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The branching coral Stylophora pistillata, one of the
ost abundant hermatypic corals along the coasts of

he Red Sea, has been used for many years as a model
pecies for coral biological studies. Here we character-
ze the first coral heat shock protein 70 gene (SP-
SP70), cloned from S. pistillata, to be used as a tool

or studying coral stress response. The cloning was
arried out by a combination of PCR methods using
eterologous, degenerate HSP70-based primers, fol-

owed by plaque-lift screening of a genomic library.
he sequenced clone (5212 bp), contains a complete
953 bp, intronless open reading frame, and 5* and 3*
anking regions of 1,935 and 1,324 bp, respectively.
ATA, CAAT, and ATF boxes as well as 11 putative
eat shock elements were identified in the SP-HSP70
* flanking region. A polyadenylation site was identi-
ed in the 3* flanking region. SP-HSP70 protein se-
uence resembles the cytosolic/nuclear HSP70 cluster.
T-PCR studies confirmed SP-HSP70 mRNA expres-

ion in corals grown within their normal physiological
onditions. Furthermore, SP-HSP70 has been shown
o belong to the coral genome and not to its symbiotic
lgae one, as revealed by SP-HSP70 PCR amplifica-
ion, using purified algal and coral DNA templates.
1999 Academic Press

Key Words: HSP70; corals; Gulf of Eilat; Stylophora
istillata.

Members of the phylum Cnidaria which contain
104 contemporary species are primarily marine or-

anisms that inhabit a wide variety of habitats, from
he tropics to the arctic and from shallow waters down
o the ocean’s depths. Scleractinian (reef building) cor-
ls, a major cnidarian group, are key members of coral
eef communities, in which they form massive struc-

1 Corresponding author. Fax: 972-4-8511911. E-mail: tom@ocean.
rg.il.
The nucleotide sequence data reported in this paper were submit-

ed in GenBank under the Accession Number AF152004.
103
ers. A central environmental issues in the context of
lobal climate change is the susceptibility of sclerac-
inian corals to temperature changes, UV radiation
nd other natural and anthropogenic stress inducers.
uch perturbations are probably the causes for the
ecent worldwide documentation of coral bleaching
the loss of symbiotic algae) and mortality (1–3). Cel-
ular stress responses protect organisms from damage
ollowing exposure to stressors. Therefore, understand-
ng these responses in corals and evaluating their pro-
ective limits, would assist the explanation of the
tress-related biological phenomena.
Stress responses entail rapid synthesis of a highly-

onserved proteins, the heat-shock proteins 70 (HSP70s),
hich are found in diverse organisms from bacteria

o mammals (4–6), found in every species in which
hey have been sought including aquatic organisms
7, 8). HSP70s are induced by stressful factors such
s extremes of temperatures, cellular energy deple-
ion, UV radiation, presence of heavy metals and
mino acid analogs and others. Their gene expression
s also cell cycle dependent, serum responsive, and is

odulated by several oncogenes. Other HSP70s, des-
gnated heat shock cognates are constitutively ex-
ressed (reviewed in 8–11). A major mechanism of
SP70 stress-related transcription induction, operates

hrough binding of regulatory proteins, the trimeric
eat shock factors (HSFs) to HSP70 59 flanking heat
hock elements (HSEs), located upstream of the TATA
ox (9, 12). Heat-, metal-, or amino acid analog tran-
cription induction of HSP70s is all mediated via the
SF-HSE route (10). HSP70s stress-related response

s understandable in view of their cellular function as
rotein chaperones, involved in proper folding or un-
olding of nascent polypeptides, proteins translocated
hrough membranes or denatured proteins. HSP70s
ontain a peptide binding domain which is attached to
he chaperoned protein, preventing malfolding and is
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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eleased through ATPase activity carried out by their
TPase domain (13–16).
Eukaryotic HSP70 sequences are divided into four

lusters, corresponding to their intracellular localiza-
ion, cytosolic/nuclear HSP70s, endoplasmic reticulum
ER) residents, termed also glucose-regulated proteins
8 (GRP78), and mitochondrial group. Plants HSP70
ourth group is located in the chloroplast (5).

