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Abstract. The 70-kDa heat-shock protein (HSP70)
constitutes the most conserved protein present in
all organisms that is known to date. Based on global
alignment of HSP70 sequences from organisms rep-
resenting all three domains, numerous sequence
signatures that are specific for prokaryotic and eu-
karyotic homologs have been identified. HSP70s
from the two archaebacterial species examined
(viz., Halobacterium marismortui and Methanosar-
cina mazei) have been found to contain all eubac-
terial but no eukaryotic signature sequences. Based
on several novel features of the HSP70 family of
proteins (viz., presence of tandem repeats of a
9-amino-acid [a.a.] polypeptide sequence and struc-
tural similarity between the first and second quad-
rants of HSP70, homology of the N-terminal half of
HSP70 to the bacterial MreB protein, presence of a
conserved insert of 23-27 a.a. in all HSP70s except
those from archaebacteria and gram-positive eubac-
teria) a model for the evolution of HSP70 gene from
an early stage is proposed. The HSP70 homologs
from archaebacteria and gram-positive bacteria
lacking the insert in the N-terminal quadrants are
indicated to be the ancestral form of the protein.
Detailed phylogenetic analyses of HSP70 sequence
data (viz., by bootstrap analyses, maximum parsi-
mony, and maximum likelihood methods) provide
evidence that archaebacteria are not monophyletic
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and show a close evolutionary linkage with the
gram-positive eubacteria. These results do not sup-
port the traditional archaebacterial tree, where a
close relationship between archaebacterial and eu-
karyotic homologs is observed. To explain the phy-
logenies based on HSP70 and other gene sequences,
a model for the origin of eukaryotic cells involving
fusion between archaebacteria and gram-negative
eubacteria is proposed.

Key words: Heat shock protein HSP70—Phylo-
geny—Archaebacteria—Eubacteria—Eukaryotes

Introduction

The phylogenetic relationships between archaebac-
teria, eubacteria, and eukaryotes are of central im-
portance to understanding the evolution of life.
Based on sequence data for rRNA and a few other
proteins (viz., elongation factors EF-la, EF-2,
RNA polymerase, and V- and F-type ATPases), all
extant organisms have been grouped into three pri-
mary urkingdoms or domains—namely, the Ar-
chaea, the Bacteria, and the Eukarya (Woese 1987;
Cedergren et al. 1988; Gogarten et al. 1989; Iwabe
et al. 1989; Puhler et al. 1989; Woese et al. 1990).
Each of these domains has been proposed to be
monophyletic and distinct from the others (Woese
et al. 1990). Although this view has gained wide
acceptance, Lake and co-workers have argued that
archaebacteria are not monophyletic, based on se-
quence characteristics of EF-1a and EF-2 as well as
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other considerations (Lake 1988, 1991; Rivera and
Lake 1992). Their recent results indicate that halo-
bacteria and methanogenic archaebacteria show a
closer relationship to the eubacteria, whereas ex-
tremely thermophilic archaebacteria (termed eo-
cytes) bore sequence characteristics similar to the
eukaryotic cells. The above classification has also
been criticized on the grounds that ‘‘the difference
in structural organization between prokaryotes and
eukaryotes is an order of magnitude greater than the
relatively small difference between the archaebac-
teria and the eubacteria’ (Mayr 1990).

To obtain additional information pertinent to this
question, we have analyzed sequence data for the
70-kDa heat-shock protein (HSP70) family from or-
ganisms representing all three domains. Members
of the HSP70 family carry out a highly conserved
molecular chaperone function in the intracellular
transport of proteins and in protecting the organ-
isms from thermal or other stress-induced damages
(Lindquist and Craig 1988; Morimoto et al. 1990
Gething and Sambrook 1992). Although synthesis of
some HSP70 homologs is induced by thermal or
other stressors, they constitute essential and abun-
dant proteins even in unstressed cells. In prokary-
otic cells only a single HSP70 homolog (referred to
as DnaK in E. coli) is generally found. In contrast,
in eukaryotic cells, several distinct HSP70 ho-
mologs, many of which are localized in different
intracellular compartments (viz., mitochondria,
chloroplast, endoplasmic reticulum) have been
identified (Lindquist and Craig 1988; Morimoto et
al. 1990). In the past 8-10 years, due to the per-
ceived importance of HSP70 in cell structure and
function, the cDNA/genes for HSP70 have been se-
quenced from a large number of prokaryotic and
eukaryotic species. These studies reveal that the
primary structure of HSP70 is highly conserved
during evolution. (See Lindquist and Craig 1988;
Gupta and Singh 1992.)

