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The hyperthermophilic eubacterium Thermotoga maritima possesses an operon encoding an Hsp70 molecular
chaperone protein and a protein with meaningful homology to the small heat shock protein family of chap-
erones. This represents the first demonstrated co-operon organization for these two important classes of
molecular chaperones. We have cloned and initially characterized these proteins as functional chaperones in
vitro: the Hsp70 is capable of ATP hydrolysis and substrate binding, and the small heat shock protein can
suppress protein aggregation and stably bind a refolding-competent substrate. In addition, the primary
sequence of the Hsp70 is used to infer the phylogenetic relationships of T. maritima, one of the deepest-
branching eubacteria known.

The 70-kDa heat shock protein (Hsp70) family is an ex-
tremely well conserved group of proteins which are present in
almost all biota. These proteins serve as essential molecular
chaperones which facilitate the correct folding of nonnative
polypeptides, the translocation of proteins through mem-
branes, and the formation of multiprotein assemblies (9, 11,
23). All of these functions are tied to the Hsp70 ability to bind
short stretches of predominantly hydrophobic amino acids (3,
21, 24) and the modulation of this binding by the hydrolysis of
ATP (7, 44, 50). Hsp70 complexed with ATP has faster ex-
change kinetics for its bound substrate, whereas Hsp70 com-
plexed with ADP has slower substrate exchange kinetics (52).

Most, if not all, of the cellular roles of Hsp70 require it to
work in concert with a group of protein cofactors. These co-
factors include Hsp40 and the nucleotide exchange factor
GrpE (6, 18, 32). The close functional association between
these proteins is revealed by their common operon organiza-
tion in prokaryotes. In all of the over 30 sequenced Hsp70
operons, the Hsp70 gene lies upstream of an Hsp40 gene and
is often flanked by a GrpE gene (reviewed in reference 53). In
addition to serving as a cofactor to Hsp70, Hsp40 proteins can
serve as chaperones in their own right. They have been shown
to bind substrate proteins and to suppress their aggregation in
an ATP-independent manner (39, 48).

Other heat shock proteins which play a role in the binding
and stabilization of substrate proteins include the eukaryotic
Hsp90 and the widely distributed small heat shock proteins
(sHsp’s) (14, 17). Hsp90s are isolated in stable complexes with
Hsp70 and mammalian cellular receptors (51), and sHsp’s are
implicated in the sequestration of unfolded proteins during
times of cellular stress for future refolding or degradation (17).
Of these three classes of chaperones, the ATP-independent
Hsp40, sHsp’s, and the partially ATP-independent Hsp90, only
sHsp’s have not been closely associated with the primary ATP-
utilizing chaperone protein, Hsp70, in vivo.

sHsp’s are ubiquitous proteins which have homology with
the mammalian eye lens protein a-crystallin (10, 13). They
have been shown to function as molecular chaperones by their

ability to suppress the aggregation of chemically denatured or
heat-denatured protein substrates in vitro (28, 31) in an ATP-
independent manner. More recently, sHsp’s were shown to
bind stably to partially unfolded proteins in vitro which could
then be productively refolded by ATP-dependent chaperones
(16, 37). It is suspected that, in vivo, sHsp’s interact with
chaperone proteins which utilize the energy from ATP hydro-
lysis to catalyze protein refolding (8). These ATP-utilizing
chaperones could include Hsp70 or the chaperonin GroEL
(eukaryotic Hsp60) (9).

To compare the chaperone properties of a hyperthermo-
philic Hsp70 system with those of a mesophile, we have cloned
the partial Hsp70 operon from the eubacterium Thermotoga
maritima. T. maritima was first isolated from geothermally
heated sea floor sediments where it grows at temperatures
from 50 to 85°C as an obligate anaerobe (29). Because 16S
rRNA-based phylogenies place T. maritima as one of the deep-
est branches of the eubacteria (29), its protein sequences and
gene structures are considered primitive and ancestral. Its
genes often possess classical operon organization (33), and its
well-studied enzymes are extremely thermostable (46). These
characteristics are expected to extend to its chaperone pro-
teins. The Hsp70 of T. maritima is also of value for the phylo-
genetic inferences that may be drawn from its primary se-
quence (25, 26).

Interestingly, the Hsp70 operon of T. maritima does not
contain an Hsp40 or GrpE gene. In this study, we describe the
cloning of the T. maritima Hsp70 and its operon partner and
putative cochaperone, an sHsp. We demonstrate that these
genes encode proteins which are functional molecular chaper-
ones in vitro. The association between these two important
groups of molecular chaperones, the Hsp70s and the sHsp’s,
should aid in understanding the integration of these different
chaperone systems in vivo.

