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Abstract. The eukaryotic cyto-/nucleoplasmatic 70-
kDa heat-shock protein (HSP70) has homologues in the
endoplasmic reticulum as well as in bacteria, mito-
chondria, and plastids. We selected a representative
subset from the large number of sequenced stress-70
family members which covers all known branches of the
protein family and calculated and manually improved an
alignment. Here we present the consensus sequence of
the aligned proteins and putative nuclear localization
signals (NLS) in the eukaryotic HSP70 homologues.
The phylogenetic relationships of the stress-70 group
family members were estimated by use of different
computation methods. We present a phylogenetic tree
containing all known stress-70 subfamilies and demon-
strate the usefulness of stress-70 protein sequences for
the estimation of intertaxonic phylogeny.

Key words:  Heat-shock proteins — HSP70 -— Stress-
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Introduction

When the first heat-inducible chaperones were discov-
ered in eukaryotes they were termed heat-shock pro-
teins. Those belonging to the 70-kDa group (ranging
from about 68 to 78 kDa) were called 70-kDa-class
heat-shock proteins (HSP70). Today it is known that
most of the chaperones which are expressed under heat
shock or other stress conditions have a counterpart
which is expressed constitutively or under nonstress
conditions. These proteins are termed heat-shock cog-
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nates. Besides these members the HSP70 family also
contains proteins which do not have a known heat-in-
ducible counterpart—for example, the glucose-regulat-
ed protein of the 78-kDa class (GRP78) which resides
in the endoplasmic reticulum (ER) and which was iden-
tified initially as the immunoglobulin heavy-chain bind-
ing protein (BiP). The prokaryotic homologues of
HSP70s are the DnaK chaperones, which were discov-
ered because of their involvement in phage A and E. coli
DNA replication. (See, e.g., Friedman et al. 1984.)
There are also close relatives of DnaK in plastids and
mitochondria.

Unfortunately the terms are multifarious and some of
them are ambiguous or describe parts of the family on-
ly. In addition, many of the terms are sometimes used
in different ways. To unravel this confusion of terms all
the chaperones of about 70 kDa have been recently
termed stress-70 proteins (Gething and Sambrook 1992).

The functions of stress-70 proteins are multiple
(Gething and Sambrook 1992; Georgopoulos 1992),
ranging from binding to nascent polypeptide chains to
disaggregation of protein agglutinates. In spite of their
different functions and widespread distribution among
all organisms, it is easy to identify the family members
because of the high degree of conservation of these
molecules. On the amino-acid level even distant rela-
tives such as E. coli DnaK and human HSP70 share 46%
identical positions and are 65% similar. This high de-
gree of conservation, furthermore, allows the unam-
biguous alignment of homologous positions of the se-
quences.

We are concerned with understanding the molecular
evolution of species as well as of their proteins. As we
have recently cloned and sequenced the gene of a stress-
70 protein from the nucleomorph (the vestigial nucleus



of the eukaryotic endosymbiont) of Pyrenomonas sali-
na (Hofmann et al. 1994), we decided to determine the
phylogenetic relationships in this protein family.

Methods

The search for sequences of stress-70 family members was carried out
with the IRX semantic retrieval system at HUSAR (Heidelberg Unix
Sequence Analysis Resources). All of the EMBL, GenBank, SWISS-
PROT, and PIR databases (newest releases available in March 1993)
were scanned for respective entries. A total of 90 sequences was
found within this search. A subset of 33 sequences was selected
which—to our best knowledge—cover all subfamilies known so far.
No partial sequences were used. A portion of the Beet Yellows Clos-
terovirus genome with significant similarity to ssp70 was chosen as
outgroup. This sequence perfectly fits into the criteria for an outgroup,
as it definitively is homologous to the sequences analyzed but shares
less identical positions with every member of the family than any of
the family members with each other. Table 1 lists the sequences used
with the respective references and additional information.

The alignment was performed using CLUSTAL V (Higgins et al.
1992) and was manually improved by visual inspection afterward. The
targeting signals of the nuclear-encoded organellar proteins were re-
moved according to the information in the original literature and by
cleavage analysis (performed with PC/GENE release 6.60; Intelli-
Genetics, Inc.). Two regions at the N- and C-terminal end of the se-
quences, of about 14 and 120 positions, which, due to large differ-
ences, could not be aligned unambiguously, were removed from the
alignment.

