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ABSTRACT The Escherichia coli dnaK gene is homolo-
gous to the major heat shock-induced gene in Drosophila
(Hsp7O). The primary DNA sequence of the entire protein-cod-
ing region of the dnaK gene was determined and compared
with that of the Hsp7O gene of Drosophila. The two sequences
are homologous; the dnaK gene could encode a 69,121-Da poly-
peptide, 48% identical to the hsp7O protein of Drosophila. The
homology between the Hsp7O gene of Drosophila and the E.
coli dnaK gene illustrates the remarkable conservation of the
heat shock genes in evolution. In contrast to Drosophila and
Saccharomyces cerevisiae, both of which contain multigene
families related to the Hsp7O gene, hybridization analyses indi-
cate that E. coli contains only a single Hsp7O-related gene,
dnaK. Hybridization between the DNA of an archaebacterium
Methanosarcina barkeri and the Hsp7O genes of Drosophila,
Saccharomyces, and E. coli has been detected, suggesting the
existence of Hsp7O-related genes in the three "primary king-
doms": eukaryotes, eubacteria, and archaebacteria.

When cells from a variety of species are quickly heated to a
few degrees above their normal growth temperature, the
synthesis of a small set of proteins is strongly and rapidly
induced. The heat shock response has been most extensively
studied in Drosophila, but a similar response has been ob-
served in cells of a broad spectrum of eukaryotes: Saccharo-
myces cerevisiae (1), Dictyostelium (2), tobacco, hamsters,
chickens, and humans (3, 4).
The function of the heat shock proteins is not known.

However, the synthesis of heat shock proteins has been cor-
related with the acquisition of resistance to heat in eukaryot-
ic cells (5). Agents that interfere with oxidative phosphoryl-
ation, as well as various chemicals such as ethanol, elicit the
heat shock response (5, 6). Thus, the induction is thought to
be a general response to stress, not merely a response to an
alteration in temperature.

Evidence is accumulating that indicates that these induced
proteins have been conserved throughout eukaryotic evolu-
tion. In many organisms, heat induces the synthesis of a pro-
tein of -70,000 Da. Antibodies raised to a 70,000-Da heat-
shock protein (hsp7o) from chicken crossreact with heat-
shock proteins of similar molecular size in eukaryotic
species as divergent as yeast and man (7). The predicted ami-
no acid sequences of hsp70 proteins of yeast are 72% identi-
cal to the Drosophila hsp70 protein (ref. 8; unpublished ob-
servations).
A heat shock response has also been observed in a pro-

karyote, Escherichia coli. On temperature up-shift, the rate
of synthesis of at least 14 polypeptides is enhanced. This in-
duction is under the control of a gene called htpR (9). Four of
these HTP (high temperature production) proteins have been
identified: the groEL, groES, and dnaK gene products, and a
lysine tRNA synthetase. The first three proteins are essen-

tial for the growth of bacteriophage X (10, 11, 18). Further-
more, groEL-, groES-, and dnaK- mutants that are tem-
perature sensitive for bacterial growth at 43°C have been iso-
lated (11, 12), suggesting that these genes are essential for
cell viability. In this paper, we report that the dnaK gene of
E. coli is homologous to the Hsp7O heat shock genes of high-
er organisms, thus establishing a relationship between the
prokaryotic and eukaryotic heat shock systems.

MATERIALS AND METHODS
Bacteriophage and Plasmids. XdnaK, a phage capable of

tranducing E. coli dnaK- to dnaK+, and XdnaJdnaK phage
were obtained from M. Feiss (13). Deletion derivatives of
XdnaJdnaK were obtained from H. Uchida (14). Three plas-
mids containing yeast genes related to the Drosophila Hsp7O
gene were used. YGO00 (8) and YG102 (15) are 97% identical
to each other and 67% identical to Drosophila Hsp7O. Tran-
scription of these three genes is enhanced by heat shock.
YGIOI is 67% related to YGJ00 and YG102, and 56% identi-
cal to Drosophila Hsp7O. Another plasmid, B8, contains a
single copy of a 87C Drosophila Hsp7O gene (16). In all cases
pBR322 is the vector.

