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Abstract

Calreticulin (CRT) is a highly conserved Ca?*-binding protein and chaperone in the endoplasmic reticulum,
which mainly participates in adjusting calcium level and directing proper conformation of proteins. Here, we
cloned the crt gene of the scleractinian coral Galaxea astreata, named Gacrt, and analysed its ability to drive
bacterial agglutination. The full-length Gacrt cDNA consisted of 1 792 nucleotides and contained a 77 bp 5’
untranslated region (UTR), a 380 bp 3’ UTR and a 1 335 bp open reading frame (ORF) that encoded a 444 amino
acid protein. The deduced peptide possessed a signal peptide domain, an endoplasmic reticulum retrieval signal
sequence (KDEL), two potential calreticulin family signature motifs and a set of triplicate repeats. We also found
that the recombinant GaCRT protein could promote agglutination of both the Gram-positive bacterium

Micrococcus luteus and the Gram-negative bacterium Escherichia coli.

These results show that the GaCRT protein

can enhance bacterial agglutination, hinting that GaCRT is an immune-relevant molecule involved in host

defense against bacterium.
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1 Introduction

Calreticulin (CRT) was first isolated from the endoplasmic re-
ticulum (ER) of rabbit skeletal muscle (Ostwald and MacLennan,
1974), and first cloned in 1989 from mouse liver (Smith and Koch,
1989). Typical CRT has three functional domains: the N-terminal
domain, the P-terminal domain and C-terminal domain
(Michalak et al., 1999; Baksh and Michalak, 1991). The N-termin-
al domain has a signal peptide and two conserved CRT-family la-
bel sequences (KHEQNIDCGGGY and IMFGPDICG). The P-ter-
minal domain is proline rich and has a high affinity and low ca-
pacity Ca?* binding site and two groups of three repeat se-
quences. The C-terminal domain has a high capacity and low af-
finity Ca?* binding site and a typical endoplasmic reticulum re-
tention signal peptide (K/H)DEL, which enables CRT to enter
and reside in the ER.

As an ER retention protein, CRT is responsible for maintain-
ing Ca?* homeostasis and functions as a molecular chaperone to
help proteins fold correctly (Michalak et al., 1999). In addition,
CRT is also found in other membrane structures and is involved
in many physiological processes, such as transcriptional regula-
tion and gene expression, cell adhesion and recognition, and re-
moval of apoptotic cells (Qiu and Michalak, 2009; Gu et al., 2008;
Gold et al., 2010). As an important Ca?* binding protein, CRT par-
ticipates in a variety of biological calcification processes, such as
in the production of teeth (Kobylewski et al., 2017) and bone

(Fischer et al., 2017). Studies of highly calcified organisms, in-
cluding the marine shellfish Pinctada martensi and the freshwa-
ter shellfish Hyriopsis cumingii, have shown that CRT is highly ex-
pressed in the mantle, suggesting that it is important for calcifica-
tion (Xia et al., 2013). Moreover, the role of CRT in immunity has
attracted more and more attention. In plants, over-expression of
CRT confers resistance to drought or cold weather (Jia et al.,
2008). In mammals, CRT is considered to be a potential tumour-
associated molecular marker (Wang et al., 2013). In fish, CRT ex-
pression is significantly upregulated after infection with Edward-
siella, a pathogen associated with septicaemia (Peatman et al.,
2007). The amphioxus CRT protein can specifically bind the
Gram-positive bacterium Staphylococcus aureus and the Gram-
negative bacterium Escherichia coli (Liu et al., 2013). In inverteb-
rates, CRT regulates insect immune responses by participating in
early encapsulation (Zhang et al., 2006), and the transcription of
CRT is upregulated in the white prawn Exopalaemon carini-
cauda (Duan et al., 2014) and the shrimp Penaeus monodon
(Wang and Chen. 2006) after infection with white spot syndrome
virus (WSSV). In one study, it was found that the expression of
CRT in the reef coral Acropora tenuis increases in response to ex-
posure to the antifouling agent tributyltin chloride (TBT-Cl); the
same authors found that the protein works alongside the heat
shock proteins in the high-temperature stress recovery process
(Yuyama et al., 2012). In fact, Dunlap et al. (2013) have classified
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CRT as a stress response protein after analysing the proteome of
Acropora digitifera. Here, to enrich our knowledge of this protein,
we identified the crt gene of one of the scleractinian corals,
Galaxea astreata (designated as Gacrt) and investigated its bio-
activity in bacterial agglutination.

