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SUMMARY 

We report the nucleotide sequence of a 4470-bp fragment derived from a sea urchin genomic clone containing part of a 
heat-shock protein 70 (Hsp70)-encoding gene. This fragment, named hsp70 gene 11, contains 1271 bp of the flanking region 
and 3299 bp of structural gene sequence interrupted by five in*~'~ms and encoding the N-terminal 371 amino acids (aa) of 
the protein. The 5' flanking region contains a putative TATA etement, two CCAAT boxes, four heat-shock consensus 
sequenct: elements (hse) and one consensus sequence for binding of Sp 1. Remarkable homologies were observed for deduced 
aa sequence and intron-exon organization between hsp70 g e n e / / a n d  rat hsc73 gene. 

INTRODUCTION 

It is well known that all the organisms investigated so far, 
plants, \ er~.ebrates, invertebrates and bacteria, respond to 
environmental stresses (e.g., temperature increase, viral 
infections and other agents such as ethanol or aa analogs) 
by transiently modifying transcription and translation and 
suddenly synthesizing new proteins, the so-called Hsp 
(Levinson et al., 1980; Schlesinger et al., 1982; Li, 1983; Li 
et al., 1984; LaThangue et al., 1984; Atkinson et al., 1985; 
Welch and Suhan, 1985; Schlesinger, 1986; Barettino et al., 
1988; Lindquist and Craig, 1988; Pelham, 1988). The Hsp 
appear to protect the cells from injury by environmental 
stresses. Common to all organisms is the HspT0, and in 
eukaryotes the genes encoding the Hsp70 belong to a multi- 
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Abbreviations: aa, amino acid(s); bp, base pair(s); Hs, heat shock; Hsc, 
Hs cognate protein(s); hse, heat-shock element(s); Hsp, heat-shock pro- 
tein(s); HSTF, heat-shock transcription l~ctor; kb, kilobase(s) or 
1000 bp; nt, nucleotide(s ); p, plasmid; P., Paracentrotus; tsp, transcription 
start point(s); ' (prime), denotes a truncated gene at the indicated side. 

genie family whose nt sequences are highly conserved in all 
organisms so far analyzed (Hunt and Morimoto, 1985). 
Some members of this gene family are constitutively 
expressed and generally contain introns. Other members 
are instead activated by heat shock or other stresses. The 
inducible gene activation is characterized by binding o~'a 
specific transcriptioi~ factor, HSTF, to hse, in the promoter 
region (Wu, 1984; Topoi et al., 1985; Sorger and Pelham, 
1987a; Sorger et al., 1987; Goldenberg et al., 1988). It is 
well known that Hsp are quickly synthesized to help the 
stressed cellular metabolism (Pardue, 1988). The proteins 
constitutively expressed (Hsc) are involved in normal cellu- 
lar physiology; for example, in cellular transmembranic 
import in yeast (Deshaies et al., 1988; Chirico et al., 1988). 

The embryos of the sea urchin P. lividus respond to 
exposure to heat-shock or to zinc ions with the production 
of the two major 72.5- and 70-kDa stress proteins only if 
treated after the hatching blastula stage (Giudice et al., 
1980; Roccheri et al., 1981a; 1986; 1988). In earlier stages 
they do not respond to heat stress as is observed in other 
embryonic developmental systems (Heikkila et al., 1985). 
These Hsp are transiently localized in the nucleus and 
permanently in the cytoplasm (Roccheri etal., 1981b; 
Sconzo et al., 1985). Several studies have been carried out 
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aiming at understanding the cellular and developmental 
mechanisms underlying the Hs response in sea-urchin 
embryos (Sconzo et al., 1983; 1985; 1986; Giudice, 1988). 

Sconzo et al. (1988) have isolated from a sea-urchin 
genomic library four different hsp70 genes, as a preliminary 
approach to the study of the molecular mechanism of the 
Hs response in these embryos. The aim of the present study 
was the characterization and sequencing of a sea urchin 
cloned hsp70 gene and the structural analysis of its promoter 
region. 