General Methods. Gel electrophoresis, blotting ofDNA to
nitrocellulose, nick-translation, and DNA sequence analysis
were carried out as described (16, 17). Labeling of DNA by
polynucleotide kinase was as described (16) except that prior
to labeling, blunt or recessed 5' ends of DNA were convert-
ed to protruding 5' ends using DNA polymerase Klenow
fragment (New England BioLabs). Five units of enzyme
were incubated with 20-30 ,tg of digested DNA in 50 mM
NaCl/7 mM MgCl2/7 mM Tris HCl, pH 7.4, for 30 min at
room temperature (Z. Burton, personal communication).

In calculating the percentage amino acid identity, perfect
amino acid matches were counted and divided by the sum of
the total number of residues and the number of gapped resi-
dues. To calculate percentage nucleotide identity, matching
bases were counted and divided by the sum of the total num-
ber of base pairs and the number of gaps.
DNA-DNA Hybridizations. Hybridization of DNA labeled

by nick-translation to DNA bound to nitrocellulose filters
was carried out under nonstringent conditions. The hybrid-
ization solution was 30% formamide/0.75 M NaCl/0.075 M
sodium citrate/0.1% NaDodSO4/1.0 mM EDTA/10 mM
Tris HCl, pH 7.5/1 x Denhart's solution (8). The filters were
incubated with probe overnight at 37°C after a 4-hr incuba-
tion in hybridization buffer in the absence of probe. The fil-
ters were then washed in 0.75 M NaCl/0.075 M sodium cit-
rate/0.2% NaDodSO4 at 37°C for 4 hr with three changes of
the wash solution.

RESULTS
Hybridization of Eukaryotic Hsp7O Genes to the E. coli

dnaK Gene. To determine whether E. coli contains se-

Abbreviation: kb, kilobase(s).
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A Acci - iji Ava SaI B Hind III Ava Acc
10 20 30 40 50

1 ATGGGTAAAA TAATTGGTAT CGACCTGGGT ACTACCAACT CTTGTGTAGC
51 GATTATGGAT GGCACCACTC CTCGCGTGCT GGAGAACGCC GAAGGCGATC

J01 GCACCACGCC TTCTATCATT GCCTATACCC AGGATGGTGA AACTCTAGTT
151 GGTCAGCCGG CTAAACGTCA GGCAGTGACG AACCCGCAAA ACACTCTGTT
201 TGCGATTAAA CGCCTGATTG GTCGCCGCTT CCAGGACGAA GAAGTACAGC

7.8 kb-

5.3 kb-

2.8 kb-

FIG. 1. Hybridization of a yeast heat shock gene and the dnaK
gene to E. coli genomic DNA. Three-microgram portions of E. coli
DNA were digested with restriction enzymes, electrophoresed on a
0.7% agarose gel, and transferred to nitrocellulose. (A) A fragment
of a yeast Hsp7O gene, YG102, encompassing the codons of amino
acids 118-639 was labeled with 32P by nick-translation and hybrid-
ized to the filter under low stringency. (B) A fragment of the dnaK
gene encompassing the codons of amino acids 174-412 was labeled
with 32P by nick-translation and hybridized to the filter under condi-
tions of low stringency.

