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Saccharomyces cerevisiae contains a family of genes related to the major heat
shock-induced gene ofDrosophila (hsp 70). Two members of the multigene family
(YG100 and YG101) were isolated. The primary DNA sequences of more than
one-half of the protein-encoding regions of YG100 and YG1l1 were determined
and compared with the Drosophila hsp 70 gene sequence; the predicted amino
acid sequences were 72 and 64% homologous to the sequence of the Drosophila
hsp 70 protein, respectively. The predicted amino acid sequences of the yeast
genes were 65% homologous. Our results demonstrate a striking sequence
conservation of hsp 70-related sequences in evolution. Hybridization of the S.
cerevisiae genes to total S. cerevisiae DNA indicated that the multigene family
consists of approximately 10 members. Hybridization of labeled RNAs from heat-
shocked and control cells suggested that, like transcription of the Drosophila hsp
70 gene, transcription of YG100 or a closely related gene is enhanced after heat
shock. However, the amount of RNA sequences homologous to YG11 was
reduced after heat shock. A multigene family related to the hsp 70 gene exists in
Drosophila; transcription of some members is induced by heat shock, whereas
transcription of others is not. Our results suggest that S. cerevisiae, like
Drosophila, contains a multigene family of hsp 70-related sequences under
complex transcriptional regulation and that the differential control, as well as the
nucleotide sequence, has been highly conserved in evolution.

Heat shock and certain other stimuli result in
a dramatic change in the pattern of gene expres-
sion in Drosophila. Transcription of most genes
is suppressed, and expression of a small set of
relatively inactive genes is greatly enhanced (2).
The major polypeptide expressed after heat
shock in Drosophila melanogaster is a 70,000-
dalton protein (hsp 70). Furthermore, the most
abundant species that accumulates after heat
treatment is the mRNA encoding hsp 70 (25). In
Drosophila, a multigene family related to the hsp
70 gene has been identified (14). Five distinct
members of this family have been characterized.
Two of the characterized members, the hsp 70
and hsp 68 genes, are induced by heat shock (2,
13). Three others, which are dispersed on chro-
mosome 3, are transcribed at normal tempera-
tures and not induced by heat treatment. A
partial DNA sequence of the protein-encoding
region has been determined for each gene. The
predicted amino acid sequences are conserved
about 75% among the five members of the
multigene family (14; unpublished data).
A heat shock response has been observed in

cells of taxa as diverse as Saccharomyces cere-
visiae (24, 26), Dictyostelium (21), hamsters,

chickens, humans (16), tobacco, and soybean (3,
18). Recovery from anoxia, as well as from
agents which interfere with oxidative phosphor-
ylation, elicits the heat shock response in a
number of species (1, 21, 29, 34). Therefore, the
alteration in gene expression is thought to be a
general response to metabolic disturbance, not
merely a response to an alteration in tempera-
ture.
When S. cerevisiae cells are subjected to a

sudden increase in temperature, extreme alter-
ations occur in the synthesis of particular pro-
teins (20, 24, 26). Synthesis of some proteins is
greatly enhanced, whereas synthesis of others is
repressed. The major heat shock-inducible pro-
teins of S. cerevisiae range in molecular weight
from 70,000 to 85,000 (23). In this paper we
report the identification in S. cerevisiae of a
multigene family which is related to the Dro-
sophila hsp 70 gene.

MATERIALS AND METHODS

General methods. Restriction enzyme digestion,
agarose and acrylamide gel electrophoresis, selection
of polyadenylic acid-containing RNA, blotting of ge-
nomic DNA to nitrocellulose, DNA-DNA hybridiza-
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tion, plasmid DNA isolation, labeling of DNA by
polynucleotide kinase and nick translation (7, 15),
DNA sequence analysis (22), and cDNA extension and
S1 nuclease digestion (4, 14) were carried out as
described previously.

Isolation of YGlOO and YG11. YG100 and YG101
were isolated from a library of S. cerevisiae strain
S288C DNA. The DNA was partially digested with
SauIlIIA, and the fragments were cloned by using the
BamHI arms of Charon 28 (28a). This S. cerevisiae
library was screened by probing with a labeled plasmid
(B8) which contains a copy of the Drosophila hsp 70
gene inserted into the BamHI site of pBR322 (7). The
hybridization solution contained 30% formamide, 0.75
M NaCl, 0.075 M sodium citrate, 0.1% sodium dodecyl
sulfate, 1.0 mM EDTA, 10 mM Tris (pH 7.5), and 1 x
Denhardt solution (9) and was incubated at 37°C for 24
h. In the initial screening two phages (A100 and 101)
which hybridized with B8 were isolated. The regions
containing homology with B8 were subcloned into
pBR322. An 8-kilobase (kb) BamHI-HindIII fragment
of X100 was subcloned, and the resulting plasmid
was designated YG100; and 3-kb HindIll fragment of
101 was subcloned, and the resulting plasmid was

designated YG1O1.
Growth of S. cerevisiae and heat shock procedure. S.

