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Heat shock protein hsp7O protects cells from thermal stress even
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ABSTRACT Retroviral-mediated gene transfer experi-
ments show that rodent cells become heat resistant when stably
and constitutively expressing a cloned human gene encoding an
intact human 70-kDa heat shock protein (hsp7O). Cells express-
ing higher levels of the hsp70 protein generally tolerate thermal
stress better, whereas cells expressing either of two mutated
hsp70-encoding genes, one with a 4-base pair out-of-frame
deletion and one with an in-frame deletion of codons 438-618,
are heat sensitive. These results provide strong evidence that
expression of hsp7O leads directly to thermal tolerance. Sur-
prisingly, cells expressing a mutant hsp70 of a human gene
missing codons 120428 are, nevertheless, heat resistant. Be-
cause the deleted region of this mutant contains the ATP-
binding domain ofhuman hsp70, this domain appears dispens-
able in the hsp70-mediated protection of cells from thermal
stress.

When exposed to a nonlethal heat shock, cells acquire
thermotolerance-i.e., a transient resistance to subsequent
heat exposures (1-4). Studies suggest that the induction of
heat shock proteins (hsps)-in particular hsp70-may be
involved (5-10). However, evidence is largely circumstantial
and rests on a correlation of cellular levels of hsp70 with
thermotolerance. Overexpression of hsp70 has been
achieved only by experiments that could alter other cellular
components, which, in turn, might affect cellular response to
thermal stress (4, 6, 11-13). Similarly, correlation of perma-
nent heat resistance with elevated hsp70 expression in dif-
ferent cell lines naturally expressing various levels of the
protein may be attributable to other cellular differences
(14-16). Experimental manipulations that depress the hsp70
level, such as microinjection of anti-hsp70 antibodies (17),
show that hsp70 may participate in protecting cells against
thermal stress but do not show that hsp70 expression alone
is sufficient for thermal protection.
We have shown (10) that rat cells expressing a cloned gene

for human hsp70 via DNA-mediated gene transfer become
thermal resistant. However, because of the low incidence of
thermal-resistant transfectants, their identification involved
a heat-selection protocol in which pooled populations of
transfected cells were subject to six cycles of heating (10). To
rule out the possibility that this protocol biased the outcome,
we have used a retroviral gene-transfer system to efficiently
deliver and express human hsp70 in rodent cells and, thus,
obviated heat selection. We show here that the constitutive
and stable expression of this gene confers heat resistance,
which implies a direct link between expression of functional
mammalian hsp70 and cell survival at elevated temperatures.
Furthermore, we find that cells expressing a mutant human
hsp70 that deletes the region required for ATP binding (18)
are equally heat resistant. This surprising finding is poten-

tially important in view of the widely held notion that ATP
binding and hydrolysis modulate interactions between hsp70
and its putative targets, including nascent polypeptides and
denatured proteins (19, 20).

MATERIALS AND METHODS

Construction of Human hsp70 Retroviral Expression Vector
and hsp70 Deletion and Fusion Genes. To construct thepMVH
human hsp70 proviral vector, the 2.3-kilobase (kb) BamHI-
HindIlI fragment ofthe cloned gene for human hsp70 (21, 22),
which contains the intact coding region, was subcloned
between these same sites in a pGem3 vector (Promega). Most
of the hsp70 3' untranslated region of this subclone (including
the polyadenylylation signal) was removed with Bal-31, and
the truncated hsp70 fragment was inserted between the
BamHI and Hincll sites of pGem3. Subsequently, the hsp70
fragment was excised from pGem3 with EcoRI and HindIII
and subcloned into the pMV6 proviral vector (23, 24), gen-
erating pMVH (Fig. 1A).
The mutant hsp70 gene was derived from the intact gene in

pGem3. The translation initiation ATG codon was deleted by
Bal-31 digestion from the 5' end. The deleted hsp70 fragments
were subcloned into pGem3 cut with Sma I and HindIlI. We
sequenced several deletion mutants and selected for further
study a mutant in which the ATG and the guanine nucleotide
of the second hsp70 codon were deleted (clone A21). The
intact human hsp70-encoding gene contains two in-frame Bgl
II sites and two in-frame Sma I sites, which allow in-frame
deletion of the intervening sequences and yielded the ABg
(deleting codons 120-428) and the ASm (deleting codons
438-618) mutants (Fig. 1B). All these mutants were cloned
into the pMV6 proviral vector to generate pMVHA&21,
pMVHABg, and pMVHASm; the last two were also engi-
neered into a hsp70-substance P fusion gene (see below)
before being subcloned into pMV6 and generating
pMVHPABg and pMVHPASm.
To express substance P-tagged human hsp70, nucleotides