A consensus sequence of the remaining 580 positions (insertions
due to one sequence only were also deleted) has been calculated by
use of the program CONSENSE (Rensing, available at the EMBL file
SErver or on request).

The search for nuclear localization signals was carried out using
PROSITE (rel. 10.0 of December 1992, Bairoch 1992) and by visu-
al inspection.

Phylogenetic analysis was done with the program package
PHYLIP 3.5¢ (unpublished; see Felsenstein 1989 for version 3.2); 597
positions of the alignment (without the ambiguous regions mentioned
above) were used for the calculation. The estimation was carried out
by Felsenstein’s protein parsimony method, which does not count syn-
onymous changes in one case and calculation of a protein distance ma-
trix with neighbor-joining (Saitou and Nei 1987) afterward in the oth-
er case. Bootstrap resampling (Felsenstein 1985; Wu 1986) of the
original data set was used as a pseudo-empirical test of the stability
of the tree topology in either case. The consensus trees were con-
structed by use of the majority-rule and strict consensus algorithm im-
planted in PHYLIP.

Results

Searching the EMBL, GenBank, PIR and SWISS-PROT
sequence databases with the information-retrieval sys-
tem IRX, we found 90 Asp70 sequences, of which some
are only partially available. We selected 33 sequences
which to our knowledge cover all subfamilies of the
multigene family known so far (Table 1).

As the amino-acid sequences contain the structural
information of the proteins and are less “noisy” than the
nucleic acid sequences, we chose them for our studies.
In order to align the homologous regions of the proteins
properly, we initially carried out a multiple sequence
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alignment with CLUSTAL V (Higgins et al. 1992) us-
ing the standard parameters and the PAM 250 matrix
(Schwartz and Dayhoff 1978). The alignment was af-
terward improved in some points by visual inspection.
The respective targeting sequences of the nuclear-en-
coded organellar proteins were deleted. For the GRP78
group sequences from human, yeast, and rat, the amount
of discarded amino acids was 18, 42, and 18, respec-
tively. In the case of the mitochondrial DnaK homo-
logues from Trypanosoma cruzi, pea, and yeast 20, 44,
and 23 amino acids were deleted, respectively, and in
the case of the plastidal DnaK homologue from pea, 65
amino acids were deleted. We found that the very first
part of the alignment (14 positions, about four to 13
amino acids) and a larger C-terminal region (120 posi-
tions, about 60-120 amino acids) were weakly con-
served, and therefore it was not possible to align the se-
quences unambiguously in these regions. These two
regions were taken into account neither for the consen-
sus sequence nor for the phylogenetic trees, leading to
a total length for the alignment of 597 positions.

A data set of 580 positions where the insertions due
to only one sequence were also discarded was used for
the calculation of the consensus sequence (Fig. 1). The
respective position has to be conserved in at least 17 of
the 33 sequences (52%) to be displayed in the consen-
sus sequence. The division of amino acids into groups
was carried out according to Ausubel et al. (1989); see
figure legend for details. The consensus sequence re-
vealed that there is one weakly conserved region (bor-
ders marked by arrows in Fig. 1) with no conservation
between the subfamilies. Nevertheless, there is quite a
high level of conservation in this area in the single sub-
families. The identified protein domains (see, e.g., Mi-
larski and Morimoto 1989; Gething and Sambrook
1992) for ATPase activity and protein binding are
not found to be refiected in the consensus sequence.
The HSP70 family signatures according to Bairoch
(PROSITE 10.0 December 1992, Bairoch 1992) can be
found in the consensus sequence (marked as underlined
in Fig. 1) but the family signature I needs to be ex-
panded from [IV]-D-L-G-T-T-x-S to [IVL]-D-[LF]-G-
T-T-x-S to fit all the sequences and an additional lead-
ing G may be added, whereas signature II remains
D-[LF]-G(3)-T-F-D. We define two new universal
stress-70 signatures of seven and six amino acids in
length with the profile [TS]-[VC]-P-A-[YN]-[FY]-N
and [NP]-[EG]-P-[TS]-A-A and, further, a signature
specific to eukaryotic stress-70 proteins (HSP70,
HSC70, and GRP78) with a length of seven amino acids
and the profile R-A-[RK]-F-E-[ED]-[LM], which is lo-
cated in the subfamily-specific region mentioned above.
(All three double underlined in Fig. 1).