cerevisiae was grown in YPD broth (2% peptone
[Difco Laboratories], 2% glucose, 1% yeast extract
[Difco]) at 23°C in 30-ml portions. Each culture to be
heat shocked was placed in a 50°C bath until the
temperature of the culture reached 37°C, usually with-
in 2 min. The culture was then incubated with shaking
for 20 min at 37°C before harvesting.
RNA isolation and labeling. The RNA used in the dot

blot experiments was isolated essentially by the meth-
od of Lindquist (20). Briefly, S. cerevisiae cells sus-
pended in 0.1 M Tris (pH 7.5)-0.1 M LiCl-0.01 M
dithiothreitol were broken by blending in a Vortex
mixer in the presence of glass beads, phenol, chloro-
form, and 0.5% sodium dodecyl sulfate. After several
phenol extractions, the nucleic acid was precipitated
with ethanol several times before use. RNA was
partially degraded by alkali and labeled with 32P by
using T4 polynucleotide kinase, as described previous-
ly (5). The RNA used in the cDNA extension and S1
nuclease experiments was isolated by the guanidine
thiocyanate extraction procedure (6) after sphero-
plasts had been formed by incubation in the presence
of Zymolyase (Miles Biochemicals).
DNA dot blots. DNA was placed on nitrocellulose

filters (pore size, 0.45 p,m; Schleicher & Schuell Co.)
essentially under the conditions described by Thomas
(31). Before blotting, plasmid DNA was digested with
HindlIl, phenol extracted, and ethanol precipitated.
The DNA was suspended in water, denatured by
boiling, and adjusted to lOx SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), and 0.5 ji.g was
applied to the filter in a volume of 5 ,u. Hybridization
was carried out in a solution containing 50%o forma-
mide, 5x SSC, 0.2% sodium dodecyl sulfate, 10 mM
EDTA, and 10 mM Tris-hydrochloride (pH 7.5) at
400C.

RESULTS
Primary sequence of YG100 and YG1O1. We

previously described the primary sequence of
the protein-encoding region of one copy of the

Drosophila hsp 70 gene (15). One reading frame
is devoid of stop codons for more than 2,000
base pairs; the region between the first ATG and
the first stop codon could encode a protein of
70,270 daltons. The recombinant plasmids
YG100 and YG101 containing S. cerevisiae
DNA were isolated on the basis of homology to
a D. melanogaster hsp 70 gene (see above).
Partial restriction maps of the clones are shown
in Fig. 1. Primary sequences were determined
by using the chemical cleavage method (22). The
regions analyzed are indicated in Fig. 1 in the
enlarged portions of the restriction maps.

Regions of homology among YG100, YG1O1,
and the Drosophila hsp 70 gene were identified.
The primary DNA sequences were determined
for 76 and 56% of the protein-encoding regions
of YG100 and YG11, respectively (Fig. 2). The
predicted Drosophila hsp 70 protein contains
641 amino acids (Fig. 3). DNA sequences were
determined in the following regions: in YG100,
amino acids 1 through 342 and 393 through 541;
in YG101, amino acids 1 through 73, 175 through
242, 256 through 397, and 438 through 529.
Therefore, a sequence was obtained for both
yeast genes in the following regions (using the
predicted Drosophila hsp 70 amino acid se-
quence as a reference): amino acids 1 through
73, 175 through 242, 256 through 342, 393
through 397, and 438 through 529. This amount-
ed to 50% of the coding region of the Drosophila
gene. No termination codons, insertions, or de-
letions which would result in a change in the
reading frame were found. However, several
insertions or deletions of multiples of three
bases were found in both genes. In the regions
analyzed, YG100 contained four single amino
acid deletions compared with the Drosophila
hsp 70 gene, whereas YG1l1 contained four
single amino acid deletions and one single and
two double amino acid insertions compared with
the Drosophila gene. The predicted amino termi-
ni differed among the three genes. YG100 had
one additional amino acid, and YG1l1 had six
additional amino acids. This type of heterogene-
ity in amino termini has been observed among
Drosophila genes related to the Drosophila hsp
70 gene (14; unpublished data). Because of this
heterogeneity, our analysis of homology began
at amino acid 3.
The two S. cerevisiae genes had the same

amino acids at 210 of the 322 positions analyzed
(65%). In the regions analyzed, the predicted
amino acid sequences of YG100 and YG1l1
were 72 and 64% homologous, respectively, to
the Drosophila hsp 70 gene. If only the regions
for which data were available for both S. cere-
visiae genes were considered, the same values of
homology to the Drosophila hsp 70 gene were
found. Often, the amino acids substituted in the
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FIG. 1. Restriction map and strategy used to determine the nucleotide sequences of regions of YG100 and
YG101. The restriction maps were deduced as previously described (7). The solid portions of the arrows above
the maps indicate the regions which have been directly shown to be homologous to the Drosophila hsp 70 gene.
In the case ofYG100, the dashed region represents regions of homology predicted if an entire gene hsp 70-related
gene exists in a continuous segment, and in the case of YG101, the dashed line indicates that the 3' end of the
gene is not contained within the fragment. DNA sequencing was carried out from each of the sites indicated by
the arrows underneath the enlarged portions of the maps. The lengths of the arrows are proportional to the
number of nucleotides actually sequenced from each start. In the analysis of YG100 and YG101, four restriction
fragment junctures were not crossed; therefore, the sequences must be considered tentative. In YG100 these
junctures were the EcoRl site at amino acid (aa) 241 and the BglII site at amino acid 309. The ClaI site at amino
acid 7 and the BglII site at amino acid 324 are the junctures in YG101 which were not crossed.