encoding this immunogenic peptide were introduced between
the penultimate and termination codons ofhuman hsp70 gene
using the PCR and synthetic oligonucleotide primers: 5'-
TTCGACATCGATGCCAACGGC-3', which specifies the
sequence surrounding the Cla I site ofhuman hsp70 gene near
codon 481, and 5'-CGCAAGCTTTTACATGAGCCCGAA-
GAACTGATCTACCTCCTCAATGGTGGGGCC-3', which
specifies a HindIII site followed in succession by sequences
complementary to a termination codon, codons for the sub-
stance P hexapeptide, and the last seven coding codons of
human hsp70. After PCR amplification with the cloned gene

Abbreviations: FITC, fluorescein isothiocyanate; mAb, monoclonal
antibody; hsp, heat shock protein.
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FIG. 1. Human hsp7O retroviral expression vector and hsp70
deletion and fusion genes. (A) pMVH human hsp70 proviral vector.
This provirus contains a human hsp70-encoding gene (21) with an

intact coding domain (shaded box) and a G418-resistance gene (neo')
driven by a thymidine kinase promoter (tk) between retroviral long
terminal repeats (LTR). (B) Mutant hsp7O genes. Intact human hsp70
gene is shown with relevant restriction sites and the ATG initiation
codon. Hsp7OA21 is an out-of-frame deletion mutant. Hsp7OABg
(deletion of codons 120-428) and hsp7OASm (deletion of codons
438-618) are two in-frame deletion mutants (deleted regions indi-
cated by spaces). (C) Substance P-tagged human hsp70 gene. Sub-
stance P C-terminal hexapeptide-encoding nucleotides are repre-

sented by black box; nucleotides encoding this immunogenic peptide
are underlined.

as template, the product was digested with Cla I and HindIlI
and used to replace the Cla Ito HindIII section of the normal
intact gene. After verifying the absence of unintended mu-

tations, this modified human hsp70 gene was introduced into
pMV6, generating pMVHP (Fig. 1C).

Cell Cultures and Retroviral Gene Transfer System. Cul-
tures of rat fibroblasts, designated Rat-1, were grown in
Dulbecco's modified medium (DME-H21)/10% fetal bovine
serum with appropriate antibiotics (10). The pMV6-derived
proviral vectors were transfected into 'p 2 packaging cells (25,
26). The helper-free, replication-defective, ecotropic recom-

binant retroviruses obtained were used to infect Rat-1 cells.
Selection of the infected cells with G418 (400 ,ug/ml) gener-

ated hundreds of drug-resistant colonies that were isolated
both as single colonies (designated MVH-1-1 to MVH-1-24
and MVH-2-1 to MVH-2-26; the 1 and 2 after MVH distin-
guish colonies from separate infection experiments) and as

pooled populations of a minimum of 200 individual colonies
(designated MVH-1-pl, MVH-1-p2, MVH-2-pl, and MVH-
2-p2, etc.). As controls, Rat-1 cells were infected with (i) the
parental MV6 retrovirus bearing the G418-resistance gene

but not the human hsp7o gene (MV6-p cells), or (ii) one of
several recombinant retroviruses bearing mutant genes for
human hsp70 (Fig. 1B).

All transfected cell lines were routinely maintained in
medium/G418 at 200 ,ug/ml. For cell survival studies, protein
labeling, and immunoblotting analysis, monolayers of cells
were plated on day 0 in medium with no G418, grown

exponentially, and used on day 3. All cell lines were stable;
plating efficiencies were 80-90%, 80-90%, and 35-65%, and

doubling times were a16, 16, and 24 hr for Rat-i, MV6-
infected Rat-1, and MVH-infected Rat-1 cells, respectively.
Heating and cell survival studies were done as described (6,
8, 10).

Protein Labeling and Gel Electrophoresis. Protein labeling
and two-dimensional gel electrophoresis was done as de-
scribed (10).