2 Materials and methods

2.1 Identification and characterization of Gacrt cDNA

Galaxea astreata colonies collected from the Xuwen Coral
Reef National Nature Reserve (20°10'36”-20°27'00"N,
109°50'12"-109°56'24"E), Zhanjiang, Guangdong Province,
China, were transferred to a flow-through aquaria system and
maintained in (27+0.5)°C seawater at a salinity of 31, pH 8.1, and
with a light:dark cycle of 12 h:12 h. Total RNA was extracted by
the TRI Reagent (MRC Inc., USA), and the concentrations and
quality were determined using the Thermo NanoDrop 2000 and
1% agarose gel. Reverse transcription of 1 pg total RNA was car-
ried out using a PrimeScript™ RT reagent Kit with gDNA Eraser
(Takara, Japan) according to the manufacturer’s instructions.
Gene-specific primers were designed based on the G. astreata
transcriptome data (unpublished) (Table 1). To amplify the Gac-
rt cDNA fragment, polymerase chain reaction (PCR) was per-
formed at 94°C for 3 min, followed by 35 cycles at 95°C for 30 s,
55°C for 45 s, 72°C for 30 s, and a final extension step at 72°C for
10 min.

To clone the full-length Gacrt gene, the cDNA template was
synthesized with the SMARTer™ RACE cDNA Amplification Kit
(Takara, Japan), followed by nest- and touchdown-PCR for amp-
lification of the 5" and 3' ends. The first and nested primers were
designed based on the obtained partial nucleotide sequences of
Gacrt. The universal primer mix (UPM) was a mixture of long and
short primers (supplied with the SMARTer™ RACE cDNA Ampli-
fication Kit). The Gacrt-5"-outer or Gacrt-3'-outer primers and
UPM were used in the first round of PCR, and the second round
of PCR was performed using the Gacrt-5"-inner or Gacrt -3'-inner
primers and the NUP (nested universal primer) for the 5’ and 3’
cDNA ends, respectively. The touchdown PCR procedure in-
volved 3 min of initial denaturation at 94°C, 10 cycles of denatur-
ation at 94°C for 30 s, annealing at 65°C (with 1°C decreases from
65°C to 55°C in every cycle) for 45 s, and extension at 72°C for 90 s
followed by 94°C for 30 s, 55°C for 45 s, 72°C for 90 s for 30 cycles,
and 72°C for 10 min.

The PCR products were purified and subcloned into the
pEASY-T5 Zero cloning vector (TransGen). After transformation
into the Trans1-T1 Phage Resistant Chemically Competent Cells
(TransGen), positive clones were sequenced by Sangon Biotech
(Shanghai). Full length Gacrt cDNA was synthesized by aligning
the three overlapping fragments.

2.2 Sequence analysis
Coding regions were predicted using ORF Finder (https://www.

Table 1. Primers for Gacrt cloning and prokaryotic expression

ncbi. nlm.nih.gov/orffinder/). ProtParam was used to predict the
molecular weight and isoelectric point (http://web. Expasy.org/
protparam/). Functional domain prediction was performed at ht-
tp://smart.embl- heidelberg.de/. The SignalP 4.1 server was used
to predict the signal peptide. Putative phosphorylation sites and
N-glycosylation sites were predicted at http://www.cbs.dtu.dk/
services /NetPhos/ and http://www.cbs.dtu.dk/services/
NetNGlyc/, respectively. MEGA 6.0 was used to construct a
phylogenetic tree by the neighbour-joining method, with the
bootstrap setting as 1 000. The protein sequences used for the
alignment and to construct the phylogenetic tree were as follows:
Orbicella faveolata (XP_020627206.1), Exaiptasia pallida
(XP_020900968.1), Lottia gigantea (XP_009056939.1), Pinctada
fucata (ABR68546.1), Ascaris suum (ADY44096.1), Danio rerio
(AAH68336.1), Mus musculus (CAA33053.1) and Homo sapiens
(AAA36582.1).