FIG. 2. Comparison of the primary sequences of a Drosophila hsp 70 gene, YG100, and YG101. The DNA
sequences are aligned with the Drosophila 87C hsp 70 sequence, which is taken from Ingolia et al. (15). Each dot
indicates that the aligned DNA contains the same base as the Drosophila gene. Each dash indicates a deletion
relative to the aligned DNA. The solid lines indicate that the DNA sequence was not determined. A triplet is
underlined if the base change(s) results in an amino acid (aa) change. The first ATG ofthe Drosophila hsp 70 gene
was designated amino acid 1.
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aa24
Dr. hsp70 ATG CCT GCT ATTIGGAATC GAT CTG GGC ACC ACC TAC TCC TGC GTG GGT GTC TAC CAG CAT GGC AAG GTT GA
YIGOO ATG TCA AAA ..G.C ..T..T...LA ..T ..A ..A ..G ..T ..T.C.CAC.TTIGCT A...ATCGT ..G..C
YIlOI T C A61GlTCC GG. .. ..T . T.A ..T ..A ......T ..T ..T-T):U -...i iTa Y - -...

aa54
Dr. hsplO AUT MAC GCC TAT GAC CAG GGC MAC CCC ACC ACGCCG TCC TAC GIG OCT TIC ACA GAC TCG GAA CGC CTC MT GGT GAA CCG GCC MAGMC
YIGOO J..T ... A.C..T ..A ..T... A.A....T..A ..T.TT..C......T ... A.T...A.A T.G.T.....TG.T..T....T
GIGOl .. ...IT ..A ..A ..T....A.AGT. ..C..A ..T 7...T..... T CCACM... A.A T.GT-. 2.7TUT......

aa84
Dr. hspl0 CAl GTG GCC ATG MAC CCC MGA AAC ACA GTG UT GAC 6CC AMG CGA CTC ATC GM CGA AMA TAC GAC GAT CCC MAA ATC GCA GAG GAC ATG
GIGOO ..A CT ..T ...T ..T TCG ..T ..C ..T ..C . I.11T.6.G. .T A.. ..C.T. A.. ..C ..A G.. G.G CMGCT ....
16101 ..A -f..TT... .A . .T ..C ..C ..T..T ..T T.G..T ..TA..

Dr. hspl0 MG CAC 166 CCT TIC AMA GTT GTA AGC GAT GGC GMA AMG CCC MAG AlTC GIG GTG MGA TAT AAMG GGT GAG TCC MGr AMaAUT GCT CCC GMr
GIGOO .....TC ..A ...G T.G A.CMGT T. A. ..T ...T C.A ..T CMA..T ..A.T.......AA.AC..M... A.C ..A ..A

aa44
Dr. hsp70 MAG ARICTM TCG ATG GIG CTG ACC AMG ATG AMC GAS MCG CG MAG CCG TAT CTG 6CC GMG AGC ATC MCG MAT OCA GTC ATC ACA GTT CCA
YIGOO C.A ... TCC ..C ...C T.. GGT ........A..T ..C ..A T.T..C T.. ..A.CC.MGG.. .AT ..C ..T ... 6.. ..T ..C ...
YGlOl

aal 74
Dr. hsplO GCT TACUTCMACMGC TCT CMCGCCMGOCTMAC AAAGACGCCGGT CMCATC GCCGMCTCMATGTGCTC C6CATC ATCMTMGAGCCCMAG
YIGOO. .T ...A A.A ..A ......G..T ..T ...MA. ..T ..T ..T T... .C T.G ..T ..T ..TI..C ..A ..T ..C

Wa02
Dr. hsplO GCGGOCA GCAUTG CCCTAC GMACTG GAC---- AGMT CTC AAMUGT GACCCMAT GTG CTTATC TTCMGCTTaGUCGGC GGCMACCTTC
YIGOO ..C ..T ..C A.T ..T ..TT.161....M......C A..A.A. --- ..C T.G..T ........T..T ..T ..T ...
16101TJTJTK.UTU..TT. AT. T.GTT GT ..T66T..T ..A IXC.. ..T T.G..T ...T ...T ..T ..T ..T ...

aa32
Dr. hsp70 MIT SIC TCC ATC CTGCAMC AlTC GMC GM GMA TCT CTG TTC GMG GIG CCC ICC MCA GCC OGM GAC MCA CMC TT6 M GGC GMG GACMU GAC
YGlOO I..TT.GT..UT. ..T..A ..C ..T--- A.C ..T..A ..TMAGG.. ..C ..T..T .C ..T...T.T..A..T ....
YIGOI .T ... 7TI. . .T T-.f.T-T--- CT A.MAT ..TINT ..T T.. ..TA....T . ..T..T C.A ..T ..C ...

aa261
Dr. hsp7O --- MC CMUCA PC MC CM CT G C GM GMG TIC AMG CMC AM TMC MAG AAM MIT CTG COCTC C MAC CCI CCC CCC CTA CMA CCC ClT
YIGOO ..-..-r-T.6A .C. I... .C ATC CMA..A . A.A ... A . . ..CT.. TCIA. M. AA.A ..TT.G A.. A.AT.A
16101 MCC... UT. 1.6 AAMt-TT. WU-.T77TITC A.A ..T T.G A.. A.A 1.6

aa91
Dr. hsp70 MGA MCA GCA 6CT GAA CCI CCC AAG CGCACMA CTC ICC TCT AGC MCG GMG GCC MCC ATC GMS Alt GMC CA TIC UT GMG GMC CMA GMC TIC
Y6100 .C ..T TI. .AXCCMG.. A.M. C... .C ---6G.TC.A A.TIT..CG.T..A ..T ...T..MA.MAC ..A ..TATC ..T..16101 I. ..T . ITK-. tT.7-. T.7.T ... PT. T7thXT UT ..A 6.1 ... rT:T77-. .C ..1T17- ..T..