quences related to eukaryotic 70,000-Da heat shock genes,
hybridization experiments were carried out. E. coli genomic
DNA was digested with restriction enzymes, subjected to gel
electrophoresis, and transferred to nitrocellulose. The DNA
was hybridized to a protein-coding portion of the yeast gene,
YG102, which is related to the Drosophila 70,000-Da heat-
shock gene. As shown in Fig. 1A, a single band of hybridiza-
tion was observed after independent digestion with four dif-
ferent restriction enzymes. DNA of X transducing phage
containing the dnaK and dnaJ genes was fixed to nitrocellu-
lose and probed with a portion of the protein-coding region
of an Hsp7O-related gene from yeast (YGJOJ). dnaK was
tested because it is a major heat shock gene in E. coli (9). An
intense hybridization signal was observed, indicating proba-
ble similarity between the dnaJ dnaK region and the yeast
gene. To map the region of hybridization on these phage, a
yeast heat shock gene probe was hybridized to a series of
XdnaJdnaK deletion derivatives. The dnaK gene had been
previously mapped between the left end of the HindIll insert
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GTGATGTTTC CATCATGCCG TTCAAAATTA TTGCTGCTGA TAACGGCGAC
GCATGGGTCG AAGTTAAAGG CCAGAAAATG GCACCGCCGC AGATTTCTGC
TGAAGTGCTG AMAAAAMTGA AGAAAACCGC TGAAGATTAC CTGGGTGAAC
CGGTAACTGA AGCTGTTATC ACCGTAOCGG CATACTTTAA CGATGCTCAG
CGTCAGGCAA CCAAAGACGC AGGCCGTATC GCTGGTCTGG AAGTAAAACG

TATCATCAAC GAACCGACCG CAGCTGCGCT GGCTTACGGT CTGGACMAG
GCACTGGCAM CCGTACTATC GCGGTTTATG ACCTGGGTGG TGGTACTTTC
GATATTTCTA TTATCGAAAT CGACGAAGTT GACGGCGAAA MACCTTCGA
AGTTCTGGCA ACCACGGTG ATACCCACCT GGGGGGTGAA GACTTCGACA
GCCGTCTGAT CAACTATCTG GTTGAAGAAT TCAAGAAAGA TCAGGGCATT

GAOCTGCGCA ACGATOCGCT GGCAATGCAG CGCCTGAAAG AAGCGGCAGA
MAAGCGAAA ATCGAACTGT CTTCCGCTCA GCAGACCGAC GTTAACCTGC
CATACATCAC TGCAGACGCG ACCGGTCCGA AACACATGAA CATCAAAGTG
ACTCGTGCGA AACTGGAAAG OCTGGTTGAA GATCTGGTAA ACCGTTCCAT
TGAGCCGCTG AAAGTTGCAC TGCAGGACGC TGGCCTGTCC GTATCTGATA

TCGACGACGT TATCCTCGTT GGTGGTCAGA CTCGTATGCC AATGGTTCAG
AAGAAAGTTG CTGAGTTCTT TGGTAAAGAG CCGCGTAAAG ACGTTAACCC
Gr'ACGAAGCT GTAGCAATCG GTGCTGCTGT TCAGGGTGGT GTTCTGACTG
GTGACGTAAA AGACGTACTG CTGCTGGACG TTACCCCGCT GTCTCTGGGT
ATCGAAACCA TGGGCGGTGT GATGACGACG CTGATCGCGA AAAACACCAC

TATCCCGACC AAGCACAGCC AGGTGTTCTC TACCGCTGAA GACAACCAGT
CTGCGGTAAC CATCCATGTG CTGCAGGGTG AACGTAAACG TGCGGCTGAT
MCAAATCTC TGGGTCAGTT CAACCTAGAT GGTATCAACC CGGCACCGCG
CGGCATGCCG CAGATCGAAG TTACCTTCGA TATCGATGCT GACGGTATCC
TGCACGTTTC CGCGAAAGAT AAAAACAGCG GTAAAGAGCA GAAGATCACC

ATCAAGGCTT CTTCTGGTCT GAACGAAGAT GAAATCCAGA AAATGGTACG
CGACGCAGAA GCTAACGCCG AAGCTGACCG TAAGTTTGAA GAGCTGGTAC
AGACTCGCAA CCAGGGCGAC CATCTGCTGC ACAGCACCCG TAAGCAGGTT
GAAGAAGCAG GCGACAAACT GCCGGCTGAC GACAAAACTG CTATCGAGTC
TGCGCTGACT GCACTGGAAA CTGCTCTGAA AGGTGAAGAC AAAGCCGCTA