Cnidarian HSP70 genes were cloned and characterized
nly from two Hydra species (17, 18). In both cases they
ere heat-induced, although expressing different mRNA
alf-life patterns and consequent difference in the level of
SP70 protein expression. However, HSP proteins were

FIG. 1. The sequence of SP-HSP70 and its flanking regions. Prom
he 59 UTR region are underlined. Consensus amino acids according
nderlined and the nonorganellar eukaryotic consensus (Rensing an
TR is double underlined.
104
etected in other cnidarians following heat shock, by
AGE-SDS, and Western blot using heterologous HSP
ntibodies. The examined species include a scyphozoan
ellyfish (19), sea anemones (20, 21), hermatypic corals
21–24), and symbiotic algae (zooxanthellae) residing
ithin a variety of cnidarians (25).
Not much is known of the cellular-biochemical bases

f the cnidarians stress-related biological responses
26), and studying the stress-related function of coral
SP70 may contribute to our understanding of the

oral environmental physiology (7, 8).
Our target species is the common Red Sea herma-

ypic coral Stylophora pistillata (a branching species),

r transcriptional elements are double underlined. Putative HSEs at
oorstein et al. (1994) are underlined, putative NLS is italicized and
aier, 1994) is dotted underlined. The polyadenylation site at the 39
ote
to B
d M



o
E
(
s
i
i
r
e

a
c
r

M

o
p
p
n
w
S
k
d
G

t
p
w
a
f
p
I

l

DNA) was isolated by high molecular weight DNA purification kit
(
u
i
p
T
p
i
a
h
a
w
w
p
T
c
T
i
s
s
G
g

a
i
p
s
s
i

t
t
c
c
a

H
u

H
G
C
m
p
s
C
a
fi
e
(
G

d
f
o
T

g
c
(
D

l
a
fi
r

Vol. 262, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ne of the most abundant coral species in the Gulf of
ilat, found in shallow waters down to at least 60 m

27), and used for almost 30 years as a model coral
pecies (28). An intimate knowledge was accumulated
n regard to its life history patterns, physiology, inter-
ntraspecific interaction, reproductive activities, growth
ates, senescence and more, which make it a preferred
xperimental species.
This study is aimed at revealing the molecular char-

cterization of its HSP70, an essential tool for future
ellular, biochemical and physiological studies of stress
esponse in corals.

ATERIALS AND METHODS

General methods and sample collection. General molecular meth-
ds, agarose and agarose-formaldehyde gel electrophoresis, DNA
urification from the gel and from l phages, DNA 32P random
riming, Southern hybridization, plasmid manipulations, DNA phe-
olation, ethanol precipitation, and plaque-lift library screening
ere carried out according to (29) or by using commercial kits.
equencing was carried out using the ABI-Prism Big Dye sequencing
it (Applied Biosystems). Sequence analysis and comparison to gene
atabases was performed by the Wisconsin Package Version 9.1,
enetics Computer Group (GCG), Madison, Wisconsin.
Collection of material was carried out in the coral reef, in front of

he Marine Biological Laboratory at Eilat. Coral branches were
runed underwater, at a depth of 5–6 m, by side cutters. Fragments
ere washed with seawater several times to eliminate excess mucus,
nd placed in plastic containers. Coral planulae larvae were collected
rom gravid colonies in situ as described (30). Collected material was
laced in an isolated container and transported to the National
nstitute of Oceanography in Haifa.

Purification of high-molecular-weight DNA and RNA. S. pistil-
ata high molecular weight DNA of whole animal (coral and algal

FIG. 1—Continued
105
G-nome DNA kit, Bio101, Vista, California) according to the man-
facturer instructions. Chopped coral branch tips (0.0.5–1 cm) were

ncubated in the lysis solution, during the first purification step, to
ermit lysis of the soft coral tissue overlying the calcareous skeleton.
he isolated DNA was further purified by phenolation and ethanol
recipitation. High molecular weight DNA was also purified from
solated symbiotic algae cells, and from algae-free coral homogenate,
s followed: batches of ;200 S. pistillata planulae were manually
omogenized on ice, in 1 ml seawater, by glass-Teflon homogenizer,
nd were centrifuged for 2 min at 4°C, 12,000 g. The supernatant,
hich contained only the animal cell DNA, was immediately mixed
ith the relevant components of the G-nome DNA kit, and DNA
urification proceeded according to the manufacturer instructions.
he pellet which contained intact algae, and also broken algal and
oral cells, was resuspended in 1 ml seawater, brought to 0.1%
riton-X-100 and incubated for 10 min at room temperature. Follow-