In the present paper we have used HSP70 se-
quence data to examine the relationships between
archaebacterial, eubacterial, and eukaryotic organ-
isms. The sequence features and detailed phyloge-
netic analyses of HSP70 sequence data reveal novel
and unexpected relationships between archaebacte-
ria, eubacteria, and eukaryotic species, which are
discussed in this paper.

Materials and Methods

Sequence Analysis. The amino acid (a.a.) sequence data for var-
ious HSP70 as well as other gene sequences were obtained from
various protein and nucleic acid databases (viz., Genbank,
Swiss-Prot. PIR, etc.). The sequences were initially aligned in
small groups (of 10-25) employing the CLUSTAL program (Hig-
gins and Sharp 1989; PCGene Software) or in pairs using the
BESTFIT, PALIGN, and FASTA programs of the University of

Wisconsin Genetics Computer Group (GCG6) program package
(Pearson 1990). Based on this information, global alignment of all
sequences was carried out manually, correcting for any obvious
misalignments using a program written and compiled by Dr. A.L.
Goldin, Dept. of Biology, California Inst. of Technology. It
should be noted that about 60~100 residues in HSP70s near the
C-terminal end show considerable variation among distant spe-
cies. For lack of proper alignment, this region was not consid-
ered in phylogenetic analyses. The amino acid sequence identity
between pairs of proteins was calculated using the PALIGN pro-
gram (PCGene Software), using the structure gene matrix and
unit gap and open gap costs of 1 and 7, respectively. The boot-
strap neighbor-joining tree was obtained using the programs
BOOT, NEIGHBOR, and CONSENSE from PHYLIP—version
3.3, program package (Felsenstein 1991). Parsimony analysis of
sequences was carried out using the program PROTPARS from
PHYLIP, version 3.4.

The significance of repeat polypeptide sequences to the con-
sensus sequence was determined by comparing the alignment
scores of the observed repeat with that of the randomized (1,000
times) HSP70 sequence, using PAM 250 substitution matrix
(Altschul 1991). For all polypeptide repeats identified, the num-
ber of random HSP70 sequences showing higher alignment
scores than observed was less than 2%.

Results

Global Sequence Alignment and Identification of
Signature Sequences

A global alignment of HSP70 sequences from organ-
isms comprising all three domains was initially car-
ried out. The alignment consisted of a total of 66
sequences of which 57 were full length and 9 were
partial. Of these sequences, 2 were from archaebac-
teria (a halophile and a methanogen); 11 were from
the eubacterial group encompassing several gram-
positive bacteria (both low G + C as well as high G
+ C species), chlamydiae, cyanobacteria, and pur-
ple bacteria; and 8 were from eukaryotic organelle
(viz., mitochondria and chloroplast); and the re-
maining 45 sequences were for different eukaryotic
HSP70 homologs covering all the major groups
(viz., plants, animals, protists, algae, higher and
lower fungi, etc.) of organisms. The observed se-
quence alignment was very similar to that reported
previously for a limited number (12) of species. (See
Fig. 4 of Gupta and Singh 1992.) Based on the align-
ment, numerous signature sequences were identi-
fied that provided clear distinction between
prokaryotic and eukaryotic homologs. Some of
these signature sequences are depicted in the partial
sequence alignment shown in Fig. 1. The two ar-
chaebacterial HSP70s contain all of the eubacterial
signatures but none specific for eukaryotic species.
Further, no sequence features that were unique
only to the archaebacteria could be inferred. (See
Gupta and Singh 1992 for complete sequences.)
However, several sequence features were found to
be uniquely shared by archaebacteria and gram-
positive eubacteria on one end, and the gram-
negative eubacteria and eukaryotic HSP70 ho-
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1 -marismortui QDDYSVE GDNDLG INL| TT DDGPLDLEQKIT ITIEGGAG LS