*a321
Dr. hspl0 TMAC AMCPAA AGC CC CC MC UT GM MG CMG ICC CCC MAC CTC TIC CCC AAC MCC CIG CMG CCI raT1 MAG AMS KC CTC MAC MAT
Y6100 TITCC A.C C. A.A ...A ..C ..A ..AIT.. ..TI..TG.. T.C... A.AXTI..TIT..CG.C..A ..TI..A ....T. T.G GM...
YGl01 G.T'.'.TTTK:!T'fA.A ..T ..A .... . . A . . . A f . . .T ..A C.A:IIWT.G6-.-. .

Dr. hsp70 GCC AMG ATC GM AA UT CMB Alt CMC GM AlTC GTC CIC CIC GMC GM ICC MCT CCC AUT CCC AS SC CMA MrT CIC CIG CMG GAMaTIC
YG1OO ..T ..AT... .AITC. ..ACG..CG.T..A ..T..CIT.C .T ..T ..T..C A.A ..
16101 ..TI...7T.TCT ... M..Au: 77T-..IGT..CIT.G..T..T ..T ..C A.A ...A.C...c..M rT.. T.GTCT..C ...

Dr. hsp7O TTCCACMGMCAACACMACCIAITCC ATC ACCCA GMGASCCACIGCCAIMCGM CTIOCTCITGCCMCCCCOCT AIC CTCAC GGAA
16101 ..T G.. ..TI... C.A T.CCLAAM...TI..TI........A ..T..T .T...T.....I. .T..A.C_T...._. . -

55409
Dr. hspl0 CMGAC----GMCAAGATC CMGMGACGGCTGCCCCTG MCICGCC CCCACTIITCATCG IA ATT MMACCOCT GGA PTAATGCMCYIOO0 AT ..C ..T ...TLA ..C.I..T ..A ..TI...... ...C ....16101 ..AITC. AAICT A.CG.A C.A.. ... I.. I.. I.. L.A77..T ..T ... L.A

55439Dr.hspl0 AAMCTCAIC GMCC ACMCICCCATICCCITC ASCAGCMTAA MGUAC IT TCACMGTMICTCGG ACCACCCGACTCITCC ATC CAYIGOO ...T.. ..TTCA A.A ... C.A. ... LA ACA...A.. TTCG.. JC ..T. I..TIC.T .T.I.T. .A..A ..T ... IC..T..AYICOl I.. .CA

Dr. hsp7O 611 TAT GM GMC GMA COT GCC All MCG AA GM AAC MIT CA TIC GM MC TIC GAT CTC ICC GM AUT CCA CCI CA C CA CIGT GM611100 ..C T. ..A ..T .A.A ..C A. ..T ........CTTI .1.T0$ .AIT.AT.T .......A.T . ..A ..C1610 ..C -.TC.A ..T . TI7WIC ..A ..A ..s C.TI.IW..TIV .. AAaMAC ..C ... ATOATr.. OCT.. .M

Dr. hsp70 CCC CMG ATA GMA PTA ACC TIC GMC TIC GM GCC MlT CMA ATC CTC AAC STC AC CCC AA GAG ATC MrT MG GM AAM CCC AA AAC AIC
16101 ..A CIC1.6 CT.T.CI.1. AU ..IT 7..c ..T ... I.. ..C ..T .CI ... hI..AtI!T ..C ..T ... T:TTYU .....

sa529Dr. hsp0 MG AI MG M GM AMG CI CC CIC IC M WC GM AU MI CC AI 61 M G OCT GMAm TM CC GM GM GM GMA MG16100 ..T ..T CC........TA.A T.G..C A..AM..TI..C ..AAG .I..TOf..A ..C ..A ..AT.AAa..A ..A..T ....16101 ..T ...TYUT... CTIC"T..T A.A T.C..TI TW . ___.-..AN ..T ..C.A, ___.AG._C..
Dr. hsp70 CAI CCC CMr CCC AlA MCC ICT AMA MAT OCT CTG GM
11100 G.AITCT ..A A.A ..T C.T..C M ..C CMT.. ..A
1GI101
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aa4
Dr. hsplO net pro ala ile gly ile asp len gly thr thr tyr ser cys val giy vai tyr gin his gly lys val glu
YGI00 et ser lys * vl * * * * * * * * * ' alah1sphe Mai snasp rg * asp
YGI01 et al glu gly val phe gin gly * * * * * * * * * * * * * iathr * glu ser ser a * *

aeS4
Dr. hsp7O ile asn ala tyr asp gin giy asn arg thr thr pro ser tyr vai ala phe thr asp ser glu erg leu asn gly glu pro ial lys asn
YGIOO * ile * asn * * * * * * * * * phe * * * * * thr * * * iie * aspala * * *
YGIOI * ile * asn glu * * * *in. * * * phe * * * * pro glu * * * Ile * asp iaa * *

aa84
Dr. hsp70 gin vl aa met asn pro arg asn thr vai phe asp ala lys arg leu ile giy erg lys tyr asp asp pro lys 1ie ala glu asp et
YG100 * &ia * * * * ser.0 * 0 * 0 asn phe asn * * glu vai gin ala *
YGIOI * ala * leu * * * 0 * 0 0 _

a&114
Dr. hsp7O lys his trp pro phe lys vai val ser asp gly gly lys pro lys ile gly val gin tyr lys gly glu ser lys arg phe cal pro glu
YGIOO * * phe * * leuileaspva sp * 0 'gin * gin* * phei * * thr * asn * thr * *
YGlOi

aai44
Dr. hsp70 glu ile ser ser met val leu thr lys met lys glu thr Oai glu ala tyr leu gly glu ser ile thr asp ia vil ile thr vil pro
YGlOO gin 0 0 * 0 * gly 0 0 0 0 0 * 0 ser * l0 aaiys vl asn 0 * * vi * 0 *