2.3 Construction and induction of the Gacrt expression vector

The Gacrt ORF was amplified with primers containing Bam-
HI and HindIII restriction enzyme cutting sites (Table 1). The
PCR program is the same as the touchdown-PCR mentioned
above. This PCR product was digested with BamHI and HindIII
and sub-cloned into the pET32a vector, which was previously cut
with the same enzymes. Escherichia coli BL21 competent cells
were transformed with the recombinant plasmid and cultured in
LB liquid medium containing ampicillin. When the culture
reached an ODg, of 0.6-0.9, IPTG was added to a final concen-
tration of 1 mmol/L to induce expression of the recombinant pro-
tein at 37°C for 4 h. The recombinant protein was concentrated
and purified by a Ni-NTA resin column and Amicon’ Ultra-0.5
centrifugal filter (Merck Millipore). The protein concentration
was determined by the Easy Protein Quantitative Kit (Bradford)
(TransGen).

2.4 Effect of recombinant protein on bacterial agglutination

The Gram-positive bacterium Micrococcus luteus and the
Gram-negative bacterium Escherichia coli were grown to an
0Dy, 0f 0.07. Moreover, 30 pL of the recombinant protein
(100 pg/mL) was mixed with an equal volume of E. coli or M.
luteus, the mixture was incubated at room temperature for 30 min,
and then 30 pL aliquots of the microbial suspensions were
sampled and applied to microscope slides, the bacterial agglutin-
ation was observed under a microscope. BSA was substituted in
the control groups.

3 Results

3.1 Sequence analysis of Gacrt

The full-length Gacrt cDNA was 1 792 bp long, with a 77 bp 5'-
untranslated region (UTR), 380 bp of 3' UTR, and a 1 335 bp open
reading frame (ORF), which encodes 444 amino acid residues.

Primer Sequence (5'-3") Function
Gacrt-F ATAGCAATGCGTCAGTTGT middle fragment PCR
Gacrt-R TAGCAGAAGACCCGAAAA

Gacrt-5'-outer GGTGAAGAGAAATCAGAGGAAGGGGGA 5'-RACE

Gacrt-5'-inner TCTGCGCTTCACATAATAGATCCTGTG

Gacrt-3'-outer CGTAACCACCTCCACAATCAATGCTCTG 3'-RACE

Gacrt-3'-inner
Gacrt-ORF F
Gacrt-ORF R

CGTCGAACTTGGCCGAAAGTCCGTA
CGCGGATCCATGGAACTTTGCCGTTTAAT
CCCAAGCTTTTAAAGTTCATCTTTGGGTGC

double enzyme digestion primer
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The 3' UTR had a polyadenylation signal AATAAA at nucleotide
positions 1 744-1 749 and a 29 bp polyadenylation tail. A Kozak
consensus sequence (PuUNNATGPu) was found surrounding the
initiation codon (ATG). This cDNA featuring 99% nucleotide was
compared with the corresponding sequence of the published G.
astreata transcriptome (Kenkel and Bay, 2017). We therefore
concluded that Gacrt encoded the G. astreata crt gene. The gene
has been uploaded to GenBank with the accession number
MH128130.

According to the deduced amino acid sequence, GaCRT has
the molecular formula C,,4;H;,,,N;,,0,,6S,;, a molecular weight
of 51.85 kDa, and a theoretical isoelectric point of 4.43. This de-
duced protein can be considered hydrophilic, since the grand av-
erage of hydropathicity (GRAVY) is -1.301. Signal P 4.1 server
analysis revealed that it had a signal sequence of 17 amino acid
residues. Putative phosphorylation sites were predicted, showing
there were 13 serine (Ser),16 threonine (Thr), and 9 tyrosine (Tyr)
phosphorylation sites. However, no N-glycosylation site existed.
Two conserved CRT-family sequences were found (K'°HEQSID-
CGGGYVKIF!5 and I'¥2MFGPDICG!%), and a set of triplicate re-
peats was also present (I21'KDPEAKKPEDWD?222, [227DDPEDKKP
EDWD?239, and I?4PDPDAKKPDDWD?56). In addition, an ER sig-
nal sequence (KDEL) is located at the C-terminal (Fig. 1).