EXPERIMENTAL AND DISCUSSION 

(a) Characterization and subeloning of an isolated clone 
Three different clones containing four hsp70 gene regions 

were previously ;solated, from a genomic library of 
P. lividus sperm ~NA in EMBL3 phage and one of these 
clones, 2PHL1, was thoroughly analyzed (Sconzo et al., 
1988). The iasert of about 14 kb in length contains two gene 
regions, r and II, !ocated at the 5' and at the 3' end, 
respectively (Fig. I). These were detected by cross-hybridi- 
zation with 5' or 3' fragments of the Drosophila hsp70 gene 
probe, and their orientation was determined. From gone 
region H (a BamHI-Se!I segment) three subclones p1718, 
p1716 and pl 1 in the pUC18 plasmids were obtained. The 
isolated fragments, when used as probes for Northern-l~{v~ 
analyses (Sconzo et al., 1988) were tbund to hybridize to 
the total RNA extracted from heat-treated embryos and, 
although more. weakly, to the total RNA from untreated 
embryos, revealing the presence of constitutive hsp70 RNA. 

(b) Sequencing of p1718, p1716 and pll  subclones 
To analyze the nt sequence of the p1718, p1716 and pl 1 

subclones, a detailed restriction map was determined, thus 
identifying several restriction sites suitable for subcloning 
into M 13-derived vectors. The arrows in Fig. 2 show the 
adopted strategy. The entire nt sequence obtained from the 
subcloned gene H was compared to the corresponding 
Drosophila hsp70 sequence (lngolia et al., 1980) by dot ma- 
trix analysis (Fig. 3). The results indicate that cc,nsecutive 
sequences of Drosophila are homologous to sequences of sea 
urchin, spaced from each other by nonhomologous regions, 
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Fig. 1. Restriction map of PLHI obtained after digestion with the 
following restriction enzymes: B (8amHI), E (EcoRI), H (HindIII), S 
(Sail). The open boxes represent the two gone regions. 5' and 3' indicate 
the direction oftranscription ofthe hspT0-rdated genes as determined by 
hybridization to the specific regions of the Drosophila hspTO gone. The 
dashed boxes indicate the subclones in pUCI8 plasmids utilized for the 
subsequent analysis. Restriction endonucleases were used according to 
the instructions of the manufacturer (Boohringer.Mannheim Biochemi- 
cals), pUCI8 recombinants were constructed as described in Maniatis 
et al. (1982). 

which indicate the presence of introns in the hspTO gone H 
of sea urchin. The entire nt sequence of the cloned frag- 
ments p1718, p1716 and p l l  is shown in Fig. 4. The 
sequence analysis showed that the hsp70 gone H contains 
five exons, five introns and about 1000 nt upstream from 

• the coding region; the gone is interrupted at the 3' end of 
the clone. The canonic consensus of splicing sites was 
characterized and is shown in Table I. The presence of 
several introns could indicate that the cloned gone H be- 
longs to the constitutive hsp70 genes, since it has been 
suggested that the genes encoding hsp70 are free of introns 
to escape the RNA-splieing inhibition due to Hs itself (Yost 
and Lindquist, 1986), although inducible hspTO genes which 
contain introns have also been described in some species 
(Snutch et al., 1988). 

The nt sequence ofgene H was compared with that ofthe 
other hsc70 genes, as the hsp70A of Caenorhabditis, the hscl 
of Drosophila, the hsc73 of rat, the hsp70 of maize and hspTO 
of petunia (Snutch et al., 1988; Craig et al., 1983; Sorger 
et al., 1987; Rochester et al., 1986; Winter et al., 1988). The 
comparison revealed that all the first exons contain nearly 
the same number of aa deduced from the nt sequences: 
65 aa in Drosophila, 68 aa in rat, 67 aa in sea urchin, 69 aa 

p171a P~71~ p l l  ~oobp 
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Fig. 2. Restriction map and sequencing strategy for the P!718, P1716, P! ! s=bclones. Restriction enzymes used in subcloning are: Sp (SphI), T (StuI), 
A (AccI), V (PmlI), C (Hincll), X (XbaI), P (Pstl), K (Kpnl). Other enzymes are li~ed in Fig. 1, legend. Arrows indicate the direction and extent of 
nt sequence determination on each Ml3 subclone. The nucleotide sequence was determined on Ml3 single stranded templates by the dideoxy 
chain-termination method (Sanger et al., 1977; 1980) using a modified T7 DNA polymerase (Tabor and Richardson, 1987). 
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Fig. 3. Homology matrix comparison of the sea urchin-gene H and 
Drosophila hspTO gene nt sequence~. The sequences were scanned for 
30-nt homology window with up to 20-nt mismatch allowed. Regions 
displaying significant homology include exons I-V. Analyses of  the nt 
sequences were performed with programs of  DI~ASIS (Hitachi Software 
Engineering). 
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TABLE I 

