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Heat shock induces the synthesis of a set of proteins in Halobacterium marismortui whose molecular sizes
correspond to the known major heat shock proteins. By using the polymerase chain reaction and degenerate
oligonucleotide primers for conserved regions of the 70-kDa heat shock protein (HSP70) family, we have
successfully cloned and sequenced a gene fragment containing the entire coding sequence for HSP70 from H.
marismortui. HSP70 from H. marismortui shows between 44 and 47% amino acid identity with various
eukaryotic HSP70s and between 51 and 58% identity with its eubacterial and archaebacterial homologs. On the
basis of a comparison of all available HSP70 sequences, we have identified a number of unique sequence

signatures in this protein family that provide a clear distinction between eukaryotic organisms and prokaryotic
organisms (archaebacteria and eubacteria). The archaebacterial (viz., H. marismortui and Methanosarcina
mazei) HSP70s have been found to contain all of the signature sequences characteristic of eubacteria
(particularly the gram-positive bacteria), which suggests a close evolutionary relationship between these
groups. In addition, detailed analyses of HSP70 sequences that we have carried out have revealed a number of
additional novel features of the HSP70 protein family. These include (i) the presence of an insertion of about
25 to 27 amino acids in the N-terminal quadrants of all known eukaryotic and prokaryotic HSP70s except those
from archaebacteria and the gram-positive group of bacteria, (ii) significant sequence similarity in HSP70
regions comprising its first and second quadrants from organisms lacking the above insertion, (iii) highly
significant similarity between a protein, MreB, of Escherichia coli and the N-terminal half of HSP70s, (iv)
significant sequence similarity between the N-terminal quadrant of HSP70 (from gram-positive bacteria and
archaebacteria) and the m-type thioredoxin of plant chloroplasts. To account for these and other observations,
a model for the evolution of HSP70 proteins involving gene duplication is proposed. The model proposes that
HSP70 from archaebacteria (H. marismortui and M. mazei) and the gram-positive group of bacteria constitutes
the ancestral form of the protein and that all other HSP70s (viz., other eubacteria as well as eukaryotes)
containing the insert have evolved from this ancient protein.

All bacterial and eukaryotic species studied to date exhibit
increased synthesis of a set of proteins referred to as stress
or heat shock proteins (HSPs) in response to a sudden
increase in physiological temperature as well as exposure to
other stressors (e.g., hypoxia, amino acid analogs, ethanol,
etc.) (27, 34). One of the proteins whose synthesis is greatly
induced under these conditions has an apparent molecular
mass of 70 kDa (HSP70; bacterial homolog known as the
DnaK protein). Although the synthesis of HSP70 is greatly
enhanced by various physiological stressors, it also consti-
tutes a major protein under normal growth conditions and
has been shown to be essential for cellular growth. Gene
cloning and sequencing studies on HSP70 show that the
primary structure of this protein has been highly conserved
during evolution in species ranging from bacteria to plants to
humans (27, 34).

In recent years, although HSP70 homologs have been
cloned from numerous bacterial and eukaryotic species (1, 2,
4, 6, 12, 14, 18, 21, 32, 37, 38, 41, 42), none of the gene or
protein structures of HSP70s from any archaebacteria,
which have been proposed to constitute the third primary
lineage distinct from eubacteria and eukaryotes (44-47), has
yet been determined. In the present paper, we describe the
cloning and complete nucleotide sequence of the HSP70
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gene from Halobacterium marismortui, which belongs to the
extreme halophile group of archaebacteria (44, 47). The
cloning strategy is based on the polymerase chain reaction
(PCR) employing degenerate oligonucleotide primers for
conserved regions of HSP70 (12). We have carried out
detailed analyses of HSP70 sequences from different species
which provide evidence of gene duplication in the evolution
of the HSP70 family of proteins. These studies also reveal
that HSP70 from H. marismortui contains many structural
features in common with the gram-positive group of bacte-
ria, indicating its close evolutionary relationship to this
group.

MATERIALS AND METHODS

Bacterial strains. H. marismortui ATCC 43049 was pur-
chased from the American Type Culture Collection, Rock-
ville, Md. A culture of this strain was also kindly provided
by P. P. Dennis, University of British Columbia, Vancouver,
Canada. The cells were grown at 37°C in halobacterium
high-salt starch medium (medium 1218; American Type
Culture Collection), as recommended by the supplier. High-
molecular-weight DNA from H. marismortui cells was pre-
pared by the method of Mevarech et al. (33).
Heat shock response. To determine the effect of heat shock

on protein synthesis, an exponentially growing culture of H.
marismortui was divided into several portions. Individual
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portions were transferred to different temperatures (50 or
55°C), while a control culture was maintained at 37°C. After
30 min at elevated temperatures, [35]methionine (50 ,Ci/ml;
specific activity, 1,200 Ci/mmol) was added to different
cultures. After 30 min of labeling, the cells were centrifuged
and washed with cold, unlabeled medium, and the cell
pellets were dissolved in sodium dodecyl sulfate (SDS)-lysis
buffer (62.5 mM Tris-HCl [pH 7.5], 1% SDS, 1% P-mercap-
toethanol, 10% glycerol). The proteins in different samples
were electrophoresed on SDS-10% polyacrylamide gels,
which were stained and fluorographed as described previ-
ously (1).
PCR. Oligonucleotide primers with opposite orientations

were custom synthesized for two conserved regions of the
HSP70 family of proteins (12). The primers were synthesized
at the Central Facility of the Institute of Molecular Biology,
McMaster University, Hamilton, Ontario, Canada. The for-
ward (5'-CARGCNACNAARGAYGCNGG-3') and the re-
verse (5'-GCNACNGCYTCRTCNGGRTT-3') primers (where
N = A, C, G, or T; Y = C or T; and R = A or G) were made
for the sequences QATKDAG and NPDEAVA, respec-
tively. The primers were degenerate to allow for all possible
codon usages (12). Both of these primers have similar
degrees of degeneracy (512-fold).
PCR amplification using H. marismortui DNA and the

above sets of primers was carried out in a similar manner to
that described elsewhere (12). After 30 cycles of amplifica-
tion, an aliquot of the reaction mixture was analyzed on a 1%
agarose gel to visualize and photograph the amplified prod-
uct(s). The DNA from the amplified fragment was eluted by
using a GENECLEAN kit (Bio 101, Inc., La Jolla, Calif.),
and after filling in the ends of the fragment with Klenow, it
was ligated to SmaI-digested and dephosphorylated pGEM-
7zf(+) vector (Promega). After transformation of Esche-
richia coli JM109 cells with the plasmid, DNAs from a
number of the clones containing the expected size of insert
were sequenced by using forward- and reverse-sequencing
primers. The inserts whose sequences resembled a consen-
sus HSP70 gene sequence in the amplified region were used
as probes in DNA hybridization and colony screening stud-
ies.

Screening for genomic clones. H. marismortui DNA was
digested with appropriate restriction enzymes and run on 1%
agarose gels. The gel region corresponding to the size range
of interest (based on Southern blot analysis) was excised,
gene cleaned, and then ligated in pGEM-7zf(+) vector
digested with the same enzyme and dephosphorylated. The
ligated vector was used to transform E. coli JM109 cells, and
the colonies obtained were screened with the H. mansmor-
tui HSP70 probe. The DNA was sequenced by the dideoxy
chain termination method with a Sequenase kit (United
States Biologicals, Inc.).

Data base searches and sequence comparison analyses. The
computer searches of various protein data bases were per-
formed by using the FASTA program of the National Bio-
medical Research Foundation Protein Identification Re-
source in conjunction with the University of Wisconsin
Genetics Computer Group (GCG) program package (28, 35).
These programs were accessed on the CAN/SND Molecular
Biology Database System of the National Research Council
of Canada. The FASTA analysis was carried out with HSP70
sequences, and the top 100 scores were examined for the
length and quality of sequence overlap. The statistical sig-
nificance of similarity between any two sequences was
evaluated by using the RDF2 program in the FASTA pack-
age. This program evaluates the sequences in pairs to

determine whether the observed sequence similarity is due
to common ancestory or simply to the locally biased amino
acid composition (35). This program compares two se-
quences, calculating the initial and optimized score, and then
shuffles the second sequence a specified number of times
(keeping the amino acid composition of the shuffled se-
quence identical to the unshuffled sequence) and again
calculates the initial and optimized scores. The statistical
significance of the observed similarity could be assessed
from two different perspectives (35). One of these is pro-
vided by the z value, which is calculated by subtracting the
mean score of the randomly shuffled sequences from the
score of the unshuffled sequence and then dividing it by the
standard deviation of the distribution of the shuffled se-
quence. Pearson and coworkers (28, 35) have suggested that
when z values are <3, one should be skeptical of a conclu-
sion based on sequence similarity. However, z values >6
generally indicate highly significant similarity, pointing to
common ancestory (28, 35). A second perspective to evalu-
ate the significance of observed similarity is based on the
highest score of the shuffled sequences. If the highest score
of the shuffled sequences (about 100 shuffles) is lower than
that of the original unshuffled sequence, then it is again
strongly indicative of the significance of the observed se-
quence similarity (35). The pairwise sequence alignment
between various proteins was carried out by using the
BESTFIT program of the GCG6 software package. The
phylogenetic tree for HSP70 sequences was constructed by
using the CLUSTAL program of the PC Gene Software
package (Intelligenetics). The program initially calculates
pairwise similarity scores by the method of Wilbur and
Lipman (43). In the next step, these scores are used to
construct a phylogenetic tree by using UPGMA (unweighted
pair group maximum averages) or the average linkage cluster
analysis method (39). In the final stage, sequences are
aligned by using the program PALIGN, minimizing the
distances (i.e., gaps) between various sequences.