3.2 Multiple sequences and phylogenetic analysis
When compared to other animal species, Clustal Omega
alignment result indicated that the peptide sequence is highly

conserved in all of the selected animals (Fig. 2). However, the C-
terminal end of CRT from coelenterates is more than 20 amino
acid residues longer than in the other animals. In addition, the
ER signal sequence of the sea anemone E. pallida is RDEL, which
is inconsistent with the typical motif KDEL or HDEL. According
to the neighbour-joining method (MEGA 6.0), all of the CRT
amino acid sequences clustered into 2 branches: one is inverteb-
rate, and the other is vertebrate. Galaxea astreata CRT clustered
with O. faveolata and E. pallida in the coelenterate clade (Fig. 3).

3.3 Prokaryotic expression of rGaCRT

The recombinant protein was analyzed by SDS-PAGE, and
one major protein with an apparent molecular weight between
70-100 kDa was detected, consistent with the predicted molecu-
lar mass of the GaCRT protein (51.85 kDa), plus the fusion pro-
tein added during pET-32a expression (approximately 21 kDa) (Fig. 4).
The concentration of the purified recombination protein was
103.02 ug/mL, as determined by the Bradford method.

3.4 The promoting effect of rGaCRT on bacterial agglutination

Compared with the blank control group and the BSA control
group, the obvious agglutination phenomenon was observed in
the Gram-positive bacterium M. luteus and the Gram-negative
bacterium E. coli after incubation with the recombinant protein
rGaCRT. These results indicate that rGaCRT can promote the ag-
glutination of these two bacteria (Fig. 5).

1 ACATGGGGACAGCGACAACTTTCATICGAACAG TTTTACTTCGAAGG TTTAGCTGGAGTTAG TTTGCATTT TAHATTATGGRACTTTGCC

1 X ELC

91 GTTTAATTTTCTTAGCTTTAGICTCTTGCG TGCTAGCAG AAGACCCGARAATCTACTTTG TGGAGAAATTCG AAGACG AGAGTTACACGG
5 RL ILFL ALY SSCVLAEDPEKTITYFYVEERKTFEDESTT

181 ACAGATGGACTGARTCCACCTACARAGCAAGTG ACGCTOG ARAATTCAAG TCGACGGCTGG AAAATTTTACAACGATG TCGATTTAGACA
35 DRWTESTTYEXKGSDAGETFEKWTAGEKTFTYIHNDVYDLD

271 AAGGTATTCAGACTAGTCAAGATGCTARG TTTTACGGACTTTCGGCCARG TTCGACG AGCCE TTCTCARATG AMGGCAAACACTGG TG
65 K6 I QT sSQDAKFTYGLSAKFDEPTFSHNEGETLY

361 TTCAGTTCCAAGTTAAACACGAGCAGAGCATTGATTG TGGAGG TGG TTACG TTAAGATCTT TG ACAG TARACTTGATCAG AAGCAAATGC
95 VQFQVKHEQSTIDCGGGYVY KIFDSEKLDGO QEKG QHN

451 ATGGAGATACTCCTTACCACATCATG TTTGGGCC TEATATCTG TGGACCTGG TACCAAG RAAGTTCATG TGATCTTCAACTATAAMGG AA
125 HG6DTPYH|I HFGPDICGIPGTEKEKTYHYTIFHNTYEKSG®E

541 AGAACTTGCTTACCAAGARAGATATCAGATGC AAGGATGATG AATT TACACATCTTTACACCCTCATTG TAAAACCTGACAACACCTATG
155 KN LLTEKEKDTIRCEKDDETFTHLTYTLTIVEKPDENTSFY