ng incubation, the clean, intact algal cells were precipitated, the
upernatant was discarded, and the cells were washed twice in
eawater. Algal DNA was purified from the isolated cells using the
-nome DNA kit. DNAs integrity was verified on 1% TAE-agarose
el (Fig. 2).
Total RNA was isolated from S. pistillata fragments by the TriRe-

gent isolation kit (Molecular Research Center, Inc. U.S.A.), follow-
ng the manufacturer instructions. The first step was modified to
ermit lysis of the soft tissue overlying the calcareous skeleton, by
haking the 0.5–1 cm chopped coral branch tips in the TriReagent
olution for one hour at room temperature. RNA integrity was ver-
fied on 1% agarose-formaldehyde gel.

PCR procedures—General. PCRs were carried out on PTC-100
hermal cycler, NJ Research; or Robocycler, Stratagene. The reac-
ions were usually performed in a volume of 25 ml PCR solution,
ontaining adequate amount of template DNA, 5 pmol of each spe-
ific primer or 50 pmol of each degenerate primer, 0.2 mM dNTP mix,
nd 1.25 units of Taq polymerase.

Cloning of S. pistillata HSP70 partial gene. A 990 bp S. pistillata
SP70 (SP-HSP70) partial gene (designated clone 18) was cloned
sing PCR-related methodologies, in two stages:
A 683 bp fragment (designated clone 5) was cloned using a set of
ydra HSP70 primers (Gellner et al., 1992) (forward primer:
GATCCGGNA CNACNTATTC NTGTGT; reverse primer: CTG-
AGGAAA TCTTCACCGC CAAG) and 1 mg of S. pistillata high
olecular weight DNA template. A second fragment (clone 9; 917 bp)

artly overlapping clone 5, was amplified using forward primer de-
igned according the clone 5 sequence (GTCTCTGTGCTAAC-
ATCG) and a reverse degenerate primer, that was designed using
conserved HSP70 sequence (CCYTTRTCRT TNGTDATNG). The

nal probe, clone 18 (990 bp) was amplified by using designed prim-
rs in accordance with the sequences of the former two fragments
forward-GACCCCCTGG TTCAATCCGAC, reverse-CCCACCGGCA
TTTCAATCC C), and was used to screen the library.
The thermal cycler was programmed during the cloning proce-

ures to 35 cycles of 94°C (1 min), 50–55°C (1 min), and 72°C (2 min)
ollowed by 15 min at 72°C. The resulting products were visualized
n a 1% TAE-agarose gel, isolated from the gel, cloned into pGEM-
-easy vector (Promega) and sequenced.

Construction and screening of S. pistillata genomic library. A
enomic library of a 8–22 kb insert range was constructed by a
ommercial company (Clontech, California) in l-DASH II vector
Stratagene) from partially MboI digested high molecular weight
NA, separated on a sucrose gradient.
The genomic library was screened for HSP70 gene by the plaque-

ift method using the 32P-labeled clone 18. The cloned phage was
mplified in MRA(P2) E. coli strain (Stratagene), its DNA was puri-
ed, and digested by PstI. The resulting fragments were electropho-
esed and hybridized to a labeled clone 18. The only labeled fragment
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as cloned into pBluescript plasmid, (designated clone 27) and grad-
ally sequenced, using vector primers and primers designed accord-

ng to already sequenced parts of the insert.

Expression of SP-HSP70 transcription. HSP70 mRNA expression
as examined by RT-PCR using total RNA as template. Reverse

ranscription (RT) was performed in two steps: a volume of 16.75 ml
queous solution containing 100 pmol of the reverse primer CAA-
ACGTTC TTTTCACCG (designated HSP4R) and 3 mg RNA was
eated to 70°C for 5 min and chilled on ice. RT was carried out in 25
l solution, after adding to the primer-RNA solution: 5 ml of 53
everse transcriptase buffer (Promega), 1.25 ml of 10 mM dNTP mix,
5 units of rRNasin, and 200 units of MMLV-reverse transcriptase
Promega). The RT reaction was carried out for one hour at 42°C
ollowed by 3 min at 94°C. Two ml of the RT solution served as PCR
emplate. PCR amplification of the RT products was designed for 35
ycles at 94°C (1 min), 60°C (1 min), and 72°C (1 min) per cycle,
receded by 3 min at 94°C and followed by 5 min at 72°C, using the
everse primer HSP4R and the forward primer HSP4F (ATGGTA-
AGT TGAGATCATC GC).