TCGMGCGAA AATGCAGGAA CTGGCACAGG TTTCCCAGAA ACTGATGGAA
ATCGCCCAGC AGCAACATGC CCAGCAGCAG ACTGCCGGTG CTGATGCTTC
TGCAAACAAC GCGAAAGATG ACGATGTTGT CGACGCTGAA TTTGAAGAAG
TCAAAGACAA AAAATAA

FIG. 3. Nucleotide sequence of the protein-coding portion of the
dnaK gene. All of the sequence was determined on both strands of
the DNA with the exception of a 70-base pair stretch from nucleo-
tide 370 440, which was determined twice on one strand. Two inde-
pendent clones of dnaK were sequenced over the entire length to
guard against errors due to cloning artifacts. We have sequenced
across all restriction sites, so we are certain no gaps exist in our
sequence.
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FIG. 2. Mapping of the hybridization between E. coli and eukaryotic heat shock genes to the dnaK gene. (A) DNA from XdnaK and deletion
derivatives derived from XdnaJdnaK were cleaved with Sma I and HindIII (Hd3), electrophoresed through 0.7% agarose, and transferred to
nitrocellulose. A fragment of the yeast heat shock gene YGJ02 encompassing the codons of amino acids 118-639 was hybridized to the filter. (B)
The physical structures of the X deletions shown were determined by Saito (14) using heteroduplex analysis. E. coli DNA is represented by the
thick lines. Thin lines represent flanking phage vector. (C) The dnaK and dnaJ phenotypes of these phages were determined by Saito (14) by
testing the ability of each of these deletion mutants to plaque on bacterial strains containing mutations in the dnaK and dnaJ genes. The limits of
dnaJ and dnaK designated at the bottom of the figure are based on such tests of these deletion derivatives.
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in XdnaK and the end point of the deletion in XdnaJ-
dnaKA195 (ref. 14; Fig. 2B) by testing the ability of the dele-
tions to complement dnaK- mutations. DNA from these
phages were cleaved with restriction enzymes that excise the
bacterial DNA from phage DNA and also separate the dnaK
gene from the dnaJ gene. When the DNA was hybridized to
a yeast heat shock gene probe, a band of hybridization was
observed only with those deletion derivatives that contained
DNA from the dnaK gene region (Fig. 2A). The only frag-
ments that hybridized were those containing the dnaK se-
quences. A labeled plasmid (B8) containing a copy of the
Drosophila Hsp7O gene was also hybridized to a similar blot
of the XdnaJdnaK deletions, and it showed a similar pattern
of hybridization (results not shown).
DNA Sequence Analysis of dnaK and Comparison to Hsp7O

Gene. The 5.3-kilobase (kb) HindIII fragment containing se-
quences that hybridized to the Drosophila and yeast Hsp7O
genes was subcloned into pBR322. Restriction enzyme map-
ping and hybridization analyses localized the region of

Hsp7O hybridization to between an Nru I site in the middle of
the insert and a HindIII site near the dnaJ gene.
The primary DNA sequence of this region (Fig. 3) was de-

termined. A single long open-reading frame that could code
for a protein of 69,121 Da was identified (Fig. 4). Both the
predicted amino acid composition and the amino-terminal
sequence agrees with that determined from the analysis of
purified dnaK protein, except that the protein lacks an NH2-
terminal methionine (C. P. Georgopoulos, personal commu-
nication). This modification would decrease the size of the
protein to 68,990 Da. A stop codon immediately precedes the
AUG designated as the start codon, thus prohibiting initia-
tion of dnaK at a methionine upstream. A comparison of the
protein-coding region of the dnaK gene and the Drosophila
Hsp7O gene (16) reveals 57% identity at the nucleotide level
and 48% identity at the amino acid level (Fig. 4). Some re-
gions of the polypeptide show a greater similarity. Between
amino acid 138 and amino acid 183, >90% of the amino acids
are the same, and between amino acid 365 and 489, 64% are