631 AAGTGCCCATTGATGGATCGAAGS TTGARAG TGG TCAGCTTC AAGCAGATIGGGACTTICTTGCCACCARAG AAGATCAAGGACCCCG ARG
185 EVRIDGSEKVESGELEADUYWDFLFPFPEKTEKLTIEKTDEPE

721 CCAAGAAACCTGAAGATTCGCATCATAMAAG ARAATTCATCATCCTG AAGATAAGARACC TG AGG ACTCGGACARACCCCAACACATCC
215 AKKPEDWDDEKEKTEKZIDDEPEDTEKTEKEPEDVWDEKEPQHI
811 CAGACCCTGATGCCARARAGCCTG ACGATTGGGATCATG AGATTGATGGCG AG TGGGAACCACCAATGATTGATAACCCTGATTACAAGE
245 PDPDAKEKPDDUWDDETIDGETVWEPPNIDNEPDTYEK

901 GTGAATGG ARACCCAAGC ARATTG ACAACCCTARCTACAAAGG T AATGGATTCACCCAG ARATTGACAACCCCGAGTATCAACCTGACG
275 GEVKPEKGQIDNPHNYEKGEGVYTIHPETIDENPETSQEPD

991 ATATGCTGTACAAATATGATGATATTAGTGCCATTGG TTTIGATTTATGGCAGG TARAATCAGGAACTATTTTTGATAATG TGCTGATTA
305 DMLYEKYDDTISATIGEDLVYQVEKSGTTIFDNVLI

1081 CAGATTCAGTIGAG TATGCTCARACATTTGCTAAGG ARACATTCG AG AAAACTAAGG AAGG AG AARAG AAAATG ARGGATG AGCAAGATG
335 TDSVETYAETFAEKETTFEEKTEKEGETEKEKTIHEKDEG QD

171 AGAAGGAACGCAARG AACGAGAGG ACGAAGAG ARG AAGCCARAGG ACGAAGAAGACAAAAAG ALAGCTC AAGAGC AACATC AGC AAGAAG
365 EKEREKERTETETETETEKE KA AEKETEETDEKTEKTEKALETEETDTETEE

1261 AGCAGGAAGAGGAGG AACAATCTAAAGAAGG TG AAG AGARATCAGAGGAAGGGGGAACTG AAGAGCCTARAG ARG AAGC TG AGARACARA
395 EEEEEEESEKEGEEEKSEEGGTETETPEKTEEHA EEKQ

1351 CTCAAGAATCTGCAACTG ARG AGGAGGAGG ARG AAG AAACTGCACCCARAGATG AACTTTAATTGAATTCATGCAGCTAGGCATTTTTAA
425 TEESATEEEEEEETAP*

1441 TAAAAACAARGAACG TTATATCTGCGCTTCACATAATAGATCC TG TCACCTOE TTTTAGG TGG TG TAACAATATTTIGTTICAAGTATCAG
1531 GACTGTAAAGTTCCAGACCTTICCCCATTATTATAATACG TACATTTTAATCCTCTTT TAARAG TTGARCTTC TACAACTGACGCATTCE

1621
1711

TATTTAACCTTGCGCATTCACCTCTICACTTTGAGAAAACTCTTCTGGCTATAATTTGCTCATTAG TG TC TG TCTTGGCAGCACAATATG
TTGTATTATCAGTG TTAMATTAATTTCT TG TT TEATAAARAAACAAMACACG TAAMAAAAARALDAAANARARAMARALAAL

Fig. 1. Nucleotide and putative amino acid sequence of Gacrt. The predicted signal peptide is indicated by the dotted line. The two
calreticulin-family signature sequences are marked with dotted boxes. Triplicate repeats are highlighted with lines. The ER retrieval
signal sequence (KDEL) is enclosed in an oval. The Kozak consensus sequence is in a transparent box, and the polyadenylation signal
is in the grey box.
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Multiple sequence alignments of CRT amino acid sequences.
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Fig. 3. Cluster analysis of CRT amino acid sequences. The sequence isolated in this study is marked with box. Numbers of each node

indicated the percentage of bootstrapping of a 1 000 replications.
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Fig. 4. pET32a-GaCRT prokaryotic expression. a. M: protein molecular weight marker; 1: rGaCRT without induction; 2: rGaCRT
induced with IPTG; 3: pET-32a. b. 1: purified protein, M: protein molecular weight marker. The rGaCRT protein is highlighted with a

box.