YGIOI

aai 74
Dr. hsp7O ala tyr phe asn asp ser gin arg gin cia thr lys asp ais giy his ile Mai giy leu sn.va leu arg ile ile asn glu pro thr
YGIOO 0 * 0 * 0 0 0 0 0 * 0 * * 0 thr 0 0 0 * * 0 0 0 * * 0 * *

YGIOI

W202
Dr. hsp70 cal cia iia leu cal tyr gly leu isp a a lys asn leu lys gly glu arg asn val leu ile phe asp len giy gly gly thr phe
YGIOO v

* *'le * * * * * A a * lys giy * glu *h0s 0* 0 *
YG1O1 vIi val val ile vil * * 0gly val gly * phe glu * a * * his 0 * 0 0 0 * 0 * 0 * *

aa232
Dr. hsp7O asp val ser ile leu thr lie asp glu giy ser len phe glu val arg ser thr iia gly asp thr his leu giy giy glu asp phe asp
YGlOO 0 * * leu * phe * glu asp * A ile * * * lys ai * * * * * * * * * * * * *

YGIOI * * 'leu * his * aIsagy * A vl tyr thr * lys * *ser * asn *g**0 * gin0 * *

a&261
Dr. hsp70 A asn erg leu val thr his leu ala glu glu phe lys arg lys tyr lys lys asp leu arg ser asn pro arg ala leu erg arg leu
YGIOO A * * * * asn * phe ile gin * * * * * asn ser thr * gin 0 0 0 0 0 0

YGiD1 thr * leu * glu his phe lys 0 phe 000000

aa291
Dr. hsp70 arg thr ala al glu erg ala lys erg thr leu ser ser ser thr glu cal thr ile glu ile asp ala leu phe glu gly gin asp phe
Y6100 cys ser gln glu asn phe 0 ' A ala gin thr ser va * * * ser lys asn * * ile * *
YGli 00 vai * gin thr * vl * val * ser 0 asp * glu * *

a&321
Dr. hsp7O tyr thr lys vai ser erg ala arg phe glu glu leu cys ala asn len phi erg asn thr len gin pro Vai gin lys ala len asn asp
YGIOO 0 * ser ile thr * * * * * * * * * sp * * *ser * * asp * * * * Vai * arg 0

YGI gnuser ser ley thr * * * * * sp * asn *' a * * lys ser * * glu * * * gin Va * lys '

aa351
Dr. hsp70 cal lys et asp lys gly gin ile his asp ile vai len vii giy gly ser thr arg ile pro lys val gin sir len leu gin glu phe
YG100 0 0 leu * * ser * val asp glu * * * * * * * * * 0

YGDi1 i le ser * ser * * asp glu * lys 0 ser asp 0

ca38i
Dr. hsp7O phe his gly lys asn len esn leu ser ile asn pro asp glu ala vl Oal tyr gly a&la ala val gin al&a ille len sir gly asp
YGIOOglth a

YGIOI asp 0 * gin * glu lys * * * 0 * 0* 0* * * * * gly * * thr 0 A

aa4D9

Dr. hsp70 gin ser A A gly lys lie gin asp val len len wal isp vai ala pro len ser leu gly ile glu thr ala gly giy vai et thr

YGIDO giy 0 0 0 0 0 0 0 A 0* 0 0

YG6IO 0 thr ser asp glu thr lys * lev 0 len 0 0 0 0 0

aa439
Dr. hsp70 lys leu ile gli arg asn cys erg ile pro cys lys gIn thr lys thr phe sir thr tyr ser asp iss gin pro gly vai sir ile gin
Y6100 ssir ser thr * ser thr 0 lysphiglu ile 0 0 0 'ala IO* 0 0* e * 0

YGIOI phi pro

aa469

Dr. hsp7O val tyrglu gyglunrg ala et thr lys asp *sssnas el len gly thr phe asp leu ser giy ile pro pro aia pro erg gly Val
YBiO * phe O** * * * lys 0 0 0 0 0 len * * lys 0 giu * * * * * * * * * * 0
YGIOi 0 0 gin * * * Vai &s cys ' glu thr le * * gli * * * lys asn M0 ntnet ' ci ' gin

Dr. hsp7O pro gin ile gl vil thr phe asp len asp ala asn gly ile len csn val sir ala lys glu et ser thr giy lys ala lys can lie
Y6100 0 0 0 0 0 * * vii'si^*#r'* *er Val * lys gly 'seras lys'
YGIOI Val len*0 Ii11 * glu 1 * * lys thr *vl * lys 0 0 'ser ser 0

"529

Dr. hsp70 thr Ile lys csn asp lys gly crg len ser gin ala glu ile asp erg et vai asp glu la gin lye tyr ala asp gin asp glu lYe
YGiDO 0 *'thr 00 * lyS glnasp * glu lys * * &ala * * * phly gln* * * *
YGIOO 0 'sir * lavil * * 0 0 srgln * * gl lys * * * gln * * glnphe lys a &la 0 'ala