Nucleotide sequence accession number. Sequence data for
H. marismortui HSP70 have been deposited in the GenBank
data base under accession no. M84006.

RESULTS

Heat shock response of H. marismortui. We initially exam-
ined the nature of proteins synthesized in H. mansmortui
upon heat shock. In these experiments, H. mansmortui cells
growing at 37°C were shifted to elevated temperatures (50
and 55°C), and the nature of the synthesized proteins was
determined by labeling the cells with [35S]methionine. As
seen in Fig. 1, while synthesis of the majority of the proteins
was only slightly increased upon shifting the cells to either 50
or 55°C (because of the temperature effect), a few proteins
with approximate masses of 100, 90, 70, and 60 kDa were
synthesized in much larger amounts. In addition to these
proteins, the synthesis of a few other proteins of -55 and 45
kDa also appears to be enhanced upon heat shock. The
observed response is very similar to that reported previously
by Daniels et al. (7) for H. marismortui and H. trapanicum,
but it differs somewhat from the response ofMethanococcus
voltae, where, upon heat shock, a number of low molecular
weight HSPs were also induced (20).

Cloning of the H. marismortui HSP70 gene. To clone the
HSP70 gene, initially the PCR reaction was carried out by
using H. marismortui DNA and a set of degenerate oligonu-
cleotide primers made for HSP70 sequences which are
conserved in all eukaryotic and prokaryotic species (12). In
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FIG. 1. Effect of elevated temperature on protein synthesis in H.
mansmortui culture. Portions of the culture growing at 37°C were

shifted to either 50 or 55°C, and after 30 min the cells at different
temperatures were labeled with [35S]methionine for 30 min. Total
cellular proteins from different cultures were analyzed by SDS-
polyacrylamide gel electrophoresis and autoradiography. Arrow-
heads on the right indicate the approximate Mr (x 1,000) of the main
proteins whose synthesis was induced upon heat shock. The posi-
tions of molecular weight markers (MW (M; x 1,000) are indicated
on the left.

these experiments, strong amplification of a 0.65-kb frag-
ment, which is the expected size based on the positions of
the primers in the HSP70 sequences, was observed (Fig. 2a).
The amplified PCR fragment was subcloned in a plasmid
vector, and its complete nucleotide sequence was deter-
mined. The deduced amino acid sequence of the cloned
fragment was unique, but it showed a high degree of homol-
ogy to the HSP70 family of proteins (results not shown),
indicating that it corresponded to HSP70. To isolate a

genomic clone from H. marismortui, the DNA was digested
with several restriction enzymes (HindIII, ClaI, and
BamHI), blotted, and probed with the 0.65-kb cloned PCR
fragment. In Southern blots of H. marismortui DNA di-
gested with different restriction enzymes, the cloned frag-
ment showed specific hybridization to fragments in the range

of about 6 to 12 kb (Fig. 2b and c). For HindIII-digested
DNA, strong and specific hybridization to a band of about 6
kb was observed. To clone the H. marismortui HSP70 gene,

the 5.5- to 6.5-kb region from HindIlI-digested DNA was

excised and subcloned in the plasmid pGEM-7zf(+). Screen-
ing of the resulting library with the cloned probe identified
several positive clones, each containing an approximately
6-kb insert (lane 4 of Fig. 2b and c) and showing a similar
enzyme digestion pattern. Restriction enzyme digestion and
Southern blot analysis of the insert indicated that the se-

quence hybridizing to the PCR probe was contained within
an approximately 2.8-kb XhoI-NsiI fragment (not shown).
To sequence the insert, nested sets of deletions using exo-

nuclease III in both orientations were made and the nucleo-
tide sequences of both DNA strands were determined. The
nucleotide sequence of a portion of this fragment is shown in
Fig. 3. It contained an open reading frame of 1,996 bp
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FIG. 2. Cloning of the H. marismortui HSP70 gene. (a) Agarose

gel electrophoresis of the PCR reaction product of H. marismortui
DNA and degenerate oligonucleotide primers for conserved regions
of HSP70. The left lane contains molecular size markers. (b and c)
Southern blot analyses of H. marismortui genomic DNA and that of
the positive clone. Lanes 1 to 3, H. marismortui DNA digested to
completion with the enzymes HindIII, ClaI, and BamHI, respec-
tively; lane 4, HindIll digestion pattern of the positive clone Archm
P-2. The lower band in lane 4 corresponds to the plasmid. (b)
Ethidium bromide staining of the gel. (c) Hybridization of the blot to
the 0.65-kb PCR probe.

encoding a protein of 68,891 Da (calculated). The probe
sequence matched exactly with nucleotides 388 to 1,029 in
the above sequence. Codon usage for the encoded protein
showed a strong bias towards codons with either G or C in
the third position, reflecting the high G + C content (-62%)
of the sequenced fragment and of the halobacterial genome
(40). In addition, similar to other halobacterial proteins (26),
many additional acidic residues (at the C-terminal end) were
present in the H. marismortui HSP70 sequence (Fig. 3).

Sequence comparisons and analyses. Alignment of the
deduced amino acid sequence of the H. mansmortui protein
with known prokaryotic and representative eukaryotic
HSP70 sequences (Fig. 4) showed extensive similarity
throughout its length, confirming its identity as an HSP70
homolog. Recently (after original submission of this paper),
the sequence of HSP70 from the archaebacterium Metha-
nosarcina mazei was also reported (30), and it is included in
the comparison shown in Fig. 4. Pairwise alignment of the
HSP70 sequences using the BESTFIT program of the GCG
package revealed that H. marismortui HSP70 showed be-
tween 51 and 58% amino acid identity over its entire length
with the archaebacterial and eubacterial homologs and be-
tween 44 and 47% identity with the eukaryotic counterparts
(Table 1). Additionally, between 15 and 20% amino acid
residues were found to be conservative replacements in
various HSP70 pairs (Table 1). The observed high degree of
sequence similarity in HSP70 sequences over their entire
lengths, in species covering all three primary kingdoms (or
domains), indicates that HSP70 constitutes one of the most
conserved proteins known to date.
From the sequence alignment shown in Fig. 4, as well as

an examination of other HSP70 sequences available in
various nucleic acid and protein sequence data bases (results
not shown), a number of unique and distinguishing features
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-276 GACCAG CCGGACGGGG CAATCGCCGA TGTCCACCGG CCGGGCTACG AGATGGCCGA
-220 CAAAGTGCTG CGCGAGGCAC AGGTCACCGT GAGCGAGAGC GAGGAGTAGC GGGCAACTCT GACGGTATAG CGGTCGTATT GCGGTACATT AAATAATCAC CGGTCAGGGA
-110 AGTCCAGATC ATCGAGTATA AAACCGCCCG GAGGAGGAGG CCCCTTTGTC CGTTTTCCAA TCAGTACATC TAGCAACTTT TAACCGGCCC AATCGCTATG AGCGGGTAAG

1 ATG GCG AGC MC MG ATT CTG GGT ATC GAC CTT GGG ACC ACG MC AGC GCG TTC GCG GTC ATG GM GGT GGC GAC CCT GM ATC ATT GTC
Met Ata Ser Asn Lys Ile Leu Gly Ile Asp Leu Gly Thr Thr Asn Ser Ala Phe Ala Val Met Glu Gty Gly Asp Pro Glu Ile Ile Val 30

91 MC GGT GM GGC GAG CGG ACG ACA CCC TCT GTC GTT GCG TTC GAC GAC GGT GAG CGG CTT GTC GGG AM CCG GCG MG MC CAG GCG GTA
Asn Gty Glu Gly Glu Arg Thr Thr Pro Ser Vat Val Ala Phe Asp Asp Gly Glu Arg Leu Val Gly Lys Pro ALa Lys Asn Gln Ala Val 60