.mazei EAM-K-T --TN-- =--i GT-GE-KHMDIDL- -S-QKPG- --

. leprae $-W-1- ---H-- V EVDS-KN--F-DEQL] -K-QE-S- --

M.paratuber. T-W-1- -+-Q-- '~ JVDA-KN--F-DEQL- -K-QE-S- --

C.perfringens T--K-N <-AR-- - AD AT--KHIDMTL- ---TASTN --

B.subtilis T--K-- AG EA---H--VSLS ---KSST- --

.megaterium T-HK-- AG EA---H--VSLS ---KSST- -~

—E.coli RRFQDEEVQRDVSIMPFKITAAD  |NG-AW-- AD AT--KHMNI-V- ---KASS- -N

C.crescentus -TAS-PV-EK-KGMV-YRSSR-R AG-AW-K AS---H-NI-LS -R-QANG- --

C.trachomatis K- S--ESEIKTV-Y-VAPNS |KG-AVFD AN--KH-ALTL- -R--ASS- -K

C.pneumoniae -KY S--ASEIQTV-YTVTSGS {KG-AVF- AQ--KH-ALTL- -R--ASS- -Q

:3 Synechocys.sp. -K- D-ITNEATEVAYSVVKDG |NGNVKLD Q~--KH-DTTLS -S-T-AST -P

S.cerevi.(mit) ---E-A----- IKQV-Y--VKHS [NG-AW-- AS--KHINM-FS --VA-$5- --

Pea (mit) ---D-AQT-KEMKMV-Y--VR-P [NG-AW-- D AS-AKH-NITL- ---RSSG- --
P.ubilical(cht) -KQ N-ISQEIRQTSYNVKTS GSSIKI- Q---KH--KTV-
L-P.lutherii(chl) -PS K--SDELRQT-Y--EDS EGKIRLK EN-AKHI-KTL-
—S$.cerev. (GR78) LKYN-RS--K-IKHL--NVVNK-G |KPAVE-S -SETL-
Human (GR78) -TWN-PS--Q-IKFL---VVEKKT FSETL-

D.melanogaster2
P.falciparum

4 | C.reinhardtii
S.cerev.(SSA1)

-KYD-PKIAE-MKHW- - -VVSDGG
-K-TESS- -S-MKHW--TVKSGVDE

T.brucei -K-S-SV--S-MKHW- - -VVTKGDD
L.donvani -K-N-SV--5-MKHW- - -VTTKGDD
E.histolytica ~=-8-PAI-N-MKHWS--V-DDGH
Spinach ---8-AS--A-MKHR- - -VVSGPG
Maize ---SSPA--SSMKLW-SRHLGL G
Petunia -=~8§-P§--S-IKLW---V-PGPG

-K-S-PI--§-IKLW-SQVAP-H
-N-N-P-- -A-MKHF - --L-DV-G

e R N R R R R R T

S.mansoni -~=D-PS--S-MKHW--EVTQVGG
C.elegans -K-D-PA-~S-MKHW---V-S-EG
B.malayi ~K-D-GS-~S-MKHW- - -VVN-GG
X.laevis -K-N-PV--C-LKHW--QVVSDEG
Human -K=-G-PV--S$-MKHW--QV-NDGD
Ch.hamster (c) ~==-D-AV-~§-MKHW- -MVVNDAG
Chicken -KYD-PT-~8-MKHW- -RVVNEGG
Rat -K~E-AT-~S-MKHW- -RVVSEGG
L Human (c) ---D~AV-~S-MKHW- -MVVNDAG
c d d
Fig. 1. Partial alignment of HSP70 sequences depicting some of

the signature sequences characteristic of various prokaryotic and
eukaryotic organisms. The numbers 1 to 4 on the left refer to
sequences from archaebacteria (1), gram-positive bacteria (2),
gram-negative bacteria and eukaryotic organeller sequences (3),
and from a representative group of eukaryotic organisms (4). The
numbers on the top refer to the position in Halobacterium maris-
mortui sequence (Gupta and Singh 1992). The letters a, b, ¢, and
d refer to signature sequences (shaded regions) that are distinc-
tive of (a) prokaryotes, i.e., both archaebacteria and eubacteria,
(b) archaebacteria and gram-positive bacteria, (c¢) eukaryotic
species, and (d) common to gram-negative eukaryotic homologs.
Not all signature sequences of the above kinds are shown. The
boxed region shows the insert in the N-terminal quadrant. The
dashes (-) indicate identity with a.a. in the top line. Other eu-
karyotic HSP70 homologs not shown also contained the indi-
cated signature sequences. The species names are as follows: H.

mologs on the other (signature sequences b and d in
Fig. 1). The eukaryotic organeller HSP70 homologs
(from mitochondria and chloroplasts) contained all
of the signature sequences characteristic of gram-
negative eubacteria.

