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Abstract. The heat shock protein 70 kDa sequences
(HSP70) are of great importance as molecular chaper-
ones in protein folding and transport. They are abundant
under conditions of cellular stress. They are highly con-
served in all domains of life: Archaea, eubacteria, eu-
karyotes, and organelles (mitochondria, chloroplasts). A
multiple alignment of a large collection of these se-
quences was obtained employing our symmetric-iterative
ITERALIGN program (Brocchieri and Karlin 1998). As-
sessments of conservation are interpreted in evolutionary
terms and with respect to functional implications. Many
archaeal sequences (methanogens and halophiles) tend to
align best with the Gram-positive sequences. These two
groups also miss a signature segment [about 25 amino
acids (aa) long] present in all other HSP70 species
(Gupta and Golding 1993). We observed a second sig-
nature sequence of about 4 aa absent from all eukaryotic
homologues, significantly aligned in all prokaryotic se-
quences. Consensus sequences were developed for eight
groups [Archaea, Gram-positive, proteobacterial Gram-
negative, singular bacteria, mitochondria, plastids, eu-
karyotic endoplasmic reticulum (ER) isoforms, eukary-
otic cytoplasmic isoforms]. All group consensus
comparisons tend to summarize better the alignments
than do the individual sequence comparisons. The global
individual consensus ‘‘matches’’ 87% with the consen-
sus of consensuses sequence. A functional analysis of the
global consensus identifies a (new) highly significant
mixed charge cluster proximal to the carboxyl terminus
of the sequence highlighting the hypercharge run EED-
KKRRER (one-letter aa code used). The individual Ar-
chaea and Gram-positive sequences contain a corre-
sponding significant mixed charge cluster in the location

of the charge cluster of the consensus sequence. In con-
trast, the four Gram-negative proteobacterial sequences
of the alignment do not have a charge cluster (even at the
5% significance level). All eukaryotic HSP70 sequences
have the analogous charge cluster. Strikingly, several of
the eukaryotic isoforms show multiple mixed charged
clusters. These clusters were interpreted with supporting
data related to HSP70 activity in facilitating chaperone,
transport, and secretion function. We observed that the
consensus contains only a single tryptophan residue and
a single conserved cysteine. This is interpreted with re-
spect to the target rule for disaggregating misfolded pro-
teins. The mitochondrial HSP70 connections to bacterial
HSP70 are analyzed, suggesting a polyphyletic split of
TrypanosomaandLeishmaniaprotist mitochondrial (Mt)
homologues separated from Mt-animal/fungal/plant ho-
mologues. Moreover, the HSP70 sequences from the
amitochondrialEntamoeba histolyticaandTrichomonas
vaginalis species were analyzed. TheE. histolytica
HSP70 is most similar to the higher eukaryotic cytoplas-
mic sequences, with significantly weaker alignments to
ER sequences and much diminished matching to all eu-
bacterial, mitochondrial, and chloroplast sequences. This
appears to be at variance with the hypothesis thatE.
histolytica rather recently lost its mitochondrial organ-
elle. T. vaginalis contains two HSP70 sequences, one
Mt-like and the second similar to eukaryotic cytoplasmic
sequences suggesting two diverse origins.

Key words: Chaperonine — 70-kD heat shock protein
— Archaea — Eubacteria — Eukaryotes — Evolution
— SSPA — Multiple alignment

J Mol Evol (1998) 47:565–577

© Springer-Verlag New York Inc. 1998



Introduction

The heat shock protein 70 family (HSP70) is broadly and
highly conserved across prokaryotes and eukaryotes.
These proteins function for facilitating the assembly of
multimeric protein complexes and as molecular chaper-
ons for facilitating intracellular folding of proteins, for
secretion and transport. They are activated rapidly for
protecting the cell from environmental stress (Gething
and Sambrook, 1992; Gupta and Golding, 1993; Boor-
estein et al. 1994; Gupta et al. 1997). Under normal cell
conditions they constitute important and abundant pro-
teins. In most eukaryotes from yeast to human there are
at least three forms, with cellular location in the endo-
plasmic reticulum (ER) lumen, in the cytoplasm, and in
mitochondrial and chloroplast organelles. We use the no-
tation ER-euk and CYT-euk for the HSP70 sequences of
the eukaryotic ER and cytoplasmic localizations, respec-
tively. Several prokaryotic genomes contain multiple
HSP70 sequences (see below).

This paper analyzes a large collection of HSP70 se-
quences among prokaryotes and eukaryotes. Our analysis
centers on two protocols: SSPA (significant segment pair
alignment) comparisons and development of a multiple
alignment for all sequences. The SSPA method produces
an assessment of the similarity for each pair of sequences
(for formal details see Karlin et al. 1995; Brocchieri and
Karlin 1998). The SSPA determinations distinguish con-
sistent groups. Criteria for group ascertainments are two-
fold: (i) within-group SSPA scores generally exceed
SSPA scores with sequences not in the group and (ii)
SSPA scores with other groups or singular sequences are
reasonably congruent for all members of the group. Ap-
plying our new method of multiple sequence alignment
(Brocchieri and Karlin, 1998), ITERALIGN, we will es-
tablish a global alignment and separate alignments for
subfamilies of the HSP70s: from archaeal sources,
Gram-positive homologues, Gram-negative proteobacte-
rial sequences, singular bacterial types, mitochondrial
group, chloroplast functioning, and the two groups of
eukaryotic isoforms ER-euk and CYT-euk separately.
The consensus of these consensuses compares excel-
lently (more than 86% identity) with the global consen-
sus of the HSP70 individual sequences (see below).