MATERIALS AND METHODS

Hsp70 cloning and purification. T. maritima (DSM 3109) was grown in a
modified medium containing 37.4 g of Difco marine broth per liter, 5 g of Difco
yeast extract per liter, 20 ml of seawater per liter, 5 g of glucose per liter, 2 g of
NaHCO3 per liter, 0.68 g of cystine per liter, 0.5 g of cysteine per liter, 130 mg
of Na2S per liter, and 1 mg of resazurin per liter. Cultures were grown at 80°C
for 36 h in sealed bottles under 10 lb/in2 of N2 gas. Cells were harvested, and
genomic DNA was extracted as described previously (33), omitting the final CsCl
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purification step. A degenerate primer (Keystone) (59-ATGTCCAARATCAT
CGGWATHGAYCTBGG-39; R 5 A or G, W 5 A or T, H 5 A, T, or C, Y 5
C or T, B 5 G, T, or C) at 2.5 pmol/ml and a nondegenerate primer (59-GTG
ACACTATGCTTCTTGGAA-39) at 1 pmol/ml were used in a PCR amplifica-
tion mixture containing 500 ng of T. maritima genomic DNA. The amplified
Hsp70 gene (1,808 bp total) was TA cloned into the vector pCR2.1 (Invitrogen)
as recommended by the manufacturer. DNA sequencing (ABI) gave the com-
plete 59 sequence, and the entire Hsp70 gene was amplified with a second PCR
with nondegenerate primers which created 59 NdeI and 39 EagI restriction sites.
This PCR product was digested, purified, and ligated into the pET24a expression
vector (Novagen). The final construct added a C-terminal hexahistidine exten-
sion to the Hsp70 and was used to transform Escherichia coli JM109(DE3). Cells
were grown at 37°C, induced at A600 ' 0.5 with 0.5 mM IPTG (isopropyl-b-D-
thiogalactopyranoside), grown for an additional 3 h, and harvested by centrifu-
gation (JA-10 rotor, 11,000 3 g for 20 min at 4°C). Cells were washed once with
phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4
mM KH2PO4) and centrifuged as before. Cells were resuspended in lysis buffer
(50 mM HEPES [pH 7.5], 200 mM NaCl)–1 mM phenylmethylsulfonyl fluoride,
lysed by two passages through an Aminco French press at ;18,000 lb/in2 at 4°C,
and clarified by centrifugation (Ti55.2 rotor, 132,000 3 g for 20 min at 4°C).
These extracts were heat treated at 70°C for 30 min with stirring, followed by an
identical clarification spin, and filtered to 0.2 mm. This solution was loaded onto
a nitrilotriacetic acid (Qiagen)-Ni affinity column equilibrated in lysis buffer at
4°C and purified as recommended by the manufacturer. Eluted protein was
assayed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and pooled fractions were dialyzed (3 3 1:250) against 50 mM HEPES
(pH 7.5)–100 mM KCl–100 mM NaCl and concentrated with Amicon 30 mem-
branes. Reduced Hsp70Tm was prepared by incubating 15 mM Hsp70Tm with 3
mM TCEP [tris-(2-carboxyethyl) phosphine HCl] in 50 mM HEPES (pH 7.5)–
100 mM KCl–100 mM NaCl at 40°C for 1 h, followed by buffer exchange on a
Sephadex G-25 column (Pharmacia). The final protein concentration was as-
sayed with the bicinchoninic acid reagent (Pierce) as recommended by the
manufacturer. All Hsp70Tm samples were aliquoted, quick-frozen in liquid N2,
and stored at 270°C.

sHsp cloning and purification. Downstream sequences of the sHsp were
obtained by the use of inverse PCR (42). Briefly, 500 mg of T. maritima genomic
DNA was digested to completion with restriction enzymes chosen to yield ;5-kb
fragments. These fragments were ligated with T4 DNA ligase (New England
Biolabs) under conditions which favored intramolecular ligation. The resultant
circular genomic libraries were used as templates for a PCR amplification out-
ward from known sHsp sequences. A single library (EcoRI digested) yielded a
2.5-kb PCR product which was not present in an identical PCR amplification
with unligated genomic DNA as template. This 2.5-kb fragment was TA cloned
into the vector pCR2.1 (Invitrogen) as recommended by the manufacturer. DNA
sequencing (ABI) gave the complete 39 sequence of the sHsp gene, as well as
additional downstream sequences, and the entire sHsp gene was amplified with
a second PCR with nondegenerate primers which created 59 NdeI and 39 EagI
restriction sites. This PCR product was digested, purified, ligated into the
pET24a expression vector (Novagen), and used to transform E. coli JM109
(DE3). Cells were grown at 37°C, induced at A600 ' 0.5 with 0.5 mM IPTG,
grown for an additional 3 h, and harvested by centrifugation (JA-10 rotor,
11,000 3 g for 20 min at 4°C). Cells were washed once with phosphate-buffered
saline and centrifuged as before. Cells were resuspended in lysis buffer–1 mM
phenylmethylsulfonyl fluoride and lysed by two passages through an Aminco
French press at ;18,000 lb/in2 at 4°C. Inclusion bodies were isolated from the
lysate by mild centrifugation (JA-20 rotor, 17,600 3 g for 20 min at 4°C), washed
once with lysis buffer–1% deoxycholate with homogenization, recentrifuged,
washed a final time with lysis buffer with homogenization, and recentrifuged. The
washed inclusion bodies were then resuspended in 8 M urea–50 mM HEPES (pH
7.5), heated to 70°C for 15 min, and homogenized. This mixture was clarified by
centrifugation (Ti55.2 rotor, 132,000 3 g for 20 min at 20°C), dialyzed (3 3
1:250) against lysis buffer, filtered to 0.2 mm, and concentrated with Amicon 30
membranes. Soluble protein was precipitated by addition of (NH4)2SO4 to 80%
saturation at 4°C. Precipitated protein was collected by centrifugation (JA-20
rotor, 17,600 3 g for 20 min at 4°C), and the pellet was resuspended in 6 M
guanidine HCl–50 mM HEPES (pH 7.5) and heated to 70°C for 15 min. This
solution was cooled to 22°C, filtered to 0.2 mm, and loaded onto a 50- by 2.5-cm
Bio-Gel P-60 column (Bio-Rad) preequilibrated in 6 M guanidine HCl–50 mM
HEPES (pH 7.5) at 22°C. Fractions corresponding to sHsp by SDS-PAGE were
pooled and dialyzed (3 3 1:250) against 8 M urea–50 mM HEPES (pH 7.5), then
dialyzed (3 3 1:250) against 50 mM HEPES (pH 7.5)–50 mM NaCl, filtered to
0.2 mm, and concentrated with Amicon 30 membranes. The final protein con-
centration was assayed with the bicinchoninic acid reagent (Pierce) as recom-
mended by the manufacturer, and sHspTm was aliquoted, quick-frozen in liquid
N2, and stored at 270°C.