181 MG MC CCC GAC GAG ACC ATC CAG TCG ATC MG CGC CAT ATG GGG CM GAC GAC TAC TCG GTC GM CTG GAC GGG GAG GAG TAC ACA CCC
Lys Asn Pro Asp Glu Thr Ile Gln Ser Ile Lys Arg His Met Gly Gln Asp Asp Tyr Ser Vat Glu Leu Asp Gly Glu Glu Tyr Thr Pro 90

271 GAG CAG GTC TCG GCG ATG ATC CTC CAG MG ATC MA CAC GAC GCT GAG GAG TAC CTC GGC GAC GAG ATC GAG MG GCC GTT ATT ACG GTC
Glu Gln Val Ser Ala Met Ile Leu Gln Lys Ile Lys His Asp Ala Glu Glu Tyr Leu Gly Asp Glu lle Glu Lys Ala Val Ile Thr Val 120

361 CCG GCG TAC TTC MC GAC CGA CAG CGC CAG GCA ACC MG GAT GCC GGT MG ATC GCC GGC TTC GAG GTT GM CGA ATC GTC AAC GAG CCG
Pro Ala Tyr Phe Asn Asp Arg Gln Arg Gln Ala Thr Lys Asp Ala Gly Lys Ile Ala Gly Phe Glu Val Glu Arg Ile Val Asn Glu Pro 150

451 ACG GCG GCC GCT ATG GCC TAC GGG CTC GAT GAT GAA TCC GAC CAG ACC GTC CTC GTG TAC GAC CTC GGG GGC GGC ACC TTC GAT GTC TCC
Thr Ala Ala Ala Met Ata Tyr Gly Leu Asp Asp Glu Ser Asp Gln Thr Val Leu Val Tyr Asp Leu Gly Gly Gly Thr Phe Asp Val Ser 180

541 ATC CTC GAC CTC GGT GGG GGC GTC TAC GM GTT GTC GCG ACC MC GGG GAC MC GAC CTC GGT GGC GAC GAC TGG GAC CAC GCC ATC ATC
Ile Leu Asp Leu Gly Gty Gly Val Tyr Glu Val Vat Ala Thr Asn Gly Asp Asn Asp Leu Gly Gly Asp Asp Trp Asp His Ala Ile Ile 210

631 GAC TAT CTC GCT GAC GAG TTC GAG GCC GAA CAC GGC ATC GAC CTC CGC GAC GAC CGG CAG GCG CTC CAG CGC CTG ACC GAG GCT GCC GAG
Asp Tyr Leu Ala Asp Glu Phe Glu Ala Glu His Gly Ile Asp Leu Arg Asp Asp Arg Gln Ala Leu Gln Arg Leu Thr Glu Ala Ala Glu 240

721 GAG GCC MG ATC GAG CTC TCC TCG CGC MG GAG ACC CGA ATC MC CTC CCG TTC ATC GCG ACC ACC GAC GAC GGT CCG CTG GAC CTT GAG
Gtu Ala Lys lte Glu Leu Ser Ser Arg Lys Gtu Thr Arg Ile Asn Leu Pro Phe Ile Ala Thr Thr Asp Asp Gly Pro Leu Asp Leu Glu 270

811 CM MG ATC ACG CGC GCG MG TTC GAG TCC CTT ACA GAG GAT CTC ATC GAG CGC ACG CTC GGC CCG ACG GAG CAG GCG CTT GCC GAC GCG
Gln Lys Ile Thr Arg Ala Lys Phe Glu Ser Leu Thr Gtu Asp Leu Ite Glu Arg Thr Leu Gly Pro Thr Glu Gln Ala Leu Ala Asp Ala 300

901 GAC TAC ACC MA AGC GAC ATC GAC GM GTC ATT CTC GTC GGT GGC TCG ACG CGG ATG CCG CAG GTG CAG GAC CAG GTC GM GAG ATG ACC
Asp Tyr Thr Lys Ser Asp Ile Asp Glu Val Ile Leu Val Gly Gly Ser Thr Arg Met Pro Gln Val Gln Asp Gln Val Glu Glu Met Thr 330

991 GGG CAG GAG CCA MA AGA ACG TCA MC CCC GAC GM GCC GTC GCG CTG GGC GCA GCC ATT CAG GCT GGC GTC CTT TCG GGC GAT GTA GAC
Gly Gln Asp Pro Lys Arg Thr Ser Asn Pro Asp Glu Ala Val Ala Lys Gly Ala Ala Ile Gln Ala Gly Val Leu Ser Gly Asp Val Asp 360

1081 GAC ATC GTC CTG CTC GAT GTG ACG CCG CTG TCG CTG GGT GTC GAG GTC MG GGC GGC CTG TTC GAG CGA CTC ATC GAC MG MC ACC ACC
Asp Ile Val Leu Leu Asp Val Thr Pro Leu Ser Leu Gly Val Glu Val Lys Gly Gly Leu Phe Gtu Arg Leu Ile Asp Lys Asn Thr Thr 390

1171 ATC CCG ACC GAG GM TCG MG ATC TTC ACA ACC GCT CAG GAC MC CAG ACA CAG GTC CAG ATC CGT GTC TTC CAG GGC GAG CGT GM ATC
Ile Pro Thr Glu Glu Ser Lys Ile Phe Thr Thr Ala Gln Asp Asn Gln Thr Gln Val Gtn Ile Arg Val Phe Gln Gly Glu Arg Glu Ile 420

1261 GCC GAG GAG MC GM CTG CTC GGC CGG TTC GCG CTT TCG GGC ATC CCA CCG GCC CCC GCA GGC ACG CCT CAG ATC GAG GTG TCG TTC MC
Ala Glu Glu Asn Glu Leu Leu Gly Arg Phe Ala Leu Ser Gly Ile Pro Pro Ala Pro Ala Gly Thr Pro Gln Ile Glu Val Ser Phe Asn 450

1351 ATC GAC GAG MC GGC ATC GTC MC GTC GM GCC GAG GAC MG GGC TCG GGC MC MG GAG GAC ATC ACC ATC GM GGC GGT GCC GGC CTC
Ile Asp Glu Asn Gly Ile Val Asn Val Glu Ala Glu Asp Lys Gly Ser Gly Asn Lys Glu Asp Ile Thr Ile Glu Gly Gly Ala Gly Leu 480

1441 TCC GAC GAC CAG ATC GAG GAG ATG CM CAG GAG GCC GM CAG CAC GCC GM GAG GAC GAG CAG CGC CGC GAC GGC ATC GM GCG CGC MC
Ser Asp Asp Gln Ile Glu Glu Met Gln Gln Glu Ala Glu Gln His Ala Glu Glu Asp Glu Gln Arg Arg Asp Gly Ile Glu Ala Arg Asn 510

1531 GAG GCC GAG GCG TCC GTC CGC CGT GCC GAG ACG CTC CTT GAC GAG MC GAG GAG GAG ATC GAT GAG GAC CTC CAG TCC GAC ATC GAG GCG
Glu Ala Glu Ala Ser Val Arg Arg Ala Glu Thr Leu Leu Asp Glu Asn Glu Glu Glu Ile Asp Glu Asp Leu Gln Ser Asp Ile Glu Ala 540

1621 MA ATC GAG GAC GTC GAG GM GTC CTC GM GAC GAG GAC GCC ACG MA GAG GAC TAC GAG GCG GTC ACC GAG ACC CTG AGC GAA GM CTG
Lys Ile Glu Asp Val Glu Glu Val Leu Glu Asp Glu Asp Ala Thr Lys Glu Asp Tyr Glu Ala Val Thr Glu Thr Leu Ser Glu Glu Leu 570

1711 CAG GAG ATC GGC MG CAG ATG TAT CAG GAT CAG GCC CAG CAG GCG CAG GCG GTG CCG CGG GCG CTG GTC CGG GTG GCG CGG CCG GCC CCG
Gln Glu Ile Gly Lys Gln Met Tyr Gln Asp Gln Ala Gln Gtn Ala Gln Ala Val Pro Arg Ala Leu Val Arg Val Ala Arg Pro Ala Pro 600

1801 GGC GCG CTG CCG GAC CGG GCG GCG CAG CAG GCC GCG GCC GAG CAG GGT GCT GAG GAG TAC GTC GAC GCA GAC TTT GM GAC GTC GAG GM
Gly Ala Leu Pro Asp Arg Ala Ala Gln Gln Ala Ala Ala Glu Gln Gly Ala Glu Glu Tyr Val Asp Ala Asp Phe Glu Asp Val Glu Glu 630