Introns and exons of l~pTO gene H = 

Exon Exon size Donor site 
No.:, 

lntron size Acceptor site 

1 201 TG: GTAAGT 297 TTCCAG: AT 
2 207 AG: GTTAGT 555 TTACAG; AA 
3 153 AG: GTAATT 583 CACTAG: GG 
4 288 AG: G'iAAGT 304 TrGCAG: AT 
5 ~ 267 AG: GTATGC 350 + n - -  

Canonic consensus of  splicin£ sites in sea urchin hap70 gene H. The size 
of  the five exons and introns is also shown. 
b Each number indicates a different exon. 

-1271 GGATCCCTCTTTCTGATGGGGATATCAGATTTTCAAAATATTAATTACTTTTTGAGATA 

-1212 TCCGGCATCCGTGAATTTAGGTCACGTGCGAATTATGGTCACACCACCATACCTGTGAAC 

-1152 ATTCTTTGAGGCTGCTCAGTGCAAAAAATTAATCGCGCAAAAATGACAGCGAATACAGAC 

-1092 TTACAGTACTTACAGATGCGGTAAGTGGAATACGGTAACTTACATGTAATGGAACTTATG 

-1032 TTATGGCAACACTTGTCTTTGCAAAAAACGTACTTGAGTCTGTACACTGCAGTTTACACA 

709 tagtatttgagatctcagataaacttttatatcacaaatagtgtctatataatatgtgaa 
769 tcatcaatcaaatgagacaagtttcaagcaagagtaaadaaaaaaaaaaagataagaaao 
~29 tcaccaaaaatgataaaaaatgtccaaaatttgaggg~aatacttatcatttcaaacctt 
889 taatgggtaaaacggcatgaagtatttaaagaatttattattt~ttctgttttcctggac 
949 tctttgctcagtgactgtgtctcatttgtctctatt:gdatatgatatccaaactgtcac 

1009 acaactcttttcatggtctattgcctagcacgatatatgatgactgcacgaectctcatt 
1069 gacaggttccatggtataactag=aaac~agttcctcaagctgt~acgadcatgctgtgt 
i129 ctadggtad~adggdggttaaaogagacacatagtagattgtatgtaatgctaacactaa 
1189 ggadaattaagtgtataaggaacaattgaagccaatttaactttttccccccaatattta 

-972 GTGCTCACATGCATGCTCTCTATCTTCAGAGGGATATTATGATGAAGACAGAGACAGCCT 

-912 CGGCTTATGCCCACGCATGTCCCAGACCTTGGAATGGACCTAAGCTCCATATACATACAG 

-852 TCAAAGTTCCCCCCTGATTCGACAGTCTACTGGTACAAAAACATATTCCCTATGGCATAA 

-79Z ACAA~Gi~AAA~YC~GAAACGAA~I~CC]CGIAAAACACCCCTATIAT~TAGTAAAATG 

-732 GTGATTTAACTTTAAACTTAAGCAGTCTGGAAGGCTGATAACGGACCGGTTTCGACGCTT 

-672 TTGGGGGATGCTCATGATCATGTGCGTCCCCACAAAGTGTCGAAAAGTATCATGTGGTGA 

-612 GTATAACCTTTCTGTTTTCTGTCTGCCTTGACCTGACAAAGGTAAGGCCTGGTCCTTGGT 

-552 TTGCTCTAAACCTCCAGTGCTCACTCTGCATGAGCGCCCATCATGGGTGGATACGGTGCT 

-492 GACTACATGAAGCCATCATCATCATCGACTCATCATCATTTACACCTTATACTTCATGGA 

-432 C~GACCTCCGCCC~ACCATGTCCATGAAGACTTTTCTATGCTCTGAGAACTGAAGGTCG 

-372 ATCTGAAAAGTATTCTATATTATAGTAACTTT~ATGGTAACTACAAAT~ 

-312 AAAAAATTGCAAAGCCTTGATATCAGGAAATCTTGGAAACTACTTGAGATATGAACTTCA 

-252 A_~ACTTGATGAGAACACT~GATGTAATTCAGGTAGAGGTTAAGGAGGTCTATT 
-192 TCTGATTGACTGCATGGAGCATATAGTCGCTATTTGTTTTGTTTCAGATTAGTAGAGTTG 