C. cell 4aK Not Sly Lys 11 11 Sly lie Asp Lou Oly Thr Thr Asn Ser Cys Val Ala Ile Not Asp Gly Thr Thr Pro Arg Val Leu Glu Asn Ala aa30
r.hp a Pre Aala *' * * * Tyr * * ly Val Tyr GlnHis Giy Lys Val Giu Ile Asn Al Tyr Asp

E. cell AeK
Sr. hisl

E. cell isK
Sr. hs I$

C. cell do"
S. hsp?0

C. cell OAe
or. hspl

C. Cell &oK
W. hsolS

M1e Sly Asp Arl Thr Th Pro Sor lie lie Al Tyr Thr Gin Asp Sly 61u Thr Lou Vai Sly Gin Pro Ala Lys Arg Gin Ala Val Thr aa6O
s ' tAso T' 'Tyr Val * Ph ' Sor ' rg ' sn 'Gu ' 'Asn' Val la Met

Asm Pro Sb Ass Thr Lu Ph. Ala lie Lys Arg Lou le Sly Arg Arg Phe Gin Asp Siu 61u Val Gin Arg Asp Val Ser lie let Pro aa9O
rA Val* 1 Asp Ala ' ' ' ' ' Lys Tyr Asp ' Pro Lys lie Ala Glu * Met Lys His Trp

OhwLys Il Il* Ala Ala Asp Ass Sly Asp Ala Trp a Vol Glu Vol Lys Sly Sin A Lys Not Ala Pro Pro a Gin lie Ser Ala aall7
* Vol V 1 Sor Asp C1y Sly Lys Pro Lys Ile Sly * Tyr ' * 6uSer Arg Phe Ala ' GGl1u * Ser

f1. Vol too Lys Lys Not Lys Lys Thr Ala SiC Asp Tyr Lou Sly Siu Pro Val Thr G6u Ala Val lie Thr Val Pro Ala Tyr Phe sn aal47
hot' ~ Thu Gig~ Sb ~ ~ ~ Ala1 ' ' Scr lie ' sp' ' ' ' ' *

AsP Ala SI Aug SIN Ala Thr Lys Asp Ala Sly Arg 11 Ala Sly Leu Siu Vol Lys Arg lle lie Asn Glu Pro Thr Ala Ala Ala Leu aal7l
Ser ' ' ' ' ' ' ' ' ' His * * * * As Lou ' ' ' ' ' *' 'f * f

C. Coll disK Ala Tyr Sly Lou ASP LyS a Sly The Sly Ass Arg The lie Ala Vol Tyr Asp Lou Sly Sly Sly Thr Phe Asp lie Ser lie lie G1u aa2O6r. S ' * * * * * Ass Lo Lys 61 * Ass V1 Lou Il Pho * Vai LeU Thr

C. Ccli dmW 11 ASP G1s Vol ASP SIy G1. Lys The Pho S1i Vol Lou Ala The Ass Sly Asp The His Leu Sly Sly G1u Asp Phe Asp Ser Arg LeU aa236
Sr.hspl7 Sly a a a Sor~ow11 A& Ser r 'AsAS** . , . Ann

C. Coll imk lie As Tyr Lou Vol G1s G1s Oho Lys Lys Asp 61. Sly fti Asp Leu Arg Ass Asp Pro Leu Aia Not Gin Arg Leu Lys Glu Ala Ala aa?66
lrhspe Val Thr Nis ^Ala A"* * A Lys Tyr Lys Lys ' * * Ser As * Ar Le Arg Arg Thrt, colIao 51. Lys Ala Lys Ile Gsi Lou Ser Ser Ala GIs GIN The Asp Vol Ass Low Pro Tyr lie Thr Ala Asp Ala Thr Gly Pro Lys His et aa296Sr. hspl * r * * t S* * SrTher S Ala Thell e a aa A Asp * Leu Phe Glu a Gin Asp Phe

