACATA
CCGCTCGAGATTTACTTCTGCACGCGGAT
CGGAATTCATGGCCGACCCGTTAAGTT
CCGCTCGAGCTAACTACAAGTGACAGTAGATGCAGC
CGGAATTCATGCAGCAGCACTCAACACC
CCGCTCGAGCTATGGAGAGTTGGGTGGCG
AGGGAGGGTGGGGTAACTTAGTT
AACTAAGTTACCCCACCCTCCCT
AGGGAAAGCGAGGCAGCTTAGTT
AACTAAGCTGCCTCGCTTTCCCT
GAGAAAGTAGGCGGGAAGAC
GTCTTCCCGCCTACTTTCTC
GAGAAAATAAACGAAAAGAC
GTCTTTTCGTTTATTTTICTC
ATATCATGTGGTTCTATGTCACGTAC
GTACGTGACATAGAACCACATGATAT
ATATCATGTGATTCTATGTCGTGCGC
GCGCACGACATAGAATCACATGATAT

* Restriction sites of Kpnl, Xhol and EcoRI are underlined. The bolded letters in italics indicate the mutation sites.
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Table 1) were designed using Primer 5 software. The PCR was
carried out using LA Taq® Hot Star Version (TaKaRa). The result-
ing PCR products were purified, cloned into pMD™ 18-T Vector
(TaKaRa) and transformed into E. coil DH5a competent cells.
The recombinant single colonies successfully grown in Luria-
Bertain (LB) plates containing ampicillin (50 pg/ml) were
selected, incubated and sequenced (BGD). Based on the verified
fragment, gene-specific rapid amplification of ¢cDNA ends
(RACE) primers (GSP primers in Table 1) was designed to obtain
the full length of S. constricta SREBP by two-round PCR using a
SMARTer RACE 5’/3’ kit (Clontech). The obtained PCR products
were processed as described above. Finally, the full-length
c¢DNA of S. constricta SREBP was obtained by aligning the first
fragment with 5’ and 3’ RACE-PCR fragments.

Using the deduced aa of SREBP from S. constricta and repre-
sentative mammals, fish and marine molluscs, multiple sequence
alignment and phylogenetic tree were conducted using ClustalW
2.109 and MEGA 7Y, respectively. The phylogenetic analysis
was performed with the maximum-likelihood approach, and
the confidence in the resulting phylogenetic tree branch topol-
ogy was measured by bootstrapping through 1000 iterations.

Cloning and potential regulatory sites of Sinonovacula
constricta A6 fatty acyl desaturase promoter

S. constricta genomic DNA was extracted from fresh foot muscle
using a Marine Animal DNA Kit (CWBIO) and used as a template
for A6 Fad promoter cloning. The 2000 bp upstream of A6 Fad
translation initiation codon (ATG) was obtained from the genomic
sequencing data of S. constricta®® by querying A6 Fad cDNA
(GenBank accession number MH2204006). To further verify this
promoter sequence, PCR was carried out by Mighty Amp™ DNA
Polymerase version 3 (TaKaRa) using specific primers (A6 Fad
promoter-V-F and -R in Table 1). Where necessary, the PCR prod-
ucts were subjected to the same processes as described above.

Online software JASPAR?%0 (http://jaspar.genereg.net/) and
LASAGNA-Search 2.0 (https://biogrid-lasagna.engr.uconn.edu/
lasagna_search/) were used to predict the potential transcription
factor binding sites of SREBP on S. constricta A6 Fad promoter.
In addition, multiple-sequence alignment was performed with
A6 Fad promoters of S. constricta and some representative
marine teleosts, including Dicentrarchus labrax (FP671139.1),
Epinephelus coioides®®, Salmo salar (AY736067.2), Gadus
morbua (FJ859898.1) and Siganus canaliculatus®.

Construction of report vector and expression vector

To determine the core region of A6 Fad promoter that interacts
with SREBP, different forward primers harbouring restriction site
Kpnl (underlined in Table 1) and a common reverse primer har-
bouring restriction site Xhol (underlined in Table 1) were
designed using Primer 5 and used to obtain the full-length pro-
moter fragment (A6 Fad-2000) and truncated fragments (A6 Fad-
1389, -936, —463), respectively. The PCR was carried out using
Mighty Amp™ DNA Polymerase version 3 (TaKaRa). The result-
ing PCR products were purified, digested with the corresponding
restriction endonucleases (New England BioLabs) and inserted
into similarly digested firefly luciferase plasmids pGL3 basic
(Promega). Subsequently, the recombinant plasmids pGL3-A6

Fad-2000, —1389, —936 and —463 were transformed into E. coil
DH5a competent cells, respectively. The recombinant single col-
onies successfully grown in LB plates containing ampicillin
(50 pg/mb were selected, incubated and sequenced (BGD). The
E. coil DH5a-containing recombinant plasmids with correct
sequence were further used to isolate the corresponding recombi-
nant plasmids using Endo-free Plasmid Mini Kit I (Omega).