Hsp70 gel filtration. Purified Hsp70 (1.5 mM) was injected on a Superose 12
(Pharmacia) gel filtration column preequilibrated with 50 mM HEPES (pH
7.5)–150 mM KCl at 4°C. Incubation with peptide A (150 mM) (20) and/or ATP
(1 mM) was at 70°C for 30 min prior to immediate injection.

Hsp70 ATPase. The assay was performed as described previously (20):
Hsp70Tm (1 mM) was combined with 2.5 mM ATP (Sigma) and 50 mM [2,8-3H]
ATP (31 Ci/mmol [Amersham]) in ATPase buffer [50 mM HEPES (pH 7.5), 100

mM KCl, 100 mM NaCl, 10 mM (NH4)2SO4, 2 mM MgCl2] and incubated at the
stated temperatures. Aliquots were removed at 5-min intervals and analyzed by
thin-layer chromatography–scintillation counting, as described previously (20).
Mock-purified E. coli extracts were used at a 25-fold-higher relative concentra-
tion.

Hsp70 peptide binding. The peptide with sequence CALLQSR (single-letter
amino acid code) was commercially synthesized and high-pressure liquid chro-
matography purified to ;70% (Macromolecular Resources). Acrylodan (Molec-
ular Probes) labeling and subsequent purification were as described previously
(47). The peptide concentration was assayed by extinction coefficient (ε360 5
12,900 M21 cm21) (52) and ninhydrin assay. Hsp70Tm (1 mM) binding to labeled
peptide (50 nM) was assayed in ATPase buffer with an Aminco 8000 fluorimeter.
Excitation was at 370 nm, and emission was monitored at 470 nm for bound
peptide and 520 nm for free peptide; all slits were set to 8 nm. Binding curves
were fit to double-exponential kinetics with MacCurve Fit software (Kevin Raner
Software).

sHsp sedimentation. One hundred microliters of sHspTm (5.9 mM) was sedi-
mented in a 3.2-ml-total-volume, 5 to 25% sucrose–13 ATPase buffer gradient
in an SW Ti55 rotor at 287,000 3 g for 5 h at 4°C. One-hundred-forty-microliter
fractions were removed after centrifugation, and a 1/10 volume was run on
SDS–12.5% PAGE gels. After Coomassie blue staining, sHspTm was scanned,
and its density was integrated with NIH Image software. Separate sedimentation
reactions with molecular weight standards (Pharmacia) were used to estimate the
S value of sHspTm.

sHsp suppression of GFP aggregation. The green fluorescent protein (GFP)
variant S65T–N-terminal His6 (49) was purified on a nitrilotriacetic acid resin
column (Qiagen) as described previously (49). GFP (3.6 mM) in 50 mM HEPES
(pH 7.5)–50 mM KCl–2 mM MgCl2–10 mM (NH4)2SO4 was combined with
sHspTm and incubated at 70°C for 20 min. The tubes were cooled to 22°C and
centrifuged for 1 min at 15,000 3 g. GFP complexed with sHsp will remain in the
supernatant while aggregated GFP will be pelleted under these conditions. The
supernatant was decanted and assayed by SDS-PAGE and scanning densitome-
try with NIH Image software. Control samples with no added GFP were used to
calculate unaggregated GFP in experimental samples.

sHsp inhibition of GFP renaturation. GFP was used as described above. The
purified protein was precipitated by addition of (NH4)2SO4 to 70% saturation at
4°C and collected by centrifugation. The resulting pellet was dissolved in suffi-
cient 6 M guanidine HCl–50 mM HEPES (pH 7.5) to yield a 10-mg/ml solution.
Renaturation was as described previously (49) with the following changes: 2.5 ml
of this solution was pipetted directly into a 1.3-ml stirred-fluorescence cuvette
(1:520 dilution) containing 50 mM HEPES (pH 7.5), 50 mM KCl, 2 mM MgCl2,
and 10 mM (NH4)2SO4 equilibrated at the specified temperature (final GFP
concentration, 675 nM). GFP refolding-fluorescence reacquisition was moni-
tored in an Aminco 8000 fluorimeter. Excitation was at 488 nm, and emission was
monitored at 512 nm; all slits were set to 8 nm. Binding curves were fit to
double-exponential kinetics with MacCurve Fit software (data not shown).

RESULTS

Hsp70 and sHsp cloning. We began our analysis with a
phagemid clone derived from a T. maritima cDNA library (the
generous gift of Jeffrey Miller [33]) which contained 640 bp of
the 39 end of the Hsp70 gene as well as a downstream gene
coding for a 16-kDa protein lacking an in-frame termination
codon. Because Hsp70s are some of the most conserved pro-
teins known, especially toward the extreme N terminus, it was
possible to design a degenerate oligonucleotide primer to the
unknown 59 end of the Hsp70 gene. This degenerate primer
and a primer to the known 39 sequences were used to PCR
amplify the entire Hsp70 gene from genomic T. maritima
DNA. The Hsp70 protein encoded by this gene will be referred
to as Hsp70Tm.