Dr. hsp7O his erg gin arg ile thr ser erg asn ala leu glu
YGIOO glu phe * 0 0 ala * lys * gin * *
YGIOI
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S. cerevisiae genes compared with the Drosoph-
ila hsp 70 gene were found to be of the same
class (i.e., uncharged, aromatic, nonpolar, acid-
ic, or basic). If amino acid substitutions of the
same class were counted as homologies, the
homologies to the Drosophila 70,000-dalton pro-
tein rose to 83 and 79% for YG100 and YGlO1,
respectively. The amino termini were more ho-
mologous than the other portions of these genes
analyzed. YG100 and YG1l1 were 75 and 73%
homologous, respectively, to Drosophila hsp 70
in the amino-terminal segment (71 amino acids),
compared with 72 and 64% if all segments ana-
lyzed were considered. In this same region
YG100 and YG1l1 were 79% homologous, com-
pared with an overall homology of 65%.
The S. cerevisiae genes were also compared

with another member of the Drosophila multi-
gene family. One of the Drosophila genes, which
is located at cytological locus 70C, has been
isolated and partially characterized (14). This
gene, which is related to the hsp 70 gene, is
transcribed at normal temperatures and is not
induced by heat shock. The predicted sequence
of the first 201 amino acids of this gene has been
determined. The sequence data available al-
lowed a comparison of 122 amino acids among
the four genes (amino acids 1 through 73, 201
through 242, and 256 through 311). In these
regions both the Drosophila hsp 70 gene and the
gene contained within YG100 encode the same
amino acid as the 70C Drosophila gene in 95 of
122 positions (78%). YG1l1 and the 70C Dro-
sophila gene encode the same amino acid at 70
(65%) of the positions.
As expected, the two S. cerevisiae genes were

also homologous with the hsp 70 gene at the
nucleotide level. The genes contained within
YG100 and YG1O1 were 63 and 59% homolo-
gous, respectively, to the Drosophila hsp 70
gene. The genes of YG100 and YGlO were 69%
homologous at the nucleotide level. Some of this
divergence in nucleotide sequence may be ex-
plained by a different codon preference of the
two organisms; for example, Drosophila hsp 70
arginine residues are often encoded by CGC,
whereas the S. cerevisiae genes tend to use the
AGA codon.

Expression of RNAs homologous to YG100 and
YG1O1. The transcription of YG100 and YG1l1
homologous sequences was analyzed under nor-
mal growth conditions and after heat shock.
RNA was isolated from cultures growing at 23°C
and from cultures rapidly shifted to 37°C and
incubated for 20 min. Polyadenylic acid-contain-

ing RNA from equal numbers of cells was la-
beled in vitro with 32P by using polynucleotide
kinase and hybridized to YG100, YG11, or
vector pBR322 DNA dotted onto nitrocellulose
filters (31). The resulting autoradiograph is
shown in Fig. 4. The intensity of the spot
containing YG100 was greater when the DNA
was hybridized to heat-shocked RNA than when
it was hybridized to control RNA. This differ-
ence in intensity indicates that the heat-shocked
cells contained more RNA homologous to
YG100 than the normally growing cells did. This
result suggests that transcription of RNA ho-
mologous to YG100 is increased after heat
shock. Alternatively, the increased intensity
could have been due to a preferential stability of
YG100 homologous RNA in heat-shocked cells
compared with control cells.
The heat shock-inducible sequences were lo-

calized to a portion of YG100. An analogous
hybridization experiment used as a source of
DNA a plasmid containing a 1.2-kb PstI-EcoRI
fragment of YG100. This fragment encompassed
the amino terminus, extending from the codon of
amino acid 242 to approximately 600 bases up-

CN
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0D(

control

heat shock

FIG. 4. Hybridization of control and heat-shocked
RNAs to YG100 and YG11. A 0.5-,ug amount of
pBR322, YG100, or YG1l1 DNA was linearized by
cleavage with HindlIl, denatured, and spotted onto a
nitrocellulose filter. Identical filters were hybridized
as described in the text with polyadenylic acid-con-
taining selected RNAs from untreated cells (control)
and heat-shocked cells which had been labeled with
32p in vitro. A total of 7.5 x 106 cpm of each RNA (5 x
107 cpmM/,g) was hybridized in each case.

FIG. 3. Comparison of the proposed amino acid (aa) sequences of a Drosophila hsp 70 gene, YG100, and
YG11. The amino acid sequences were deduced from the primary sequences shown in Fig. 2. The amino acids
encoded by YG100 and YG101 are shown only at positions where differences occur relative to the Drosophila
protein.
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FIG. 5. Detection of RNA homologous to YG100
by cDNA synthesis. A HincII-KpnI fragment that
was labeled with 32P at the HincIl site (see Fig. 1) was
used as a primer for cDNA synthesis. The cDNA was
electrophoresed in a 6% acrylamide gel in 8 M urea.
Lane a, 32P-labeled HaeIII-digested pBR322 size stan-
dard; lane b, 50 ,ug of S. cerevisiae RNA; lane c, RNA
control. The primer ran off the gel.

stream from the codon of amino acid 1 (Fig. 1).
This DNA showed the same differential hybrid-
ization to control and heat-shocked RNA as
YG100 (Craig, unpublished data). This result
supports the idea that the heat-inducible tran-
scripts are homologous to those YGI00 se-
quences which show homology to the Drosophi-
la hsp 70 sequences.
The intensity of the YG11-containing spot

was lower when the DNA was hybridized to
heat-shocked RNA than when it was probed
with control RNA, indicating that heat-shocked
cells contain less RNA homologous to YG11
than control cells do. This difference is consis-
tent with either a decrease in the transcription
level or a preferential degradation of sequences
homologous to YG11 upon heat shock.
The experiments described above demonstrat-