Antibodies, Preparation of Cell Lysates, and Immunoblot.
Monoclonal antibodies (mAbs) against hsp70 used in these
studies were from commercial sources (Amersham or Stress-
Gen Biotechnologies, Sidney, Canada). Antisera against sub-
stance P (RAS 7451N) were purchased from Peninsula Lab-
oratories. Second antibodies and reagents for antibody-
enzyme-coupled detection of antigens were from Vector
Laboratories. Cell lysates were prepared as described (10).
Immunoblotting was done as described by Towbin et al. (27).
Flow Cytometric Analysis of hsp7O. Fluorescein isothiocya-

nate (FITC)-conjugated anti-hsp70 antibodies and flow cy-
tometry were used to quantify hsp70 level. Cells were fixed
in 70%o ethanol and stained with anti-hsp70 mAbs (Amer-
sham, 1:500 dilution). FITC-conjugated anti-mouse immuno-
globulin (Amersham, 1:100 dilution) was then added to the
cell samples, and immunofluorescence was analyzed byflow
cytometry (Becton Dickinson, FACS 440). hsp70 level was
estimated from the mean FITC fluorescence intensity of the
cell population.

RESULTS
Human hsp7O Can Be Stably Expressed via Retroviral-

Mediated Gene Transfer. Analysis of control Rat-1 or MV6-p
cellular extracts reveals that these cells produce two major
proteins in the 70-kDa size range in response to heat shock
(Fig. 2A, a and b): synthesis of the 72-kDa protein occurs
when these cells are grown at 370C (Fig. 2Aa, arrowhead) but
is significantly enhanced after heat shock treatment (Fig.
2Ab); synthesis of the 70-kDa protein, the inducible form of
endogenous rat hsp7o, is not detectable until after heat shock
(Fig. 2Ab, arrowhead on right). In MVH-1-pl cells, which
were infected with retroviruses containing the human hsp70
gene, an additional protein of -70-kDa is synthesized under
normal growth conditions at 37°C and after heat shock (Fig.
2A, c and d, arrow labeled 7Oh). This protein (70 kDa, pI =

5.9) clearly separated from constitutive rat hsp70 (72 kDa, pI
= 5.6) and heat-inducible rat hsp7o (70 kDa, pI = 6.1) and has
an electrophoretic mobility and isoelectric point identical to
the human hsp7o protein expressed in human 293 cells (data
not shown). To further confirm that this protein constitu-
tively synthesized in MVH-i-pl (designated as hsp70h), but
not in Rat-1 or MV6-p cells, represents the product of the
human hsp70 gene introduced by retroviral infection, cellular
proteins resolved by two-dimensional gel electrophoresis
were transferred to nitrocellulose filters and probed with a
mixture of two mAbs, C92F3A-5 (specific against inducible
form) and N27F3-4 (specific against constitutive and induc-
ible form) (StressGen, ref. 28). Use of this mAb mixture
allows detection of all hsp70 proteins in our system. Immu-
noblot analysis of proteins separated on two-dimensional gels
(Fig. 2B) clearly shows immunologically that this additional
70-kDa protein, constitutively synthesized and accumulated
in MVH-infected Rat-1 cells, is the human hsp70 gene
product. Human hsp7o is expressed only in MVH-infected
Rat-1 cells (Fig. 2Bc) and not in control or heat-shocked Rat-1
cells (Fig. 2B, a and b). Fig. 2C shows that almost all clones
derived from Rat-1 cells infected with the MVH retrovirus (15
of 17 randomly picked and examined) express readily detect-
able human hsp7o protein. Thus, retroviral delivery consis-
tently results in significant constitutive human hsp70 gene
expression in rat fibroblasts and allows us to study the effect
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FIG. 2. hsps synthesized in Rat-1 cells and Rat-1 cells infected
with retroviruses bearing human hsp70 gene. (A) Autoradiograms
showing expression of human hsp70 protein in infected rat MVH-1-p
cells (-p means pooled population). (a) MV6-1-p cells at 3TC. (b)
MV6-1-p cells at 450C for 15 min. (c) MVH-1-p cells at 37rC. (d)
MVH-1-p cells at 450C for 15 min. All groups were labeled for 6 hr
at 3rC. Arrowhead, endogenous rat hsp70s; arrows, human hsp70
expressed in MVH-1-p cells (70h) in c and d; A, actin; V, vimentin.
(B) Immunoblot analysis. (a) MV6-1-p cells at 37rC. (b) MV6-1-p
cells heat shocked at 45°C for 15 min and then incubated at 37°C for
16 hr. (c) MVH-2-1 cells at 37°C. MVH-2-1 is an individual clone
derived from Rat-1 cells infected with MVH retroviruses. Arrow-
heads, endogenous rat hsp70s; arrow, human hsp70 expressed in
MVH-2-1 cells (7Oh). (C) Expression of human hsp70 among different
individual clones of infected Rat-1 cells. Cells grown at 3TC were
lysed in Nonidet P-40 lysis buffer (10). Equal amounts of proteins
were separated by one-dimensional gel electrophoresis, transferred
to nitrocellulose membranes, and probed with mAb C92F3A-5.
Human hsp70 is indicated by arrow at right. Rat-1, control uninfected
Rat-1 cells. MVH-1-1- and MVH-2-2- etc.; clones derived from
MVH-infected Rat-1 cells.