1891 AGC GAC GAA GAC GAG TGA AACGAGTCTGA GGAGCTTTCC TCGGCTCGAT AGACGGGCGT TAGCGAGTCT ATCGGCGTCT TGGGMGCGA ACGAAGTGAG CTTCTCMGT
Ser Asp Glu Asp Glu * 635

2000 TTGCCGMGA CGACGMGAC GAATMCGCG AGTCACGTCA CTTTCGTCGG TACMCGGCA ACGAAAGCCA ACCTTCAGGA CATCTCCGGA CAGTGACCGA CTGACCCGGT
2110 GATGCCGGTC GGCTGCCAGC ACGCMGACG GCCAGAACAG GCGGCGCCTG CACACCACGC CACCGATTGC CATCATTTTC AGGCGACAGT AGGCAGCGGT GGGTGCATTG
2220 CTGTGCGCTG TGCTCGCMC AGCGGTCCGT CACTGGATAG GTCTGTCTCA GTCAGGTTAC CCTGATMTC AAACAGTAT MGATMTGA MATM 2315

FIG. 3. Nucleotide sequence of the H. marismortui HSP70 gene and of the flanking region. The deduced amino acid sequence of the open
reading frame corresponding to HSP70 is shown underneath. The sequence of the 0.65-kb PCR probe matches exactly with nucleotides 388
to 1,029 in this sequence.

of the HSP70 family could be identified. These include (i) a distinguish between various eukaryotes and eubacteria. As
large gap or deletion of about 25 to 27 amino acids in the can be seen in Fig. 4, HSP70 from H. marismortui and M.
N-terminal quadrant of HSP70 from the two archaebacteria mazei contained all of the signature sequence characteristics
as well as from all gram-positive bacteria but not from any of of eubacteria, particularly the gram-positive bacteria, indi-
the other species, (ii) a deletion of five amino acids near the cating their close relationship to this group. It is also
middle, which is present in all eukaryotic HSP70 sequences noteworthy that, in contrast to the cytoplasmic HSP70s, the
but is not seen in any of the eubacterial homologs, (iii) an mitochondrial HSP70s from Saccharomyces cerevisiae (Fig.
insertion of three to five amino acids near the middle, which 4, row i) and other organisms (results not shown) showed the
is specific for the eukaryotic sequences, and (iv) the inser- characteristics of eubacterial HSP70s, supporting the endo-
tion of an arginine (R) in the C-terminal quadrant of all symbiotic origin of mitochondria from eubacteria (17).
eukaryotic HSP70 sequences. In view of their specificity, the We also examined HSP70 sequences for possible internal
last three sequence signatures (Fig. 4, stars) could be used to repeats. The results of these studies indicated that the amino
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-QEI-----L-A---A---ET-KQ------S-------A---L--L--I-EP---SL----KGD1--K I---------E- ---F--KS-S--TN--
-QE---I---HL-RY--S---ETVS-------AE-------L-I--l----PL----KTDE--- I-L--------E- -D--F--RS-A---R--
-QEI-----L-A---A---EKVTE-------AE-----R---LD-KT-1I----SI---KNDSAHK I--------- DF-S---A -

AQEI--RV-N4-L-R---A---ED-TD----T----A----E--Q---LN-L--_---L----KGERE-- 1I -----F- L-EI -E--V--R--S---H--
-P-I--EV-L-N-KT--D---EPVTE-------A------R---L--K--I-I--- --KGTGNR- IA------I--IEIDEVD-EKTF--L----TN--
-QE---F----NH-EA--AH--EPVT-------A--I-----L-L-l---I- I-----KND GKK IA--------El -D--F--KS---TF-
--EIG-Q--N-N4-ET--A---ETVTE-------S--AS---R---ILD-K--IP----L---I-KDG -KK IA-F-----I---EI -D--F--LS----TH--
-A-IGGFV-N-N-ET--A---KPVKN--V-----S------Q-V-LN-L-V-----L----EKSD SKV -A-F-----I----I DN--F--KS----TH--
-QE1I---V-T-N4-EI--AKI-KKV--------A------A-S-LN-L--I-----I----GAGK SEKERH--IF------L-HI A----T-KS-S-NTH--
A-EI-S-V-I-N-EI--A---ST-KN--V-----S------V---LN-N--I-----I----KKATSSGEKN--IF------L-TI EE-IF--K--A--TH--
--EI-S-V-T-N-EI--A---YPVTN------S------V---ILN-L-- -----I----RTG KGERN-- IF-------TI DD-IF--K--A--TH--

GDDWNHAI IDYIADEFEAEHGIDLRDDRQALQRLTEAAEEAKIELSSRKETRINLPFIATT DDGPIDLEQKITRAKFESLTEDLIERTVGPTEQALADADYTKSDIDEVILVGGSTRNP
- --F-QRV------LA- -KKSE---- -SK-KAV-----KD---K----GVAN-N----LTVGT--E-KHNDIDL- ---Q-QKN------I-K--VSNRR- -S--KL-PN-L-K----A----
---F-QV---NH-VS--KK-N-V--SK-KMN----KD---K--KD--GVTS-Q-S----TAG EA---NH--VSLS----DE-SAG-V---N1A-VR---K-GLSA-EL-K-I-----1
---F-QR----I-ED-KG-N----Q-KMN----K-GRQK-----STQ-L----TAD AT--KHIDNTL----NE--H--V---INIMKE--KSGNVSIN---K-I-----1
- ---DR-VNW-V-K-KGTR----TK-KN-N---R----K-----SQS-SV---Y-TVDS-KN--F-DEQLI--E-QRI-Q--LD--RQ-FQSVVK--GISV-E--H-V-----
-E-F-SRL-N--VE--KKDQ----N-PL-MN---K----K-----AQQ-DV---Y-TAD AT--KH NI-V----IL---V---VN-SIE-LKV--Q--GLSV----D-- 0-----
-E-F-LR-V-----KK-Q-V---K-KL----R--EK --K----TAQYEV---SNN AS---H-NI-LS---L-A-VD---A--I--C----K--GLK-------M--
- --F-GV- -NWNL--- -KKQE-- --SK-NM----KD----K----GVSS-E--Q---TID AN--KH-ALTLI---Q- -H-ASS----KQ-CA-- -K- -KLSA-- --D-L--- -N-Ms --

-E-F-IYLLREIVSR-KT-T----EN--N-I--IR----K-----TVS-E----TAD AS--KHINN-FS--Q--T--AP-VK---D-VKK--K--GLST---S--L----N1S--
-Q-F-TNLLEHFKA--KKKT-L-IS--AR--R--RT---R--RT--VTQ-TVEV DSLFDGE-F-SSLI---R--D-NAA-FKS-IE-V--V-K--KIS-- ..V-I----1
-E-F-NRNVNHFVQ--KRKNKK-ISGNPR--R--RT-C-R--RT---TAQ-T-EI DSLFEGI-FTPRSS--R--E-NN--FRKINE-V-KC-R--KMD-SVND-V-I----1
-E-F-NRLVNHFVE--KRK-KK-ISQNKR-VR--RT-C-R--RT---STQASLEI DSLFEGI-FYTS----R--E-CS--FRS-LE-V-K--R--K(LD-AQ-_NDLV--I---
QVQDQVEEMT GQEPKRTSNPDEAVALGAAIQAGVLSGD *VDDIVLLDVT PLSLGVEVKGGLFERLIDKNTTIPTEESKI FTTAQDNQTQVQIRVFQGEREIAEENELLGRFALS
A-VEI--NF- -KK-YKNI---- I----GA--G-E -K-VL-----T--l-TL--IATP--QR----KK-Q--S--A---PS-E-N-L----G-RS--KT----1ID
A---AIKKE- - -D-HKGV----V------G---T--_- ------I-TN--V-TK--ER----SK-QV-S--A-S--A-D-N-L----PNSAD-KT----Q-T
A- -EA-KNF- -K--SKGV --- C-M- --N-----T--KV-----T-- I-TL--VATP--ER----ARK-Q-LS--A-----S-E-H-V-- ---QN-AD-KT-----T- -