To obtain the expression vector, PCR fragments correspond-
ing to the open reading frame of S. constricta SREBP were ampli-
fied from cDNA template by Mighty Amp™ DNA Polymerase
version 3 (TaKaRa) using specific primers harbouring restriction
sites of EcoRI and Xhol (SREBP-ORF-F and -R in Table 1). The
following operations were the same with the construction of
the above reporter vector except that the vector was replaced
with the expression vector of pCS2+ (Promega). Finally, the
recombinant plasmids of pCS-SREBP were obtained.

Dual luciferase assay

To confirm the core region of A6 Fad promoter sufficient to initiate
transcription by SREBP, dual luciferase assay was performed to
detect the influence of the above reporter vectors on transcription
activity. In brief, the human embryonic kidney cells (HEK 293 T)
were seeded in ninety-six-well cell culture plates in 100 pl high glu-
cose Dulbecco’s modified Eagle’s medium (Transgen Biotech) with
10 % fetal bovine serum (Transgen Biotech) per well at 37°C in a
humidified incubator (ESCO). After growing 24 h to 90 % confluent,
the cultural medium was replaced with an Opti-MEM I Reduced
Serum Medium (Gibco). Immediately, 50 ng of each reporter plas-
mids, 150 ng of expression plasmids and 5 ng of Renilla luciferase
reporter plasmid PRL-CMV (Promega) in 10pl Opti-MEM I
Reduced Serum Medium were co-transfected into cells using lipo-
fectamine® 2000 Reagent (Invitrogen). Each trial was triplicated.
At6 h after transfection, the culture medium was replaced with fresh
Dulbecco’s modified Eagle’s medium. At 24 h after transfection, the
Firefly and Renilla luciferase activities were measured using
Dual-Glo® Luciferase Assay System E2920 (Promega) by the
varioskan flash 3001 (Thermo). Finally, the relative luciferase activity
was calculated using the ratio of firefly luciferase:Renilla luciferase
and normalised by the control reporter.

Prokaryotic expression and purification of the truncated
sterol regulatory element binding proteins

According to the function predication of S. constricta SREBP
using online software of ExPASy-PROSITE (https://prosite.
expasy.org/), the functional fragment of the SREBP N-terminal
containing bHLH-Zip motif was identified (marked as SREBP-
D) and used for prokaryotic expression. In brief, the correspond-
ing cDNA sequence of SREBP-D was amplified by Mighty Amp™
DNA Polymerase version 3 (TaKaRa) using specific primers har-
bouring restriction sites of EcoRI and Xhol (SREBP-D-F and -R in
Table 1). The following operations were the same with the con-
struction of the above reporter vector except that the vector was
replaced with the expression vector of pET-28a (Novagen). The
obtained recombinant plasmids of pET-SREBP-D were trans-
formed into Rosetta (DE3) competent cells. Next, the recombi-
nant cells were cultured in the LB medium containing
ampicillin (50 pg/mD and chloromycetin (34 pg/ml at 37°C.
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H. sapiens SREBP-2
M. musculus SREBP-2
D. rerio SREBP-2

H. sapiens SREBP-1
M. musculus SREBP-1
D. rerio SREBP-2

C. nobilis SREBP

S. constricta SREBP

“RRTTHNIIE
RRTTHNII
ERRTTHNII
RTAHNA

TDAKMHKSGVLRKALDY IKYLOQVNHKLRQEN 391
\IDYIKYLQQVNHKLRQEN 380

KAIDYIKYLQQVNHKLRQEN 381
(LN RKAIDYIRFLQOHSNQKLKQEN 414
AKLNKSAVLRKAIDY TIRFLOHSNQOKLKQEN 378
EYIRYLQQSNQKLKQEN 378
KAIDYIRYLONTVQRLKQEN 366
LRKAIEYTRYILGQNERLKKEN 419

M. musculus SREBP-2 MVI
D. rerio SREBP-2
H. sapiens SREBP-1 LSL

M. musculus SREBP-1 LTL R SAH/S*’SL/DTVSF-“«CGSGGGT; /
D. rerio SREBP-1 MALKD 1NI‘“? “*C'LA DLVT-—————-

C. nobilis SREBP MAL
S. constricta SREBP VAL

H. sapiens SREBP-2
M. musculus SREBP-2
D. rerio SREBP-2
H. sapiens SREBP-1
M. musculus SREBP-1
D. rerio SREBP-1
C. nobilis SREBP
S. constricta SREBP