of selective hsp70 gene expression on cell survival after heat
shock.
The retroviral-mediated expression of human hsp70 does

not induce endogenous rat hsp70 proteins (Fig. 2B) or other rat
hsps-e.g., hsp27 (data not shown). Similar conclusions can
be drawn by comparing the two-dimensional protein patterns
in Fig. 2A, a and b: other than the presence of hsp70h in c, no
significant difference between autoradiograms is seen.

Constitutive Expression ofHuman hsp7O Protects Cells from
Thermal Stress. We used both pooled populations and indi-
vidually cloned lines of MVH-infected cells to examine the
effect of exogenous human hsp70 expression on cell survival
after heat shock. Fig. 3A shows that MV6-infected Rat-1 cells
exhibited similar clonogenic survival compared to parental
Rat-1 cells after 45, 60, or 75 min of heat shock at 45°C. In
contrast, six independent pools of MVH-infected Rat-1 cells
exhibited -100-fold higher survival after 60 and 75 min of
45°C heat treatment. Similar results were obtained when the
45°C cell survival experiments were done with individually
cloned lines of MVH-infected Rat-1 cells (Fig. 3B). These
results strongly suggest that expression of the human hsp70
gene protects cells from thermal stress.

To evaluate the protective effect ofdifferent levels ofhuman
hsp70 expression, we measured the level of human hsp70
protein at 370C in individual clones of MVH-infected cells by
flow cytometry (10). In a parallel experiment, the clonogenic
survival of these cells after 75 min of450C heat shock was also
determined. Fig. 3C shows that clones expressing more human
hsp70 protein generally survive thermal stress better than
clones expressing lower levels. Parental and MV6-infected
Rat-i cells, which do not express human hsp70, have the
lowest survival. However, increases in human hsp70 expres-
sion beyond a certain level do not yield greater thermal
protection. In Fig. 3B, degree of protection afforded by
constitutive human hsp70 expression is compared to survival
of Rat-1 cells rendered thermotolerant by a prior sublethal heat
treatment (450C for 15 min). Protection afforded by exogenous
hsp70 expression in pooled cells (MVH-p) is less than protec-
tion offered by sublethal heat treatment given 24 hr earlier
(compare Fig. 3 A and B). On the other hand, MVH-infected
clones with high constitutive human hsp70 expression appear
almost equally protected when compared to the maximally
thermotolerant Rat-1 cells (Fig. 3B).

Expression of Mutant hsp70 and Its Effects on Thermal
Sensitivity. We constructed three mutant human hsp70 genes
in the retroviral vector pMV6. The MVHA21 is an out-of-
frame deletion mutant, in which 4 base pairs (bp) beginning
with the initiation ATG were deleted. Cells infected with
MVHA21 produced no exogenous protein detectable by our
hsp70-specific antibodies (Fig. 4A, lane 3). In the two in-
frame deletion mutants MVHABg and MVHASm, segments
encoding amino acids 120-428 and 438-618 of human hsp70
were, respectively, deleted (see Fig. 1B for details). Fig. 4A,
lanes 4-6, show that in cells infected with MVHABg, but not
in cells infected with MVHASm, a protein smaller than hsp70
was readily detectable with mAbs against human hsp70. The
molecular mass of this protein in MVHABg-infected cells
(lanes 5 and 6), =40 kDa, is that ofthe expected mutant hsp70
protein with a deletion of 309 amino acids.
To test whether the absence of the expected protein in