C. coil dai Ass lie Lys Val The Arg Ala Lys Lou SC1 Ser Lou Vol Slu Asp Lou Val Ass Aru Ser lie Gi6 Pro Leu Lys Vai Ala Leu Gin Asp aa32b
e hsple Tyr hTr * Sor * tA *rgf CSi * CS Al As * Ph Ar As ITheuL Gin * Vai Glu Lys * Asn

E. ceii dAi Ala ily Low Set Val Sor Asp lie Asp Asp Vol Ile Lou Vol Sly ly Sin The Aurg Net Pro Net Vol Sin Lys Lys Val Ala Glu Phe aa356
or. hsp L*sMt Asp Lys GilG s * His * 11e Val * Ser I lle Lys Ser Leu Leo Gin
E. celi dso Phe a Sly Lys Gsi Pro Arg Lys Asp Vol Ass Pro Asp Si Ala Vol Ala Ile Sly Ala Ala Val Gin Sly Sly Val Leu Thr Gly Asp aa385
Sr. sS * is *Ass Lou Ass Lou Ser lie * * * * * * Tyr * A* Ala Ala lie * Ser

E. coii iasS a a a a Val Lys Asp Val Lou Lou Lou Asp Val The Pro Low Sor Lou Sly lie Siu Thr Net Sly Sly Val Net Thr lhr Leu aa4liSr.hs S yLsl s* * **VsSt Gi LI le **l*Ala Ala * * * 'Lys'
E. celi dsi lie Ala Lys Ass Ther The Il Pro The Lys His Ser Sin Val Phs Ser The Ala Sic Asp Asn Sin Ser Ala Val Thr lie His Val Leu aa441Sr.ssW *' 1G Arg * 'ys Ar Cys ' GslThrLys The' Tyr Ser * Pro Sly * Ser I Sin I lyr

C. celi IsiS i.ly 61S Arg Lys Arg Ala Ala Asp Ass Lys Sir Lou Sly I Ph_ ssA Lo Asp Sly lie Asn Pro Ala Pro Arg Sly Net Pro Gin aa4ilSr. bspl Gsi Ala*I ttThr Lys 'Aso Ala * Th * sp * Ser 'Pro * '* Val '

E. ceii si lie Gsi Val The Ohs Asp IIi Asp Ala Asp Sly lie Lou His Val Ser Ala Lys Asp Lys Asn Ser Sly Lys Siu Gin Lys lie Thr lie aaS01
or. 'Sn' ' Lou Aso '* * Ass G" * 'S**flu tSert thr * AlaLys Asn
E. ceii osi Lys Ala Ser Ser Sly aLo Ass SCl Asp lu 11e G1. Lys Not Vol Aru Asp Ala Siu Ala Asn Ala GSu Ala Asp Arg Lys Phe Siu aaS30Sr. Isp0 AssAsp Lys ' Arg Ser Si. Ala * Asp gA ' As Si * * Lys Tyr * Asp Siu * Siu * His Arg
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C. ccli IsiS Lys ot Sis SIc Lou Ala SI. Vol Ser GIN Lys Lsu Not Sic Ile Ala Gin SIN Gin His Ala Gin Sin Sin Thr Ala a Sly Ala a a0614
r., sple ' S 'l ' a a A ThrAr "is Cys Sir Pro * Not Th Lys Not ' Sn * Sly Ala Sly * Ala SSly Pro

C, cil de a Asp Ala Ser Ala Ass Ass Ala Lys Asp Asp Asp Val Val Asp Ala 61u a A a Phe Siu GSu Vol Lys Asp Lys Lys END
Sr. hspl0 Sly Ala Aso Cys Sly XSi SIs * Sly Sly a a Ph Sly S1y Tyr Ser Sly Pro The Val ' As a a a

FIG. 4. Comparison of the predicted amino acid sequence of E. coli dnaK protein and Drosophila (Dr.) hsp7O. Those amino acids identical in
both sequences are shown by an asterisk. The first amino acid (aa) of the dnaK protein is designated 1. Those amino acids deleted in one
sequence relative to the other are shown by a triangle.