The incomplete downstream gene had sequence similarity to
the a-crystallin domain which serves to define sHsp’s (17). In
order to obtain the complete downstream gene, and any addi-
tional genes in a contiguous operon, the technique of inverse
PCR was utilized (43). Outwardly directed oligonucleotide
primers to the suspected sHsp gene were used to amplify an
additional 2.1 kbp downstream of the Hsp70 gene from a
circularized EcoRI-digested T. maritima genomic library. The
putative sHsp gene is the final gene in the Hsp70 operon,
encodes a protein with meaningful homology to sHsp’s (see
below), and will be referred to as sHspTm.

The operon of the T. maritima Hsp70 (Hsp70Tm) and sHsp
(sHspTm) spans 2,224 bp and encodes proteins with predicted
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molecular masses of 65.61 and 17.0 kDa, respectively. This
gene arrangement is currently known to exist only in T. mari-
tima. The highly conserved nature of Hsp70 primary sequence
and the less-conserved a-crystallin domain which defines the
sHsp’s are evident in alignments of the T. maritima Hsp70
(Hsp70Tm) and sHsp (sHspTm) with similar proteins, discussed
below.

Protein homology and inferred phylogeny. Hsp70s conform
to a three-domain structural model. The 44-kDa N-terminal
ATPase domain is very highly conserved, with approximately
80% amino acid identity. The adjoining 16-kDa substrate bind-
ing domain is slightly less conserved, with approximately 70%
amino acid identity. The 10-kDa C-terminal domain has a
possible regulatory function and is most divergent, with less
than 40% amino acid identity. BLAST alignments (1) of the
full-length Hsp70Tm identified the Hsp70 of the archaeon
Methanosarcina mazei as being most similar (57% identity and
74% similarity). The highly conserved primary structure and
almost universal distribution of Hsp70s have made them of
great interest in protein-based phylogenetic studies (25, 26).
Integration of the Hsp70Tm in such analysis should help clarify
the placement of T. maritima in the tree of life and give insight
into the relatedness of primitive bacteria and archaea. An
unrooted consensus neighbor-joining tree (55) generated from

selected Hsp70 alignments, shown in Fig. 1, reveals T. maritima
to consistently branch with three archaebacteria. Gram-posi-
tive eubacteria consistently group together and are seen as
distinct from the Thermotoga-archaeon clade. This tree (Fig. 1)
is in good agreement with other Hsp70-based phylogenies (25,
26), but the newly integrated T. maritima does not branch with
gram-positive low-G1C-content eubacteria, while it has been
assigned to this group (4, 29). The consistent branching of T.
maritima with halobacterial and methanogenic archaea can be
seen as evidence of the recent evolutionary divergence of these
organisms, and this association is consistent with the assigned
deep branching of T. maritima by 16S rRNA-based phylogenies
(29). The failure of the archaea to group together can be seen
as evidence of the polyphyletic splitting seen in other studies
(25), while 16S rRNA studies group the archaea as a coherent
domain of life (58).

When BLAST alignments (1) of the translated second gene
of the T. maritima Hsp70 operon were carried out, the full-
length sHspTm protein was shown to have strong sequence
similarity to multiple sHsp’s. These sHsp’s have in common the
a-crystallin domain, which is comprised of about 40 amino
acids toward the C terminus of these relatively small (12 to 30
kDa) proteins (57). The amino acid identity between even
closely related species seldom exceeds 30%, although sHsp’s
have been found in all organisms studied. sHspTm has the
greatest sequence similarity to the recently identified sHsp of
Aquifex aeolicus (41% identity and 65% similarity), a primitive
eubacterium. The next four most similar proteins in the align-
ment include the sHsp’s from a proteobacterium, Bradyrhizo-
bium japonicum; higher plants, Nicotiana tabacum and Arabi-
dopsis thaliana; and the archaeon Pyrococcus horikoshii. An
alignment of the a-crystallin domain of sHspTm with these and
other sHsp’s is shown in Fig. 2.

Hsp70Tm purification. The Hsp70Tm was expressed as a C-
terminal hexahistidine-tagged fusion protein; an SDS-PAGE
gel used following its purification is shown in Fig. 3A. The E.
coli lysates were heated to 70°C to aggregate the majority of
endogenous proteins, while Hsp70Tm remained soluble. A sin-
gle Ni21 chelate affinity column served to purify Hsp70Tm to
approximately 90% (Fig. 3A, lane 5). An additional anion-
exchange column did not remove the slightly lower molecular-
weight bands seen in the gel; these may represent truncated
Hsp70Tm (data not shown). Because the specific ATPase ac-
tivity of the anion-exchange-purified material was very similar
to that of the Ni21-purified material (data not shown) and
Hsp70Tm was prone to aggregate in the low-salt buffer required
for the anion exchange, we elected to use the Ni21-purified
Hsp70Tm exclusively in our analysis. Scanning calorimetry of
this Hsp70Tm gave a denaturation temperature (Tm) of ;90°C.