Interdomain Sequence Similarity for HSP70 and
Other Proteins. Global alignment of HSP70 se-
quences revealed that numerous long stretches of
a.a. were highly conserved in this protein family
(results not shown). To obtain a measure of se-
quence conservation in HSP70 family, as compared
to other conserved proteins that are ubiquitously
found (viz., elongation factor-1 and -2, glutamine
synthetase, RN A polymerase, proton ATPase), we
have determined interdomain a.a. identity scores

d c c

marismortui, Halobacterium marismortui; M. mazei, Metha-
nosarcina mazei; M. leprae, Mycobacterium leprae; M. tuber-
culosis, Mycobacterium tuberculosis; C. perfringens, Clostrid-
ium perfringens; B. subtilis, Bacillus subtilis, B. megaterium,
Bacillus megaterium; E. coli, Escherichia coli; C. crescentus,
Caulobacter crescentus; C. trachomatis, Chlamydiae trachom-
atis; C. pneumonial, Chlamydiae pneumonial; Synechocys sp.,
Synechocystis species; S. cerevi, Saccharomyces cerevisiae; P.
ubilical, Porphyra ubilicalis; P. lutherii, Pavlova lutherii; D.
melanogaster, Drosophila melanogaster; P. falciparum; Plas-
modium falciparum; T. brucei, Trypanosoma brucei; L. donvani,
Leischmania donvani; E. histolytica, Entamoeba histolytica; C.
reinhardtii, Chlamydomonas reinhardtii; S. mansoni, Schisto-
soma mansoni; C. elegans, Caernorhabditis elegans; B. malayi,
Brugia malayi; X. laevis, Xenopus laevis; Ch. hamster, Chinese
hamster. The notations (mit), (chl), and (c) in parentheses denote
mitochondrial, chloroplast, or cognate forms of HSP70.

for representative species from each of the three
domains. These results are presented in Table 1.
The minimum a.a. identity between any two HSP70
homologs from any of the three domains is about
42%. In contrast, for the other proteins which have
been previously employed for deep phylogenetic
analyses (Gogarten et al. 1989; Iwabe et al. 1989;
Piihler et al. 1989; Pesole et al. 1991), the interdo-
main similarity shows greater variation between dif-
ferent domains and the minimum identity observed
was found to be much lower. These results illustrate
that HSP70 is the most conserved protein presently
known that is found in all organisms.

Structural Features of HSP70 and a Model for
the Evolution of HSP70 Gene/Protein. One striking
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Table 1. Interdomain amino acid identity (%) for different proteins

Eubacteria vs archaebacteria

Eubacteria vs eukaryotes

Archaebacteria vs eukaryotes

(@) W] © () © o
HSP70 50.3 57.4 46.4 47.6 42.0 47.2
EF-1 (Tu) 34.0 30.5 27.7 26.4 50.8 53.5
EF-2 (G) 26.9 26.9 22.2 23.4 331 30.4
ATPase 13.2 16.7 17.2 17.7 55.8 58.7
Glutamine synthetase 36.3 41.4 11.0 7.2 8.6 11.8
RNA polymerase 28.9 26.9 22.0 232 28.4 30.4

Amino acid identity between pairs of protein sequences was calculated by the PALIGN program of the PC GENE software. The letters
a—f refer to the comparison between the following species representative of the domains: (a) E. coli vs a halobacterium; (b) E. coli vs
a methanogen; (c) E. coli vs human; (d) E. coli vs Saccharomyces cerevisiae; (e) Halobacteria vs S. cerevisiae; and (f) methanogen
vs §. cevisiae. For RNA polymerase, the identity values are taken from Piihler et al. (1989)

feature of the HSP70s from archaebacteria and the
gram-positive eubacteria is the presence of a gap of
23-27 a.a. in the N-terminal quadrant (Fig. 1). This
gap could result either from a deletion in HSP70 in
these organisms or from an insertion in the other
organisms. However, two different observations
provide evidence in support of the latter view.
First, we have observed that a.a. comprising the
first quadrant of HSP70 from archaebacteria and
gram-positive bacteria (i.e., a.a. 1-160) show signif-
icant similarity (P < 0.001) to those in the second
quadrant (i.e., a.a. 161-320) (Gupta and Singh
1992). This similarity was not readily seen in
HSP70s from other prokaryotic and eukaryotic or-
ganisms containing the additional 23— 27 a.a. in the
N-terminal quadrant, indicating that these a.a. were
probably inserted after the gene duplication event.
The inference from sequence similarity regarding
occurrence of gene duplication in the evolution of
HSP70 is supported by the structural data on
HSP70. The reported three-dimensional structure
of the N-terminal fragment (386 a.a.) of bovine
HSP70 shows the presence of two distinct lobes of
approximately equal sizes and similar tertiary struc-
tures, with a deep cleft separating the two lobes
(Flaherty et al. 1990). The boundaries of the two
lobes, as determined from X-ray crystal structure
data, show excellent correlation with the bound-
aries of the proposed duplicated segments (Gupta
and Singh 1992). The 25 amino acids (from 82 to 106
in the bovine HSP70) corresponding to the insertion
are located on the outside of lobe I and thus could
have been acquired at a later time. Together, these
results strongly indicate that the first two quadrants
of HSP70 arose by duplication of an ancestral do-
main that probably lacked the insertion in the N-ter-
minal quadrant.

