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A factor found in nuclear extracts of human cells bound to the heat shock element of a human heat shock
protein 70 gene. The level of this factor was significantly increased after heat shock. This induction was rapid
and was not blocked by cycloheximide, suggesting that an initial event in the response of a human cell to heat
is the activation of a preexisting regulatory factor.

Organisms from bacteria to humans respond to high tem-
peratures by synthesizing a set of protective proteins (20). In
many organisms, the heat shock response occurs via an
increase in the rate of transcription of a set of heat shock
genes. A promoter sequence responsible for this induction
has been identified and is conserved from Drosophila
melanogaster to humans (12, 16, 18, 27). This element
functions as an inducible enhancer in mammalian cells (2)
and consists of a symmetrical 14-base sequence containing 8
highly conserved bases (17). The heat shock element is
found (26) centered at base -100 of the human heat shock
protein 70 (hsp70) promoter discussed in this work, one of
several hsp70 promoters in the human genome. This pro-
moter is expressed in the absence of heat, and this basal
expression is dependent on elements distinct from the heat
shock element (27). When HeLa cells are incubated at 43°C,
transcription from this promoter increases approximately
10-fold. Mutational analysis suggests that the heat shock
element centered at base -100 is primarily responsible for
this increase (27).
To detect a human factor that might be involved in heat

shock induction, we prepared nuclear extracts from HeLa
cells that were growing at 37°C and from cells that had been
growing at 43°C for 1 h. We incubated increasing amounts of
these extracts with a radiolabeled DNA fragment containing
bases -148 to -74 of the human hsp7o promoter. Previous
studies have shown that specific binding of a factor to a DNA
fragment will retard the mobility of that fragment through a
nondenaturing polyacrylamide gel (4, 6). When these reac-
tion mixtures were subjected to electrophoresis through
such a gel, several retained bands appeared in the lanes
containing extracts from heat-shocked cells. The most prom-
inent was characterized in detail (Fig. 1, band H). This band
was present at much lower levels when extracts from nor-
mally growing cells were used. The amount of this band
increased approximately linearly with increasing amounts of
nuclear extract, indicating that the protocol provides a
reliable estimate of the amount of the responsible factor in an
extract. The level of this factor increased five- to sevenfold
in extracts from heat-induced cells. This result compares
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favorably with the approximate 10-fold induction of this
human hsp70 promoter upon heat shock (27).
To control for trivial differences between extracts in the

ability to see sequence-dependent binding, we used a radio-
labeled fragment containing bases -188 to -74 of the same
human hsp70 promoter. This fragment contains the sequence
CCAAT centered at base -149. Nuclear extracts contain a
factor that binds specifically to this sequence (12a), and
binding of this factor retards the mobility ofDNA fragments
through gels slightly less than binding of the heat-induced
factor (R. E. Kingston, manuscript in preparation). The
amount of CCAAT-binding factor was equivalent in heat-
shocked and normal cells, in marked contrast to the results
with the heat-induced factor (Fig. 1, band C).
We wished to determine what sequences were necessary

for binding of the heat-induced factor. We attempted to
inhibit binding by adding to the reaction unlabeled DNA
fragments that either did or did not contain a heat shock
element (Fig. 2). All fragments that contained this element
successfully competed for binding, while fragments that
contained other promoter elements did not (Fig. 2, band H).
Notably, a fragment containing a Drosophila melanogaster
heat shock element competed efficiently for binding. The
bases of the heat shock elements represent the only homol-
ogy between this promoter fragment and the human hsp70
promoter fragment, suggesting that this sequence is respon-
sible for the observed interaction.
To characterize the binding interaction more precisely, we

performed methylation interference studies (22). A methyl-
ated fragment containing bases -148 to -74 was incubated
with nuclear extract prepared from heat-shocked cells.
Bound and free fragments were separated by nondenaturing
polyacrylamide gel electrophoresis. Analysis of the G resi-
dues that were N-7 methylated in each fraction indicated that
methylation of three G residues on the plus strand and two G
residues on the minus strand inhibited binding of the heat-
induced factor (Fig. 3). These bases are all included within
the 14-base heat shock element. While the eight highly
conserved nucleotides within this element are symmetrical,
binding was not completely symmetrical. Methylation of a G
at base -94 inhibited binding, while methylation of the
symmetrical G opposite base -107 did not inhibit binding.
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FIG. 1. Heat-shocked extracts contain increased amounts of a factor binding in the region of the heat shock element. Nuclear extracts
were prepared from 1 liter of HeLa cells by the method of Dignam et al. (3) immediately after 1 h of incubation at 43°C (43°C extract, lanes
1 to 3 and 8 to 10) or from cells growing normally at 37°C (37°C extract, lanes 4 to 6 and 11 to 13). The indicated amounts of extract (lanes
1, 4, 8, and 11 10 ,ug of protein; lanes 2, 5, 9, and 12 3.3 ,ug of protein; lanes 3, 6, 10, and 13 1 ,ug of protein; and lanes 7 and 14, 0 ,ug of protein)
were incubated with an end-labeled DNA fragment for 30 min at 30°C and subjected to electrophoresis on a 4% nondenaturing polyacrylamide
gel. The labeled fragment contained bases -148 to -74 (lanes 1 to 7) or bases -188 to -74 (lanes 8 to 14) of the human hsp70 promoter.
Binding reaction mixtures (20 ,ul) contained 12 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH 7.9), 12% (vol/vol)
glycerol, 60 mM KCI, 0.12 mM EDTA, 0.3 mM phenylmethylsulfonyl fluoride, 0.3 mM dithiothreitol, 2 mM MgCl2, 100 jLg of
poly(dI-dC) poly(dI-dC) per ml, approximately 0.2 ng of the indicated labeled DNA, and the indicated amount of extract protein. H,
Heat-induced factor; C, CAAT-binding factor; FREE, unbound DNA; HS BOX, location of the heat shock element; CAT, location of the
sequence CCAATC.

