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Multiple heat shock transcription factors (HSFs) have been discovered in several higher eukaryotes, raising
questions about their respective functions in the cellular stress response. Previously, we had demonstrated that
the two mouse HSFs (mHSF1 and mHSF2) interacted differently with the HSP70 heat shock element (HSE).
To further address the issues of cooperativity and the interaction of multiple HSFs with the HSE, we selected
new mHSF1 and mHSF2 DNA-binding sites through protein binding and PCR amplification. The selected
sequences, isolated from a random population, were composed primarily of alternating inverted arrays of the
pentameric consensus 5'-nGAAn-3', and the nucleotides flanking the core GAA motif were nonrandom. The
average number of pentamers selected in each binding site was four to five for mHSF1 and two to three for
mHSF2, suggesting differences in the potential for cooperative interactions between adjacent trimers. Our
comparison of mHSF1 and mHSF2 binding to selected sequences further substantiated these differences in
cooperativity as mHSFI, unlike mHSF2, was able to bind to extended HSE sequences, confirming previous
observations on the HSP70 HSE. Certain selected sequences that exhibited preferential binding of mHSF1 or
mHSF2 were mutagenized, and these studies demonstrated that the affinity ofan HSE for a particular HSF and
the extent of HSF interaction could be altered by single base substitutions. The domain of mHSF1 utilized for
cooperative interactions was transferable, as chimeric mHSF1/mHSF2 proteins demonstrated that sequences
within or adjacent to the mHSF1 DNA-binding domain were responsible. We have demonstrated that HSEs can
have a greater affinity for a specific HSF and that in mice, mHSF1 utilizes a higher degree of cooperativity in
DNA binding. This suggests two ways in which cells have developed to regulate the activity of closely related
transcription factors: developing the ability to fully occupy the target binding site and alteration of the target
site to favor interaction with a specific factor.

Heat shock transcription factor (HSF) is known to be the
transcriptional activator responsible for the inducible expres-
sion of genes such as HSP70 (1, 16, 21, 23, 33, 36, 37, 40).
However, multiple distinct HSFs have been isolated from the
human, mouse, chicken, and tomato genomes, demonstrating
that HSF is a family of factors (24, 27, 30-32). Subsequent
experiments have demonstrated that the HSF family members
respond to different stimuli (29, 35). HSF1 is a monomeric
protein that is latent in the cytosolic and nuclear compart-
ments. In response to environmental stress such as heat or
heavy-metal treatment, HSF1 is rapidly activated within min-
utes-a process that involves oligomerization to a trimeric
form, phosphorylation, complete nuclear translocation, and
binding to the heat shock element (HSE) of stress-responsive
genes such as HSP70 (1, 4, 5, 16, 23, 29). HSF1 has been
unambiguously shown to be the major factor induced during
heat stress (29). In contrast, HSF2 is relatively unaffected by
heat and although many treatments have been examined, only
hemin treatment of K562 erythroleukemia cells has been
shown to activate HSF2 (35). The activation of HSF2 is much
slower, requiring hours, and proceeds through oligomerization
and nuclear translocation; however, HSF2 is not phosphory-
lated. Recent biochemical studies of human HSF2 have
strongly suggested that it is a dimer in the control or latent
form (22). As yet there is no evidence regarding the composi-
tion of this dimer; however, this apparent difference in the
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control forms of HSF1 and HSF2 suggests distinct regulatory
mechanisms.
The HSE, with which HSF interacts, has been previously

defined as an array of adjacent inverted pentamers with the
consensus sequence 5'-nGAAn-3' (2, 41). The HSE in the
promoter of the human HSP70 gene is composed of five
pentameric binding sites arranged as adjacent inverted arrays.
Three of these repeats match the current consensus, 5'-
nGAAn-3', and two repeats deviate from the consensus al-
though they have the essential G at the second position. In vivo
footprinting analysis revealed that heat-induced HSF1 was

bound to all five repeats of the HSP70 HSE, whereas hemin-
induced HSF2 failed to contact the first repeat (1, 35). In vitro
footprinting with recombinant mouse HSFs (mHSFs) substan-
tiated this result (18). Studies with Drosophila HSF (dHSF)
demonstrated the basic nature of the HSE and that HSF
utilizes cooperative interactions to achieve specificity and
high-affinity interactions with its target site (25, 42). Addition-
ally, studies with yeast HSF and dHSF have demonstrated that
the cooperative interactions between HSF trimers are neces-
sary for HSF activation of transcription (3, 8). These studies
have been very informative; however, since there are multiple
HSFs in higher eukaryotes and yeasts and Drosophila melano-
gaster have only a single HSF, we wondered if each HSF would
have similar or distinct properties.
To address this issue, we determined the DNA-binding

specificities of mHSF1 and mHSF2 by random oligonucleotide
selection (26). In contrast to mutagenesis, this is an unbiased
method for the analysis of binding sites, as the protein selects
the preferred binding sequences from a random pool of
possible sites. This protocol has been successfully used to
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examine the DNA-binding characteristics of several transcrip-
tion factors including c-fos, myoD, SRF, and the GATA family
of factors (7, 17, 20, 26). In some instances, information to
guide the preparation of binding-site probes that were partially
random and anchored at known nucleotides was available (7).
In other instances, the binding site was unknown and totally
randomized probes were utilized (26).