H. sapiens SREBP-2 HDSDQHPHSGSGRSVI
M. musculus SREBP-2 HNTDQHPYSGSGRSV

D. rerio SREBP-2 AGSPEVAGHGPTRTLFS LP AQTQSFG[\ ‘LWC‘JA_F_,_J-, WVVSGVGVVWGCVE
H. sapiens SREBP-1 PSDTTSVYHSPRJ."’\N.I-GT."A_-."RDGP__”

M. musculus SREBP-1 PSDATGTHRSSGR
D. rerio SREBP-1 SAGASVPGNAAGRSV
C. nobilis SREBP LDMGAASIPSRTLQS...

8. constricta SREBP ETSYQAGFAGRQLHGTVEEMSEGSW- SVLSNGLA'

bas;c hellx-loop-hellx domain
H. sapiens SREBP-2 MVLKLANQE (NKLLKGI DLqSLVDNEVZLKI:DFNQN /LL~ Mo??

---MEVDVKPEIP---TP
TDVEEILKANSSCVITPPGS
---LQELLLLSK----DSPAEDFNMMTPPCSDNSDSD---- 460

LLEHEQLKSEPDSP-SCVGVM
)SKAKPEQRPSLHSRGM
D SQV"’AQRLPS—HSRC‘ L

"SESDTTNGFGMTTIN& RDQTRMAMCIFMFAVIAEN
AYEEMDTKDVNLKSFTGNGM

.SL [5,”JP

VEDTLTPPPSDAG
EVVETLTPPPSDAGSE
ASDVGS

QUS?LSFGSRAS 441
--QSSGPYSQHSS-- 427
SPTHSVQYTSDSE---- 416

GMVDRSRILLCVLTFLCLSFNPLTSLLQ--WGGA 506

LTFLGLSENPLTSLLQ--WGGA 495
HLJ ALSFLCLS vL[J?LP‘ LG--REAP 486
CTLVFLCLSCNE LGARGLPS 544

ALC ‘-‘JAE-'ACLTC[‘J?LA FG-WGILT 503
AFTLLFLSFNPLASLLC--GGWS 479
FGALLSP-GSQG 474
IADKTRFTLCVFMFAVLAFNPFGSVFKASGLQG 519

membrane binding domain
TLLLWLVNGVIVLSVFVKI DVIRPHS 568
PVIRPHS 557
PVTPLHS 551
VWLLNGLLVLVSLVL GEPVTRPHS 606
LVWLANGLLVLACLALLEVYGEPVTRPHS 565
LVWLLNGVLVAGV 'YGEPMTRPHS 543
MMWMLNGI IV TG"' :
IILWLINGL RLEVFGEPY

TLLLWLVN

VTKKNS 535
'THKDS 584

membrane binding domain

Fig. 1. Partial peptide sequence alignment of sterol regulatory element binding proteins (SREBP) from Sinonovacula constricta and representative organisms. Identical
residues are shaded red, and similar residues are shaded blue. The solid line marked portion indicates the basic helix-loop-helix-leucine zipper structure, and the dotted
line marked portion indicates the membrane binding domains. Representative species of SREBP include Homo sapiens SREBP-1 (NP_001005291.1) and SREBP-2
(NP_004590.2), Mus musculus SREBP-1 (NP_035610.1) and SREBP-2 (NP_150087.1), Danio rerio SREBP-1 (NP_001098599.1) and SREBP-2 (NP_001082935.1)

and Chlamys nobilis SREBP (AHB60716.1).

Table 2. Amino acid identity between Sinonovacula constricta sterol
regulatory element binding proteins (SREBP) and SREBP (-1/-2) of
Homo sapiens, Mus musculus, Danio rerio or Chlamys nobilis
(Percentages)

Identity (%)

S. constricta SREBP H. sapiens SREBP-1 38-63
H. sapiens SREBP-2 36-24

M. musculus SREBP-1 38-21

M. musculus SREBP-2 35-60
D. rerio SREBP-1 4112
D. rerio SREBP-2 33-16
C. nobilis SREBP 49.83

When the bacteria grew to the mid-logarithmic phase, isopropyl
thiogalactoside was added at a final concentration of 0-4 mm and
incubation at 16°C for 12 h. Subsequently, the bacteria were col-
lected by centrifugation at 8000 g at 4°C. The obtained cell pellet
was sonicated and used for protein extraction using His60 Ni
Gravity Columns (Clontech). The protein impurities and the

target protein were eluted with different concentrations of imid-
azole, and the eluted target protein was concentrated with an
ultrafiltration centrifugal tube (UFC501096, Solarbio Science &
Technology Co. Ltd). The concentrated SREBP-D was subjected
to SDS-PAGE and confirmed by Western blot using Anti-6 X His
rabbit polyclonal antibody (Sangon Biotech Co. Ltd), and its con-
centration was determined by the Enhanced BCA Protein Assay
Kit (Beyotime Biotech Co. Ltd).