SSPA Assessments Among HSP70 Sequences

Pairwise SSPA scores (see Karlin et al. 1995; Brocchieri
and Karlin 1998) were determined for more than 50 se-
quences. Following our protocol, a single representative
sequence was retained from sets of sequences registering
SSPA mutual scores exceeding 80%. By this criterion the
HSP70 family was reduced to 40 sequences. Among pro-
karyotes the listing in Fig. 1 encompasses five archaeal
sequences, six Gram-positive [Gram (+)] and oneMyco-

plasma; four Gram-negative proteobacterial sequences
[Gram (−)]; a singular group consisting of two diverse
Synechococcus, strains 1 and 2; and three other nonclas-
sical individual eubacterial sequences. Among eukary-
otes we have six mitochondria (Mt), one Mt-like se-
quence from the amitochondriateTrichomonas vaginalis,
and two plastids (Pl), three ER-euk, and seven CYT-euk
sequences. The protein sizes are reasonably constant
ranging between 595 and 690 residues (two anomalous
cases, lengths 706 and 749). No eocyte (Sulfolobus-like)
HSP70 archaeal sequence has been detected to date.

Archaeal SSPA Comparisons.The SSPA scores
among the archaeal sequences omitting the two halo-
philes are 56–65 (see Fig. 1). The two methanogen se-
quences score 61 and the two halobacteria mutually
score 76 but, compared with the other Archaea, 49–58.
The notation Archaea/Gram(+) and values refers to all
the pairwise SSPA scores of archaeal sequences versus
Gram(+) sequences and similarly for other group pair-
ings. METMA (see legend to Fig. 1) aligns best with
Gram(+) sequences, producing SSPA scores in the range
61–66 (exception, 70 withClostridium) >> (non-
MethanoArchaea)/Gram(+) 51–57. Comparisons of Ar-
chaea to the mycoplasma MYCGE yield SSPA values
lowered to 46–52. Pairwise alignments to Gram(−) se-
quences give METMA/Gram(−) 55–64 >> (non-
MethanoArchaea)/Gram(−) 49–53 [differences for each
individual Gram(−) sequence are 5–12 points]. The
SSPA scores of Archaea with mitochondrial and chloro-
plast sequences are again significantly higher for the
methanobacteria than for other Archaea.

SSPA Values Among Eubacterial Sequences.The
Gram(+) separate a high G+C group G+ 4 (M. leprae, S.
coelicolor) having mutual SSPA score 73. The low G+C
Gram(+) constitute three groups: G1 4 { B. subtilis, L.
lactis}, G2 4 { Clostridium acetobutylicum}, and G3 4
{ Erysipelothrix rhusiopathie} with respect to SSPA val-
ues.

The Gram(−) divide into G−1 4 {ECOLI, PSECE}
usually associated withg-proteobacteria and G−2 4
{RHIME, CAUCR} associated witha-proteobacteria.
The SSPA value within G−1 is 73 and that within G−2 is
76. Between-group alignment scores yield G−

1/G
−

2 67–
69, consistent with their distinct proteobacterial designa-
tions.

Among all the classical eubacteria we have Gram(−)/
Gram(+) 52–64 (mostly 57–64), with the highest scores
achieved forB. subtilisandClostridiumaligned to G−

2.

SSPA Values for Mitochondrial (Mt) and Plastid (Pl)
HSP70 Sequences Compared with Eubacterial Se-
quences.The six mitochondrial HSP70 sequences divide
into the two groups M1 4 (animal, insect, yeast, and
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plant Mt) and M2 4 (protist Mt: TRYBR, LEIMA). The
sequence from the amitochondriateTrichomonas vagi-
nalis (TRIVA-Mt) is more similar to M1 sequences (60–
63) than to M2 sequences (55, 57). Comparisons to the
Gram(−) and Gram(+) sequences entail SSPA values Mt/
Gram(−) 50–66. The highest Mt/bacterial scores are
achieved with the Gram(−)a-proteobacterial types at the
level 62–66 (one 59) for M1 and 52–58 for M2. An
Mt-like sequence from the amitochondriate protistVari-
morpha necatrix(Microsporidia) also shows the highest
similarity to M1 and a-proteobacterial sequences but

with reduced SSPA scores, 51–52 (data not shown). The
two Pl score high, with a SSPA value of 70, but lower
than the alignment scores to SYN2 (score 73), consistent
with the Pl endosymbiont hypothesis. Both the Mt and
the Pl sequences compared with all eukaryotic sequences
yield SSPA values in the relatively low range, 39–50.

SSPA Scores Between ER-euk and CYT-euk HSP70
Sequences.Three HSP70 sequences (yeast,Giardia, and
human) have a subcellular localization to the ER. The
SSPA score is relatively high at 67 for yeast compared to

Fig. 1. Pairwise SSPA similarities of 40 HSP70 sequences. This set
includes five archaeal sequences (the sequence code used throughout
the text follows) including two methanobacteria,Methanosarcina
mazei(1, METMA) and Methanobacterium thermoautotrophicum(2,
METTH); one thermophileThermoplasma acidophilum(3, THEAC);
and two halophiles,Halobacterium marismortui(4, HALMA) and Ha-
lobacterium cutirubrum(5, HALCU); two high G+C Gram-positive,
Mycobacterium leprae(6, MYCLE) and Streptomyces coelicolor(7,
STRCO); four low C+G Gram-positive,Bacillus subtilis(8, BACSU),
Lactococcus lactis(9, LACLA), Clostridium acetobutylicum(10,
CLOAC), Erysipelothrix rhusiopathiae(11, ERYRH), and separately,
Mycoplasma genitalium(12, MYCGE); four Gram-negative proteobac-
terial sequences,E. coli (13, ECOLI), Pseudomonas cepacia(14,
PSECE),Rhizobium meliloti(15, RHIME), Caulobacter crescentus
(16, CAUCR); five individual bacterial sequences includingBorrelia
burgdorferi (17, BORBU), Chlamydia trachomatis(18, CHLTR),