A-T-L-K-I-G-K- -NKGV------V--V---L-----K-E -K-VLI---P----I-T---VNTK--ER----KR-ET----D----PS----Q-Y---- SH-K--- -S-E-T
N--KK-A-FF -K--RKDV---- I---V-G---T-- -L--------I-TN--VNTT--A-----KH-QV-S--E---SA-T-N-LI----KR-AD-KS--Q-N-D
K- -QA-QDFF -R- -NKGV-----V----V----Q0 --L----- T-- IDTL- -V-TP- -ER----KR-QT-S--D---SA-T----- AN-QD-KNQ-Q-D-V
A--AV-K-IF -K--NKGV----V--I----G---G-E -K-VL----I----I-TL--VNTP-VER----QKKQ--S--A---PA-T-V-L----PN-KD-KEI---D-T
K-VET-KSLF -KD-SKAV---- I---V-GA----E -T-VL-------I-TL--V-T---PR----KK-Q--S--AAG--S-E------LVRD-K-1-N-T-A
K--KLLSDFFD-KQLEKSI-----Y---V-GAI-T-QSTSDETK-LLI----A------GNQ-DN-GIVVPR---V--IKRRT---CA----T--FP-Y----VNCK--T---E-D-K
K-- -LQDFFN-K-LCKSI-----Y---V--AlI---E GNERS-LL--I-----TA--VN4TV--PR----KKEQV-S-YS---PG-L-Q-YE---ARTKD-N---K-E--
K--KLLQDFFN-RDLNKSI----GY---V--AI-N--K SEN-Q-LLI----A -----TA--VN4TA--KR-S----KQTQ----YS---PG-L-Q-YE---ANTKD-N----E

* ~~~~V
GIPPAPAGTPQI EVSFNIDENGIVNVEAEDKGSGNKED ITIEGGAG LSDDQIEENQQEAEQHAEEDEQRRDGIEARNEAEASVRRAETLLDENEEEIDEDLQSDIEAKIEDVEEVLED
----R-1----T-D--A---LH-S-K-L-T- -QQS-S-QKPG---E--R-VKD--N----RKRKEEV-1--N---ILINA--KT1K-AGDLAT--QK-KVN-A---LKKA-G
D----R-V-----D--K----R-K-L-T ---QA---KSST---E-DR-VK---EN-DA-K--KEEV-LI----DQL-FTT-KT-KDL-GKVE-AEVTKANEAKDALKAAI-K
-- -1---A-D--A----K-S-T--AT- --AN---TASTN ---AE-DKAVK----F----KK-KEA--VK-N--QT-YQT-KT-N-LGDKVSAEEK-E ----VKKVKDG-

---R-V----T-D-VA------H-T-K--- -T- - -NT-K-QE-S- - -KEE-DR-VKD- -A----RK- -EEADV--Q- -TL-YQT-KFVK-QR-TENGSRVPEDTLNKVEAAVAEAK
- -N -- -R-N----T-D- -AD- -IN-S-K--N- - --OK-- -KASS- -NE-E-QK-VRD--AN- -A-RKFEELVQT--QGDNLLHSTRKQVE-AGDKLPA-DKTA- -SALTAI-TA-KG
--- R-V----T-D-A-A--- Q-H--K--AT ---QS-R-QANG- ---SD--R-VK---ANKAA--KKKQLV--K-QG-- ILNST-KA-A-HGDKVGAAEKTA- -TG-TELKTA--G
D----R- ----T-D--A---LH-S-K-AA-- R-QK-R--ASS- -KE-E-QQ-1RD--L-K---K--KEASDVK---DGNIF---KAVKDYNDK-PAE-VKE--EN-K-RQAIKE
....K-V----T-D--AD--I--S-R--AT --DSS--VA-SS- --ENE--Q-VND--KFKSQ--A-KQA--TA-K-DQLANDT-NS-K-F-GKV-KAEAQKVRDQ-TSLKDLVAR
N--NN---E-VL-AI-EV-A---ILK-T-VE-ST- -SSN---SNAV-R--SEE--K-VNQ--EFKAA--AFAKKHN---QRL-SY-ASI-QTVTDPVLSSKLKRG-KSKIEAALSDALAAL
---R-V--- -T-T-D- -V-N-L--S-----TT-Q- NK----TNDK-R--KEE--K-V----KYKA- -- -EVKKKVD-K-AL-NYAYNN4RNTIKDDKIASKLPAEDKKKIEDAVDGAISWL
-----V---T-D--A---IL--T-T--ST-KA NK---TNDK-R--KEE--R-V-----KYKA---VQ-ERVS-K-AL-SYAFNN4KSAVEDEGLKGKISEADKKKVLDKCQ-VISWL

EDATKEDYEAVTETLSEELQEIGKQNYQDQAQQAQAVPRALVRVARPAPGALPDRAAQQAAAEQGAEEYVDADFEDVEESDEDE
K- -EDIKAKTEALQE-VYPISTANYQKAQ----GGEGG-AGTD-RGPD-TV- --- -Y-V-DDEKRK
N-LEEIKAKKDELQEIVQALTVKLYEQAQ----GEQGAQN DDV---E- -E-NDDKK
DIQAIKKANEDLTQAFYKVS-KLY-QNGGAQG-GFDPI INGGAN-GAGATNNN- DNV----VQDDK
TALGGT- IS- IKSAN4EKLG-DSQALGQAIYEATQA-SKVGGEAS-PGGSNSTD-VLTRRWSTTN-SPK
- -KAAIEAKNQEIAQVSQKLNEIA-QQHA-Q-T-G-DAS-NNAKD DDV---E--E-KDKK
- -VEAIQAKTQALIQASNKIGEANYAM-QGSAEGGDAKADDG V---E- -E-DDNKPAAP
DAS-TAIKA-SD-LSTRNQKIGEANQA-SASAA-SSAAN-QGGPNINSEDLKKHSFSTRPP-GGS-SSTDNIEDA--- IV-KP-
KNDSNNNNNNNGNNAESGETKQ
QIEDPSAD-LRKAEVGLKRWTKAMSSR
DSNQLAEV-EFEDKNK-LEGICNPI IAKNYGEG-GNGAA-GNDEDA-SG-SGAGPKIEEVS
DAN-LAEKDEFEHKRK-LE-VCNPI ISGLYQGAGGPG-GGFGAQGPKGGSGSGPTIEEVD

FIG. 4. Alignment of HSP70 sequences from different species. Rows: a, H. marismortui; b, M. mazei S6 (30); c, B. subtilis (18); d, C.
perfringens (12); e, M. leprae (32); f, E. coli (2); g, C. crescentus (14); h, Chiamydia trachomatis (4); i, yeast mitochondrial 55C1 (6); j, yeast
cytoplasmic 55B1 (38); k, maize (37); 1, human (21). Sequence alignment is based on PC Gene Software alignment and BESTFIT analyses
of the sequences. Residues identical to the H. manismortui sequence are denoted by dashes. Stars show sequence features which distinguish
various eukaryotes from prokaryotes. The sequence in between the arrowheads marks the conserved region which could be aligned for
various HSP70 sequences.

acids in the first quadrant of HSP70 (amino acids 1 to 160) could be aligned with only a few gaps. Of the 139-amino-acid
showed significant similarity to those in the next quadrant overlap, 33 residues (23.7%) were found to be identical and
(amino acids 161 to 320) (Table 2). The similarity between an additional 33 residues (23.7%) were found to be conserv-
these two segments was seen most clearly in the case of ative replacements. In one stretch of eight amino acids,
gram-positive bacteria and archaebacteria which contained seven were found to be identical. The similarity between the
the large deletions in the N-terminal quadrant. An alignment two segments could be even higher if additional gaps in these
of the amino acids in the first and second quadrant of HSP sequences are introduced. The significance of the observed
from Bacillus subtilis is shown in Fig. 5a; the two segments similarity between the first and second quadrants was eval-
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TABLE 1. Similarity matrix of HSP70 sequences

% Identity or similarity with HSP70 sequence from':
Source of sequence

A B C D E F G H I J K L

(A) H. marismortui 58.0 57.7 54.1 55.9 52.3 56.9 51.5 50.5 47.6 44.3 46.3
(B) M. mazei 73.0 65.6 59.3 65.4 58.3 61.5 60.4 55.2 48.5 49.3 49.0
(C) B. subtilis 74.9 79.8 58.3 67.1 58.1 63.3 60.0 56.2 48.6 48.2 48.7
(D) M. Ieprae 72.3 76.5 75.2 58.4 56.6 57.6 56.8 52.5 47.7 48.3 49.3
(E) C. perfringens 73.0 78.0 79.6 74.4 59.7 64.5 59.4 56.4 46.0 46.3 47.2
(F) E. coli 71.7 74.0 75.5 72.1 76.0 66.5 59.8 59.6 48.0 47.7 49.4
(G) C. crescentus 72.9 77.2 77.7 73.7 76.7 79.7 59.7 60.5 48.7 50.7 50.8
(H) Chlamydia trachomatis 68.2 75.9 75.0 74.9 74.1 74.6 74.9 57.1 47.0 47.6 48.8
(I) S. cerevisiae (mitochondria) 66.6 72.3 74.0 69.7 72.2 75.0 76.4 72.1 49.2 48.3 46.9
(J) S. cerevisiae (SSB1) 65.9 66.1 67.3 66.1 66.0 65.9 65.9 66.1 67.1 57.9 59.8
(K) Maize 65.7 68.1 68.5 67.6 66.3 66.1 68.9 66.0 67.2 72.0 75.2
(L) Human 66.8 67.3 68.8 69.2 67.9 66.6 68.9 66.9 65.7 74.4 85.0

" Sequence alignment was carried out by using the BESTFIT program of the GCG6 package. Upper and lower triangles indicate the percent identity and percent
similarity, respectively, between pairs of sequences.

uated by RDF2 analysis, and it was found to be significant (P
< 0.001) (Table 2).
Sequence similarity between HSP70 and other proteins. We

have also examined whether the HSP70 family of proteins
shows significant similarity to any other proteins in the data
base. To do this, initially a FASTP analysis of proteins in
various data bases (National Biomedical Research Founda-
tion, EMBL, and SWISS-Protein) using HSP70 sequences
was carried out. The statistical significance of the similarity
between HSP70 and the top 100 sequences thus identified
(excluding the known HSP70 sequences) was evaluated
individually by RDF2 analysis (Table 2). Such analysis
revealed that a protein, MreB of E. coli (Mr 36,958; 347
amino acids), which is involved in cell division and the
formation of the rod-shaped structure of the cells (9),
showed highly significant similarity to the HSP70 family of
proteins. The optimized alignment score of various HSP70s
was between 6.7 and 14.2 standard deviations away from the
mean alignment score of randomly shuffled MreB sequences.
This large difference between the unshuffled and randomly
shuffled sequences strongly suggests that the observed ho-

mology between MreB and the HSP70 family of proteins is
highly significant. The significance of the observed homol-
ogy between HSP70 and MreB is also evident from the fact
that the alignment score of the unshuffled sequence in all
cases was much higher than the maximum score of the
shuffled MreB sequence.
An alignment of the HSP70 sequence from H. manismortui

with the MreB protein of E. coli is shown in Fig. 5b; the two
proteins show considerable homology throughout their
length, with several long stretches of complete identity. The
homology of MreB to HSP70 was observed from the begin-
ning of the HSP70 sequence to nearly half its length, with
only a small number of gaps. In an overlap of 328 amino
acids, 91 identical and 77 conservative replacements were
observed, thereby giving an overall similarity of about