Genomic origin of the SP-HSP70. The purified algal and coral
NAs were served as PCR templates to identify the presence of
P-HSP70 gene, using the primer pair HSP4F/R. The PCR designed
o 35 cycles at 94°C (1 min), 60°C (1 min), and 72°C (1 min) per cycle,
receded by 3 min at 94°C and followed by 5 min at 72°C.

ESULTS

Clone 27 (5212 bp) contains the entire sequence of
he SP-HSP70 gene (Fig. 1), 1,935 bp in the 59 flanking
egion, 1,324 bp in the 39 flanking region and a 1,953
p complete intronless open reading frame (ORF), in-
luding the stop codon. The characterization of the
RF amino acid sequence was accomplished by its

omparison to amino acid sequences of other HSP70s,
nd was found to be most similar to the cytosolic/
uclear HSP70s (sampled cases in Table 1). Therefore,
he SP-HSP70 amino acid sequence NSKIEEID-stop
odon (amino acids 643-650, Fig. 1) which resembles
he carboxy terminal signature of cytosolic/nuclear
SP70 (GP(T/K)(V/I)EEVD-stop codon; (4)), was as-

umed to be the stop codon site. The translation start
ite was identified by SP-HSP70 comparison to related

SP-HSP70 Protein Sequence Comparisons, with Represe
Mitochondria (MT), Chloroplast (Chl

Species Accession No. Subc

attus norvegicus Q07439
nopheles albuminus P41827
ydra magnipapillata Q05944
accharomyces cerevisiae P10591
us musculus P38647
isum sativum P37900
isum sativum Q02028
orphyra purpurea P30723
rosophila melanogaster L01498
omo sapiens P11021
106
ytosolic/nuclear HSP70s. Both sites defined a protein
f 650 amino acids. Two additional amino acid motifs
ndicate the cytosolic/nuclear assignment of SP-
SP70. They are the RA z FEEL (dotted underlined;
mino acids 303-309, Fig. 1), typical of non organellar
ukaryotic HSP70s, and the bipartite nuclear localiza-
ion signal (KK and RRLKT; amino acids 253–254 and
65–269, respectively, Fig. 1) required for nuclear tar-
eting of cytosolic/nuclear HSP70s (5). There is a com-
lete identity between the HSP70 conserved amino
cids described by Boorstein et al. (4), and the present
equence (separately underlined amino acids, Fig. 1).
he lack of the motif GPKH between amino acids 295-
96, typical of prokaryotic HSP70s (6), render unlikely
he possibility of false prokaryotic cloning.

TATA, CAAT and ATF boxes, basic elements of the
ranscription machinery, can be recognized in the 59
anking region (Fig. 1). HSEs in HSP70 promoters, are
sually composed of varying numbers of the conserved
bp motif, 59-GAA-39, organized in contiguous arrays,
here each unit is inverted relative to the immediately
anking units (31, 32). Using this pattern, 11 putative
SE motifs, most of them incomplete, were identified

n the SP-HSP70 59 flanking region (Fig. 1). In con-
rast, GRP-related regulatory domains (33) were not
ecognized. Comparison of the SP-HSP70 59 flanking
egion to the consensus metal response element (MRE)
dentified in mammalian metallothionein gene (34),
evealed almost complete similarity with the consen-
us (TGCRCNC), lacking only the 39 C, in 6 locations
etween bases 256–1806 of the SP-HSP70. A putative
olyadenylation site was identified in the 39 flanking
egion (Fig. 1).
Constitutive expression of SP-HSP70 mRNA was

hown by RT-PCR, using RNA preparations from five
ifferent S. pistillata colonies, maintained in their
hysiological conditions. The PCR results were run on
% TAE-agarose gel, transferred to a charged nylon

tive Eukaryotic HSP70s Localized in the Cytosol (Cyt.),
.), and Endoplasmic Reticulum (ER)

lar localization
Identity to

SPHSP70 [%]
Similarity to
SPHSP70 [%]