two Synechococcus, strains 1 (19, SYN1) and 2 (20, SYN2), andTher-
mus aquaticus(21, THEAQ). Among the eukaryotes we have six mi-
tochondrial (Mt) sequences,Saccharomyces cerevisiae(22, YEAST-
Mt), Drosophila melanogaster(23, DROME-Mt), 24, MOUSE-Mt, 25,
PEA-Mt, and the two Protists,Trypanosoma cruzi(26, TRYCR-Mt)
and Leishmania major(27, LEIMA-Mt) and one mitochondrial-like
sequence fromTrichomonas vaginalis(28, TRIVA-Mt); two chloro-
plast (Pl) sequences,Porphyra purpurea(29, PORPU-Pl) and 30, PEA-
Pl; three eukaryotic sequences from the endoplasmic reticulum (ER-
euk), S. cerevisae(31, YEAST-ER), 32, HUMAN-ER, andGiardia
lamblia (33, GIALA-ER); and seven sequences of cytoplasmic local-
ization (CYT-euk) fromGiardia lamblia (34, GIALA), Plasmodium
falciparum(35, PLAFA),Entamoeba histolytica(36, ENTHI),Tricho-
monas vaginalis(37, TRIVA), 38, MAIZE, 39, YEAST, and 40, HU-
MAN.
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human, but much diminished for either with respect to
the primitive Giardia sequence, 56, 57. Comparing the
ER sequences to the eubacterial, chloroplast, and mito-
chondrial sets gives values at the reduced levels, 41–51.

Protist SSPA Scores. Trypanosoma, Leishmania(not
shown),Giardia, Plasmodium, Entamoeba,andTricho-
monas,align to the same extent with bacterial and chlo-
roplast sequences in the low range, 37–48 (among the

Fig. 2. Multiple alignment of 40 HSP70 proteins from prokaryotic
and eukaryotic sources. Blocks of alignment arenumberedand aligned
residues shown inuppercase letters.Positions completely conserved
are indicated by1. Positions of conservation index CIù 0.4 are indi-
cated by anasterisk.Positions of negative CI are indicated by ahyphen.

Unaligned insertions are shown inlowercase lettersif of length ø2, or
their length is indicated otherwise. See legend to Fig. 1 for sequence
descriptions. Sequence positions are indicated after the sequence names
and at the end of the last block of alignment. The last column indicates
the length of each carboxy-terminal segment.

569



lowest of all SSPA values for the HSP70 proteins at
hand). The alignment scores for protists with all CYT-
euk sequences rise to the level 63–77, somewhat higher
for the vertebrates than for the invertebrates (data not
shown).

SSPA Scores of Cytoplasmic HSP70 from Animals,
Plants, and Fungi.The CYT-euk yeast and human se-
quences score with CYT-maize at 73 and 77, respec-
tively, and are elevated to 77 for CYT-yeast/CYT-
human. Plant HSP70 versus a variety of invertebrates
and vertebrates produces SSPA values in the range 70–
80 (data not shown). SSPA comparisons of CYT-euk or
ER-euk versus Archaea, eubacteria, Pl, and Mt se-
quences decline to the level 37–51.

HSP70 repeated sequences.Among the Cyt-HSP70
sequences in eukaryotes, there are multiple copies often
mutually of ù80% identity. For example, human and
mouse show at least three sequences; bovine—two se-
quences;Drosophila melanogaster—two sequences;
Arabidopsis thaliana—two sequences;Plasmodium fal-
ciparum—two sequences;Leishmania tarentolae—two
sequences;Trypanosoma brucei—two sequences. Per-
haps surprising, the cyanobacteria SYNP7 (Synechococ-
cus sp. and SYNY3 (Synechocystissp.) each contains
three HSP70 homologues (designated here P7-1, P7-2,
P7-3, and Y3-1, Y3-2, Y3-3). The SSPA score between
P7-2 and Y3-2 is 85, while all other pairings align in the
reduced range 47–62. Generally, P7-2 and Y3-2 compare
to the Mt-HSP70 at the level 50–60, while other homo-
logues have alignmentsø50. It appears that SYNP7-2
and SYNY3-2 were the original HSP70 in the ancestor of
these cyanobacteria. Intriguingly,E. coli has two addi-
tional sequences that match the DnaK sequence modestly
but significantly. These are HSC66 (heat shock cognate)
with SSPA score 40 to DnaK and the sequence labeled
hypothetical 62 kd protein YBEW with SSPA score 29.
Haemophilus influenzaealso contains twoE. coli
HSP 70 analogs of SSPA scores 81 and 38, respectively.
B. burgdorferi(BORBU) also possesses two HSP70 se-
quences with corresponding alignment similarities 62
and 38.

Multiple Alignment of HSP70 Sequences

The global alignment yields one continuous domain di-
vided into 27 conserved motifs (core blocks) with few
unaligned amino acid positions between blocks and few
indels (Fig. 2).

Consensus Sequences of the Multiple Alignment and
Conservation Index.A consensus residue is associated
with each aligned position in a core block. The consensus
residue is determined as the amino acid which maxi-

mizes the (weighted) average similarity score with re-
spect to all residues at that column. In this way, each core
block can be summarized by a vector of consensus resi-
dues. A conservation index (CI) is computed for each
column of the block, reflecting the degree of conserva-
tion of the amino acids at the aligned positions. To com-
pute the conservation index the similarity matrix is nor-
malized as by Karlin and Brocchieri (1996), producing
the set of normalized scoress*( a,b) 4 s(a,b)/
√s(a,a)z√s(b,b) for amino acidsa andb such that iden-
tities score 1.0 and substantially dissimilar residues entail
a negative score >−1.0. The CI at each position is cal-
culated as the average pairwise normalized similarity
value over each column of ther aligned sequences: Cl4
(2/r(r − 1)) ∑

løi<jør
s*(i,j).