As the nucleo-/cytoplasmatic stress-70 proteins have
to be transported to the nucleus we carried out a search
with PROSITE for the bipartite motif proposed by Ding-
wall and Laskey (1991) to serve as nuclear localization
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Table 1.  The stress-70 sequences used for the alignment are listed?

Organism Type Cog. Appr. MW Reference Acc. No.
Eukaryotic stress-70 group

Yeast

Yeast SSAL 70 kDa Slater and Craig (1989a) X12926
Yeast SSA2 70 kDa Slater and Craig (1989a) X12927
Yeast SSA4 70 kDa Boorstein and Craig (1990) J05637
Yeast SSB1 C 67 kDa Slater and Craig (1989b) X13713
Vertebrates

Human HSP70 70 kDa Hunt and Morimoto (1985) M11236
Human HSP70B 71 kDa Leung et al. (1990) X51757
Human HSC70 C 71 kDa Dworniczak and Mirault (1987) Y00371
Mouse HSC70 C 71 kDa Giebel et al. (1988) M19141
Xenopus laevis HSP70 71 kDa Bienz (1984) A03310 (PIR)
Drosophila melanogaster HSC70 C 71 kDa Perkins et al. (1990) M36114
Plants

Maize HSP70 71 kDa Rochester et al. (1986) X03658
Soybean HSP70 71 kDa Roberts and Key (1991) 514992 (PIR)
Petunia HSP70 71 kDa Winter et al. (1988) X06932
Algae

Chlamydomonas reinhardtii HSP70 71 kDa Miiller et al. (1992) M76725
Pyrenomonas salina HSP70 72 kDa Hofmann et al. (1994) X72621
Protozoans

Leishmania donovani HSP70 71 kDa MacFarlane et al. (1990) X52314
Trypanosoma cruzi HSP70 74 kDa Engman et al. (1989) X07083
GRP78/KAR group

Yeast KAR2 C 74 kDa Nicholson et al. (1990) M25394
Rat GRP78 C 72 kDa Munro and Pelham (1986) M14866
Human GRP78 C 72 kDa Ting and Lee (1988) M19645
DnaK group

Eubacteria

Escherichia coli DnaK 69 kDa Bardwell and Craig (1984) K01298
Bacillus subtilis DnaK1 65 kDa Wetzstein et al. (1990) X16393
Chlamydia pneumoniae Dnak 71 kDa Kornak et al. (1991) X60083
Caulobacter crescentus DnaK 68 kDa Gomes et al. (1990) M55224
Cyanobacteria

Synechocystis sp. PCC6803 DnaK 68 kDa Chitnis and Nelson (1991) M57518
Archaea

Methanosarcina mazei DnaK 66 kDa Macario et al. (1991) X60265
Plastids

Pavlova lutherii ptDnakK 69 kDa Scaramuzzi et al. (1992) X59555
Cryptomonas phi ptDnaK 68 kDa Wang and Liu (1991) M76547
Pea ptDnakK 76 kDa Marshall and Keegstra (1992) L.03299
Mitochondria

Yeast SSC1 71 kDa Craig et al. (1989) M27229
Trypanosoma cruzi mtDnaK 71 kDa Engman et al. (1992) M73627
Pea mtDnaK 72 kDa Watts et al. (1992) X54739
QOutgroup

Beet yellow HSP70 65 kDa Agranovsky et al. (1991) X53462
Closterovirus

2 In the row “Cog.” constitutively expressed/cognate proteins are marked by a C. The row “Appr. MW” shows the theoretical molecular weight
of the respective protein. The accession numbers are EMBL nucleic acid accession numbers unless cited differently.

signal (NLS). This motif consists of two positively
charged amino acids spaced from a block of another five
amino acids, of which at least three are positively
charged by approximately 10 amino acids. The search
revealed the localization of one NLS each, which fits the
consensus in most of the eukaryotic HSP70 homologues
at the same position (about 250 amino acids from the N-
terminus). Figure 2 shows the part of the alignment
where the NLSs are located. In the human HSP70B the
NLS is slightly shifted to the C-terminus. In the HSP70
proteins of Leishmania donovani and Chlamydomonas

reinhardtii no NLS could be detected within the search.
However, visual inspection shows that the respective po-
sitions of the proteins would match a slightly modified
consensus. (See Fig. 2 for details.) In the GRP78 and
DnaK homologues no NLS could be detected, as was the
case for the viral sequence.