ed that RNAs homologous to recombinant plas-
mids YG100 and YG1O1 show regulation associ-
ated with heat shock. Si nuclease and cDNA
extension experiments were carried out to dem-
onstrate more directly that sequences homolo-
gous to the putative protein-encoding regions
are transcribed. A HincII-KpnI fragment of
YG100 which spans the protein-encoding region
from the codon of amino acid 94 to the codon of
amino acid 160 was 5' end labeled with 32p. The

fragment was then denatured, hybridized under
stringent conditions to S. cerevisiae RNA, and
used as a primer for the synthesis of cDNA by
reverse transcriptase. The size of the cDNA
synthesized was determined by electrophoresis
on acrylamide gels in 8 M urea. The 200-base
primer was extended to approximately 510 bases
(Fig. 5); in the absence of yeast RNA, no
extension occurred. This result indicates that
sequences homologous to the protein-encoding
region are transcribed and that the size of the
cDNA is consistent with an extension of about
25 bases beyond the codon for amino acid 1.
An Si nuclease digestion experiment was per-

formed with a ClaI fragment of YG101 (Fig. 6).
This fragment extends from the codon for amino
acid 12 to about 700 base pairs upstream from
the bases that encode the amino terminus of the
protein. After hybridization of the labeled ClaI
fragment with RNA and subsequent cleavage
with S1 nuclease, a 68-base fragment of DNA,
which included 29 bases 5' proximal to the
codon for amino acid 1, remained. We conclude
that YG1O1 or a very similar gene is transcribed
in S. cerevisiae cells. Another strong band, 39
bases long, was also observed; 39 bases is the
distance from the ClaI site to the ATG of codon

a b

68-

39-
FIG. 6. Detection of RNA homologous to YG11

by S1 nuclease digestion. A ClaI fragment was

labeled with 32P, hybridized with RNA, and treated
with S1 nuclease. Lane a, 50 ,ug of S. cerevisiae RNA;
lane b, RNA control. The intense band in both lanes is
the intact ClaI fragment. The sizes indicated on the left
were determined from the sizes offragments generated
from a G-specific sequencing reaction carried out on

the same ClaI fragment and run in an adjacent lane.
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FIG. 7. Hybridizaton of YG100 and YG11 to S. cerevisiae genome DNA. A 3-jig portion of S. cerevisiae
DNA was digested with EcoRI (lanes 1 and 4), BamHI (lanes 2 and 5), or HindlIl (lanes 3 and 6 through 8),
electrophoresed on a 1% agarose gel, and transferred to filters. YG1l1 (lanes 7 and 8) and fragments of YG100
encompassing the codons of amino acids 160 through 305 (lanes 1 through 6) were labeled with 32P by nick
translation and end labeling, respectively, and hybridized to the ifiters in either 50%o formamide (lanes 1 through 3
and 7) or 30% formamide (lanes 4 through 6 and 8) at 37°C. Hybridization in 50%o formamide was referred to as
stringent (S) conditions, whereas hybridization in 30% formamide was referred to as nonstringent (NS)
conditions. The sizes of the HindIII fragments were determined by comparison with HindlIl-digested adenovirus
type 2 DNA run in parallel in these and other experiments. The sizes of these fragments were as follows (in
kilobases): band A, 2.0; band B, 2.3; band C, 3.5; band D, 4.0; band E, 5.3; band F, 6.3; band G, 6.6; band H, 9;
and band I, 10.5.

1, and this distance probably resulted from
hybridization of an RNA transcribed from an-
other member of the multigene family which was
not homologous in the 5' noncoding region.
These cDNA extension and S1 nuclease diges-
tion results indicate that RNAs are transcribed
from these portions of YG100 and YG101 or
from very similar genes which are also related to
the Drosophila hsp 70 gene.

hsp 70-related sequences in the S. cerevisiae
genome. To estimate the number of hsp 70-
related sequences in the S. cerevisiae genome,
S. cerevisiae DNA was digested with several
restriction enzymes, subjected to electrophore-
sis in an agarose gel, transferred to nitrocellu-
lose by the method of Southern (30), and hybrid-
ized with all or portions of the protein-encoding
region of YGlO0 or YGlOl (Fig. 7). If sequences
homologous to hsp 70 reside in different flanking
sequences, restriction fragnents homologous to
hsp 70 which have at least one end in non-hsp 70
DNA are likely to be unique in size. Therefore,

the number of bands detected allowed an esti-
mate to be made of the reiteration of hsp 70-
related sequences in the S. cerevisiae genome.

End-labeled fragments of YGlO0 (spanning
the segment ofDNA which encoded amino acids
160 to 304) were hybridized to S. cerevisiae
DNA cleaved with EcoRI, BamHI, and HindIll.
Multiple bands were observed in the digests of
each of the enzymes, but the Hindlll digest was
the most informative. The BamHI fragments
which hybridized were large and therefore were
not clearly resolved in this experiment. The
EcoRI-generated restriction fragment which hy-
bridized probably reflected an overestimate of
the gene copy number because the probes from
YGlO0 spanned an EcoRI site. The probe from
YGlO0 did not contain a HindIII site; the eight
bands in Fig. 7, lane 6, constitute an estimate of
the gene redundancy in the S. cerevisiae
genome. Figure 7, lane 8, shows that the pattern
of hybridization of genomic HindIII-cleaved
DNA was identical to the pattern obtained with
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YG100 when YG1l1 was used as a probe, except
that one additional band (band E) was observed.
Band E was also observed after longer exposure
of the filter after hybridization with the YG100
probe. Also, hybridization to a 1.2-kb fragment
was detected with both YG100- and YG101-
specific probes. The hybridization signal was
weak, and this band is not visible in Fig. 7. The
same pattern was also observed when a 345-base
pair EcoRI fragment from YG101 (spanning the
codons for amino acids 341 to 456 in the predict-
ed protein-encoding region) was hybridized to a
similar blot (M. Ellwood, unpublished data).