Proc. NatL Acad Sci. USA 81 (1984)
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the same. If one divided the dnaK protein into five equal
segments, the second and fourth are more conserved (66%
and 58%) than the first, third, and fifth (46, 42, and 23% re-
spectively). dnaK is also homologous to the yeast Hsp7O-
related genes used as hybridization probes. At the nucleotide
level, dnaK is 57% identical to two yeast genes, YGJOJ and
YGJ02. The amino acid residues conserved from E. coli to
Drosophila are nearly all conserved to yeast as well. These
regions of high identity may represent functionally con-
served regions of the protein.

Hybridization of Isolated dnaK to E. coli Genomic DNA.
Since it has been shown that the S. cerevisiae and Drosophi-
la melanogaster genomes contain a family of Hsp7O-related
genes (8, 19), we wanted to determine whether E. coli also
contained multiple Hsp7O-related genes. The dnaK gene was
hybridized under nonstringent conditions to fractionated E.
coli genomic DNA. A single band was observed after hybrid-
ization to genomic DNA digested independently with three
different restriction enzymes (Fig. 1B). Under similar hy-
bridization conditions a yeast Hsp7O fragment hybridized to
yeast genomic DNA reveals 8-10 Hsp7O homologous genes
(8). The detection of only one band indicates that the E. coli
genome contains a single Hsp7O homologous sequence-
dnaK.

Hybridization of 70,000-Da Heat-Shock Genes to an Ar-
chaebacterium, Methanosarcina barked. In an attempt to fur-
ther establish the conservation of Hsp7O genes in evolution,
M. barkeri genomic DNA was digested with restriction en-
zymes, blotted to nitrocellulose, and hybridized to protein-
coding portions of Hsp7O-related genes. Three probes, one
from E. coli dnaK, one from yeast, and one from Drosophila
Hsp7O were used in separate hybridizations. The same single
band of hybridization was observed using either yeast and
Drosophila orE. coli and Drosoph7a DNA as probe (Fig. 5).
We suggest that M. barkeri contains Hsp7O-related se-
quences.

Pst I Eco RV Hind III

-5.3 kb

-2.3 kb

3.5 kb-

-

2.16 kb- o, -1.0kb

1.3 kb -

uD c or
Probe:3 , i

m

0 0

FIG. 5. Hybridization of Hsp7O genes to DNA of an archaebac-
terium. M. barkeri genomic DNA was digested with restriction en-
zymes, electrophoresed, and transferred to nitrocellulose. Three
protein-coding fragments of Hsp7O-related genes were used as hy-
bridization probes: a fragment of the E. coli dnaK gene encompass-

ing amino acids 23-325, a fragment of the yeast (S. cer.) YG102 gene

encompassing amino acids 118-639, and a fragment of the Drosophi-
la (D. mel.) Hsp7O gene encompassing amino acids 18-337.

DISCUSSION

Because 70,000-Da heat shock-inducible genes exist in two
distantly related species, D. melanogaster and S. cerevisiae,
we wondered whether E. coli contained Hsp7O-related se-
quences. A heat-inducible gene in E. coli, dnaK, is 57% iden-
tical to the major heat shock gene of Drosophila (Hsp7O).
This identity extends over the entire protein-coding region
with some regions showing extreme conservation. A com-
parison of the predicted amino acid sequences of the dnaK
and Drosophila Hsp7O genes showed 48% overall identity.
This identity increased to >90% in one 46-amino acid seg-
ment. The dnaK gene is also homologous to a yeast Hsp7O
gene. The sequence of the yeast gene is 57% identical to
dnaK and 67% identical to the Drosophila Hsp7O. Given the
high degree of similarity observed between dnaK and other
70,000-Da heat shock genes, we assert that these genes have
diverged from a common ancestor rather than converged
from unrelated sequences. These results are a remarkable
demonstration of prokaryotic-eukaryotic sequence homolo-
gy-
Based on comparison of 5S RNA sequences, Hori and