MVHASm-infected cells (Fig. 4A, lane 4) was due to removal
of epitopes required for recognition by the mAbs, vector
pMVHP (see Fig. 1C) was used to add codons encoding the
C-terminal hexapeptide of neuropeptide substance P to the 3'
end of the hsp70-coding region of MVHASm (29). The
heterologous epitopes in hsp fusion proteins should allow
anti-substance P antibodies to detect mutant fusion proteins
that hsp70-specific antibodies cannot. Cells infected with the
immunotagged construct MVHPASm produced a 50-kDa
protein recognized by substance P-specific antibodies (Fig.
4A, lanes 12 and 13), suggesting that- cells infected with
MVHASm virus probably expressed the truncated protein as
well. For comparisons, vector pMVHP was also used to
express substance P-tagged intact human hsp70 (MVHP, Fig.
4A, lanes 10 and 11) and to construct a clone for expressing
immunotagged ABg deletion protein (MVHPABg, Fig. 4A,
lane 14). Fig. 4A (lanes 10, 11, and 14) clearly shows that
these tagged proteins were readily detectable in cells infected
with the corresponding constructs. We also examined the
protein patterns of Rat-1 cells and Rat-1 cells expressing
intact or mutant human hsp70 by labeling cells with [14C]leu-
cine followed by one-dimensional gel electrophoresis; other
than the presence of intact or mutant hsp70h, no significant
difference was seen (data not shown).

In contrast to the heat-resistant phenotype of rodent cells
expressing intact human hsp70, cell survival experiments
with pools of MVHA21- or MVHASm-infected cells showed
no change in thermal sensitivity relative to control MV6-
infected or uninfected Rat-1 cells (Fig. 4B). Cells expressing
human hsp70 with the substance P hexapeptide immunotag at
its C terminus exhibited significantly higher thermal resis-
tance when compared to the parent rodent cells, although

A

a
jr-

-N

- & W.

v -: ..
VW*,

'OZ.,
- - A.
..- .lk

- . .7 -
': -Aqj. .. +

.I- S-is - 70h



Proc. Natl. Acad. Sci. USA 89 (1992) 2039

45 60 75 90
Time at 450C (min)

v
0 30 60 90

Time at 450C (min)

103

10-4

5
1

2-2 t 2-25
mv6 only
and Rat-i + 2-24

120 10-
0 2 4 6 8

Hsp7O level

FIG. 3. Expression of human hsp70 gene confers thermal resistance to Rat-1 cells. (A) Survival at 450C of pooled MVH-infected,
MV6-infected, and uninfected Rat-1 cells. Survivals from six pooled populations of MVH-infected cells independently derived from separate
infection experiments were shown (open symbols). Each pool was derived by pooling 200-600 colonies. Survival values after 30-min heating
at 450C were clustered around 10o for all cells and were, therefore, omitted for clarity. (B) Survival at 450C of individually cloned lines derived
from MVH-infected cells. Each cell line expresses human hsp70 in the following order: m21 (highest) - m23, m24 > m25 > m22, mll (lowest).
Survival data for 24 hr-thermotolerant Rat-1 cells (24 TT, *) were shown for comparison. Thermotolerance was induced by a heat treatment
at 450C for 15 min, followed by 24-hr incubation at 37TC. (C) Monolayers of exponentially growing individual clones of MVH-infected cells (1-2
x 106 cells in 60-mm Petri dish) were exposed to 450C for 75 min, and survival was determined. In parallel experiments, relative levels of human
hsp70 in these MVH clones were measured by flow cytometry (Becton Dickinson, FACS 440), using mAb C92F3A-5 specifically against human
hsp70. Relative levels of hsp70 were estimated by mean FITC fluorescence intensity of cell population. At least 20,000 cells were analyzed for
each flow cytometry measurement. Thermal survivals of various infected cell lines were plotted against the relative level of human hsp70.
Experiments were done at least twice and yielded consistent results.

slightly less resistance when compared with cells expressing
the intact human hsp70 without the immunotag (Fig. 4B).
Cells expressing ASm-truncated human hsp70 with the same
immunotag did not increase in survival relative to parent

rodent cells; however, whether pools ofMVHPASm-infected
cells or individual clones of cells expressing high levels of
tagged mutant human hsp70 protein (hsp7OA&Sm) were used
(Figs. 4 B and C).
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extracted from the following cells: control MV6 pool (lane 1); MVH pool, expressing intact untagged human hsp70 (lane 2); MVHA21 pool (lane
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pool expressing intact untagged hsp70 (lane 9); MVHP pool expressing tagged hsp70 (lane 10); MVHP clone (lane 11); MVHPASm pool (lane
12); MVHPASm clone (lane 13); MVHPABg pool (lane 14). Substance P-tagged human hsp70 is indicated by upper arrowhead on far right,
untagged human hsp70 and its deletion mutant are indicated by arrows, and the endogenous rat hsp7i is indicated by the bar above arrows. Middle
and lower arrowheads indicate the 50-kDa and 40-kDa mutant proteins recognized by substance P antibodies, respectively. (B) Survival after
45TC heat shock of pooled MVHABg-, MVHPASm-, and MVHA21-infected cells. (C) Survival after 45TC heat shock of individual clones of
MVH-, MVHP-, MVHABg-, and MVHPASm-infected Rat-1 cells. Note significant thermal resistance in cells expressing ABg mutant protein
(MVHABg-2-8). On the other hand, thermal survival for cells expressing ASm is almost indistinguishable from uninfected Rat-1, MV6-2-1 (Rat-1
cells infected with MV6 containing only the neomycin-resistance gene) or MVHA21 cells. MVH-m21, MVH-1-10, and MVH-2-1 clones express