51.2%. The sequence similarity between MreB and other
HSP70s was comparable to the above percentage (Table 2).
However, when alignment was carried out with other HSP70
sequences which do not contain the deletion in the N-termi-
nal quadrant, then a large gap in the MreB sequence in the

TABLE 2. Statistical significance of sequence similarities

Optimized scorea
Protein sequences

Unshuffled Mean + SD Maximum z

HSP70-I (B. subtilis) x HSP70-II (B. subtilis) 54 30.6 ± 7.0 52 3.3
HSP70-I x thioredoxin (spinach chloroplast) 65 27.5 ± 5.6 45 6.7
HSP70 (B. subtilis) x thioredoxin 64 30.6 ± 6.4 48 5.2
HSP70 (H. marismortui) x MreB (E. coli) 154 44.4 ± 9.6 73 11.4
HSP70 (B. megaterium) x MreB 173 44.9 ± 10.3 74 12.4
HSP70 (C. perfringens) x MreB 149 44.8 ± 9.8 79 10.6
HSP70 (E. coli) x MreB 109 43.5 ± 9.7 71 6.7
HSC70 (Chinese hamster) x MreB 147 39.9 ± 7.5 60 14.2
HSP70 (human) x MreB 158 41.6 ± 10.2 85 11.4
GRP78 (human) x MreB 155 44.3 + 10.3 74 10.8
SSC1P (S. cerevisiae mitochondria) x MreB 133 46.0 ± 11.5 84 7.6
HSP70 (Trypanosoma bruceii mitochondria) x MreB 126 40.6 ± 9.4 75 9.1
HSP70 (B. subtilis) x actin (bovine) 32 38.5 ± 8.9 73 -0.74
HSP70 (Chinese hamster) x actin 32 39.5 ± 10.0 71 -0.75

a The statistical significance of similarity between any two sequences was evaluated by using the RDF2 program (see Materials and Methods) (35). This program
compares two sequences and calculates an unshuffled optimized similarity score. The second sequences in each case were shuffled 100 times, and for each shuffled
sequence a similarity score was calculated with the sequence. The maximum and average scores of these randomly shuffled sequences are indicated. The z values
were calculated by subtracting the mean score of randomly shuffled sequences from the score of the unshuffled sequence and then dividing by the standard
deviation of the distribution of shuffled scores. HSP70-I and HSP70-II refer to the first (amino acids 1 to 160) and second (amino acids 161 to 320) quadrants of
HSP70 sequences.
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(a) BESTFIT of HSP70 A.A. 1-160 x A.A. 161-320 ( X Similarity 47.2; % Identity 23.7)

3 KVIGIDLGTTNSCVAVLEGGEP..KVIANAEGNRTTPSWAFKNGERQVGEVAKRQSITNPNTIMSIKRHMGTDYKVEIE
..IIII . I I I . | .. II.. I . I. I

... .iI I I1, .I..II.. .. I I' I .. ... ... I..

163 TILLYDLGGGTFDVSILELGDGVFEVRSTAGDNRLGGDDFDQVIIDHLVSEFKKENGVDLSKDKMALQRLKDAAEKAKKD

81 GKDYTPQEVSAIILQHLKRYAESYLGETVSKAVI.TVPAYFND....AERQATKDAGKIAGLEVERII 143
I1 ..lI . . . I . I I1 . I.. .1,1 1till I...

243 LSGVTSTQIS.LPFITAGEAGPLHLEVSLSRAKFDELSAGLVERTMAPVRQALKDAGLSAS.ELDKVI 308

(b) BESTFIT of HSP70 H. Marismortui x MreB protein (% Similarity 51.2; % Identity 27.7)

HSP70 1 MASNKILGIDLGTTNSAFAVMEGGDPEIIVNGEGERTTPSWAFDDGERLVGKPAKNQAVKNPDETIQSIKRHMGEDDYS
I IIIIIIIIII.111 . I t..1. 11 1 11. .. I I I I . .. I I .

MreB 8 MFSND.LSIDLGTANTLIYVKGQG..-. IVLNE..... PSWAIRQODR ..AGSPKSVAAV ..GHDANEMLGRTPGNIAAI

81 VELDGEEYTPEQVSAMILQK.IKHDAEEYLGDEIEKAVITVPAYFNDRQRQATKEAGKIAGFEVERIVNDATAAAMAYGL
t . .. ....................t.l.i.t...tl1 .-|I .I.II..

74 RPMKDGVIADFFVTEKMLQHFIKQVHSNSFMRPSPRVLVCVPVGATQVERRAIRESAQGAGAREVFLIEEPMAAAIGAGL
160 DDESDQTVLVYDLGGGTFDVSILDLGGGVYEWATNGDNDLGGDDWDHAIIDYLADEFEA..EHGIDLRDDRSLQRLTEA

I 1.1111.1.. I II .I I .111.1 . ... . . I

154 PVSEATGSMVVDIGGGTTEVAVISLNGVVY..... SSSVRIGGDRFDEAIINYVRRNYGSLIGEATAERIKHEIGSAYPG

237 AEEAKIELSSRKETRINLPFIATTDGGPLDLEQKITRAKFESLTEDLIE ...... RTLGPTEQALADADYTKSDIDE ..V
III. . I ~~~~~.1I I .1111I 1I. I1. I iI I tI

228 DEVREIEVRGRN.......... LAEGVPRGFTLN.SNEILEALQEPLIGIVSAVMVALEHTPPELA...... SDISERGM

310 ILVGGSTRMPQVQDQVEEMTGRSPKRTSNPDEAVAGAAIQAGVLSGDVDDIVLLD 364
:.1it..:..:. 1, .. ..:1ii: .. . .....

292 VLTGGGALLRNLDRLLMEETGIPVVVAEDPLTCVARGGGKALEMIDMHGGDLFSE 346

(C) BESTFIT of HSP70 A.A. 1-160 x Thioredoxin (m-type: plant chloroplast)
( % similarity 48.0; X Identity 24.0 )

HSP70 2 SKVIGI.DLGTTNSCVAVLEGGEPKVIANAEGNRTTPSWAFKNGERQVGEVAKRQSITNPNTIMSIKRHMGTDYKVEIE
I .. .II...II.lt. .l . I . I . .I.Il I I .1I . I

Thior. 4 EAVKEVQDVNDSGWKEFVLQSSEPSMV..... DFWAPWCGPCKLIAPVIDELAKEYS .... GKIAVTK. .LNTDEAPGI.

81 GKDYTPQEVSAIILQHLKRYAESYLGETVSKAVI 114

72 ATQYNIRSIPTVLFFKNGERKESIIGD.VSKYQL 104

FIG. 5. (a) Sequence similarity between the first and second quadrants of the HSP70 sequence of B. subtilis; (b) amino acid sequence
alignment of HSP70 from H. marismortui (top lines) and the MreB protein (bottom lines) of E. coli; (c) alignment of the N-terminal sequence
of HSP70 from B. subtilis (top line) with the sequence of m-type thioredoxin from spinach chloroplast (bottom lines). Sequence similarities
were computed by the BESTFIT program of the GCG6 software package. Symbols: vertical line, identical residues; colon, conservative
amino acid replacements; dot, evolutionarily related substitutions (8). Dots within sequences denote gaps.

corresponding position was required for proper alignment of
the sequences (results not shown).

In addition to MreB, a somewhat lower but significant
homology of HSP70 with the m-type thioredoxin from spin-
ach chloroplast was also noted (31). Interestingly, this latter
protein, which has only 104 amino acid residues, showed
maximum similarity to the first quadrant of the HSP70
sequence from gram-positive bacteria. An alignment of these
two sequences is shown in Fig. Sc; the N-terminal quadrant
of HSP70 could be aligned with the thioredoxin sequence
with only a small number of gaps. In an overlap of 104 amino
acids, 24% identical and an additional 24% conservative
amino acid substitutions were observed. In contrast to the
MreB protein and thioredoxin, no significant similarity was
observed between the HSP70s and bovine actin sequences
(Table 2), for which similarity in the three-dimensional
structures has been reported (11).

DISCUSSION

This paper reports the cloning and sequencing of the
HSP70 gene from H. marismortui, an extremely halophilic
group of bacteria constituting one of the subdivisions of
archaebacteria (44, 46, 47). After submission of this manu-
script, the sequence of HSP70 from a methanogenic archae-
bacterium, M. mazei, was also reported (30). These reports
provide definitive identification and characterization of
HSP70 homologs in species belonging to the archaebacte-
rium domain, and they establish the ubiquity of both HSP70
as well as the heat shock response in all forms of life.
Our analysis of various HSP70 sequences that are cur-

rently available has revealed several novel features of this
protein family that are of much interest. We have observed
that HSP70s from H. marismortui, M. mazei, and various
gram-positive groups of bacteria (B. subtilis, Bacillus mega-

J. BACTrERIOL.
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Ancestral domain
(130-160 amino acids)

JI Gene duplication
and fusion

J~~~~~~~~~~~~~~~~~~~~
N-terminal quadrant of HSP70
(archaebacteria and gram-positive
bacteria). Related to thioredoxin?

1I I N-terminal half of HSP70;
Homologous to MreB protein

Acquisition of
III C-terminal domain

HSP70 from archaebacteria
and gram-positive bacteria

IV 25-27 amino acids
insertion in the
N-terminal quadrant

HSP70 from other prokaryotic
and eukaryotic organisms
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L_ I I I I 1. I
0 100 200 300 400 500 600

Amino Acids
FIG. 6. Hypothetical model for the evolution of HSP70. The proposed stages in the evolution are indicated on the left, and some of the

proteins showing sequence similarity to the various stages are noted on the right.

terium, Clostridium perfringens, Mycobactenum leprae, and
Mycobacterium paratuberculosis) lack a stretch of 25 to 27
amino acids in the N-terminal quadrant which is present in
HSP70s from all other prokaryotic and eukaryotic species.
The significance of this observation is discussed below. In
addition, significant sequence similarity between the first
and second quadrants of HSP70s (i.e., amino acids 1 to 160
and 161 to 320) from two archaebacteria and various gram-
positive bacteria has been observed. This similarity between
the first and second quadrants of HSP70 was not readily