A second, more compelling argument for the re-
cent acquisition of the 23-27 a.a. in the N-terminal
quadrant of HSP70s is based on the observed highly
significant similarity between a protein, MreB from
E. coli (as well as the gram-positive bacteria Bacil-

lus subtilis—Doi et al. 1988; EMBL Database), and
the N-terminal half of the HSP70 family of proteins
(Gupta and Singh 1992). Similar to the N-terminal
half of HSP70 family of proteins, MreB also con-
tains the ancestral ATPase binding domain, and it is
predicted to have similar tertiary structure to the
N-terminal half of HSP70 (Bork et al. 1992). Since
MreB is only about half the length of HSP70, it is
very likely evolved from a predecessor of HSP70
before acquisition of the C-terminal fragment. The
alignment of MreB protein with HSP70s from gram-
positive bacteria (Fig. 2) or archaebacteria (Gupta
and Singh 1992) required no large gaps. However,
the alignment of MreB with the HSP70 homologs
from either gram-negative eubacteria or eukaryotic
species (Fig. 2) required introduction of a large gap
in the MreB sequence, in the same position, where
additional a.a. are found in these proteins. Absence
of the 23-27-a.a. insert in the MreB protein strongly
indicates that the ancestral HSP70 lacked this insert
and that it has been introduced at a later time. The
possibility that the MreB may be derived from an
ancestral HSP70 by loss of the C-terminal fragment
is considered unlikely because of the absence of the
23-27-a.a. insert in MreB from both gram-positive
and gram-negative eubacteria.

Another novel feature of the HSP70 family of
proteins that we have observed is the presence of a
short polypeptide with the consensus sequence
VDLGGGDFE that is repeated several times in the
N-terminal half of the protein (Fig. 3). This poly-
peptide repeat initially came to our attention when
examining degenerate oligonucleotide primers for
conserved regions of HSP70 for cloning the HSP70
gene (Galley et al. 1992). It was observed that the
primer sequence corresponding to one of the con-
served regions in the sequence (viz., a.a. 170-178)
showed significant similarity to other regions of
HSP70. The visual inspection of HSP70 sequences
then identified several stretches which were related
to this sequence. All of the polypeptide repeats in-
dicated in Fig. 3 have significant similarity to the
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Fig. 2.

Alignment of MreB protein sequences from E. coli and B. subtilis with the HSP70 sequences from the same species. MreB

protein sequences are shown complete whereas for HSP70 sequences only the N-terminal portions which are homologous to MreB are
shown. The dashes (-) denote residues identical to that shown on the top line. Gaps in sequences are shown by blank spaces.
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'L DL 66 6 G V Y E
N DL 6 G DD W D
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consensus vV D L G G G D F E
I E

Fig. 3. Alignment of repeat polypeptide sequences present in
the HSP70 from E. marismortui. The numbers refer to the posi-
tion in H. marismortui sequences (Gupta and Singh 1992). All of
the polypeptide repeats show significant similarity to the con-
sensus sequence shown underneath.

consensus sequence (See Materials and Methods).
It is noteworthy that many of the polypeptide re-
peats seen in HSP70 are located close to each other
in the second quadrant. This observation suggests
that an ancestral gene encoding the second quad-
rant of HSP70 may have evolved by tandem joining
of the genes encoding this shorter polypeptide. This
polypeptide sequence, because of its postulated pri-
mordial nature and high degree of conservation
within HSP70 homologs, is likely to play an impor-
tant role in HSP70 function.

Based upon the above observations, a model for
the evolution of the HSP70 family of proteins is
proposed (Fig. 4). Stages I-IV in this model are
postulated to have occurred in the common ances-
tor to all life. In view of the known function of
HSP70 in protecting the organisms from heat- or
other stress (e.g., O, deprivation)-induced damages
(see Lindquist and Craig 1988; Morimoto et al.
1990), the postulated very early evolution of this

protein could have played an important role in the
survival of the early life form in the primitive envi-
ronment (e.g., high ambient temperature and defi-
cient in oxygen). (See Kasting 1993.)