intact, untagged human hsp70; MVHP-1-2 cells express tagged human hsp70.
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Human hsp70 Lacking ATP-Binding Domain Can Still Pro-
tect Cells Against Thermal Stress. Interestingly, cells infected
with MVHA&Bg are more resistant to 450C heating when
compared to parental lines (Fig. 4B). When individual clones
of cells expressing high levels of intact hsp70 or mutant
hsp7OABg protein are selected, the enhanced thermal resis-
tance due to expression of this mutant hsp7OABg protein is
even more striking (Fig. 4C).

DISCUSSION

Our data provide direct evidence for a causal relation be-
tween expression of a functional form of mammalian hsp70
and survival of cells at elevated temperatures. Constitutive
expression ofhuman hsp70 protein, by itself, confers thermal
resistance. Production of hsp70 is only part of the program of
protein biosynthesis initiated after heat shock, and other
components of this response might also enhance cell survival.
This hypothesis is supported by the observation that Rat-1
cells rendered thermotolerant by a prior exposure to suble-
thal heat treatment and expressing the full panoply of hsps
can better withstand heat shock than pooled cells only
expressing exogenous human hsp70. However, the survival
difference between thermotolerant and heterogeneous pop-
ulations of recombinant Rat-i cells may also be from a

quantitative difference in the level (or concentration) of rat
and human hsp70 expressed in the respective cells before
heat shock, because clones of recombinant cells expressing
the highest human hsp70 levels are nearly as resistant to heat
shock as the thermotolerant cells.
The molecular and biochemical basis underlying the pro-

tective effect of hsp70 expression is unknown, although
hypotheses have been advanced (19, 30). To study the
mechanisms involved, hsp70 has been characterized, and
several properties have been described. Among these, the
ability of hsp70 to bind ATP and to localize to the nucleolus
after heat shock are well established (18, 31). Although the
functional significance of these properties is unknown, the
regions of the protein responsible have been delineated.
Thus, sequences in the C-terminal third of the human protein
have been shown necessary for nucleolar localization and
dispensable for ATP binding. Conversely, sequences in the
N-terminal two-thirds of the protein appear necessary for
ATP binding and dispensable for nucleolar localization. That
removal of amino acids 438-618 from human hsp70 (in ASm
mutants) abrogates both its nucleolar localization after heat
shock and thermal protective effect suggests that the former
may be important for-the latter. Whether the two properties
are linked or separable will require examination of smaller
mutations.
Our observation that removal of amino acids 120-428 from

human hsp70 (in ABg mutants), which deletes nearly half of
the protein (all from its N-terminal two-thirds), does not
affect its protection of cells from heat shock suggests that
ATP binding is unnecessary for its thermal protective func-
tion. This finding is surprising in view of the widely held idea
that ATP binding and hydrolysis modulate interactions be-
tween hsp70 and its putative targets, including nascent poly-
peptides and denatured proteins (19, 20). The binding of ATP
to hsp70 has been suggested to affect its interaction with
cellular proteins, which may, in turn, prevent detrimental
aggregation of these proteins; ATP hydrolysis presumably
allows hsp70 to dissociate from its targets and, thus, to turn
over (19,20); or alternatively, ATP binding and/or hydrolysis
by hsp70 may facilitate dissociation of protein aggregates
already formed (19). Our results suggest that ATP binding

and/or hydrolysis by hsp70 are dispensable in its protection
of cells from thermal killing. Perhaps hsp70 lacking the
ATP-binding domain can still bind to cellular proteins and
prevent their aggregation at elevated temperature; rather,
ATP binding and/or hydrolysis may be used to enable hsp70
to dissociate from its substrates or to facilitate the dissocia-
tion of aggregated proteins.
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