Preliminary evolutionary trees were constructed by
using Felsenstein’s protein parsimony method, which
has proven to be effective for analyses of intertaxonic
(e.g., Maerz et al. 1992) as well as protein family (e.g.,
Griess et al. 1993) phylogeny before and by use of
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Fig. 1. Consensus sequence of the stress-70 group proteins. As
mentioned in Methods, gaps due to one sequence only were removed
before calculation, as were the ambiguous N- and C-terminal regions
of the alignment (shown by dots). All 33 sequences were used to cal-
culate the consensus sequence. The respective first lines show the con-
servation grade and the second lines the actual consensus sequence.
The conservation grade lines contain symbols for the values 52% (:;
17 sequences), 76% (1; 25 sequences) and 97% (li; 32 sequences) and
reflect the conservation of the amino acid or group shown below. The
consensus sequence contains the amino acids in one-letter code if they

neighbor-joining, as this method generally has a good
chance of obtaining the correct evolutionary tree
(Felsenstein 1988; Saitou and Imanishi 1989). The cal-
culation of the protein distance matrix was carried out
by three different methods: one according to Kimura
(1980), one based on the PAM matrix of Schwartz and
Dayhoff (1978), and one including a categories model
of Felsenstein (PHYLIP 3.5, unpublished). Inspection of
the four phylogenetic trees revealed that the protein
parsimony tree was virtually identical with the Kimura
neighbor-joining tree and that the PAM and categories
neighbor-joining tree were identical, too. Differences
between these two pairs of trees existed mainly in the
grouping of the yeast SSB1, which branched off be-
tween GRP78 and HSP70 homologues in the parsimo-
ny/Kimura tree and between eu- and prokaryotes in the
other two trees. Bootstrap analyses on the protein par-
simony and the PAM matrix neighbor-joining tree were
done to clarify the branching order. The bootstrap analy-

are conserved in at least 17 sequences (52%). If conserved in at least
25 sequences (76%) symbols for hydrophobic (#; containing amino
acids C,F, Y, I, L, M, W, and V) and hydrophilic (; containing amino
acids S, R, H, G, K, Q, N, D, and E) amino acids are shown instead.
Amino acids T, A, and P are considered neither hydrophilic nor hy-
drophobic. Positions which are conserved below 52% are shown by
dots (). The arrows mark the borders of a weakly conserved region
in the middle of the sequences. The NLS consensus sequence (see Fig.
2 also) is shown by bars

ses lead to higher values for the SSB1 branching in the
parsimony tree, which is presented in Fig. 3. The phy-
logenetic tree clearly shows a division in prokaryotic
(DnaK and homologues) and eukaryotic (GRP78 and
HSP70 homologues) sequences. The tree is largely in
agreement with the study of nonlinear evolutionary rates
in stress-70 genes carried out by Hughes (1993) with
minimum evolution estimation (Rzhetsky and Nei
1992). In the eukaryotic part of the tree the GRP78/
KAR?2 sequences build a cluster which branches off
first, immediately followed by the SSB1 sequence from
yeast. The remaining eukaryotic sequences are divided
into three main clusters: chlorobionts (maize to
Pyrenomonas) and protozoans (Leishmania and Try-
panosoma), animal “cognate” (human to Drosophila)
and heat-shock proteins (human to Xenopus), and the
fungal (yeast) sequences (SSA1, 2, and 4). The prokary-
otic part of the tree is divided into two clusters, one con-
sisting of mitochondrial DnaK homologues together
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SSA4 Yeast KRKNK-KDLTTNQRSLRR
SSAZ2 Yeast ERKNK-KDLSTNQRALRR
SSAL Yeast KRKNK-KDLSTNQORALRR
HSC70 Mouse KRKHK-KDISENKRAVRR
HSC70 Human EKRKHK-KDISENKRAVRR
HSC70 DROME ERKHK-KDLTTNKRALRR
HSP70B Human RRKHG-KDLSGNERALGRLRTACERAKRT
HSP70 Human ERKHK-KDISONKRAVRR
HSP70 XENLA EKRKHK-KDIGQONKRALRR
HSP70 TRYCR KRENKGKDLSTNLRALRR
HSP70 LEIDO KRKNKGKNLASSHRALRG *
HSP70 CHLRE ORKYK-KDLKTSPRALRR *
HSP70 GLYMA ERKNK-KDISGNARALRR
HSP70 PETHY KRKNK-KDISGNPRALRR
HSP70 Maize KRKNK-KDISGNPRALRR
HSP70 PYSAL EKRKYK-KDVTSNARSLRR
HSC75 Yeast KRKT-GLDISDDARALRR
GRP78 Human KKKT-GKDVRKDNRAVQK
KAR2 Yeast KKKH-GIDVSDNNKALAK
GRP78 Rat KKKT-GKDVRKDNRAVQK
DnaKl BACSU KEK~-ENGVDLSKDKMALQR
DnaK METMA KK-SEGIDLSKDKAVLOR
Dnak ECOLI KK-DQGIDLRNDPLAMQR
Dnak CHLPN KEK-QEGIDLSKDNMALQOR
Dnak CAUCR KK~-EQGVDLRKDKLALQR
DnakK SYNSP QK-ARGIDLRKDKQALOR