Primary Signature Segment.A dramatic result of the
alignments is the absence from the Archaea and Gram(+)
sequences of core blocks 5 and 6 about 25 amino acids
(aa) long. The remaining sequences are significantly
aligned at average CI4 0.55 in core block 5 and average
CI 4 0.37 in core block 6. An additional three to eight
residues following block 6 diverge among all the se-
quences. This result, observed first by Gupta and col-
laborators (e.g., Gupta and Golding 1993; Gupta et al.
1997), argues that for HSP70, the Archaea, especially the
methanococcal and halobacterial sequences, resemble
Gram(+) more than other eubacterial sequences. The
greater similarity of halobacteria to Gram(+) is also ob-
served in comparing the genome signature among pro-
karyotic and eukaryotic sequences. Specifically, the ha-
lobacterial genome is found to be quite similar to the
Gram(+)Streptomyces griseusgenome and significantly
more divergent from all other prokaryotic and eukaryotic
genomes (Karlin and Cardon 1994; Karlin and Mra´zek
1997b).

Second Signature Segment.Core block 13 (4 aa’s) is
absent from all eukaryotes (ER and CYT forms) but
significantly aligned (average CI4 0.64) among all
other sequences including the Mt and Pl sequences.

Conserved Core Blocks.Inspection of Table 1 reveals
that core blocks 2–4, 8–11, 13, 14, and 16–19, contained
in the first three-fourths of the protein, are very strongly
conserved across all sequences at average CI values ex-
ceeding 0.5 (mostlyù0.65) and several blocks extend
without interruptions to lengthsù25 aa, suggesting that
these blocks are functionally/structurally important.

Moderately Conserved Core Blocks.Blocks 6, 12, 15,
20, and 21, are conserved at the moderate levels CI4
0.37, 0.46, 0.41, 0.42, and 0.44, respectively. The final
group of blocks 22–27 register CI values reduced to the
level 0.18–0.31 with more variable insertion residues.
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Insertions Between Blocks.Within the aligned parts
there are scattered indels. Longer insertions are particu-
larly evident in the two eukaryotic primitive sequences
from Giardia lamblia, GIALA-ER (9 aa’s inserted be-
tween blocks 7 and block 8 and between block 10 and
block 11; 8 aa’s between block 8 and block 9) and
GIALA-CYT (10 nonaligned aa’s between block 16 and
block 17). Most eukaryotic sequences have longer inser-
tions than prokaryotic or organellar sequences between
block 7 and block 8 (4–9 aa’s vs. 0–4), block 8 and block
9 (3–8 vs. 0–4), and block 16 and block 17 (3–10 vs. 2).

Amino-Terminal Sequences.Almost all eubacterial
sequences align except for a single N-terminal amino
acid (exceptions,MycoplasmaMYCGE unaligned for 5
aa’s andChlamydiaCHLTR unaligned for 6 aa’s). At the
N terminus all the Mt sequences have a range of 26 to 52
unaligned aa’s, putatively enveloping the leader se-
quence pertinent to translocation to the Mt organelle. The
long amino-terminal targeting sequence for Mt is miss-
ing from the Mt-like sequence ofT. vaginalis; PEA-Pl
involves 67 unaligned aa’s at the N terminus and the

ER-euk are unaligned for 49, 27, and 12 aa’s. Strikingly,
the CYT-euk sequences (except the protist PLAFA) have
rather short unaligned peptides.

Carboxyl-Terminal Variability.The C-terminal
HSP70 sequences manifest variable unaligned lengths, of
about 10–50 aa’s. However,Synechococcus1 contains a
massive 130-aa unaligned terminal sequence.

Regions and Residues of Highest Conservation.It is
of interest to highlight the most conserved residues (CI
ù 0.95) for each core block of the multiple alignment
which contain all sequences but at most one.

(i)Twenty conserved glycine positions are prominent
including one homotripeptide glycine (in block 9) and
two glycine doublets (blocks 10 and 14), all perfectly
conserved. A third highly conserved glycine doublet ap-
pears in block 18 (CI4 1.00 and 0.81). These glycine
diresidues may be critical in establishing structural hinge
connections or may facilitate alternative tertiary confor-
mations. Concerning this phenomenon, see the discus-
sion of RecA-like sequences by Brendel et al. (1997) and
Brocchieri and Karlin (1998).

Table 1. HSP70 consensus sequencea

Bl. Seq. Len. Pos. Sequence Ins. CI

0–67
1 37 3 5 GKV 0 0.35
2 40 28 8 IGIDLGTTNSCVAVMEGGKPKVIANAEG 1 0.64
3 40 10 37 RTTPSVVAFT 1 0.73
4 40 30 48 DGERLVGDPAKRQAVTNPENTIFSVKRLIG 0 0.59
5 27 5 78 RRFDD 2 0.55
6 28 16 85 VQKDMKHVPYKVVKAD 5 0.37
7 40 3 106 VEV 2 0.43
8 40 78 111 EGKEYTPEEISAMVLQKMKETAESYLGEKVTNAVITVPAYFNDSQRQATKDAGKIA-

GLNVLRIINEPTAAALAYGLDK
3 0.72

9 40 21 192 DKTILVFDLGGGTFDVSILEI 0 0.75
10 40 37 213 GDGVFEVKATNGDTHLGGEDFDNRIVDYLVEEFKKEN 0 0.58
11 40 31 250 GIDLSKDKMALQRLREAAEKAKIELSSTTQT 1 0.58
12 39 10 282 INLPFITAGA 1 0.46
13 30 4 293 GPKH 0 0.64
14 40 52 297 LEMTLTRAKFEELTEDLIERTLGPVEQALKDAGLSKSDIDEVILVGGSTRMP 1 0.53
15 39 9 350 VQQLVKDFF 0 0.41
16 40 28 359 GKEPNKGVNPDEAVAIGAAIQGGVLSGD 3 0.69
17 40 8 390 DILLLDVT 0 0.83
18 40 29 398 PLSLGIETLGGVMTKLIPRNTTIPTKKSQ 0 0.73
19 40 70 427 VFSTAADNQTSVEIKVFQGEREMAKDNKLLGRFDLTGIPPAPRGVPQIEVTFDIDA-

NGILNVSAKDKGTG
0 0.67

20 40 11 497 KEQKITITNSS 0 0.42
21 40 47 508 GLSEEEIERMVKDAEKHAEEDKKRRERVEARNQAESLVYQTEKTLKE 2 0.44
22 40 6 557 DKIDAE 0 0.30
23 39 3 563 DKE 1 0.31
24 40 16 567 IEDAVEELKEWLENND 5 0.22
25 40 8 588 AKTEELQK 1 0.28
26 32 3 597 AVQ 0 0.18
27 38 12 600 EIGQKMYQQAA 6–130 0.20

a Core blocks produced in the alignment of the 40 HSP70 proteins. Bl.,
block number. Seq., the number of sequences included in the block.
Len., the length of the block. Pos., the starting position of the block in
the consensus sequence. Sequence, the consensus sequence for each
block. Ins., the average number of residues between successive blocks.