Hsp70Tm self-association. Hsp70 self-association is found in
many systems and is related to their ability to bind substrates.
Dimers, trimers and higher-order oligomers are detected for
many Hsp70s in vitro (2, 54). This self-association can be mod-
ulated by nucleotides, substrate peptides, and the cochaperone
Hsp40 (22, 56). The addition of peptide-ATP can serve to
decrease Hsp70 self-association, while the addition of Hsp40
drives Hsp70 to its slow-substrate-exchanging (ADP-bound)
state and can increase Hsp70 self-association. Figure 4 shows
the effect of both substrate peptide (150 mM) and ATP (1
mM) on the self-association of Hsp70Tm at 70°C. Size exclusion
chromatography revealed a distribution of Hsp70Tm mono-
mers, dimers, and higher-order oligomers (Fig. 4A). Preincu-
bation of Hsp70Tm (1.5 mM) with 150 mM peptide A, a peptide
previously demonstrated to bind with high affinity to Hsp70s
(20), for 20 min at 70°C prior to injection on the column caused
a decrease in the multimeric and dimeric species (Fig. 4B), and

FIG. 1. Phylogenetic relationship of T. maritima inferred by using Hsp70
amino acid sequences. An unrooted consensus neighbor-joining tree was gener-
ated with 30 Hsp70 sequences over a 532-amino-acid consensus length. Boot-
strap scores (out of 1,000) are listed at their respective nodes. The alignment was
generated with ClustalW software (55). The organisms include Saccharomyces
cerevisiae, Drosophila melanogaster, Thermoplasma acidophilum, Aquifex pyrophi-
lus, Aquifex aeolicus, Francisella tularensis, Burkholderia cepacia, Caulobacter
crescentus, Rhizobium meliloti, Agrobacterium tumefaciens, Mycobacterium para-
tuberculosis, Mycobacterium tuberculosis, Mycobacterium leprae, Clostridium per-
fringens, Clostridium acetobutylicum, Streptomyces griseus, Streptomyces coelicolor,
Erysipelothrix rhusiopathiae, Lactococcus lactis, Staphylococcus aureus, Bacillus
subtilis, Bacillus megaterium, Halobacterium marismortui, and Halobacterium
cutirubrum, and Methanosarcina mazei.
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similar preincubation with both 150 mM peptide A and 1 mM
ATP further decreased Hsp70Tm self-association (Fig. 4C).
Incubation with 1 mM ATP alone had a less pronounced effect
on the size distribution of Hsp70Tm (data not shown). This lack
of a strong disaggregation effect by ATP alone is unusual for an
Hsp70 but not unprecedented (35). Preincubation of Hsp70Tm
with both peptide and ATP at 22°C did not decrease self-
association, and when Hsp70Tm previously incubated with pep-
tide and ATP at 70°C, and thus disaggregated, was further
incubated at 22°C for up to 1 h, higher-order oligomers were
not reestablished (data not shown). These results suggest that
Hsp70Tm does not self-associate at lower temperatures, while
at higher temperatures, peptide, and to a lesser extent ATP,
serves to decrease the self-association of Hsp70Tm.

Hsp70Tm ATPase. Hsp70s have a weak intrinsic ATPase
activity (turnover number on the order from 0.02 to 0.3 min21)
(27, 32). Differences in the binding kinetics of substrate are
tied to the nucleotide state of the distal ATPase domain, and
peptide binding often stimulates Hsp70 ATPase activity.
Hsp70Tm has a low basal ATPase activity over a large portion
of the environmental temperature range of T. maritima (Fig.
5). From 58 to 80°C, the ATP hydrolysis rate rises from ap-
proximately 2 to 10 pmol min21 mg21 (turnover number 5 0.13
to 0.65 min21). At temperatures higher than 80°C, which may
be heat shock temperatures for the organism, the ATPase rate
of Hsp70Tm increases substantially, peaking at 36 pmol min21

mg21 at 90°C (turnover number 5 2.35 min21) before a slight
decrease to 33 pmol min21 mg21 at 95°C (turnover number 5
2.16 min21). These ATPase rates are high compared to basal
ATPase rates of the E. coli Hsp70, DnaK, at 37°C (turnover
number, 0.2 min21), while at 53°C, DnaK had a turnover num-
ber of 0.9 min21 (40). The high ATPase rates of Hsp70Tm at
temperatures greater than 80°C are more similar to the pep-
tide-stimulated rates seen for DnaK at 53°C (turnover number
of 3.6 to 4.5 min21) (40).

While substrate peptides often stimulate the ATPase activity
of Hsp70s, addition of three different peptides shown to bind
to either Hsp70Tm (see below), DnaK, or other Hsp70s (20)
had no effect on the ATPase activity of Hsp70Tm at all assayed
temperatures (data not shown). Peptide stimulation of ATPase
activity is absent in several Hsp70s (35, 45, 52) or may be highly
substrate specific (27). Control reactions with mock-purified E.
coli extracts showed a low basal ATPase activity equal to ;1%
of the activity of an equivalent amount of purified Hsp70Tm.
Twenty-five-fold-higher concentrations of the mock-purified
extracts were required for detection in our standard ATPase
assay, as shown in Fig. 5. Thus, Hsp70Tm appears to behave
much like other Hsp70s in terms of its ATP hydrolysis but lacks
a peptide-stimulated ATPase activity. The relatively high

FIG. 2. Amino acid sequence alignment of a-crystallin domain from sHspTm and related sHsp’s. Residues with black background are conserved in the majority of
sequences aligned. Alignment was generated by the Clustal algorithm within Megalign software (DNAStar). Organisms include Methanococcus jannaschii and
Synechococcus volcanus.

FIG. 3. Hsp70Tm and sHspTm purification followed by SDS–12.5% PAGE.
(A) Hsp70Tm purification. Lanes: 1, molecular weight markers; 2, induced E. coli
total whole-cell extract; 3, soluble whole-cell extract; 4, heat-treated and clarified
extracts; 5, final Ni21 affinity-purified Hsp70Tm. (B) sHspTm purification. Lanes:
1, molecular weight markers; 2, induced E. coli total whole-cell extract; 3, total
inclusion bodies; 4, renatured inclusion bodies; 5, final denaturing gel filtration-
purified sHspTm. Numbers to the left of each gel represent molecular masses (in
kilodaltons) of low-range protein markers (Bio-Rad).