Electrophoretic mobility shift assay

The double-stranded 3’-biotinylated probes (50 nm) of the pre-
dicted binding sites (W primers in Table 1) were synthesised
using an EMSA Probe Biotin Labeling Kit (Beyotime).
Meanwhile, the corresponding unlabelled wild and site-direct
mutant probes (10 pm) were synthesised (W and M primers in
Table 1). Using Chemiluminescent EMSA Kit (Beyotime), the
reaction mixture of above-mentioned SREBP-D (1-5 pg) and cor-
responding probes was incubated at 25°C for 30 min and then
ran on a 6 % non-denaturing polyacrylamide gel in an ice water
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9 _Eiganus canaliculatus SREBP-1 (AFH35105.1)

L Salmo salar SREBP-1 (NP_001182747.1)
100 L Danio rerio SREBP-1 (NP_001098599.1) -
Xenopus tropicalis SREBP-1 (XP_002935887.1) vertebrate SREBP-1
%0 Gallus gallus SREBP-1 (NP_989457.2)

100

100

0 I: Homo sapiens SREBP-1 (NP_001005291.1)
100

Mus musculus SREBP-1 (NP_035610.1) |
O. niloticus SREBP-2 (XP_005468495.1) |

—{
100

100 — X tropicalis SREBP-2 (NP_001116910.2) —

—— G. gallus SREBP-2 (XP_015144523.1) vertebrate SREBP-2

% H. sapiens SREBP-2 (NP_004590.2)
100 |: M. musculus SREBP-2 (NP_150087.1)

Octopus bimaculoides SREBP (XP_014776331.1)*

Aplysia californica SREBP (XP_012940196.1)*

76

82

e

S. salar SREBP-2 (NP_001182748.1)
D. rerio SREBP-2 (NP_001082935.1)

—_—
—_—

Sinonovacula constricta SREBP

00— Crassostrea gigas SREBP (XP_011452106.1)* >— |||
L Crassostrea virginica SREBP (XP_022324633 [1)* marine molluscan
100 — Chlamys nobilis SREBP (AHB60716.1)

SREBP

0.10 100 L Mizuhopecten yessoensis SREBP (XP_021364635.1)"

Fig. 2. Phylogenetic tree comparing the deduced amino acid sequences of sterol regulatory element binding proteins (SREBP) from Sinonovacula constricta (bold fonts)
and representative organisms. The tree was constructed using the maximume-likelihood approach with MEGA 7. The horizontal branch length is proportional to amino
acid substitution rate per site. The numbers represent the frequencies with which the tree topology presented was replicated after 1000 iterations. An asterisk indicates
the predicted SREBP genes of Crassostrea gigas (genome ID: 10758), Aplysia californica (genome ID: 443), Crassostrea virginica (genome ID: 398), Octopus bima-
culoides (genome ID: 41501) and Mizuhopecten yessoensis (genome ID: 12193) with complete genomes currently available.

bath. The target bands were then transferred to a positively
charged nylon membrane (Beyotime). After being cross-linked
by UV light and conjugated by Streptavidin-HRP, the results were
detected by using BeyoECL Moon reagent (Beyotime).

Statistical analyses

Statistical analyses of relative luciferase activity were conducted
by one-way ANOVA, together with pairwise multiple compari-
sons by Newman-Keuls tests (SPSS 22.0). The values are repre-
sented as mean values and standard deviations, and P < 0-05 was
considered statistically significant.

Results

Sequence and phylogenetics of Sinonovacula constricta
sterol regulatory element binding proteins

The full length of mRNA transcript for S. constricta SREBP was
4222 bp, with a 5’ untranslated region of 20 bp, an open reading
frame (ORF) of 3438 bp and a 3’ untranslated region of 764 bp.
The ORF encoded a protein of 1146 aa, containing a basic
bHLH-Zip motif and two membrane binding regions interrupted
by 21 aa (Fig. 1). The detailed sequence information was

deposited in the GenBank database with accession number of
MK584917. The aa sequence of S. constricta SREBP had the high-
est identity with that of Chlamys nobilis of 49-83 %. Notably, com-
pared with SREBP-2 (33-16-36-24%) of Homo sapiens, Mus
musculus and Danio rerio, S. constricta SREBP protein exhibited
relatively higher identities with their SREBP-1 (38-21-41-12 %)
(Table 2). The phylogenetic results showed that the vertebrate
SREBP-1, SREBP-2 and marine molluscan SREBP were clustered
into three separate groups, respectively (Fig. 2).