Insertions are represented in the consensus sequence by the average
number ofX’s between blocks. Insertions at the beginning and end of
the sequence are arbitrarily set to 4 and 3, respectively. CI, average
conservation index of the block.

571



(ii) The next most conserved specific residues com-
prise the aliphatics A (13 positions), V (11), L (10), and
I (7). These presumably correspond to hydrophobic core
positions.

(iii) Conserved charged residues include D (7 posi-
tions), E (3), R (3), and K (2).

(iv) There are no conserved C, H, M, and W amino
acids.

Segments of at least three contiguous positions that
are highly conserved (CIù 0.95) are positions 2–7
(GIDLGT) of block 2, five perfectly conserved (see Fig.
2); positions 38–41 (PAYF) of block 8; the succession
67–70 (PTAA) of block 8; positions 10–13 (GGGT) of
block 9, emphasizing three contiguous glycines; 16–18
(LGG) of block 10; 44–47 (LVGG) of block 14; 17–19
(GAA) of block 18; and 19–21 (GER) of block 19. The
perfect conservation of the basic pair K at position 26
and R (except for one S) at position 27 in block 4 may be
functionally important. With the exception of the se-
quence in blocks 18 and 19, all these conserved segments
belong to the ATP-binding domain of HSP70, which
extends up to block 16.

Individual Sequence Similarity to the
Consensus Sequence

Within each block individual sequences or sequence
groups can be compared to the consensus to assess con-
servation. For example, eukaryotic sequences score glo-
bally with the consensus differently (by at least 0.50)
than prokaryotic sequences in the following blocks.

Block

1 2 7 11 12 15 23 24

Euk. 1.92 2.93 3.20 2.01 0.64 3.68 3.93 2.34
Pro. 2.89 4.05 2.26 3.65 3.55 2.36 2.13 1.75

Thus, in the foregoing segments the average similarity
assessments of prokaryotic and eukaryotic sequences
with the global consensus differ markedly. Generally
there are minor fluctuations in average similarity scores
among the different subgroups of the prokaryotes.

Multiple Alignment and SSPA Analysis of Subfami-
lies. The multiple alignment protocol was implemented
separately for each ‘‘natural’’ group listed next: Archaea
(METMA, METTH, THEAC, HALMA, HALCU);
Gram(+) (high G+C; MYCLE, STRCO; low G+C;
BACSU, LACLA, CLOAC, ERYRH;MycoplasmaMY-
CGE); Gram(−) (g-type, ECOLI, PSECE;a-type;
RHIME, CAUCR); singular (BORBU, CHLTR, SYN1,
SYN2, THEAQ); mitochondrial (YEAST, DROME,
MOUSE, PEA, TRYCR, LEIMA, TRIVA); chloroplast
(PORPU, PEA); eukaryotes—ER isoform (YEAST, HU-
MAN, GIALA); and eukaryotes—CYT isoform

(GIALA, TRIVA, PLAFA, ENTHI, MAIZE, YEAST,
HUMAN).

The multiple alignment and consensus sequences of
the eight subgroup sets of sequences is given in Fig. 3.
Table 2 gives the SSPA values among the consensus
sequences of the eight groups. The following compari-
sons stand out.

(i) The halobacteria, thermoplasma, and methanobac-
teria generating the Archaea consensus align signifi-
cantly with the Gram(+) consensus (SSPA value 71).

(ii) The Pl vs. the singular consensuses score dramati-
cally high (74) compared to all other consensus sequence
comparisons. This undoubtedly reflects the intrinsic
endosymbiotic connections of the chloroplast with cya-
nobacterial sequences.

(iii) The weakest among all alignment scores, 50, in-
volve the CYT-euk consensus compared to the Archaea,
in contrast with other proteins relating Archaea with eu-
karyotes (e.g., Brown and Doolittle 1997).

(iv) All pairwise group consensus comparisons pro-
duce better alignments than do individual pairwise se-
quence comparisons.

(v) The Gram(+) consensus has its highest alignment
score (73) with the singular consensus.

Multiple Alignment of Consensus Sequences.The
global alignment consensus (Table 1) against the con-
sensus of the consensus sequences (see Fig. 3) gives the
impressive SSPA value of 87. The multiple alignment of
all eight consensus groups divides into two domains.
Domain I consists of five blocks. The signature sequence
distinguishing Archaea and Gram(+) described in the
global multiple alignment is modified when comparing
among the consensuses. Thus, the Gram(+) consensus
does not align in blocks 4 and 5 but Archaea diverges
only in block 5. Domain II contains 17 core blocks, 6–22.
Both eukaryotic consensuses do not align in blocks 9 and
11. The prokaryotic, mitochondrial and chloroplast con-
sensuses do not align in block 12.

Functional Properties and the Multiple Alignments

The global multiple alignment consensus sequenceSdis-
played in Fig. 2 (length, 612 aa, with X substituted for
unaligned positions) was investigated by the SAPS (sta-
tistical analysis of protein sequences) program (Brendel
et al. 1992). The following sequence features stand out.

(i) S shows a highly significant mixed charge cluster
[for definitions and interpretations, see Karlin 1995)] ex-
tending over positions 511–576 from block 21 to block
24, which contains 14 {K or R}, 24 {E or D}, and 25
uncharged residues, and features the hypercharge run
EEDKKRRER (at position 526). Eukaryotic sequences,
including frog HSP70,Drosophila HSP70, human
HSP70,Drosophila HSP82, yeast HSP90, and chicken
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HSP80, show at least one charge cluster (Karlin et al.
1990). Several of the CYT-euk HSP70 sequences possess
two distinct charge clusters (see below). In contrast, theE.
coli HSP70 does not contain a charge cluster of any kind.