FIG. 4. Effect of peptide and ATP on the self-association of Hsp70Tm. (A)
Untreated Hsp70Tm (1.5 mM). (B) Hsp70Tm (1.5 mM) incubated with peptide A
(150 mM) at 70°C for 30 min. (C) Hsp70Tm incubated with peptide A (150 mM)
and ATP (1 mM) at 70°C for 30 min. Peaks correspond to monomeric, dimeric,
and multimeric Hsp70Tm, as labeled in panel A.
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ATPase activity and lack of peptide stimulation are not
thought to be due to the presence of contaminating substrates
in our Hsp70Tm preparation, in part because of the results of
peptide binding experiments discussed in the next section.

The two highest assayed temperatures, 90 and 95°C, may be
at or near the Tm of Hsp70Tm; the lower ATPase rate seen at
95°C could indicate thermal inactivation at this temperature.
Hsp70Tm which had been reduced with the strong and specific
disulfide-reducing agent TCEP showed a greatly increased
ATPase activity above 80°C, compared to that of untreated
Hsp70Tm. The turnover numbers of 3.2, 4.0, and 5.5 min21 at
85, 90, and 95°C, respectively, represent an almost threefold
increase in ATPase activity over unreduced Hsp70Tm. In ad-
dition, there is no evidence of the thermal inactivation ob-
served for the nonreduced Hsp70Tm. Thus, reducing agents
have a profound effect on the ATPase activity of Hsp70Tm at
temperatures in excess of 80°C and are also shown to affect its
peptide binding activity (see below).

Hsp70Tm peptide binding. The E. coli Hsp70, DnaK, has
been shown to tightly bind the fluorescently labeled peptide
a-p1 with a Kd of 1.4 mM (52). Binding to DnaK was charac-
terized by a blueshift in the emission wavelength and an in-
crease in the emission maximum of the acrylodan fluorescent
probe (52). As seen in Fig. 6, Hsp70Tm binds this labeled
peptide appreciably at 80°C. This binding is relatively slow
(half-time of binding 5 100 s), similar to the ADP-mediated
binding seen for DnaK (52). Addition of ATP had no effect on
either the rate of binding or the absolute affinity of Hsp70Tm
for the labeled peptide (data not shown), while DnaK’s binding
rate was shown to increase 540-fold in the presence of ATP
(52). The off-rate of peptide bound to Hsp70Tm was also in-
sensitive to ATP (data not shown). Control reactions showed
that mock-purified extracts, buffer alone, or bulk protein
(RNase A) had no such effect on the labeled peptide emission
spectra from 50 to 80°C (data not shown). This demonstrated
peptide binding by Hsp70Tm argues that the lack of peptide
stimulation of ATPase is not due to the presence of contami-
nating substrates in the protein preparation. Additionally, pre-
incubation of Hsp70Tm with either unlabeled peptide or dena-
tured RNase A served to block the binding of labeled peptide
by Hsp70Tm (data not shown), suggesting that competing sub-
strates are largely absent in the purified Hsp70Tm and, when
added, are avidly bound by Hsp70Tm.

Addition of the reducing agent dithiothreitol or TCEP dur-
ing Hsp70Tm peptide binding caused a cessation of assayed

peptide binding (data not shown), with no decay in the existing
signal attributed to previously bound peptide. Hsp70Tm has
only one cysteine residue in its N-terminal ATPase domain
(C119) that maps by homology to the solvent-exposed nucleo-
tide binding cleft in the crystal structure of Hsc70 (19). The
oxidation state of this cysteine may be related to the effect of
reducing agents on ATPase activity and peptide binding seen
in this study, an effect which has not been reported for any
other Hsp70. In spite of the unique sensitivity to reducing
agents demonstrated by Hsp70Tm, its appreciable peptide
binding activity at 80°C is consistent with its role as a functional
chaperone at physiologically relevant temperatures.

sHspTm purification. To determine if the gene downstream
of Hsp70Tm encoded a functional sHsp, we cloned and over-
expressed sHspTm in E. coli. sHspTm was found to be seques-
tered in insoluble inclusion bodies, a phenomenon which has
been documented for several other sHsp’s (38). Low-level in-
duction and lowered induction temperatures had no effect on
inclusion body formation; however, the inclusion bodies could
be readily isolated and solubilized with denaturing agents. The
sHsp could then be efficiently renatured. A gel filtration step
under denaturing conditions allowed the sHspTm to be sepa-
rated from most of the higher-molecular-weight contaminating
E. coli proteins. The protein was then renatured by dialysis.
The final purity of sHspTm was estimated to be greater than
90%, and this purification was followed by SDS-PAGE as
shown in Fig. 3B.

sHspTm self-association. sHspTm has a predicted molecular
mass of 17.6 kDa (Fig. 3B). In solution, most sHsp’s exist as
higher-order oligomers, a feature which may be essential for
proper chaperone activity (36). The sedimentation coefficient
of native sHspTm is approximately 15 to 16S (Fig. 7), corre-
sponding to a molecular mass of 400 to 450 kDa (n 5 23 to 26
sHspTm subunits). The sHspTm size distribution was not greatly
affected by incubation at temperatures up to 80°C for up to 30
min (data not shown). Although not monodispersed, the sed-
imentation profile is similar to those of other sHsp’s and is
consistent with a recently solved sHsp crystal structure (34).

sHspTm inhibition of protein aggregation. The primary
chaperone activity of sHsp’s is the suppression of aggregation
in thermally or chemically denatured proteins (31, 34). To
determine whether sHspTm behaved as a functional sHsp, we
assayed its ability to suppress the thermally induced aggrega-
tion of the GFP variant S65T. The Tm of GFP is approximately
73°C (unpublished observation), and incubation at 70°C can

FIG. 5. ATPase activity of Hsp70Tm as a function of temperature from 58 to
95°C. Untreated Hsp70Tm (1 mM; closed squares), TCEP (1 mM)-treated and
reduced Hsp70Tm; open circles), and a 25-fold-higher relative concentration of
mock-purified E. coli extracts (open triangles) were assayed for hydrolysis of
ATP (2.7 mM) at the respective temperatures.