-i 32 TTAATGGTCGACTATAACGTGCTGGTCTGCGTTAATCGCAACCAGCGCGCACGAACCGTT 

-72 GCAGACAATTCTCCACTCTTTATTTATAATAACATAATCA rACTAATTATTTCTCATTTT 
+I 
M A K A P A V G I D L G T T Y S 

-12 CTGAAAAGCAAAATGbCTAAGGCACCAGCAGTAGGAATTGACCTTGGAACAACATACTCC 
C V G V F Q H G K V E I I A N D Q G N R 

49 TGTGTTGGAGTCTTCCAGCATGGAAAAGTTGAAATCATCGCCAATGACCAAGGAAACAGA 
T T P S Y" V A F T D T E R L I G D A A K 

109 ACC ACTCCCAGCTATGTAGCCTTCACTGATACAGAACGTC TTATTGGAGATGCAGCAAAG 
N K T A S N P Y R S L intron 1 

169 AACAAGACTGCTAGTAACCCATACAGGTCTCTTGgtaagttagdtgcaggagactgtatt 

229 gct cgt tctccaaggcatttgaatgactctacgtca~tat atgtatat ttttt atgcgct 
289 gtacatgtggdaaataaaaacaaaagtacctttcttatccaaaagaagtgccaattaagt 
349 aacat ttcagtacactgttatgaaatgctgaaaat tactgactttattt aggct tattga 
409 gtacagctatggagtaagat ttt =aggactgct ggt atatcacgcdtgtgattt t taat a 

intron 1 D A K R L I G R N F 
469 tggct cactaagc~at gaaat t t gt t t ccagATGCCAAGCGTCTCATCGGTCGTAATTTC 

S D T N V K A D M K H W P F T V I E E G 
529 AGTGACACGAATGTGAAGGCTGACATGAAACATTGGCCCT TCACAGTGATAGAGGAAGGA 

G R P K I K I E F K G E S K T F Y A E E 
589 GGCAGACCTAAGATCAAGAYTGAATTCAAGGGAGAAAGTAAGACTTTCTATGCTGAGGAG 

I S S M V L L K M K E T A E A Y L G K 
649 ATCAGCTCCATGGTATTACTCAAGATGAAGGAAACTGCAGAAGCATACCTTGGGAAAGgt 

intron2 E S V T D A V V T V P A Y F N D  
1249 tctttggttacagAAAGTGTTACAGATGCCGTTGTTACTGYGCCTGCCTACTTCAACGAC 

S Q R Q A T K E C G V I S G M N I L R I  
1309 TCTCAGAGACAGGCAACAAAGGAATC:GGTGTGATCTCTGGTATGAACATTCTACGGATC 

I N E P T A A A I A Y G L D K K intron 3 
1369 ATCAATG~CCTACGGCAGCTGCCATTGCTTATGGTCTGGACAAGAAGgtaattctrgtt 

1429 aaagaaaggaaaaagtaaggaaaggtcatgtttcacgttcattaggtcttgcaaagacaa 
1489 tcttacaagggaaagttagaggccggccgcagacgaggaagacaaagaaaactgtgggaa 
1549 gataacatccgagaatggacggggatgagactcccggagtcc~taagagtggtggaggac 
1609 aagccggttggaggaagatgttgtcccatattdatgtgccrcttcaaacaccagcaagtc 
1669 aggaacgtacttacctacggcgaaactggcggataaactgggtggttgtccacggactgg 
1729 cttgagagaacgtgtaccgtattccttargactatattcdatccdatttaatggactgta 
1789 tcaatcaattaaacgtdgaataatttdaagcacac~ttg~aaggatagttaattcacatc 
1849 atggacttccaattttgctatgtttctttattaggcctatcogaattatttggaatgatt 
19C9 ctctgattacagtcactttgtc~acttdagatatggctccattaatgtgaatcatttctt 

intron 3 G G A E R N V L I 
1969 attacattcatgacgatgtaactctttcactagGGTGGTGCTGAGCGCAATGTCCTGATC 