Sequence and bioinformatics of Sinonovacula constricta
A6 fatty acyl desaturase promoter

The detailed sequence information of the cloned 2000bp of
S. constricta A6 Fad promoter was deposited in the GenBank data-
base with accession number of MK584921. As shown in online
Supplementary Fig. S1, three putative binding sites for SREBP on
S. constricta A6 Fad-2000 bp were detected by in silico analysis.
Specifically, one binding site (5-AGGGAGGGTGGGGTAAC
TTAGTT-3") was aligned with the conserved SRE region of teleost
Fads2 promoters (Fig. 3), while no feature was found in the distri-
bution of the other two binding sites. In addition, no similar element
with the two conserved NF-Y regions of teleost Fads2 promoters
was predicted in the S. constricta A6 Fad promoter (Fig. 3).

ssaud Aisianun abplquied Aq auluo paysiignd 890200025t L L£000S/210L°0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114520002068
https://doi.org/10.1017/S0007114520002068

British Journal of Nutrition

880

D. labrax

E. coioides
canaliculatus
G. morhua

S. salar

S. constricta

D. labrax
E. coioides
canaliculatus
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CATAAGATTTTGAATGCA-GGGCTTTCACTTTCTT-TTTCACACTGTGGTGTTGCTGGGTCACTTTCTC
CTGTATATAACCATAATG-GTGGCTAATATTCATG-TAACATACTGTA-TATAACATAATGGT-TGATA
CTTTGTTTTTTCTTTGTT-GTTTTTTTGTTTTTTTGTTTCAAACACCACACTTGCATATTTTTATAAAA
TTTAGACTAATTGTTATG=-GACTCAACCGATTCTTTCACTATTTGGCTATATC-CTCGTTGTTTCACTT
TTTTGTACAAACCCCAGG-AAGACCCCTAATAAAA-TACTACATACTAAAGCATCAAGGGGCTTTTTCT
GCTTATTTTGGTATGAGACARATCTTGTACTATATATTTCAAATTTAAACATTCCATAATTCCCTCAGG

TTCGGACTTTGTATAATGGAGGAAACTGTAAAAA-GCGA-CGCGCTCCCGCAGACTGTTTCCGTCTGAG
TTC--ATGTAACATGGTGGTGGCTGGTGTGTGA--GCGG-C-TGTTTCCGTGGAGCGCA-CTGACTGTG
AAAACATGGTA-AAAACTAAGAAAGCTGTAAAA--GAGT-CGTATTTCATCAGACTGTTTCCGTCTGGG

-167
-188
-233
-218
-369
-1237

-100
=126
-168

G. morhua

TGGCCAAATTAGTATGCCAATGCAAATGCAATGTACCAG-CATTTCCAGTTCAACTGTA-CTGCTGAAA -151

S. salar TCTTCTTGAGACAACGTGTAGACACGCACTAAG----CT-GATGTGTCAGGGGCGGGGCCCTG---GAG -308

8. constricta AACATTTATACTTTGGTAGTATCTAATGTTGGGACATATATAGAATTCTGCATTTTTT

GTTTCGTCGTA -1168

NF-Y
D. labrax CGCACAGACGACTC-TGTAATAT-TCAGATGAGC--TGTTTATTGAGLCTATTGCACATCAGCC----A -38
E. coioides AGTA----- GACTG-TGTGATAT-TCAGACGAGC--TGCTTGTTGAGCCTATTGCACATCAGCC--——-A -70

5. canaliculatus CGCGCAGGCGACGT=-TTTAATAT-TCAGACGAAC=-=-CGTTTATTGACILCTATTGCGCATCACCCCGGTG -103

G. morhua CG

CACGCCACACGCACGCCACAT-TTTGGGATGG-~-ATTTCATTGAGCCAATTGCGAATATGCC-~-~-~-A -89

S. salar TGCGTCCAAGCGTTCTGATTGGT-TGAAATATGT--GGATGATTGACAGACCTGAAGGGCTTTTTTGAA -242
S. constricta TACTAATTAATTGTTTATGTTTTCTTAAATATACAATGGTTACTGCATTTAATTTACAGAAARAC-AACA -1100