FIG. 6. Hsp70Tm peptide binding at 80°C. Hsp70Tm (1 mM final concentra-
tion) was added to acrylodan (Molecular Probes)-labeled CALLQSR peptide (50
nM final concentration) equilibrated at 80°C in a stirred-fluorescence cuvette.
Peptide binding was monitored at 470 nm with excitation at 370 nm. Control
reactions with buffer alone, mock-purified extracts, and bulk protein (RNase A)
did not enhance the labeled peptide fluorescence at 470 nm by more than 5% of
the values obtained with Hsp70Tm (data not shown).
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cause aggregation. sHspTm was able to suppress this aggrega-
tion (Fig. 8). Molar ratios of sHspTm monomers to GFP mono-
mer higher than 3:1 gave some protection from aggregation;
higher ratios could suppress aggregation by up to 80%. The
highest level of aggregation suppression was achieved at an
approximate ratio of 12 sHspTm monomers to 1 GFP monomer
(ratio of sHspTm multimer to GFP monomer of approximately
1:2). sHspTm is thus capable of interacting with a thermally
unfolding protein and suppressing its aggregation.

sHspTm inhibition of GFP refolding. We next examined if
sHspTm could bind a refolding-competent protein substrate.
GFP denatured with either 8 M urea or 6 M guanidine HCl
spontaneously refolds upon dilution into aqueous buffer (49).
Refolding may be assayed by the reacquisition of fluorescence
at 512 nm, with excitation at 488 nm. Somewhat surprisingly,
refolding can occur at temperatures up to 62°C, albeit with a
substantial decrease in efficiency (data not shown). Figure 9
shows that at 55°C sHspTm inhibits the refolding of GFP.
Increasing amounts of sHspTm increased inhibition of refold-
ing to a maximal level of 80%, while at temperatures below
50°C, sHspTm had no effect on GFP refolding (data not

shown). The inhibition of GFP refolding appears to be specific
to sHspTm; the addition of bovine serum albumin to the reac-
tion actually gives a twofold increase in the refolding efficiency
of GFP at these temperatures. GFP bound to sHspTm was
not reactivated by lower temperatures or incubation with
Hsp70Tm-ATP (data not shown). Thus, sHspTm appears to
stably bind refolding intermediates of GFP and trap them in an
intermediate folding state.

DISCUSSION
We have cloned the partial Hsp70-sHsp operon from the

hyperthermophilic eubacterium T. maritima. Its proteins have
been expressed, purified, and initially characterized as func-
tional molecular chaperones. To date, this is the only known
operon which combines these two ubiquitous and important
molecular chaperone genes. All previously described Hsp70
operons have included a downstream Hsp40 gene and often a
flanking GrpE nucleotide exchange factor gene (53). These
Hsp70 cofactors do appear to exist in T. maritima in a separate,
distal operon: a complete operon consisting of HRCA (a heat
shock transcriptional repressor), GrpE, and Hsp40 has been
constructed from sequence data made available by the ongoing
T. maritima genomic sequencing project (30). This unique
Hsp70-sHsp operon may be a functional unit of T. maritima’s
response to stress conditions. Currently, we have been unable
to demonstrate the functional interactions seen for other
Hsp70-sHsp systems (16) possibly due to requirements for
T. maritima’s Hsp40 and GrpE cofactors or specific protein
substrates.

We have shown that the Hsp70 of T. maritima is a functional
molecular chaperone. It has self-association behavior, ATPase
activity, and peptide binding characteristics similar to those of
other studied Hsp70s (3, 40, 52). Hsp70Tm diverges from the
majority of characterized Hsp70s in its lack of a strong mono-
merization response to ATP, its lack of substrate-based stim-
ulation of ATPase activity (35, 45, 52), and its sensitivity to
reducing agents. The single cysteine residue (C119) may play a
role in disulfide formation in Hsp70Tm; reduction of this bond
could be responsible for the up-regulated ATPase activity
above 80°C and the observed inhibition of peptide binding.
Future mutagenesis experiments will explore this possibility.

The peptide binding of Hsp70Tm is similar to that seen in the
Hsp70 of E. coli, DnaK, in its ADP-bound state (52). There is
no modulation of peptide exchange kinetics by nucleotide. The

FIG. 7. Sucrose gradient (5 to 25%) velocity sedimentation of sHspTm. Sed-
imentation fractions were collected, run on an SDS-PAGE gel, and Coomassie
blue stained, and the concentration of sHspTm was calculated by scanning den-
sitometry with NIH Image software (open circles). The right axis corresponds to
migration of molecular weight standards performed in parallel with sHspTm
sedimentation, and the horizontal bars correspond to fractions with respective
molecular weight standards present.

FIG. 8. sHspTm suppresses the heat-induced aggregation of GFP. GFP ag-
gregation suppression (open circles) is shown as a function of sHspTm/GFP
molar ratio at 70°C. Ten micrograms of GFP was heated to 70°C for 20 min with
and without added sHspTm. After centrifugation to remove aggregated GFP, the
amount of GFP remaining in the supernatant was assayed by SDS-PAGE and
scanning densitometry with NIH Image software. Comparison to control samples
without sHspTm allowed calculation of percent aggregation suppression versus
molar ratio of GFP to sHspTm.