Phylogenetic Analyses on HSP70 Sequences. To
deduce the evolutionary relationships of HSP70, all
57 sequences for which complete sequence informa-
tion was available were initially analyzed using the
neighbor-joining method of phylogenetic tree recon-
struction (Saitou and Nei 1987). The resulting tree
clearly indicated that the preferred topology
branches the archaebacteria with the gram-positive
bacteria (results not shown). The branching of ar-
chaebacteria within the gram-positive bacteria is an
unusual result. To further investigate it, more ex-
tensive tests were performed on a subset of 18 spe-
cies containing all known archaebacterial and eu-
bacterial sequences and representative eukaryotic
organisms. For these species the sequences were
bootstrapped 100 times (Felsenstein 1985); for each
a neighbor-joining tree was found and a consensus
tree was obtained (Fig. 5a). The topology of this
tree closely follows the topology of the tree found
using all species. There is a clear distinction be-
tween eukaryotic and bacterial species (100 of 100)
and an equally clear distinction between eukaryotic/
gram-negative bacteria and archaebacteria/gram-
positive bacteria (98 of 100). The placement of the
archaebacteria within the gram-positive is again
suggested to be polyphyletic. The species Metha-
nosarcina mazei is reasonably often branched with
Bacillus subtilis (92 of 100) but the affinities of
Halobacterium marismortui, although within the
gram-positive, are not clear. The chloroplast se-
quences branch with Synechocystis species and the
mitochondrial sequences branch with E. coli, sup-
porting the endosymbiotic origin of these organelles
from these groups of eubacteria (Schwartz and Day-
hoff 1978; Gray and Doolittle 1982; Gray 1989;
Gupta et al. 1989).
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I Gene for an ancestral -
polypeptide (9- 15 a.a.)

II Tandem joining of the genes  jon—————
generates a gene encoding an
ancestral domain =150 a.a.

Duplication and tandem
fusion of the gene for
the above domain

I

Acquisition of a gene

Sequence related to the
consensus sequence
VDLGGGDFE

Domain corresponds to either
the first or second quadrant
of HSP70 from archaebacteria

N-terminal half of HSP70:
Homologous to the MreB protein

HSP70 from archaebacteria

segment encoding for the
C-terminal domain

V 23-27 a.a. insertion in

and gram-positive bacteria

HSP70 from gram-negative

the N-terminal quadrant

eubacteria

VI Acquisition of eukaryotic . >  HSP70 from eukaryotic cells
sequence characteristics ’
1 1 | | | I 1.
0 100 200 300 400 500 600
Amino Acids
Fig. 4. A model showing various stages in the evolution of the HSP70 gene/protein. The main events characterizing different stages

in the evolution are indicated on the left and some sequence features which support these events are noted on the right. A polypeptide
such as that shown in stage I could also have been formed in the prebiotic world. (See Matthews 1971.)

The large insertion in the N-terminal quadrant of
HSP70 is a very distinctive feature shared by the
gram-negative bacteria and the eukaryotic species.
To see if this insertion/deletion would affect the
species placement within the phylogeny, this region
was deleted from all sequences. A consensus boot-
strap tree for this data is almost identical to that
shown in Fig. 5a (not shown), and it provides evi-
dence that a polyphyletic origin of the archaebacte-
ria within the gram-positive bacteria is not depen-
dent upon this sequence feature.

Parsimony analysis of this subset of species gives
the tree shown in Fig. 5b. The parsimony tree is
very similar to the bootstrap neighbor-joining tree
and the placement of the archaebacteria within the
gram-positive bacteria is repeated. Figure 5c dia-
grams three hypothetical relationships for the eu-
karyotes—gram-negative, gram-positive, and ar-
chaebacteria. The first shows the classical
trifurcation with the archaebacteria monophyletic,
and distinct from the eukaryotes and eubacteria
(Woese 1987; Gogarten et al. 1989; Iwabe et al.
1989; Woese et al. 1990). A tree identical to Fig. 5b
but with the archaebacteria moved to correspond
with this hypothesis requires a total of 2,683 a.a.
replacements. This second diagram shows the ar-
chaebacteria as monophyletic but branched within
the eubacteria and with the gram-positive bacteria.
This tree requires a total of 2,627 a.a. replacements
and is a significant improvement over the number

required for the classical trifurcation. The third di-
agram indicates the archaebacteria polyphyletic
within the gram-positive bacteria (as per Fig. 5a,b).
This topology requires a total of 2,605 a.a. replace-
ments and again is a significant improvement over
the number of changes required by either of the two
other hypotheses. These trees were also evaluated
using the maximum likelihood approach (Kishino et
al. 1990). Again, the third tree topology yields the
largest likelihood and it is a significant improvement
over the other two topologies.