D. labrax GCG

S. salar CCAATTGCAGA

GTCTAGGATATAC---——===—=—=——==
E. coioides GCGGTCCAGGATATAC-—=———————————-

S. canaliculatus GTGGTTCAGGATTTAC=======m=====——
G. morhua GCGGTCGGGGATACGCGCGGATTGGTCCGGGATACGCHCGGATTGGCCCACCATCC
ATGCCAGGGGT--CTATTGAAATAA(Q

--TGTACHCCGATTGGCCCAGARACCITCGAATGATCEG +14
--TGTACGCCGATTGGCCCAGAAACCILTCGAATGATCLG -17
-=TGTGCHCCCATTGGCCCAGARAACCICTCGAATGATCEG -50
TCGAATGATCIG -21
CCTCGAATGATCIIG -175

“CCATTGGACTAGAGACC

S. constricta ACAACTAAACAAACAACAAAGCAG-CACACAAAAAACTTTCGTTG--TTAGGGAGGGTGGGGTAACTTA -1034

putative SRE of S. constricta

D. labrax CTCGGAATT-TGTA-CTGAATGAGTGGGT-GAATGAGTCCGTGAACA-======—— TATTGAGGAGGAC +T71
E. coioides CTCGGAATT-TGTA-CTGAATGAGTGGGT-GAATGAGTCCGTGAACA========= TATTAGACAAGAC +40
S. canaliculatus CTCGGAATT-TGTA-CTGAATCAGTGGGT-GAA----TCCCTGAACC-—-—-—————- TATTTGAGGAGG- +2
G. morhua CTCGGAATT-TAGA-GTGAATGAGTGGGT-GAATCTGCGAGTGAACG---—-—-——- CGTTAGGGCAGA- +35
S. salar CTTGGTATTGTATA-GTGAACGAGCGGGT-GAATGACTGATTGAGCTATAGGGCGTCATGGAACGAGAG -108
S. constricta GTTACTTTTTTAAAGCTAAGTTACTTATTTAARATAAAAGCCTCGACCA======== CATTTTACATGAC -973

A6 Fad promoter

D. labrax -A-GAGGATGAATTTGG-GGATGTTTACGGTTTAAAATGGATGT
E. coioides -AAGAGGATGAATTTTG-GGATGTTTACTATTGGAAATGACTGTGACCGGAGCG

GAACGGAACGGGAGCGCATAAAGTG +137
sGGAGCAGATAAAATG +107

S. canaliculatus -ATGAGGATG--TGAGG-AGGTGAACTCGAATGTGGACGGA-GCACGGTCAACGTGACCATAGGAAAGC +66

G. morhua

————— AGATCCAATTGG-AGGCGA--ACTATTAGGAATGATCTCG-GCGAAAGCTGAGCCTA-AAAGGG +94

S. salar -ATAGGCCTACCTTTAGTAGCCGACTGATGATTTGATTGGATAAATGACGAGACTGGTGATCAGAATGA -40
S. constricta CAGAAAAATGGCGCTTGTGTTTGACTACAGCCTCTCTGTTAGGTATAACGAAGTCTGTCCGGGGGCATC -904

D. labrax AGCATA
E. coiocides A
S. canaliculatus

ARAGTGAGCCGGTGTGTTAATGTGTCTGRAACCCCGAGGAGAGTAGCCARR
GGATAAAATGAGCCGGTGTGTCAGTGTGACTGAAACCAAGGGAGAGTAGCCAAAAT C == === =m— === +165

“”TGDATATTTGT-@OG

AGTAGGAAAGCAGACAACGTTTGCARATAAGTAAGTTACAAATCT - - - - ———————————————————— +11

G. morhua CGTA-RAAGGGCGTCATTGTGCTGATCTGATTGCAGCAGAGGAAGGATTCCTGGACTCC~AGTGGACGC +1861
S. salar AGTCAGAATGAAGTTCATGTATTTTTATGAATAAGAGRAAGGAGCGAGAAGTAARAGAACGCGAGGATTGG +29

S. constricta AGGGGGGCATCAGATAATATCTCTACTTG

CAGAGAAAGTAGGCGGGAAGACGTAGTTCTTACCCGCTGT -836

Fig. 3. Alignment of fatty acyl desaturase 2 (Fads2) promoter sequences from Sinonovacula constricta and representative marine teleosts including Dicentrarchus
labrax, Epinephelus coioides, Siganus canaliculatus, Gadus morhua and Salmo salar. ldentical residues are shaded red, and similar residues are shaded blue.
The sequences are all numbered relative to the transcription start site. The conserved NF-Y and SRE regions of the teleost Fads2 promoters are shown in the frames,
respectively. The putative SRE of Sinonovacula constricta A6 Fad promoter is highlighted by a solid line.