FIG. 9. sHspTm inhibition of GFP refolding at 55°C. (A) No added sHspTm;
(B) 2:1 molar ratio of sHspTm to GFP; (C) 8:1 molar ratio of sHspTm to GFP;
(D) 16:1 molar ratio of sHspTm to GFP; (E) 32:1 molar ratio of sHspTm to GFP.
GFP denatured in 6 M guanidine HCl was diluted 1:520 into a stirred-fluores-
cence cuvette equilibrated at 55°C to a final concentration of 675 nM, with and
without sHspTm. Excitation was at 488 nm, and GFP fluorescence was monitored
at 512 nm.
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only other well-characterized thermostable Hsp70, from Ther-
mus thermophilus, has similar uncoupling of its nucleotide state
with substrate binding kinetics. In the case of the Thermus
Hsp70, however, the binding is more analogous to that of the
ATP-bound form of DnaK, with fast substrate exchange kinet-
ics at temperatures from 25 to 75°C (35). While this uncoupling
may be a feature common to thermostable Hsp70s, it is also
possible that Hsp70 cofactors, including Hsp40 and GrpE, are
necessary to link the nucleotide state of the ATPase domain
with the kinetic properties of the substrate binding domain in
these Hsp70s. The Thermus Hsp70 has a uniquely intimate
association with its Hsp40 cofactor (41); they exist as a stable
trimer of trimers complexed with a small (8 kDa) association
factor, Daf (42). While there is no evidence of a Daf homo-
logue in T. maritima, or any other organism, it remains possible
that Hsp70Tm will require its Hsp40-GrpE cofactors to link its
ATPase and substrate binding activities.

We have also shown the Hsp70Tm operon to contain a gene
encoding a functional sHsp. sHspTm exists as a large oligomer
in solution, an arrangement common in sHsp’s (17, 34) and
possibly required for their observed chaperone activity (36).
sHspTm is capable of suppressing the thermally induced aggre-
gation of GFP and is also able to bind to refolding-competent
GFP at high temperatures. This inhibition of refolding is dif-
ferent from the results of other sHsp studies. Jakob et al. (31)
saw an enhancement in refolding yields of both citrate synthase
and a-glucosidase in the presence of murine Hsp25 and human
Hsp27 at 20°C. Lowering the temperature of GFP-sHspTm
complexes, or addition of Hsp70Tm and ATP, did not result in
reactivation of GFP fluorescence, or release of GFP by sHspTm
(data not shown). Thus, the binding of GFP to sHspTm appears
to be quite stable. GFP refolding can be described by double-
exponential kinetics (49), and the effect of the sHspTm was to
diminish the amplitude of the slow phase of the GFP refolding,
while having little effect on the fast-phase amplitude. The net
effect is an increase in the overall folding rate; at 55°C the
half-time of GFP folding is 150 s without sHspTm and 73 s with
maximal sHspTm inhibition. This suggests that slow-phase re-
folding intermediates are preferentially binding to the sHspTm.
The lack of sHspTm inhibition of GFP refolding at tempera-
tures lower than 50°C (data not shown) could be due to either
a temperature-dependent activation of sHspTm or a decrease
in the amount of slow-phase folding intermediates of GFP
which are accessible to sHspTm binding, or a combination of
these two effects.

The phylogenetic analysis based on Hsp70 alignments em-
phasizes the primitive and ancestral nature of T. maritima.
Thermotoga consistently branches with halophilic and meth-
anobacterial archaea, while it is seen as distinct from the gram-
positive, low-G1C eubacteria which are its phenotypically as-
signed cohorts (5, 29). The deep branching of Thermotoga seen
in 16S rRNA-based phylogenies (29) is supported by this close
association between Thermotoga and archaea in the current
study. The only deeper-branching eubacterial genus by 16S
rRNA analysis, Aquifex, is seen as an out-group in our analysis,
distinct from either gram-positive eubacteria or gram-negative
proteobacteria and loosely related to the sole thermoacido-
philic archaeon in our analysis. The recent genomic sequencing
of A. aeolicus has revealed similar difficulties in inferring its
phylogeny from protein sequences (12, 15), and this difficulty is
not substantially alleviated by the current analysis. Aquifex
Hsp70 possesses sequence signatures previously attributed
solely to proteobacterial and eukaryotic Hsp70s (25), most
notably an insertion of approximately 24 amino acids near its N
terminus. This sequence signature, along with Aquifex’s sensi-
tivity to aminoglycoside antibiotics (4), to which Thermotoga is

at least partially immune (29), supports the designation of
Aquifex as a primitive gram-negative proteobacterium, while
Thermotoga is more closely related to primitive gram-positive
eubacteria and archaea.

In conclusion, the Hsp70-sHsp operon of the hyperthermo-
philic eubacterium T. maritima represents a unique genetic
association between two major classes of molecular chaper-
ones: the ATP-dependent Hsp70s and the ATP-independent
sHsp’s. These genes encode functional chaperone proteins
which may interact in vivo. The possibility exists that substrate
proteins stably bound to sHspTm can serve as a target for
Hsp70Tm mediated refolding and reactivation. The elucidation
of this functional interaction may require the presence of Ther-
motoga’s Hsp40 and GrpE cofactors or require an effective
screening procedure for prospective substrate proteins. Future
work will address these possibilities.
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