Since the EcoRI fragment from YG101 and the
probes from YG100 represented nonoverlapping
regions of the protein-encoding sequence but
resulted in similar hybridization patterns, we
excluded the possibility that internal HindIll
sites in any of the sequences homologous to hsp
70 generated multiple bands from the same lo-
cus. We conclude from these experiments that
the S. cerevisiae genome contains at least 10
sequences that are homologous to the Drosophi-
la hsp 70 gene.

Although the positions of the bands were the
same whether DNA from YG100 or YGO1l was
used as probe, the relative intensities of the
bands were not the same. This is shown clearly
in Fig. 7, lanes 3 and 7, where hybridization was
performed under more stringent conditions. For
instance, bands B and I were relatively intense
when DNA was hybridized to YG100, whereas
bands A, D, and F were more intense when
YG101 was used as the probe. Clearly, the hsp
70-related sequences in S. cerevisiae differ in the
extent of homology to YG100 and YG101.

DISCUSSION
Two members of an S. cerevisiae multigene

family which are homologous to the gene encod-
ing the major heat-inducible protein of Drosoph-
ila (hsp 70) were isolated. Our evidence suggests
that transcription of one of these genes (YG100)
or a closely related gene is enhanced by heat
shock and that the amount of RNA homologous
to the other gene (YG101) is reduced. The
primary DNA sequences of YG100 and YG101
determined thus far resemble the sequences of
functional genes in that distinguishing character-
istics of pseudogenes, such as frameshift muta-
tions and large deletions or insertions, have not
been found. Although no mutations which would
disrupt the reading frame have been found, the
several small insertions or deletions found cause
the addition or loss of one or two amino acids
compared with the Drosophila hsp 70 protein. A
comparison of three-fourths of the predicted
amino acid sequences of YG100 and Drosophila
hsp 70 showed 72% homology, thus demonstrat-
ing remarkable sequence conservation. Other

conserved proteins of Drosophila and S. cerevis-
iae have been sequenced either directly or indi-
rectly by nucleic acid analysis. Comparisons
have shown that actin, cytochrome c, and his-
tone H2B are conserved approximately 88, 58,
and 69%, respectively, between the two species
(8, 10, 12, 33; S. Tobin, personal communica-
tion).
The isolation of a gene from S. cerevisiae by

homology to a heat shock-inducible Drosophila
gene and the enhancement of the transcription of
this gene by heat treatment demonstrate that at
least one gene inducible by heat shock has been
conserved in evolution. This conclusion is con-
sistent with previous observations that a heat
shock response, which is defined as an increase
in synthesis of a limited number of proteins and
a decrease in synthesis of most others, occurs in
a wide variety of plant and animal species (3, 16,
21, 26). Major induced proteins in Dictyoste-
lium, hamsters, chickens, humans, tobacco, and
soybean with molecular weights between 70,000
and 75,000 have been observed. The isoelectric
points of these proteins are very similar to the
isoelectric point of the Drosophila hsp 70 pro-
tein. Furthermore, the tryptic maps of the major
heat shock proteins of two diverse species
(chickens and hamsters) are very similar (34).
Also, Kelley and Schlessinger (17) recently dem-
onstrated that antibodies to the chicken 70,000-
dalton heat shock protein cross-react with pro-
teins of Drosophila, Xenopus, mice, humans,
and yeasts.
The function of heat shock proteins has not

been determined. However, it has been shown
in yeasts, Dictyostelium, and Drosophila that a
pretreatment at nonlethal temperatures which
results in induction of heat shock proteins dra-
matically improves the ability of cells to with-
stand a normally lethal heat shock (21, 23, 27).
This increase in the ability to survive a stress
suggests a physiological function for the heat
shock-inducible proteins. The maintenance of a
gene for a heat shock protein in evolution also
indicates a probable biological importance for
the heat shock response.
The results reported here indicate that S.

cerevisiae contains a multigene family of se-
quences, about 10 in number, which are related
to the hsp 70 gene of Drosophila. This is an
unusually large multigene family for a yeast; the
previously identified multigene families which
encode proteins contain only a few members.
For instance, S. cerevisiae contains only one
actin gene (12, 28), whereas Drosophila contains
six (11, 32). S. cerevisiae contains two copies of
the histone H2B gene (33), whereas Drosophila
contains approximately 100 copies (19). At least
one member of the S. cerevisiae hsp 70-related
multigene family, YG100 or a closely related
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gene, is heat inducible; transcription of another
member, YG1l1 or a closely related gene, is not
enhanced by heat shock and is perhaps re-

pressed. Recently, in Drosophila we have found
a multigene family that is related to the hsp 70
gene (14; unpublished data). This multigene fam-
ily contains both heat-inducible members (hsp
70, hsp 68) and at least three members which are

transcribed under normal growth conditions and
not induced by heat shock. We conclude that an

analogous multigene family exists in S. cerevisi-
ae. YG101 has been identified as a member
which is transcribed at normal growth tempera-
tures and is not induced by heat shock. The
protein products of the genes transcribed at
normal growth temperatures may perform the
same or analogous functions under normal
growth conditions as hsp 70 performs under
conditions of stress. These results suggest that
the members that are not inducible by heat
shock are also conserved in evolution. Such
multigene families of hsp 70-related sequences
under complex transcriptional control may well
be found in many plant and animal species.
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