Transactivation activities of 5'-truncated Sinonovacula
constricta A6 fatty acyl desaturase promoter by sterol
regulatory element binding proteins

When co-transfection with a report plasmid containing 5'-
truncated S. constricta A6 Fad promoter and an expression plas-
mid containing S. constricta SREBP in HEK 293 T cells, the maxi-
mal relative luciferase activity was detected in samples transfected
with pGL3-A6 Fad-2000 or —1389 (Fig. 4). Transfection with
pPGL3-A6 Fad-936 significantly reduced the luciferase intensity.
Transfection with additional deleted report vector of pGL3-AG

Fad-463 did not further reduce the transcriptional activity, which
was comparable with the luciferase readout of the control trans-
fected with empty report and expression plasmids.

Binding activities of the truncated sterol regulatory
element binding proteins on putative regulatory sites in
A6 fatty acyl desaturase promoter

The truncated SREBP protein containing bHLH-Zip motif (Fig. 5(A))
was successfully expressed in Rosetta (DE3) cells and presented
in the supernatant after ultrasonication (Fig. 5(B)). The purified
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Fig. 4. Transcriptional activity of the segmentally truncated Sinonovacula con-
stricta A6 fatty acyl desaturase (Fad) promoter regulated by sterol regulatory
element binding proteins (SREBP). pRL-CMV is the Renilla luciferase expres-
sion plasmid (internal reference); pGL3-basic, pGL3-A6 Fad-2000, -1389, -936
and -463 are the empty firefly luciferase reporter plasmid and the recombinant
pGL3-basic plasmid inserted with 2000 bp, 1389 bp, 936 bp and 463 bp
upstream of S. constricta A6 Fad promoter, respectively. pCS2+ and pCS-
SREBP are the empty protein expression vector plasmid and the recombinant
pCS2-+ plasmid inserted with the open reading frame (ORF) sequence of S. con-
stricta SREBP, respectively. ‘+’ and ‘- indicate that the plasmid was transfected
into the HEK 293T cells or not, respectively. Relative luciferase activity was
expressed as mean values and standard deviations (n 3), which was first calcu-
lated by the ratio of firefly luciferase activity: Renilla luciferase activity, and then
normalised by the corresponding result of the control 1. Values sharing a
common letter above the bar graph were not significantly different (P > 0-05).

protein was further verified by Western blot (Fig. 5(C)) and sub-
jected to EMSA analysis. Though three putative binding sites
were predicted by bioinformatic analysis, only one sequence (5'-
AGGGAGGGTGGGGTAACTTAGTT-3") was validated (Fig. 0).
In brief, when only 3’ biotin labelling sequence was added to
the reaction, no blocked band was produced (Fig. 6 control).
When 3’ biotin labelling sequence was incubated with the trun-
cated SREBP-D, an obviously band of DNA-protein complex was
formed (Fig. 6 lane 1). The specificity of this binding was verified
by adding wild or mutated sequences. Specifically, when incubated
with the increasing amount of wild sequence, the intensity of this
band was weakened and further disappeared (Fig. 6 lanes 2—4). In
contrast, when incubated with excess mutated sequence, the inten-
sity of this band was still very strong (Fig. 6 lanes 5-6) with minor
damage, which probably due to excess mutations that hinder the
binding of the labelling sequence to the protein.

Discussion

The newly cloned S. constricta SREBP contained a diagnostic
bHLH-Zip domain and two interrupted membrane binding
domains that conserved in typical vertebrate SREBP'Y, indicating
that SREBP were highly conserved in functional regions during
evolution. The phylogenic tree analysis revealed that vertebrate

SREBP-1, SREBP-2 and marine molluscan SREBP were clearly
clustered into three separate groups, indicating that they were
significantly differentiated during species evolution. Interes-
tingly, consistent with the finding that there was one SREBP in
C. nobilis®®, only one SREBP was detected in S. constricta and
other five molluscs (Crassostrea gigas, Aplysia californica,
Crassostrea virginica, Octopus bimaculoides and Mizubopecten
yessoensis) by interrogating their genomes (Fig. 2). The result
was different with the evidence of three SREBP (-1a, -1c and -2)
in mammals™ and two SREBP (-1 and -2) in teleosts®*21:39 This
might be explained by that the invertebrates considered
cannot biosynthesise sterol de novo, and the role of SREBP in
regulating sterol metabolism might be subsequently acquired
by gene duplication (producing SREBP-2) in chordates when
diverged from arthropods and nematodes®®. Consistently, Liu
et al®Y reported that C. nobilis SREBP shows more similarity with
vertebrate SREBP-1 because its expression exhibits a positive
correlation with the lipid content changes in ovary. However,
in particular, the de novo sterol biosynthesis has been reported
in some invertebrates, that is, echinoderms®®. Therefore, whether
the single SREBP found in invertebrates play both regulatory
roles in sterol and fatty acid biosynthesis or not needs further
investigation.