Discussion

The use of molecular sequence data to deduce deep
phylogenetic relationships relies upon informational
macromolecules which are ubiquitous and whose
primary structure as well as function is highly con-
served during evolution (Woese 1987, 1991). We
have presented evidence that the HSP70 family of
proteins constitutes the most conserved protein
known, to date, that is found.in all species. The high
degree of sequence conservation of HSP70, in con-
junction with its large size and an ancient conserved
function, makes it a particularly useful system for
investigating deep phylogenetic relationships. The
utility of HSP70 for phylogenetic studies is further
enhanced by the presence/identification of a large
number of signature sequences that are either char-



T.brucei
Human
C.elegans
Maize
E.histolytica
P.falciparum
C.trachomatis

579

T.brucei
Human
C.elegans
Maize
E.histolytica
P.falciparum
P.lutherii(cp)

S.cerev.(mt) Synechocys
C.crescentus C.trachomatis
E.coli S.cerev.(mt)
00— P.lutherii(cp) ‘——4;__%:::: Ccnescehtus
— L Synechacys E.coli
70 B.subtilist B.subtilisi
92 C.perfringens ._q—__E C.perfringens
M.mazei M.mazei
. 100 M.paratuber. M.paratuber.
51 M.leprae M.leprae
H.marism H.marism
(@) (b)
Max.Pars. Max.Likl.
Steps Diff SO In Likl Diff Sp
G+ A
1 >____.____< 2683 78 16 -11244 48 2%
G- k
A G-
1T H 2627 22 9  -11166 33 13
G+ K
G._
A G+
s A:>_—_< 2605 -11133
6+ K
©

Fig. 5. Unrooted phylogenetic trees based on HSP70 se-
quences. a The tree shown is consensus neighbor-joining tree
obtained after 100 bootstraps. b Parsimony tree on the same
species. ¢ Hypothetical trees considering different relationships
between archaebacteria (A), gram-positive bacteria (G*), gram-

acteristic of the main groups of organisms (viz.,
prokaryotes vs. eukaryotes; gram-positive bacteria
vs. gram-negative bacteria) or are uniquely shared
by some of them (common to gram-positive bacteria
and archaebacteria; or between gram-negative bac-
teria and eukaryotes). Other unique structural fea-
tures of HSP70 sequences (viz., presence of repeat
polypeptide, internal duplication, homology to
MreB protein) that have been identified provide in-
formation regarding evolution of this protein family
from a very carly stage. (See Fig. 4.)

Phylogenetic analyses of HSP70 sequences pre-
sented here strongly indicate a close evolutionary
relationship between the gram-positive group of
bacteria and the archaebacterial species. This infer-

negative bacteria (G7), and eukaryotes (K). The number of steps
and the log likelihood are shown for each hypothetical tree. Dif-
ferences between these trees and their standard deviations from
the most parsimonious and likely tree.

ence is supported by sequence signatures shared
uniquely by these two groups of organisms. Surpris-
ingly, the two archaebacterial species examined do
not form a coherent cluster within the gram-positive
group of bacteria. These observations are inconsis-
tent with the view that archaebacteria form a sepa-
rate monophyletic domain. In addition to HSP70
sequence data, a linkage of archaebacteria with the
gram-positive group of eubacteria is also indicated
by a number of other gene sequences. Smith et al.
(1992) have observed an association of halobacterial
and methanogen species with the gram-positive eu-
bacteria for the glutamine synthetase and superox-
ide dismutase gene sequences. However, these au-
thors have attributed the observed linkage to
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Fig. 6. Compositive hypothetical model for the origin of eu-
karyotic cells based on different genes. The root of the tree is
placed within the archaebacteria and gram-positive eubacteria
based on HSP70 sequences. The ancestral eukaryotic cell is pro-
posed to arise (as shown by dotted line 1) by fusion of an ar-
chaebacteria and a gram-negative eubacteria. The box denotes

horizontal gene transfer between species. We have
independently obtained similar results for these
molecules as well as glutamate dehydrogenase and
aspartate aminotransferase sequences by parsi-
mony and bootstrap neighbor-joining tree construc-
tion methods (R.S. Gupta and G.B. Golding work in
progress). The gram-positive eubacteria and several
of the archaebacteria also share a number of other
unique characteristics including the presence of a
thick homogeneous gram-positive staining cell wall.
(See Cavalier-Smith 1987; Stanier et al. 1987.) The
possibility that all such shared characteristics either
at the gene or cellular levels are due to horizontal
gene transfers between species appears overly sim-
plistic. The possibility that a true linkage between
these ancient prokaryotic species exists is currently
being examined by us.