Osawa (20) have estimated that the prokaryotes and eukary-
otes diverged about 1.8 x 109 years ago. Only a very few
proteins have maintained recognizable sequence similarity
between prokaryotic and eukaryotic species (21, 22). c-type
cytochromes, serine proteases, and the (-subunit of the ATP
synthetase complex are among those that have been well
conserved. Cytochrome c shows 10-48% similarity between
eukaryotic and prokaryotic species. Bacterial trypsin from
Streptomyces griseus is 26-31% identical to eukaryotic ser-
ine proteases. One very highly conserved protein is the ,3
subunit of ATP synthetase (23). Sequences from maize chlo-
roplasts and beef mitochondria are 64% and 69% identical to
the E. coli p-subunit. The homology between the dnaK pro-
tein and Drosophila hsp70 is thus comparable with the ho-
mology seen between some of the most highly conserved
proteins known.
The archaebacteria composed of the methanogens, ex-

treme halophiles, and acidophiles form a unique biological
grouping phylogenetically distant from typical bacteria (eu-
bacteria) and eukaryotes. Three'primary kingdoms have
been proposed (24)-the eukaryotes, the eubacteria, and the
archaebacteria. The archaebacteria differ significantly from
eubacteria and eukaryotes. For example, all eubacteria con-
tain muramic acid in their cell walls while archaebacteria do
not. Membranes of archaebacteria contain unusual lipids not
found in members of the two other groups and tRNA base
modifications commonly found in eukaryotic and prokaryot-
ic tRNA are absent in archaebacteria. The two bacterial lines
of descent appear to be no more related to one another than
either of them is to the eukaryotes (24). The detection of
Hsp7O-related sequences in an archaebacteria thus dramati-
cally shows the extreme conservation of the Hsp7O gene
throughout evolution.
Both the Drosophila and yeast genomes contain a family

of Hsp7O-related genes (8, 19). In both cases, some members
are heat shock inducible while 'others are transcribed under
normal growth conditions and not inducible by heat treat-
ment. Evidence presented here indicates that there is only
one Hsp7O-related gene, dnaK, in the E. coli genome. How-
ever,'under normal growth conditions at 37°C the dnaK pro-
tein accounts for 1.4% of the weight fraction of cellular pro-
tein and is the seventh most abundant protein in the cell (25).
Transcripts of one of the Drosophila Hsp70-related proteins
(Hsc4) are very abundant in cells in all stages of develop-
ment, comparable in abundance to some actin mRNAs (26).
Therefore, in both eukaryotes and prokaryotes Hsp7O-relat-
ed proteins appear to be abundant under normal physiologi-
cal conditions.
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Although the function of the heat shock proteins is not
known, the information from eukaryotic species including
the abundance of these proteins suggests structural roles for
the heat shock proteins either in the nucleo- or cytoskeleton.
Studies of avian and mammalian heat shock proteins have
shown that hsp70 is identical to a highly conserved polypep-
tide previously shown to copurify with intermediate fila-
ments and microtubules (3). Antibodies to chicken hsp70
stains a pattern of stress fibers in the cytoplasm (27). Unfor-
tunately, the information available concerning the dnaK pro-

tein does not obviously suggest its function in cellular metab-
olism. The dnaK protein is required for the replication of the
phages X and P22 but not T4, T7, OX174, or fd (28). Mutant X

phage able to grow on a dnaK- strain contain an altered P
gene product (10). The P gene product is thought to interact
with the A 0 gene product and the host dnaB gene product to
form a replisome structure at X ori (29). The temperature-
sensitive phenotype of some dnaK mutants is strong evi-
dence that the dnaK gene is required for the normal growth
of E. coli. It has been suggested that dnaK is involved in host
DNA replication (30). However, the existence of mutants
that prevent X DNA replication but do not affect host growth
(30) suggests that the functions involved in host and phage
metabolism may be different. Further genetic and biochemi-
cal analysis of dnaK and its protein product should help elu-
cidate the role of hsp7O in both normal and stress situations.
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