The binding interaction was characterized further by
DNase I footprinting (5). Binding reaction mixtures were
briefly treated with DNase I immediately before separation
on a preparative nondenaturing polyacrylamide gel. Com-
parisons of the bound and free fractions indicated that
approximately 25 nucleotides were partially protected from
DNase (Fig. 3). This protected region was centered slightly
to one side of the symmetrical eight-base heat shock ele-
ment. The DNase protection pattern was offset in the same
direction relative to the heat shock element as the methyla-
tion interference pattern.
How rapidly does heat induce the ability of this factor to

bind DNA? Nuclear extracts were prepared from HeLa cells
that had been incubated at 43°C for various amounts of time,
and equal amounts of extracted protein were analyzed by
using the gel retention assay described above (Fig. 4). The
level of the heat-induced factor was near maximal at 20 min
and did not change significantly through 2 h of heat shock
induction (Table 1). In contrast, the level of the CCAAT-
binding factor decreased slightly over this time.

The rapid induction of the ability of this factor to bind
argues against de novo synthesis of the factor and in favor of
modification of a pre-existing factor. To test directly whether
protein synthesis is necessary for activation of the factor, we
incubated HeLa cells in 25 jxg of cycloheximide per ml for 45
min prior to heat shock. Although cycloheximide increased
the amount of the heat-induced factor in normal cells, the
level of this factor remained heat inducible, and the amount
of heat-shocked cells was similar in the presence or absence
of cycloheximide (Table 1). These data suggest a model in
which heating the cells results in modification of the DNA-
binding capability of a preexisting factor. Alternatively, the
factor could be sequestered in an insoluble or nonnuclear
form that is mobilized by heat shock.
We have detected a heat-inducible DNA-binding factor in

human nuclear extracts that binds to the heat shock element
of a human hsp70 promoter. Deletion of the sequence that
binds the factor eliminates the heat inducibility of this
promoter in transfected cells (27). These data suggest that
this factor plays a direct role in stimulating transcription
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FIG. 2. Competition of the heat shock-specific band with fragments containing the heat shock element and nonspecific fragments. Nuclear
extracts were prepared and incubations were done as described in the legend to Fig. 1 (lanes 2 to 13, 3 p.g of protein; lanes 1 and 15, 0 ,ug
of protein; and lane 14, 6 jig of protein). Extracts were incubated with approximately 0.4 ng of an end-labeled DNA fragment containing bases
-188 to -74 of the human hsp70 promoter (lanes 1 to 13) or approximately 0.8 ng of a 40-base-pair synthetic oligonucleotide containing the
heat shock element (lanes 14 and 15). Incubation mixtures also contained nonradioactive competitor DNA (in a 10- or 40-fold molar excess
as indicated): lanes 1 and 12 to 15, no competitor; lanes 2 and 3, bases -85 to +5 of the hsp70 gene (no heat shock element); lanes 4 and 5,
bases -188 to -74 of the hsp 70 gene (heat shock element at base -100); lanes 6 and 7, a 310-base-pair fragment of a D. melanogaster heat
shock gene containing three heat shock elements (XhoI [base -200] to EcoRI [base +110], of plasmid pSP6-HS-9 [30]), derived from cloned
fragment 232 described by Holmgren et al. (10); lanes 8 and 9, a 39-base-pair double-stranded synthetic oligonucleotide containing the CAAT
sequence (top strand, 5'-CA CCG TCG ATT TCC CTT CTG AGC CAA TCA CCG AGC TCG A); and lanes 10 and 11, a 36-base-pair
double-stranded synthetic oligonucleotide containing the heat shock element (bases -115 to -80 of the human hsp70 promoter). DNA
concentrations were estimated by agarose gel electrophoresis.

from human heat shock promoters. Purification of the factor
will be necessary to test this hypothesis.
A factor with similar characteristics has been detected in

D. melanogaster (15, 28, 29). It is not clear at this time to
what extent the drosophila and human factors are similar.
Extensive alkylation interference studies characterizing the
binding of the drosophila heat shock transcription factor to
its binding site show a marked similarity to the studies
presented here on the human factor (21). When one binding
site is used, both factors show somewhat asymmetrical
recognition of the palindromic heat shock element. The
drosophila factor binds to two adjacent sites in the
drosophila hsp70 promoter region, the more distal of which
has a significantly lower binding affinity (23). In addition to
the good heat shock recognition consensus sequence cen-

tered at base -100 of the human hsp70 promoter, there are
two sequences with limited homology (5 of 8 bases match the
8-base consensus sequence) centered at bases -86 and
-110. When nuclear extracts from heat-shocked cells were
used in the retention assay, we saw three bands representing
binding to this region (Fig. 1). The major band represented