4 Discussion

This study identified the crt gene sequence of G. astreata
(Gacrt) and analysed its structure, expression and biological ef-
fects. GaCRT possesses typical characteristics of calreticulin, in-
cluding conserved CRT-family sequences (KHEQSID-
CGGGYVKIF and IMFGPDICG), a set of triplicate repeats and an
ER retrieval signal sequence (KDEL). Since the signature motif
MELCRLIFLALVSCVLA was found in the N-terminal domain, G.
astreata CRT can be predicted to be a secretory protein. Consid-
ering CRT is expressed at higher level at the post-settlement stage
of A. millepora than at the pre-settlement stage (Hayward et al.,
2011) and it plays an important role in cell adhesion, we specu-
lated that CRT may participate in the attachment process of plan-
ula larvae. Through multiple sequence alignment, we found that
CRT has strong similarity in both vertebrates and in inverteb-
rates, indicating that CRT has been highly conserved during an-
imal evolution. It is noteworthy that the C-terminal of the CRT
amino acid sequence from coelenterates is obviously longer than
in other animals by more than 20 amino acid residues. The C-ter-
minal plays important roles in protein function and location. For
example, the last 9 amino acids at the C-terminal end of myostat-
in (a member of the B-transforming growth factor family) are
identical in vertebrates and invertebrates. When the C-terminal

end was changed, myostatin had an opposite function (Zhuo et
al., 2017). A study of the oyster (Pinctada fucata) calmodulin-like
protein (CaLP) also indicated that the C-terminal tail plays im-
portant roles in the interactions between CaLP and its targets (Li
et al., 2006). Based on the observation that the extra C-terminal
fragment is located before the ER retrieval signal sequence, and
the C-terminal domain is responsible for regulating the interac-
tion with ER proteins (Corbett et al., 1999), the extra fragment
may be related to a function in the ER.

CRT has been shown to be an immune-relevant molecule as-
sociated with immune responses in both vertebrates and inver-
tebrates, including plants (Jia et al., 2008), mammals (Wang et al.,
2013), fish (Peatman et al., 2007), cephalochordates (Liu et al.,
2013), shrimp (Duan et al., 2014; Wang and Chen, 2006) and in-
sects (Zhang et al., 2006). In coral, it was shown that CRT is in-
volved in a stress response caused by pollutants and high tem-
perature stress (Yuyama et al., 2012), and is considered to be a
stress response protein (Dunlap et al., 2013). In this study, rGaC-
RT could promote the agglutination of the Gram-positive bacteri-
um M. luteus and the Gram-negative bacterium E. coli, suggest-
ing that rGaCRT can participate in immune-related reactions,
directly or indirectly play an immune-related role, to avoid the
interference of bacteria. Amphioxus CRT also has a similar func-
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Fig. 5. Bacterial agglutination induced by rGaCRT (bars = 20 pm).

tion, as demonstrated by work showing that Branchiostoma ja-
ponicum recombinant CRT was able to bind E. coli and S. aureus
(Liu et al., 2013). It is likely that the ability of CRT to act as an im-
mune-relevant molecule is highly conserved throughout animal
evolution. In addition, since GaCRT is secreted, it may exist in the
mucus of coral to support the mucus’ immune function.

In conclusion, in this study, the crt gene from G. astreata was
cloned and characterized. The results show that rGaCRT can pro-
mote the agglutination of Gram-positive and Gram-negative bac-
teria, such as M. luteus and E. coli, supporting the hypothesis that
CRT is an immune-relevant molecule that participates in host de-
fense against bacterium.
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