Utilizing a completely random pool of sequences, we have
isolated new mHSF1 and mHSF2 binding sites. Our analysis
has defined the sequence of the HSE for both mHSFs and was
consistent with the definition of the HSE developed in previ-
ous studies, 5'-nGAAn-3'. Our studies have further demon-
strated that there are differences in the abilities of mHSF1 and
mHSF2 to bind to certain arrangements of repeats and that
mHSF1 has a greater capacity to bind DNA cooperatively.

MATERIALS AND METHODS

Purification of proteins. mHSF1 and mHSF2 were purified
to near homogeneity by utilizing a T7 expression system in
BL21-DE3 bacteria essentially as described previously, except
that recombinant mHSF1 was chromatographed through an
S-Sepharose column after the heparin-Sepharose step (18).

Plasmid DNAs. pBluescript KS- was used for all clonings of
the selected oligonucleotides (Stratagene). p89XL-CAT con-
tains 1,800 bp of the human HSP90 promoter fused to chlor-
amphenicol acetyltransferase and was a gift of Eileen Hickey
and Lee Weber (14).
Random oligonucleotide selection. We utilized the protocol

of Pollack and Treisman and synthesized a 77-bp oligonucle-
otide, 5'-CAGGTCAGTTCAGCGGATCCTGTCG-(N)27-G
AGGCGAATTCAGTGCAACTGCAGC-3' (where N is any
nucleotide), and primers complementary to each end (26).
Primer F was 5'-GCTGCAGTTGCACTGAATTCGCCTG-3',
and primer R was 5'-CAGGTCAGTTCAGCGGATCCT
GTCG-3'. The 77-mer was purified on an 8% denaturing
acrylamide gel and used to prepare a probe for gel shift
analysis. The 77-mer oligonucleotide was labeled and made
double stranded by annealing primer F and extending the
bottom strand with Klenow fragment in the presence of
[a-32P]dCTP as described previously (26). Approximately 5 ng
of labeled probe and 1 ,ug of poly(dI-dC) * poly(dI-dC) were
mixed with 10 nM mHSF1 or mHSF2 and incubated at 25°C
for 30 min as described previously. The extended binding
reaction permitted the proteins to cycle through several asso-
ciation and dissociation events, leading to the isolation of
higher-affinity selected sequences. The binding reaction mix-
ture was then subjected to electrophoresis on a 4% (40:1)
acrylamide gel in 0.25X Tris-borate-EDTA buffer for 2 h at
150 V. The gel was dried and exposed to XAR-5 film at -70°C
overnight. The mHSF1 shift was composed of two complexes,
A and B, with B the more slowly migrating of the two, as noted
previously (18). The mHSF2 complex was composed primarily
of a single band designated U. For the subsequent rounds of
selection, the mHSF1 B and mHSF2 U shifted DNA com-
plexes were excised from the dried gel and incubated in 200 [lI
of 10 mM Tris-HCl, pH 8.0, for 3 h at 37°C. Ten microliters of
the eluted DNA was used in a PCR to make probe for the next
round of selection. PCR conditions were 10 mM Tris-HCl, pH
8.8; 50 mM KCl; 6 mM MgCl2; 1 mM dithiothreitol; 0.18 ,iM
primers F and R; 10 jiCi of [a-32P]dCTP; 50 jiM each dATP,
dTllP, and dGTP; and 20 jiM dCTP. The final reaction volume
was 100 plA, and the parameters were 20 cycles at 94°C for 1
min, 62°C for 1 min, and 72°C for 1 min. In subsequent rounds
of selection, 1.5 nM protein was used in the binding reaction
mixture. After five rounds of selection by mHSF1 and mHSF2,

both pools of amplified oligonucleotides were digested with
BamHI and EcoRI and cloned into Bluescript KS- (Strat-
agene). The blue and white colony selection method was used
to identify possible recombinants, and the composition of the
insert was determined by dideoxy sequencing of denatured
double-stranded templates (28). After the third round of
selection, we sequenced some clones to check our selection
process and found that the random region varied from 23 to 27
nucleotides in length. This was likely due to sequence hetero-
geneity of the original 77-base oligonucleotide that was not
detected during gel purification; however, it did not affect the
isolation or interpretation of selected sequences.