Another novel feature of HSP70 sequence data is
that a relatively conserved insert is present in the
same position in HSP70s from both various gram-
negative eubacteria as well as all eukaryotic organ-
isms. This raises the question regarding the origin of
eukaryotic cells. Both these groups of HSP70s also
share other sequence features that are unique to
them. (See Fig. 1.) These observations and the fact
that all eukaryotic homologs contain a large number
of distinctive sequence features argue against the
lateral transfer of HSP70 gene (or the insert) from
gram-negative eubacteria to eukaryotic cells at a

Halobacteria -
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Gram-
positive

> Bacten‘aJ
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J

Plants and )
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an early stage in the evolution of the eukaryotic cell during which
different genes from the two fusion partners were lost, accom-
panied by extensive changes in the genome. The numbers 2 and
3 refer to the endosymbiotic events leading to the genesis of
mitochondria and chloroplasts, respectively.

later stage in eukaryotic cell evolution. To explain
the origin of eukaryotic cells, two different types of
models have been previously proposed. The first
type of model assumes progressive evolution of eu-
karyotic cell from a prokaryotic ancestor (Woese
et al. 1990; Rivera and Lake 1992). Based on the
sequence data for EF-1a, EF-2, F- and V-type
ATPases, and RNA polymerase II and III subunits,
where greater similarity between the archaebacte-
rial and eukaryotic homologs is observed, it has
been postulated that the eukaryotic cells evolved
from an archaebacterial ancestor (Gogarten et al.
1989; Iwabe et al. 1989; Piihler et al. 1989). Two
different phylogenetic trees have been proposed in
this regard. The archaebacterial tree which postu-
lates all archaebacteria to be monophyletic and ar-
chaebacteria to be more closely related to eukary-
otic cells (Iwabe et al. 1989; Woese et al. 1990) is
clearly not supported by the present data. The al-
ternate eocyte tree implies a polyphyletic nature of
the Archaea domain, and of these, it postulates that
extreme thermophiles (eocytes) are the closest rel-
atives of eukaryotes (Lake 1991; Rivera and Lake
1992). Due to the lack of HSP70 sequence data on
eocytes, the validity of this tree cannot be ascer-
tained at present. However, for the eocyte tree to
explain the observed results it would require that
the eocytes HSP70 sequences should be more akin
to gram-negative eubacteria than to the halobacteria



and methanogens, which is possible but considered
less likely. The second type of model postulates
eukaryotic cells to be a chimera made by fusion of
two or more different cells (Sogin 1991; Zillig 1991).
Since eukaryotic cells bear some characteristics of
archaebacteria and others of eubacteria, Zillig
(1991) has proposed that the genesis of eukaryotic
cell involved fusion between an archaebacteria and
eubacteria.

An extension of Zillig’s model is presented in
Fig. 6. The root of the tree in this case has been
placed within the ancestral lineage of the archae-
bacteria and gram-positive group of organisms
based on the observations discussed previously.
(See Fig. 4.) Further, based on HSP70 sequence
features, we postulate that one of the partners in-
volved in the primary fusion event was a gram-
negative eubacteria. Following the primary fusion,
the early stages in the development of eukaryotic
cells (denoted by the box) remain poorly under-
stood. However, for all genes examined, eukaryotic
cells contain homologs which show greater resem-
blance to either archaebacterial counterparts (viz.,
EF-1, EF-2, F- and V-type ATPase, RNA polymer-
ase II and III) or to the eubacterial homolog (viz.,
HSP70). (Organeller genes which presumably were
acquired by later endosymbiotic events are not con-
sidered in this regard.) To account for this, we pos-
tulate that a selection or assortment of genes from
the fusion partners took place in the early eukary-
otic cell(s) and the genes which were not incorpo-
rated were either gradually lost or were so drasti-
cally altered that no similarity to the original gene(s)
is presently seen. The early phase in the evolution
of eukaryotic cells may have had a markedly en-
hanced genetic activity, during which numerous
changes in different genes (viz., base substitutions,
additions, and deletions) which distinguish eukary-
otic homologs from their prokaryotic counterparts
were introduced. During this early phase other
structural features characteristic of eukaryotes
(e.g., nuclear membrane, cytoskeleton, etc.) also
evolved by mechanisms that are not understood at
present (Cavalier-Smith 1987). The model proposed
here provides a conceptual framework for under-
standing the various contradictory phylogenetic and
morphological observations. It depicts a closer re-
lationship between the prokaryotic species (i.e., ar-
chaebacteria and eubacteria) as opposed to their re-
lationship with the eukaryotic organisms, which
both in morphological terms as well as intuitively is
more appealing.
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