F D L V G G T F D V S V L T I E E G I V  
2029 TTTGACTTGGTGGGTGGAACCTTCGATGTGTCTGTGCTCACTATCGAGGAGGGGATCTTT 

E V K S T S R D T H L G G E D F D N R M  
2089 GAAGTGAAGTCGACTTCTCGCGACACTCACTTGGGAGGAGAGGACTTCGACAACCGTATG 

V T H S S F E F K R K H K K D I T P N K  
2149 GTCACCCATTCATCACCAGAGTTCAAGAGGAAGCACAAGAAGGACATTACTCCT~CAAG 

R A V R R L R T A C E R A K R T L S S S  
2209 CGAGCAGT~GAAGATTGAGGACAGCTTGTGAAAGGGCAAAGAGGACTCTATCATCAAGC 

T Q A K intron 4 
2269 ACACAGGCCAAGgtaagtttgcctaaaaattgaaagatatgcaatgaaaataatggtctt 
2329 gggaaatgctggtacccaccaactcaaatgggtatatttcaatatttatcaattttcaga 
2389 aaattgtgttactaatgtatacaaaaacggatttaatatgattttttttttttttttgtt 
244g tttttttttgctttctatcatttgaaataa~ttagatatg~ttgcttttagtttatataa 
Z5O9 ~dgtcdttgtatcdttacatttattttctdtcdagtgaggatattcattgattttttttc 

intron 4 i E I D S L F E G I D Y Y T S 
2569 cattgtatcttgcagATTGAGATTGATTCTCTGTTTGAGGGCATCGATTACTACACCTCC 

V T R A R F E E L N S D L F R G T L E P  
2629 GTCACCCGTGCTCGATTTGAGGAACTG~CTCCGATCTGTTCCGTGGCACCCTTGAACCG 

V E N A L R D A K L D K E K I H E I V L  
2689 GTTGAGAATGCCCTTCGAGATGCCAAGCTGGATAAGGAAAAGATCCATGAGATTGTCTTG 

V G G S T R I P K I Q K L ~ D F F H G K  
2749 GTCGGAGGCTCTACCAGAATCCCC~GATCC AGAA~''CAGGACTTcTTTCAcGGCAAA 

E L N K S I N P D E A V A i V Q intron 5 
2809 GAACTCAATAAGAGCA%'CAACCC TGATGAGGCCGTTGCTATCGTGCAGgtatgcgtctag 
2869 ttcatggaggcctttcttctaatgtgcagccctgtttggtagtcaagaaaagaaaccctt 
2929 tagcgcttgttaatcctcttgaacccttggtgadgtctctg taaa'*cccttadgadatgc 
2989 atgtcaacatggaaatgaaatcttcttcagtgat~cdaag ctaaaaaatttatatgaata 
3049 tcaggaaatgtgtaaagaagctgtdatactacatcttg ttactgtactttcttcaaaagt 
3109 ctagagcagtctagagattactcccattataaagagcacag aaacaactggcagttctcc 
3169 cagtcctgagtccgttgacctgcaggtcgac 

int ron 2 

Fig. 4. The nt sequence ofgene H. The aa sequence deduced from the nt sequence is shown above the coding strand. Lower-case l~tters represent the 
intron sequences. The TATA, CAAT, and Spl consensus sequences are boxed. The hse consensus sequences are underlined. These sequence data will 

appear in the EMBL/GeneBank/DDBJ Nucleotide Sequence Database under accession No. X16544 hspTO gene H. 
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Ftt;. 5. Organization of genes H and hscT; and their aa sequence homologies. (A) Intron-cxon organization of sea-urchin gene H and rat hsc73 gene. 
The boxes indicate coding region and dashed lines the noncoding regions. The numbers above show the aa present in each exert. (B) Comparison of aa 
sequences coded by genes H and hsc73. Regions of conserved homology are boxed. Dashes denote the aa deletions at that position. 

in Caenorhabditis, and 70 aa in maize and petunia. A signifi- 
cant homology in the organization of the other exons and 
introns was revealed by comparing the sea urchin hsp70 
gene H to the rat hsc73 gene. Fig. 5A shows that the second 

and the third exons also exhibit great similarity in the num- 
ber of aa and that the fourth exon of hsc73 gene includes the 
fourth and fifth exerts of hsp70 gene H. The high extent of 
conservation of the exon-intron organization between an 
invertebrate and a vertebrate is remarkable. 