apparent in other HSP70s, which do not contain the 25 to 27
amino acid gap in the N-terminal quadrant. These observa-
tions fit well with the recently reported three-dimensional
crystal structure of the N-terminal fragment of bovine
HSP70 (386 amino acids). The crystal structure of this
fragment shows the presence of two distinct lobes of approx-
imately equal sizes and similar tertiary structures with a
deep cleft in between (10). The 25 amino acids (from 82 to
106) corresponding to the gap are located on the outside of
lobe I and appear as an appendage (10). Most importantly,
the boundaries of the two lobes as determined from X-ray
crystal structure data (lobe I, amino acids 1 to 188 [minus a
25-amino-acid deletion which falls in this region]; lobe II,
amino acids 189 to the end [386] [minus a 25-amino-acid
deletion]) coincides very well with the boundaries of the two
segments as deduced from sequence alignment and overlap-
ping. The observed sequence and structural similarities
between the first and second quadrants of HSP70 indicate
that these two segments arose by duplication of an ancestral
domain and suggests that the 25 to 27 amino acids corre-
sponding to the gap were probably inserted at a later stage.
The observed significant sequence similarity between the
first quadrant of HSP70 and the m-type thioredoxin from
spinach chloroplast (Table 2; Fig. 5c) suggests that these
proteins probably evolved from a common ancient gene or
domain.
Sequence comparison studies have identified yet another

very compelling and highly significant similarity between the
HSP70 family of proteins and a protein, MreB of E. coli (9)

(Table 2). The latter protein, which consists of 347 amino
acids, shows >50% similarity (identical plus conserved
residues) with approximately the first half of the HSP70
protein. Statistical analysis of the HSP70 and MreB se-
quences shows that the observed similarity between these
proteins is highly significant and that they almost certainly
are derived from a common ancestral protein (Table 1; see
Materials and Methods). The homology of MreB to only the
N-terminal half of HSP70 further suggests that this protein
evolved from a predecessor of HSP70 before the C-terminal
fragment was acquired. One observation that is of consider-
able interest is that, while the MreB protein could be readily
aligned with HSP70s from the two archaebacteria as well as
various gram-positive groups of bacteria, its alignment with
other HSP70s (from other eubacteria and eukaryotes) re-
quires the introduction of a gap of 25 to 27 amino acids in the
N-terminal region, corresponding to the position of the
deletion or insertion noted above. Since MreB is postulated
to have diverged from an ancient progenitor of the HSP70
family of proteins, the absence of the 25- to 27-amino-acid
insertion strongly suggests that this insertion was not present
in the ancient HSP70 protein. This observation, in conjunc-
tion with the alignment results for the first and second
quadrants of HSP70 (discussed above), strongly suggests
that the HSP70s from archaebacteria and gram-positive
groups of bacteria which lack the N-terminal insertion rep-
resent a more ancient version of this protein.
On the basis of the above analyses and the structural

features of HSP70, a tentative model for the evolution of the
HSP70 family of proteins can be proposed (Fig. 6). It is
suggested that the evolution of the ancestral HSP70 began
with an ancient 130- to 160-amino-acid domain correspond-
ing to its N-terminal quadrant and probably related to the
m-type thioredoxin (31) (Fig. 6, stage I). Duplication and
fusion of the gene for this domain, followed by divergent
evolution of the two domains, resulted in another ancestral
gene from which the MreB gene or protein evolved (stage
II). It is proposed that at a later time, a C-terminal domain
was acquired by this ancient gene or protein to give rise to

I I
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FIG. 7. Dendogram based on HSP70 sequence data showing the relationship of the archaebacteria H. manismortui and M. mazei to other

eukaryotes and prokaryotes. The tree was constructed by the CLUSTAL program of PC Gene Software. Dotted lines represent organisms
which contain the insert in the N-terminal quadrant. The arrow indicates the interspecies transfer of the insert (or gene) from a prokaryotic
ancestral cell to eukaryotes. C. trachomatis, Chlamydia trachomatis; C. elegans, Caenorhabditis elegans.

the ancestral HSP70 version, represented by those present in
archaebacteria and gram-positive bacteria (stage III). Since
the above sequence features of HSP70 are highly conserved
and present in all organisms examined (representing the
three primary domains), it is expected that these evolution-
ary events took place in the universal ancestor before the
divergence of eubacteria, archaebacteria, and eukaryotes.
At a later time (stage IV), it is postulated that a gene
fragment corresponding to the insertion in the N-terminal
quadrant got inserted in this ancient gene to give rise to other
HSP70s found in other eubacteria and eukaryotes.
The sequence data on the HSP70 family of proteins,

because of their ubiquitous presence and very high degree of
sequence conservation, also provide a useful resource and
model system for investigating the deep phylogenetic rela-
tionships, such as those among archaebacteria, eubacteria,
and eukaryotes. Figure 7 shows a dendogram based on all
known prokaryotic (archaebacterial and eubacterial) HSP70
sequences and a few representative eukaryotic sequences.
There are several points of interest in this dendogram which
are discussed below.

(i) As seen, the dendogram consists of an unrooted tree
apparently with two main branches, one consisting of all
eukaryotes and the second including archaebacteria as well
as various eubacteria. The division of organisms into these

two main groups is in accordance with the much higher
degree of sequence similarity in species within one group
compared with that between the two groups. The observed
division of organisms into eukaryotic and prokaryotic clus-
ters is also supported by our observation that all of the
species within these two groups contain specific signature
sequences that are unique to each group and which distin-
guish them from the other.

(ii) Of the two archaebacterial species examined, H.
marismortui forms the deepest branch of the prokaryotic
cluster, whereas M. mazei clusters with the gram-positive
group of bacteria. It should be noted that, in contrast to the
prokaryotic and eukaryotic species which could be readily
distinguished from each other based upon the extent of
sequence homology, no such distinction could be made
between archaebacterial and eubacterial sequences. The two
archaebacterial sequences examined also do not contain any
unique signature sequence that distinguishes them from the
gram-positive eubacterial group. These results are of consid-
erable interest because previously at least three alternate
phylogenics for the evolution of archaebacteria have been
proposed. On the basis of rRNA sequence data, Woese and
others have suggested that archaebacteria are monophyletic
and constitute one of the three primary urkingdoms (or
domains), which is quite distinct from both eubacterial and
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eukaryotic domains (16, 43-47). In a second model proposed
by Cavalier-Smith (5), a gram-positive ancestor of both
eukaryotes and archaebacteria is suggested. Cavalier-Smith
has noted several similarities between gram-positive bacteria
and archaebacteria and presented arguments that archaebac-
teria are fundamentally prokaryotes and not a third type of
organism (5), a view consistent with our results. However,
the model of Cavalier-Smith proposes that gram-positive
bacteria are derived from gram-negative bacteria, an infer-
ence not supported by the present results. In the third
model, proposed by Lake (23-25), archaebacteria are con-