Cyt. 69 77
Cyt. 69 78
Cyt. 68 77
Cyt. 65 75
MT 48 58
MT 48 57
Chloro. 49 57
Chloro. 49 60
ER 59 69
ER 59 69
nta
oro

ellu
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embrane, hybridized to a labeled clone 5 and washed
nder stringent conditions (0.1% SCC, 0.1% SDS,
5°C, 1 hour). The results are presented in Fig. 2,
evealing expression in all colonies. An additional 300
p PCR product was evident in some of the prepara-
ions (Fig. 2a), despite the high PCR annealing tem-
erature. This band showed no affinity to clone 5.
T(2) controls revealed no HSP70 PCR products in
ost cases and faint response in others, indicating

ariability in the purity of the RNA preparations (only
ne result is shown; Fig. 2).
The genomic origin of the SP-HSP70 was detected by
PCR, using isolated coral and algal DNAs as tem-

lates, revealing coraligenous origin of the cloned gene
Fig. 2). The coral high molecular weight DNA ap-
eared more degraded than the algal or the DNA of the
hole animal, probably due to the few minutes elapsed
etween the planulae homogenization and the addition
f the protective components of the purification kit (see
aterials and Methods).

ISCUSSION AND CONCLUSIONS

The study presents the first characterized coral
SP70 gene. The described gene is a typical cytosolic/
uclear HSP70, as indicated by the cytosolic signature
t its ORF 39 terminus (4), the NLS required for nu-
lear translocation and an additional signature of a
on organellar HSP70. Prokaryotic origin of the gene is
egated by the absence of the 4 bp prokaryotic signa-
ure (5). Comparison of the SP-HSP70 to the cnidarian
ydra HSP70 revealed no higher similarity in compar-

FIG. 2. 1% TEA-Agarose gel (a) and its hybridization to 32P-
abelled clone 5 probe (b). Mw, molecular weight marker; T, total S.
istillata DNA (algae 1 coral); A, algal DNA; C, coraligenous DNA.
p, Ap, Cp—PCR products using the corresponding DNAs as tem-
lates; 1–5—RT-PCR products of different total RNA preparations;
RT-)—control PCR product aimed at identifying DNA contamina-
ion. HSP4F/R were used as PCR primers in all the reactions, and
he PCR design was: one cycle at 94°C (3 min), 35 cycles of 94°C
1 min), 60°C (1 min), and 72°C (1 min), and final incubation at 72°C
5 min).
107
le 1), which can be explained by the high degree of
volutionary conservation of this gene. TATA, CAAT,
C rich, activating transcription factor (ATF), and
P-2 motifs, which participate in modes of regulation
ther than heat induction were recognized in upstream
egulatory domains of various HSP70s, and are re-
uired for maximal stress-induced HSP70 transcrip-
ion (10). Part of these domains, TATA, CAAT and ATF
otifs, were recognized also in SP-HSP70 59 flanking

egion (Fig. 1). ATF may indicate cAMP involvement in
he transcription regulation of this gene (35).

Binding of a trimeric HSF to a trimeric HSE is the
ccepted HSF-HSE binding model. The binding is co-
perative, namely, HSF binding to a HSE trimer is
acilitated by adjacent bound HSFs. It was shown also
hat HSE effect is synergistic, and higher induction is
ttained when more HSE arrays are present (31, 32).
ost of the 11 putative HSEs identified in the 59 flank-

ng region of the SP-HSP70 gene do not form trimers
nd are slightly different from the consensus motif. In
ddition, the furthest ones from the TATA box are less
ikely to be functional HSEs. Bienz and Pelham (9)
ompared HSEs location from several HSP70 promot-
rs, and found them up to 426 bp from the TATA box,
nd this range includes only four of the SP-HSP70
utative HSEs. It has to be emphasized that few HSE
epeats can be recognized even in HSC70s which ex-
ress weak stress induction response. All this evidence
ndicates an apparent weak stress-related SP-HSP70
nduction via the HSE-HSF route, which have to be
xamined by direct induction experiments in future
tudies.
It is evident that studying the biochemical basis for

iological response to stressors, would improve our
bility to analyze the effects of environmental pertur-
ations and their combinatory outcomes. The charac-
erization of SP-HSP70, the first stress-related gene
rom a coral, and the demonstration of its mRNA ex-
ression by RT-PCR, may provide useful molecular
ools to reach that goal.
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