TABLE 1. Activity of the human heat-induced factor in nuclear
extracts of heat-shocked and non-heat-shocked HeLa cellsa

Amt of heat-induced factor in extracts in expt:

Time (min) 2
at 430C
at43~C1 Cycloheximide Cycloheximide

absent present

0 1.0 1.0 3.7
20 5.4 ND ND
60 6.3 7.4 13.3
120 7.1 ND ND

aNuclear extracts were prepared from 1 liter of HeLa cells immediately
after incubation at 43°C for the indicated times. Activity was assayed as
described in the legend to Fig. 1, and the values reported reflect the slope of
the linear plot through a three-point concentration curve. Points on the curve
were determined by cutting the band labeled H in Fig. 1 out of a dried 4%
nondenaturing polyacrylamide gel and counting in a scintillation counter. The
amount of heat-induced factor in the non-heat-shocked extract was arbitrarily
assigned a value of 1.0. Cycloheximide, when present, was added to 25 pLg/ml
45 min prior to the temperature shift. Cycloheximide inhibited 97% of protein
synthesis in the experiment presented as measured by the incorporation of
[35S]methionine into an acid-insoluble form. ND, Not done.
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FIG. 3. Characterization of a human factor binding to the heat
shock element. Methylation interference (DMS, lanes 3 to 8) and
DNase protection (DNase, lanes 1, 2, 9, and 10) analyses of binding
to the heat shock element were performed with label on either the
bottom (A) or top (B) strand. Methylation-specific cleavage of DNA
is represented as follows: lanes 3 and 6, DNA not incubated with
extract (G ladder); lanes 4 and 7, DNA retained on a nondenaturing
gel; lanes 5 and 8, free DNA from the retention gel. DNase
protection is represented as follows: lanes 1 and 10, bound DNA
after DNase treatment; lanes 2 and 9, free DNA after DNase
treatment. DNase samples in each panel were run on the same gel as
the methylation samples, so the ladder reaction (lanes 3 and 6)
provides size markers for the DNase protection. The sequence of
the human hsp70 promoter used is shown at the bottom of the figure.
Large letters indicate the heat shock consensus sequence (C--GAA-
-TTC--G) (17). Arrows indicate G residues underrepresented in
bound DNA in the methylation interference studies; brackets sum-
marize DNase protection boundaries. In panel A, binding reactions
(100 ,ul) were done as described in the legend to Fig. 1 but the
mixtures contained 3 ng of a fragment containing bases -148 to -74
and 16 1Lg of extract. In panel B, reaction mixtures contained 8 ng of
a fragment containing bases -148 to -74 and 16 ,ug of extract.
Bound and free fragments were eluted and analyzed as described by
Gilman et al. (7).

binding to the sequence centered at base -100 (Fig. 3). We
have been unable to determine whether the other bands
represent a complex that binds to the adjacent sequences.
Mammalian cells respond to numerous environmental

signals by rapidly increasing the expression of a set of
specific genes. Of fundamental importance is the mechanism
by which the stimulatory signal affects gene expression. A
recently characterized example that is similar in some as-
pects to heat shock induction is the stimulation of c-fos
transcription observed immediately after the exposure of
cells to certain growth factors (9, 11, 13). The sequence

I4,FREE
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FIG. 4. Time course of induction of the heat-induced human
factor. HeLa cells (1 liter) were incubated for the indicated times at
43°C, and nuclear extracts were immediately prepared. Extract
protein (6 ,ug) was analyzed by the gel retention assay described in
the legend to Fig. 1. An end-labeled fragment spanning bases -188
to -74 was used in the experiment. Abbreviations as for Fig. 1.

responsible for this stimulation has been mapped, and a
factor that binds to it has been detected (7, 24, 25). In this
instance, the binding activity of the protein does not appear
to be increased after stimulation by growth factors, suggest-
ing that regulation involves other components.

It has been proposed that the induction of the heat shock
response involves the activation of a preexisting factor via a
mechanism involving denatured proteins (1, 8, 14). The data
reported here lend experimental support to this model and
suggest that the activated human factor binds directly to the
heat shock element. In contrast to the stimulation of c-fos
expression, the ability of the factor to bind to the heat shock
element in a sequence-specific manner is altered by exposure
to heat. The activation of a preexisting receptor protein is
responsible for the induction of the mouse mammary tumor
virus promoter by glucocorticoids, which also occurs with
rapid kinetics (19, 31). These observations imply that the
rapid induction of mammalian gene expression can occur by
multiple mechanisms. The data presented here suggest that
human nuclear extracts may be used to develop in vitro
assays for the activation of this mammalian factor, thus
allowing dissection of the mechanism of heat shock induc-
tion in human cells.
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