The transcription factor binding elements are usually distrib-
uted in the vicinity of gene promoter; thus, the 2000 bp upstream
the translation initiation codon (ATG) of S. constricta A6 Fad was
cloned. Though very conservative binding sites of NF-Y and SRE
exist in teleost Fads2 promoters, this was not the case with S.
constricta A6 Fad promoter. The result indicated that the DNA
sequence of A6 Fad promoters from teleosts and marine mol-
luscs were differentiated during evolution, and the transcrip-
tional regulation mechanism of SREBP on AG Fad might be
very distinctive in S. constricta.

Overexpression of S. constricta SREBP in HEK 293 T cells
induced a significantly higher promoter-driven luciferase activ-
ity, indicating that S. constricta SREBP was involved in the tran-
scriptional regulation of A6 Fad. Similar results had been found
in vertebrates!7?*21 By 5'-deletion analysis of S. constricta A6
Fad promoter, the region of 936-1389 bp upstream A6 Fad pro-
moter was predicted to be responsible for its sufficient transcrip-
tional activation. Based on the in silico analysis of AG Fad
promoter, a binding site was validated specifically to interact
with SREBP-D protein by EMSA, which was exactly located in
the core region identified above. Therefore, it was speculated
that this binding site might be the potential element that
acted by SREBP. Interestingly, though this site harbouring
5'-GTGGGGTAACT-3’ was aligned in the same location with
the conserved SRE (5'-CTCGAATGATC-3") of teleost Fads2 pro-
moters, the base composition between them was obviously dif-
ferent excepted for the underlined four bases (T, G, T, A). It
indicated that the conserved four bases might play a key role
in the site recognition and binding on Fads2 promoter by
SREBP. In addition, the predicted binding sequence was
more identical to the classic SRE sequence (forward sequence
5/-ATCACCCCAC-3’, reverse sequence 5'-GTGGGGTGAT-3"),
while the binding site of teleost Fads2 promoters was more sim-
ilar with the modified SRE sequence of 5'-CTCACACGAG-3'®37,
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Fig. 5. Amino acid sequence (A), prokaryotic expression (B) and purified protein (C) of Sinonovacula constricta sterol regulatory element binding protein (SREBP)-D.

The underlined portions are the bHLH-Zip motif of S. constricta SREBP.

SREBP-D - + + + + + +
3’ Biotin labelling + + + + + + +
Wild competitor  — - + ++ 44+ - -
Mutant competitor — - - - - ++  +++

Fig. 6. Binding activity of Sinonovacula constricta sterol regulatory element
binding protein (SREBP)-D to the predicted regulatory site of A6 fatty acyl desa-
turase (Fad) promoter. ‘+’ and ‘~’ indicate that the component was added or not,
respectively. ‘+’, ‘++" and ‘+++" mean that the amount of unlabelled wild or
mutant competitor probe is 100-, 500- and 1000-fold, respectively, of that of
the 3’ biotin-labelling probe.

It indicated that the SRE sequence might be differentiated during
species evolution.

Honestly, though no direct evidence of SREBP regulating AG
Fad expression for LC-PUFA biosynthesis in S. constricta in vivo,
some clues have been observed in our previous work. For exam-
ple, the expressions of SREBP (not published) and AG Fad
exhibit similar patterns in S. constricta larvae at early develop-
mental stages and when fed with different microalgae of distin-
guished LC-PUFA composition®®. Besides, an experiment of
silencing SREBP in S. constricta has been in progress by our
group, which should provide more direct evidence in the near
future.

In conclusion, in the present study, the transcriptional activity
of S. constricta A6 Fad promoter was demonstrated to be

activated by SREBP, and the binding site of SREBP on the A6
Fad promoter was predicted; thus, the potential molecular
mechanism of SREBP regulating A6 Fad expression in S. con-
stricta was revealed. This was the first report on the regulatory
mechanism of LC-PUFA biosynthesis in marine molluscs, which
would facilitate optimising the LC-PUFA biosynthetic pathway of
bivalves in further studies.
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