(ii) The aggregate frequency of charged {K, R, E, D}
residues inS is 30.6%, which occurs in the extreme high
5%, i.e., only 5% of all protein sequences (among 50,000
current in SWISS-PROT) have a charge frequency ex-

ceeding 30.6%. All but three (HALMA, HALCU,
SYN1) sequences have a total charge between 24 and
30% (mostly 26.5–28.5%).

(iii) Scontains only a single C (cysteine) and a single
W (tryptophan) residue.

The Archaea and Gram(+) sequences feature a sig-
nificant mixed charge cluster in the location of the
charge cluster of the consensus sequence. In contrast, the

Fig. 3. Alignment of consensus sequences obtained from each group of organisms. See legend to Fig. 2 for symbols and Table 2, footnote a, for
composition.
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four Gram(−) proteobacterial sequences of the alignment
do not have a charge cluster (even at the 5% significance
level). Among the singular bacterial sequences, only
CHLTR and THEAQ show the corresponding charge
cluster. Also the Mt sequences are variable in this re-
spect. The animal Mt (mouse,Drosophila) andTricho-
monasMt-like sequence have a concordant charge clus-
ter, whereas the Pea Mt,TrypanosomaMt, and
LeismaniaMt sequences do not possess a charge cluster.
Both chloroplast HSP70 sequences contain the corre-
sponding charge cluster. All ER-euk and CYT-euk
HSP70 sequences have the analogous charge cluster.
Strikingly, most of the CYT-euk sequences carry two
separated charge clusters featuring the mixed charge
cluster in the usual region and a second charge cluster in
human and yeast about positions 244–272.

Molecular chaperones (including HSP70) facilitate
the process of protein folding for a wide array of poly-
peptides. Along these lines, HSP70 proteins are thought
to bind with a high affinity to putative hydrophobic
patches exposed in unfolded polypeptides, thus prevent-
ing aggregation or premature folding. As pointed out
above, the major heat shock protein in eukaryotes
(HSP70) is distinguished by multiple charge clusters, a
highly unusual property of protein sequences that is pre-
sent in less than 4% of all eukaryotic proteins (Karlin
1995). It is plausible that these charge cluster regions of
HSP70 might, to some extent, interact ionically to help
orient and position the protein to interact in a hydropho-
bic manner with special residues of the target protein in
its unfolded state. The peptide binding specificity of the
ER-euk HSP70 (also known as BiP) seems to be to rec-
ognize special hepta- or octapeptides of an improperly
folded protein (Flynn et al. 1991). BiP binds to the target
peptide via its carboxyl domain. We hypothesize that the
substrate binding attributes of BiP explicitly center on
the charge cluster. In the target peptide preference for
binding is an enrichment of tryptophan residues or,

sometimes, other aromatic residues (Blond-Elguindi et
al. 1994). Major aromatic residues (W, Y, and F) engage
in cationic–aromatic electrostatic interactions where the
charge cluster of BiP can be fundamental (Karlin et al.
1994). Moreover, misfolded proteins may also permit
charge–backbone interactions of HSP70 with the target
peptide. The rarity of W residues (a single position) in
the consensus sequence perhaps serves to curtail HSP70
from self-binding with malconformational consequences
and avoiding W may also help to maintain HSP70 in a
flexible state.

The heat shock proteins including HSP70, HSP90
(human, chicken), HSP108 (chicken, mouse), cognate
HSP80 similar to HSP82 (Drosophila), HSP80–84 in
plants, and HSP82 (yeast) all possess mixed hypercharge
runs, supporting the hypothesis of a role of charge in
target protein interaction, sorting, transport, and secre-
tion (Karlin 1995).

Evolutionary Implications

Two measures have dominated analyses of similarities
and dissimilarities among various genomes (for a cri-
tique see Karlin et al. 1997). (i) In 16S rRNA compari-
sons, the genes span only about 1500 to 1800 nucleo-
tides, of which less than half are retained in attempting to
develop informative alignments. (ii) Protein sequence
comparisons also require alignable segments. The
amount of sequence available from the ensemble of all
proteins is much greater than that of 16S rRNA. The
results of such analyses are mixed and often conflicting
(e.g., see Gupta and Golding 1996; Doolittle 1996;
Karlin et al. 1997). Several authors emphasize lateral
gene transfer as a major mechanism for interpreting evo-
lutionary relationships among taxa. This applies, inter
alia, to discussions of glutamine synthetase (Brown et al.
1994), glutamate dehydrogenase (Benachenhou-Lahfa et
al. 1993), and EF-1a (Baldauf et al. 1996).

Gupta and collaborators rely heavily on HSP70 align-
ments for comparing taxa; for an alternative perspective
see Brown and Doolittle (1997). The HSP70 family dis-
plays an amino acid segment of about 25 aa’s [called
signature sequence by Gupta and Golding (1993) and
Gupta et al. (1997)] absent from Archaea and Gram(+)
sequences but present and reasonably aligned in eukary-
otes and Gram(−) eubacterial sequences. On this basis
Gupta and Golding (1993) and Gupta et al. (1997) sug-
gest that Archaea and Gram(+) sequences have a specific
relationship whereas Archaea are more divergent from
Gram(−) species.