The predicted 372-aa sequence of l i sp70 II shares 82.8 % 
homology with the corresponding sequence of rat Hsc73 
protein, 79.8% with human Hsp70 (Hunt and Morimoto, 

1985), 79.5~,o with Xenopus Hsp70 (Bienz, 1984), 79.4% 
with Drosophila Hsc4 '~'--'-:-" ~,-,,,.,,~ ctal.,  1990), 74.4% with 
Drosophila Hsp71J (Ingolia et al., 1980), 73.9% with yeast 
Hsp70 (Snutch et al., 1988) and 77.2% with Caenorhabditis 
Hsp70A (Snutch et al., 1988). Among ali, the extent of 
homology between sea urchin and rat (Fig. 5B) is pro- 
minent, considering that the % homology of the corre- 

sponding aa sequence between human Hsp70 and Droso- 
phila Hsp79 is 78.4% (Hunt and Morimoto, 1985). 

(c) Characterization of the promoter region 
Sequence analysis of  the region upstream from the start 

codon revealed the presence of a putative TATA box, two 

CCAAT boxes and four hse (Fig. 4). The TATA box is at 
-234 nt from the first A T G  at which the translation starts, 
and supposedly there is a long 5'-end untranslated region 
as found in other hsp70 genes. 

Two matches to the CCAAT sequence were found at 
-317 and -339 nt from the first ATG and a good match to 

the consensus sequence for binding of the Sp I transcription 
factor at nt -430. 

The hse were found in four copies upstream from the tsp 
ofgene H. These hse have an almost perfect match with the 
palindromic canonic consensus C--GAA--T'TC--G (Bienz 

and Pelham, 1986) and the central GAA--TTC sequence 

and the palindromic structure are always preserved. The 

hsei is at -263, the hse2 and hse3 are adjacent and ar¢~ 

placed at nt -773 and -788, respectively, while the hse4 is 
at -1160. All positions are calculated from the fit-st ATG. 
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(d) Conclusions 
This paper describes the structural analysis of a P. iividus 

hsp70 gene H; it is the first hsp gene analyzed so far in the 
sea urchin. A total of 4470 nt were sequenced: 3299 bp of 
structural gene interrupted by five introns encoding the first 
371 aa of the Hsp70, and 1271 nt of the 5' flanking region. 
The nt sequence at the 5' end shows high levels of homology 
with other eukaryotic hspTO-related genes: a putative TATA 
box, two CAAT boxes, one Spl-binding site and four hse 
were localized. All these sequences are usually binding sites 
for the corresponding transcription factors, which may or 
may not interact simultaneously. 

The hsp70 gene//-coding sequence is homologous to 
both hsp70 and hsc70 genes of many different organisms, 
such as Drosophila, yeast, Caenorhabditis, human, and 
Xenopus. The most remarkable finding, however, is the 
homology of the sea-urchin gene H to the rat hsc73 gene. 
The gene H shows a very interesting structure, with five 
long introns (in the analyzed region). The absence of inter- 
vening sequences is instead a general feature of most Hs 
genes. At present only a few hspTO-related genes containing 
introns have been reported: Drosophila hscl and hsc2, rat 
hsc73, Caenorhabditis hsp7OA, and hsp70 genes of some 
plants (maize, petunia). 

The location of introns is also interesting from an 
evolutionary perspective since sea-urchin gene II, hscl of 
Drosophila, hsc 73 of rat, Caenorhabditis hsp 7OA, mid hsp 70 
of maize have the first intron in the same position. More- 
over, the position of the other introns is markedly conserved 
in sea urchin and rat, showing a preservation of the gene 
sequence and structure between invertebrate and verte- 
brate. 
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