ptDnakK PALUT
ptDnaK CRYPH
ptbnaK Pea
mtDnaK TRYCR
mtDnaK Pea
mtDnaK Yeast

EK-EEKFSLKGDSQALQR
ET-EHSINLKSDROALOR
KR-DEGIDLLKDKQALOR
KK~-STGIDLSNERMALQR
KR-TESIDLAKDKLALQR
KT-ETGIDLENDRMAIQR

HSP70 BYV NKAQLPVNYKIDISFL-K
[z2 )] =1 10 1111
KRK** -KDL* %% .RAL*R
| o .
Fig. 2. Putative nuclear localization signals (NLS) of the eukary-

otic HSP70 homologues according to Dingwall and Laskey (1991).
The region of the alignment containing the respective NLSs is shown,
including the alignment consensus sequence. The consensus to which
13 of the 17 NLS-containing sequences fit is shown by bars under
the consensus sequence as in Fig. 1. Positively charged residues
which are part of the NLSs are shown in bold. The two sequences
which do not exactly match the consensus are marked by stars (x).
One has to suppose a histidine (H) as basic and nine amino acids as
sufficient to space the basic domains from each other in order to fit
the sequences with the proposed NLS consensus sequence respec-
tively

with the DnaK sequences from E. coli and Caulobac-
ter crescentus and the other of the plastidal DnaK ho-
mologues together with the DnaK of Synechocystis,
Methanosarcina mazei, Bacillus subtilis, and Chlamy-
dia pneumoniae.

Discussion

The analysis of the stress-70 protein sequences known
today revealed that about 75% of the respective se-
quence length has been highly conserved between dif-
ferent lineages throughout evolution, reflecting the bi-
ological importance of the protein. Due to this high
degree of conservation an unambiguous alignment is
possible which enables the identification of far relatives
from all kingdoms of organisms.

We have figured out three new stress-70 family sig-
natures of which two ([TS]-[VC]-P-A-[YN]-[FY]-N

DnaK Caulobacter crescentus

DnaK Escherichia coli

miDnaK Trypanosoma cruzi
miDnaK Pea

SSC1 Yeast

ptDnaK Cryptomonas @

i00 93

ptDnaK Pavlova tutherii
ptDnaK Pea

4
9 DnaK Synechocystis spec.

a5 _m{: DnaK Methanosarcing mazei
DnaK1 Bacillus subtilis
DnaK Chlamydia pneumoniae