Considering Archaea as a ‘‘coherent’’ group in the
consensus sequences Table 2 indicates greater similarity
of the archaeal consensus to the Gram(+) consensus than
to the Gram(−) consensus. However, the specific SSPA
scores indicate that the methanogen METMA HSP70

Table 2. SSPA scores of HSP70 group consensusesa

1 2 3 4 5 6 7 8

1. Archaea — 71 65 68 64 63 52 50
2. Gram (+) — 69 73 66 64 53 57
3. Gram (−) — 65 71 60 53 51
4. Singular — 68 74 53 55
5. Mt — 62 54 51
6. Pl — 51 53
7. ER — 71
8. CYT —

a SSPA scores for eight consensus sequences of HSP70 subgroups:
Archaea is the consensus from five archaeal sequences; Gram(+) from
six sequences andMycoplasma genitalium;Gram(−) from four se-
quences; singular from five unrelated eubacteria; Mt from six mito-
chondrial sequence and one mitochondrial-like sequence fromT. vagi-
nalis; Pl from two chloroplast sequences; ER from three endoplasmatic
eukaryotic sequences; CYT from seven cytoplasmic eukaryotic se-
quences.
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sequence has a SSPA score relative to eubacterial HSP70
sequences consistently higher than the SSPA scores of
the archaeal THEAC, HALMA, and HALCU sequences
with the corresponding eubacterial sequences. Notably,
METMA alignment scores with Gram(+) (range, 61–70;
the highest score obtained with theClostridiumsequence
CLOAC) are better than scores of METMA with
Gram(−) sequences (55–64) and of Gram(+) with
Gram(−) sequences (52–64). METMA aligns with the
halophile Archaea in the range 55–58. The circumstance
of the eocyte (Sulfolobus-like) prokaryotes is unresolved
since the corresponding HSP70 sequences, if extant,
have not been ascertained. These results suggest that the
archaeal species are fundamentally heterogeneous. Ar-
chaeal sequences tend to be closer to the Gram(+) se-
quences than to the Gram(−), in line with Gupta and
Golding (1993) and Gupta et al. (1997), but the phylo-
genetic distinctness of Archaea and/or their monophy-
letic character is not supported by the HSP70-based phy-
logeny (cf. Gupta and Singh 1994). For example,
comparisons of the HSP70 proteins place theHalobac-
teria closer to theStreptomycesof high G+C Gram(+)
bacteria andMethanobacteriacloser toClostridium(see
also Gupta and Golding 1993; Gupta and Singh 1994;
Karlin 1994). Similar results associating archaea and
Gram(+) apply to comparisons of the two isoforms of
glutamine synthetase GS-I and GS-II (Brown et al.
1994), the isoform of glutamate dehydrogenase GDH-I
(Brown and Doolittle 1997), and the FGARAT protein
(Gupta and Golding 1996).

The lowest SSPA scores for the archaeal sequences
are realized with the eukaryotes, at variance with the
hypothesis of Woese et al. (1990) based on 16S rRNA
gene comparisons. Actually, in terms of the SSPA values
for HSP70 sequences, the halophiles appear significantly
eubacterial.

Based on HSP70 sequences Gupta et al. (1997) con-
tend that Gram(−) eubacteria form a phylogenetically
coherent group more similar to the eukaryotes than to the
Archaea/Gram(+) groups. Contrary to Gupta and Gol-
ding (1996) and Gupta et al. (1997), the comparisons to
the eukaryotic sequences do not discriminate Gram(+)
from Gram(−) sequences. In our analysis, eukaryotic
HSP70 sequences seem to be equally far from Gram(−)
and Gram(+) according to SSPA scores consistent with
the nature of thesecond signaturesegment (global Block
13) absent in eukaryotes but extant and reasonably
aligned in all prokaryote and organelle sequences. In-
deed, these blocks to not separate Gram(+), Gram(−) and
Archaea which are substantially aligned in the second
signature segments, whereas eukaryotic sequences di-
verge in this region and align separately.

The SSPA analysis of the HSP70 mitochondrial (Mt)
sequences separates the protist homologues from the ani-
mal–plant–yeast homologues, perhaps suggesting a poly-
phyletic origin and/or secondary modifications among

mitochondrial genomes (cf. Karlin and Mra´zek 1997a).
Compared to all prokaryotes, the protist Mt sequences
score best witha-type proteobacteria, 52 and 58, though
significantly lower than nonprotist Mt do, 62–66. Our
comparisons are consistent with the hypothesis that the
Mt organelle derives as an endosymbiont from ana-type
proteobacterium. A caveat: we have provided data [ge-
nomic signature comparisons (Karlin and Campbell
1994)] and analysis of phenotypic similarities supporting
the hypothesis that the source of animal Mt is more likely
a Sulfolobus-like prokaryote. As yet, a HSP70 homo-
logue in aSulfolobusspecies has not been identified.

Three amitochondriate protist clades, trichomonads
(e.g.,Trichomonas vaginalis), diplomonads (e.g.,Giar-
dia lamblia), and microsporidia (e.g.,Varimorpha neca-
trix) are among the earliest-branching lineages of the
eukaryotes which primitively either lack mitochondrial
organelles or lost mitochondrial function (Germot et al.
1996; Roger et al. 1996). Another deep branch includes
Entamoeba histolytica.These organisms live under an-
aerobic conditions.Trichomonas vaginalispossesses a
hydrogenosome organelle (double membrane, no DNA)
but contains an analogue of pyruvate:ferredoxin oxido-
reductase that uses pyruvate as a major substrate and
oxidizes it to acetyl-CoA, which is converted to acetate +
ADP. In this process, hydrogenase specific to the hy-
drogenosome combines electrons and protons yielding
molecular hydrogen. This energy system is classical in
Clostridiumspecies.

Hydrogenosomes (Hy) are found in rumen-dwelling
and free-living ciliates and some fungi. They are known
to exist in Trichomonads and probably other amitochon-
drial protists. The current models of these amitochondrial
lineages express the HSP70 and/or HSP60 chaperonins,
which align significantly with the corresponding Mt pro-
teins (Germot et al. 1996; Roger et al. 1996, 1998). Views
on the origin of the hydrogenosome organelle range from
a relic Mt, a higher-order Mt, or a modified Mt. A current
hypothesis has Mt derived from an aerobic bacterial
source, whereas Hy would be derived from an anaerobic
bacterial source, presumably in independent endosymbi-
otic events. However, a new hypothesis can be proposed
indicating that the forebear was a chimeric fusion pro-
karyote composed from aClostridium-like prokaryote
with a hydrogenosome-like capacity and aSulfolobus-
like prokaryote. The data and analysis supporting this
hypothesis will be elaborated in a future publication.