sidered to be polyphyletic. In this model, the halobacteria
and methanogens are grouped along with eubacteria,
whereas the extreme thermophiles (referred to as eocytes)
are grouped with eukaryotes (24, 25). The HSP70 sequence
data on the two archaebacterial species examined, a halo-
bacterium and a methanogen, seem in accordance with this
model. However, additional sequence data on other groups
of archaebacteria (particularly the extreme thermophiles) are
needed to confirm this inference.

(iii) One surprising observation from the sequence data as
well as the dendogram is the similarity between the archae-
bacteria and gram-positive bacteria and the very deep
branching of members of the latter group. It should be
mentioned that the ancient nature and deep branching of
certain species of gram-positive bacteria have been previ-
ously noted by Woese and coworkers (44, 45) and advocated
by Cavalier-Smith (5). However, this fact has not received
much attention in the past. The specific relationship of
archaebacteria to gram-positive bacteria is also indicated by
the fact that, similar to gram-positive bacteria, several
halpohiles and methanogens show a gram-positive reaction
and contain a thick and homogeneous cell wall characteristic
of the gram-positive group of bacteria (3, 40). Additionally,
several enzymes from archaebacteria (e.g., citrate synthase,
malate dehydrogenase, pyruvate dehydrogenase, succinate
thiokinase, etc.) show similar structures and biochemical
properties, as seen for the corresponding enzymes from
gram-positive bacteria (and often eukaryotes) but not from
other eubacteria (5, 15, 29). In view of these observations,
the relationship of the gram-positive bacteria to the archae-
bacteria needs to be further investigated with different model
systems.

(iv) Within the archaebacterial and eubacterial cluster, the
deepest branching divides the various organisms into two
groups. One group consists of the two archaebacteria as well
as various gram-positive bacteria, i.e., all the organisms
which lack the 25- to 27-amino-acid insert in their N-terminal
quadrants. The second group consists of all other eubacterial
species containing the insertion, including chlamydiae
(which form the deepest branch of this group), E. coli,
Caulobacter crescentus, and the endosymbiont that gave
rise to mitochondria. As seen in Fig. 7, on the basis of the
presence or absence of this insert, the various prokaryotic
organisms could be divided into two halophyletic branches
(Fig. 7). Thus, the time at which this insertion took place
seems to mark an important event in the evolution and
divergence of prokaryotic organisms. It is of much interest
to examine HSP70 sequences from other deep-rooted pro-
karyotic organisms such as other groups of archaebacteria,
thermotogales, and green nonsulfur bacteria to see whether
they conform to or support the observed division.

(v) As discussed previously and as shown in Fig. 6, our
analyses of HSP70 sequences suggest that the HSP70s which
lack the insert in the N-terminal quadrant constitute the
ancient form of the protein and other HSP70 sequences

containing the insert are derived from it. It should be noted
that this insert is present at the same position in all eukary-
otic organisms examined (including various animals, plants,
yeast cells, drosophila, leishmania, trypanosomes, etc. [re-
sults not shown]) as well as all prokaryotes except for
archaebacteria and gram-positive bacteria (Fig. 4). In addi-
tion, the length of this insert as well as its sequence is highly
conserved in various species belonging to the two urking-
doms (Fig. 4). Thus, it seems unlikely that this insertion
event took place completely independently in the two cases.
To account for this observation, three possibilities could be
considered. First, it is possible that a common or related
event such as infection with a plasmid, transposable ele-
ment, or virus containing the insert took place at the same
time in both a progenitor of all eukaryotic cells as well as a
member of the eubacterial lineage. Second, a related possi-
bility is that the above event took place initially in one
urkingdon (viz., the eubacterial) and then got transferred
laterally to the other; in fact, the transfer of genetic infor-
mation from eubacteria to eukaryotes is a known phenome-
non (19). Third, since this insert is present in all eukaryotic
species, it is possible that the ancestral eukaryotic cell
evolved or originated from an ancient prokaryotic cell (eu-
bacteria or archaebacteria) which contained this insertion. In
view of the reported greater similarity of certain groups of
archaebacteria to eukaryotic organisms (e.g., thermoacido-
philes) (5, 13, 15, 22-27), it is of much interest to determine
whether the above insert is present in their HSP70 se-
quences.

(vi) Lastly, the HSP70 sequence data also enable us to
draw some tentative inferences regarding the root of the
universal tree of life. As discussed above, the archaebacte-
rial and eubacterial HSP70 sequences are much more closely
related to each other than to the eukaryotic lineage. Our
analyses also suggest that the HSP70 from archaebacteria
and the gram-positive group of bacteria lacking the insertion
constitutes a more ancient form of the protein. Accordingly,
an HSP70 sequence lacking the insert (from H. marismortui)
constitutes the deepest branch of the archaebacterial and
eubacterial cluster, from which the derivation of other
eubacterial sequences could be readily explained. Our re-
sults thus suggest that the archaebacteria and eubacteria are
sister or related urkingdoms. If the above arguments and
assumptions are correct, then the root of the universal tree
should lie either within this group or in between the deepest
branching member of the eukaryotic group and that of the
archaebacterial and eubacterial cluster. This view of the
universal tree of life is in accordance with that based on
rRNA sequence data (44-46), but it is at variance with the
phylogenetic relationship deduced from protein sequence
data on duplicated gene families (13, 22, 36). We do not have
any satisfactory explanation for the observed discrepancies
at present. However, possible explanations for these could
include differences in the evolutionary rates for specific
proteins as well as among various species, examination or
consideration of different species in various studies, the
probable polyphyletic nature of the archaebacterial urking-
dom, or an indeterminate quality of sequence alignments and
extent of homologies between protein or nucleic acid se-
quences that are used to deduce the phylogenetic relation-
ships. It should be mentioned that, in comparison to other
protein sequences that have been previously examined (viz.,
RNA polymerases, H+-ATPase, EF-Tu, and EF-G, F1-
ATPase, lactate dehydrogenase, and malate dehydrogenase)
(13, 22, 36), both the extent of homology as well as the
quality of sequence alignment are far superior in the case of

VOL. 174, 1992



4604 GUPTA AND SINGH

the HSP70 family of proteins. In fact, as indicated earlier,
HSP70 is the most conserved protein that is known to date.
Lastly, the changes in nucleotide sequences that result from
large differences in the base composition of DNAs between
various species (e.g., low-G-C-content and high-G-C-con-
tent gram-positive bacteria) could also distort the phyloge-
netic relationships. As acknowledged by Woese (45), this
problem is quite serious when comparisons are made among

noncoding nucleic acid sequences (e.g., rRNA), since there
is no rational way to correct for such changes. However, in
comparing protein sequences, the base composition-induced
changes have a minimal effect because of codon degeneracy
and the selective use of codons rich in specific bases. In view
of the above considerations, further investigations with the
highly conserved protein models such as those of HSP70
should prove particularly useful in clarifying the deep evo-

lutionary relationships among various urkingdoms.
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