85 HSP70 Human
HSP70B Human

94 HSP70 Xenopus laevis

100 HSC70 Human
100
. _[f: —
’__ HSC70 Drosophila melanogaster

100 S5A1 Yeast
SSA2 Yeast
82 L—— S5A4 Yeast

89

29

HSP70 Maize

HSP70 Petunia
HSP70 Soybean

HSP70 Chlamydomonas reinhardtii
HSP70 Pyrenomonas salina

96

76

HSP70 Trypanosoma cruzi
HSP70 Leishmania donovani

100

92
L SSB1 Yeast

100 GRP78 Rat
GRP78 Human

81

KAR?2 Yeast

L—— HSP70 Beet Yellows Closterovirus

Fig. 3. Consensus phylogenetic tree of the stress-70 protein fami-
ly. The tree is rooted by use of the outgroup. Bootstrap resampling
and protein parsimony were carried out as mentioned in Methods. The
phenogram contains the values from 100 times of bootstrapping. The
respective values at the clusters show how often the group to the right
was found. An average of 1.4 equal parsimonious trees was found
throughout the bootstrap analysis. The number of required changes
ranges from 4,285 to 4,819, with an average value of 4,591

and [NP]-[EG]-P-[TS]-A-A) are able to identify stress-
70 proteins in general and one (R-A-[RK]-F-E-[ED]-
[LM]) may serve as a signature to eukaryotic, nonor-
ganellar stress-70 proteins. A SWISSPROT (rel. 24.0
from December 1992) database search was carried out
with the mentioned motifs to prove their efficiency.
Only motifs which were found in the nonpartial se-
quences (66 all in all) were taken into account. The
search revealed that the motifs find the respective pro-
teins to more than 95% (92% in the case of the eu-
karyote-specific signature); however, the signature
[NP]-[EG]-P-[TS]-A-A matches a total of five wrong
sequences, too. The modified signature I (G-[IVL]-D-
[LF]-G-T-T-x-S) also has an efficiency of above 95%
in determining stress-70 proteins.



The discovery of possible nuclear localization signals
in the eukaryotic HSP70 homologues matching the pro-
posed consensus is of great interest. The fact that the
NLS motif is found in the HSP70 homologues only in-
creases the probability that these patterns serve as the
signal for nuclear targeting. If this is the case, one has
to wonder if there can be a clearly separated function for
“cognate” and stress-controlled proteins, as has been
supposed by Craig and Jacobsen (1985) and others.
(See Morimoto 1993.)

The evolutionary tree clearly shows the separation in-
to two large divisions, one containing the eukaryotic nu-
cleo-/cytoplasmatic and ER proteins and the other the
prokaryotic DnaK proteins together with the plastidal
and mitochondrial sequences. This branching order
points out that an ancestral stress-70 gene must have ex-
isted before the separation into different kingdoms took
place. The grouping of plastidal and mitochondrial pro-
teins together with bacterial sequences is another proof
for the endosymbiont theory (compare, e.g., Gray 1992).
The nuclear-encoded genes of mitochondrial and plas-
tidal stress-70 proteins (e.g., pea) must have been trans-
ferred into the nuclear genome some time ago, as there
is no evidence for stress-70 genes in the mitochondrial
and plastidal genomes of land plants and animals. The
occurrence of these genes in the plastome of Paviova
lutherii (chromophytes) and Cryptomonas ® (crypto-
phytes) fits in with the known “ancestry” of these
genomes (see, e.g., Gray 1992) in comparison with,
e.g., the plastids of the chlorobionts. The clustering of
the different bacterial sequences with either plastidal or
mitochondrial sequences is, at least in part, unexpect-
ed. It is not surprising that the cyanobacterial sequence
clusters with the plastidal sequences, but the scattered
order of the other bacterial sequences is not easy to un-
derstand. A possible explanation for these groupings,
which do not seem to be in accordance with known
systematics, is that there have possibly been (at least)
two ancestral genes, of which one got lost in different
lineages.

The position of the nucleomorph-encoded HSP70
from Pyrenomonas salina is at the base of the chloro-
biont cluster. This is more relative to the protozoans
than to higher plants, which seems to reflect a relative
ancestry of the gene. This datum is in perfect agreement
with former studies on the eukaryotic endosymbiont of
cryptomonads (Maier 1992).

The branching of the yeast SSB1 protein as an out-
group for the HSP70 homologues is remarkable. Perhaps
this position is due to a different function of this pro-
tein. (See Morimoto 1993.) The different gene control,
organization, and possibly function of the stress-con-
trolled and constitutively expressed proteins are re-
flected in the tree in the case of the animal HSP/HSC
sequences. However, the differences between the two
types of proteins are smaller than the respective differ-
ences between, for example, plant and fungal sequences,

85

thus allowing the examination of intertaxonic relation-
ships by use of these sequences.
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