A single HSP70 homologue was detected inEnt-
amoeba histolytica(Ortner et al. 1992), which is most
similar to higher eukaryote HSP70 cytoplasmic se-
quences (SSPA scores, 74–77), with significantly lower
similarity scores to other protist (Giardia lamblia,
Trichomonas vaginalis,andPlasmodium falciparum) se-
quences (61–69) and ER sequences (55–61). The ENTHI
sequence alignments to Archaea, mitochondria, and
chloroplasts show much lower SSPA scores, in the range
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40–49. These comparisons suggest thatE. hystolytica
likely never possessed a mitochondrial organelle.T.
vaginalis encodes two HSP70 sequences, one Mt-like
(TRIVA-Mt) (Germot et al. 1996) and the other closest
to the eukaryotic cytoplasmic sequences (TRIVA-CYT)
(sequence in GenBank). In particular, TRIVA-Mt aligns
with the eukaryotic Mt sequences (SSPA scores, 60–63)
and at the same level as thea-proteobacterial types
RHIME (61) and CAUCR (60). Intermediate similarities
are scored withg-proteobacteria (55, 56), BORBU (55),
and other protist mitochondrial sequences (57 with
TRYCR-Mt and 55 with LEIMA-Mt). All other align-
ments have SSPA valuesø53. Similar SSPA score or-
derings are attained for the Mt-like sequence of the ami-
tochondriateV. necatrix. The cytoplasmic TRIVA
sequence is closest to the other cytoplasmic sequences
(SSPA scores, 65–75), except for GIALA (57). The
alignments with the ER sequences are in the range 52–
58. All other SSPA scores for TRIVA are significantly
lower, 39–47. These results have been interpreted in
terms of an original mitochondrion inT. vaginalisandV.
necatrixthat was lost (cf. Germot et al. 1996). However,
the possibility of horizontal transfer of these Mt-like se-
quences from ana-proteobacterium cannot be ruled out.

Parenthetically,T. vaginalis also encodes two very
similar (SSPA value 73) HSP60 sequences, one of which
is localized to the hydrogenosome.G. lambliapossesses
two HSP70 sequences of the ER-isoform and CYT-
isoform. These sequences align relatively poorly with all
prokaryotic sequences.

The source of Mt organelles have been largely in-
ferred from sequence comparisons of the protein families
HSP60 and HSP70 (Gray and Spencer 1996, Viali and
Arakaki 1994). However, there are strong suggestions
that the Mt functioning HSP60 sequences are not part of
any endosymbiont event but a result of lateral transfer
probably from ana-proteobacterial progenitor. This con-
clusion relates to an impressive number of duplicated
HSP60 among the classicala-proteobacteria, whereas no
duplications among HSP60 sequences are identified
from other proteobacterial genomes (data not shown).

The SSPA values for the two chloroplast (Pl) se-
quences aligned with the classical Gram(−) and Gram(+)
and singular eubacteria attain the levels 49–61 (but with
SYN2, 73 and 73). These values are consonant with the
hypothesis that Pl organelles originate as an endosymbi-
ont from the cyanobacteria.

On the basis of rRNA gene comparisons (Woese et al.
1990), the Archaea are deemed monophyletic and closest
to eukaryotes. This conclusion is consistent for certain
protein comparisons, e.g., the elongation factor EF-1a
and EF-2G families (Iwabe et al. 1989; Creti et al. 1994)
and the eukaryotic and archaeal RecA-like sequences of
Rad51/Dmc1/RadA (Brendel et al. 1997). However,
HSP70 and other protein comparisons challenge the
monophyletic character of the Archaea. Results also con-

testing the pure monophyletic hypothesis from other pro-
tein sequence comparisons are given by Benachenhou-
Lahfa et al. (1993) in terms of glutamate dehydrogenase
sequences and Brown et al. (1994) for glutamine synthe-
tase. Observations of variegated sequence similarities are
often interpreted as evidence of lateral gene transfer in
the evolutionary history of an organism. Consistent with
HSP70 results, genomic signature comparisons (Karlin
and Cardon 1994; Karlin and Mra´zek 1997b) have the
halobacteria closest to theStreptomycessequences,
‘‘moderately similar,’’ and the next twice as distant are
M. tuberculosisandM. lepraesequences. Halobacterial
sequences are very distant from the archaebacterial se-
quences ofSulfolobussp. andM. thermoautotrophicum.
The classical bacterial genome sequences are generally
very distant fromSulfolobussp.

There are many uncertainties concerning divisions
among prokaryotes. The HSP70 comparisons of CAUCR
(Caulobacter crescentus) with RHIME (Rhizobium me-
liloti ), both classified asa-type proteobacteria in terms
of rRNA genes and HSP70 proteins, are high, 76% iden-
tity, whereas the corresponding comparisons for the
DnaA protein are low, 30% identity (data not shown).
Based on analysis of different protein, gene, or noncod-
ing sequences, different phylogenetic (tree) reconstruc-
tions not uncommonly result for the same set of organ-
isms. From this perspective there is a 16S RNA tree, a
HSP70 tree, a DnaA tree, etc. The assumption of con-
stant rates of evolution may be violated for different
proteins and for different sites within a protein sequence
[the problem of unequal rate effects (e.g., Lake 1994;
Grishin 1995)]. Moreover, chimeric origins, recombina-
tion, transpositions, inversions, lateral transfer, and fu-
sion events may complicate the evolutionary history.
There are probably also effects due to ecological, physi-
ological, or other selection forces that putatively engen-
der some convergent evolution that varies from gene to
gene. Translation of sequence similarities into evolution-
ary relatedness and branching order will always be ten-
tative, as the underlying assumptions about mutation rates,
selective forces, and gene transfer events are uncertain.
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