Preparation of labeled probes. To determine the relative
affinities of mHSF1 and mHSF2 for selected and natural
sequences, PCR was used to amplify the selected oligonucle-
otide probes (15). The T7 and T3 promoter primers comple-
mentary to Bluescript KS- were used to prepare single
end-labeled probes. This was accomplished by labeling the T7
primer to high-level specific activity with T4 DNA kinase for
use in the PCR (15). PCR buffer conditions were as described
above. The T7 and T3 primers were added at 0.25 jiM, and the
parameters were 30 cycles at 94°C for 1 min, 50°C for 1 min,
and 72°C for 1 min followed by 5 min at 72°C. The labeled
probe was purified of free primer and nucleotide by addition of
0.25 volumes of 8 M ammonium acetate, 5 jig of glycogen, and
1 volume of isopropanol. After 10 min at 25°C, the labeled
probe was recovered by centrifugation (12,000 x g, 10 min).
The integrity and purity were checked by electrophoresis on a
10% (19:1) polyacrylamide gel. The concentration of the
labeled DNA was estimated by a direct spectrophotometric
analysis of the entire sample (400 ,ul) at 260 nm.

Active protein determination and equilibrium DNase I
footprinting. Footprinting reaction mixtures were established
and treated with DNase I as described previously, except that
the template concentration for each reaction was 10-10 M
except when indicated otherwise and the binding reaction was
performed in a 100-pul volume (11, 18). The binding reaction
was determined to be at equilibrium by 1 to 2 min as judged
by DNase I protection. To ensure equilibrium, all reaction
mixtures were incubated for 20 min prior to DNase I digestion.
The specific activity of the mHSF1 and mHSF2 protein
preparations was determined by titration of DNase I protec-
tion with a known amount of unlabeled DNA. Binding reaction
mixtures with 1.6 x 10`0 M labeled 1B5-34 DNA and -6 x
10-9 M HSF trimer were adjusted with various amounts of
unlabeled 1B5-34 so that the final DNA concentrations were
1.6 x 1010 to 2.02 x 10-8 M (see legend to Fig. 3). DNase I
footprinting was performed, and the extent of protection was
determined by direct quantitation with a PhosphorImager
(Molecular Dynamics, Sunnyvale, Calif.). We determined the
point at which the level of protection from DNase I cleavage
was reduced to 50%. The total concentration of active protein
[PJ] at this point was estimated by the equation [PJ] = Kd +
1/2[D,], where Kd is the apparent equilibrium constant and [DJ]
is the total concentration of DNA in the reaction mixture. By
utilizing a high-affinity binding site (lB5-34) at a low DNA
concentration (0.16 nM) and an excess of HSF (-6 nM), we
were able to calculate the amount of active protein in each
HSF preparation with little error and without the necessity of
reiteration. The 1B5-34 Kd values (=0.2 nM) for mHSF1 and
mHSF2 would contribute only minimal error to the calcula-
tion, and it is likely, as stated below, that the apparent Kd
values for HSF binding to this site may actually be lower.
The apparent Kd values for mHSF1 and mHSF2 binding to

selected and natural sequences were determined by direct
quantitation of the dried gels with the Phosphorlmager. The
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DNA concentration in each reaction mixture was held constant
at 10-10 M, and the amount of mHSF1 or mHSF2 was varied
from below to above this fixed DNA concentration (see figure
legends for specific concentrations). The results were ex-
pressed as the percentage bound versus the log of the active
HSF concentration, and the data were fitted to a sigmoidal
binding equation with the Igor program (Wavemetrics, Inc.,
Lake Oswego, Wash.). This program calculated the curve that
best fit the data by reiterative passes and estimated the
apparent Kd from the midpoint of this fitted curve.

Chimeric HSF construction and footprinting. Chimeric
HSFs were prepared by digestion of the PETmHSF1 and
PETmHSF2 clones with SphI. The factors share an SphI site at
amino acids 179 of mHSF1 and 167 of mHSF2. Additionally,
there is an SphI site in the PET3a vector at nucleotide position
654, upstream of the T7 promoter. The two resulting fragments
from each SphI digestion were gel purified. The large SphI
fragment that contains most of the PET3a and mHSF1 C-
terminal sequences was ligated to the N-terminal SphI frag-
ment from the PETmHSF2 vector. The resulting construct,
HSF2DBD/HSF1, has amino acids 1 to 167 of mHSF2 and
amino acids 180 to 503 of mHSF1. The fusion of the fragments
at the SphI site preserved the reading frame, and a chimeric
protein was produced. An identical protocol was used to create
the chimera HSFlDBD/HSF2, which has amino acids 1 to 179
of mHSF1 and 168 to 517 of mHSF2. These chimeric proteins
were expressed in BL21-DE3 bacteria as soluble proteins with
isopropyl-,-D-thiogalactopyranoside induction, and the DNase
I footprinting was done as described above with lysates of
induced bacteria.

RESULTS

Analysis of recovered HSF binding sequences. We utilized
the purified mHSF1 and mHSF2 proteins to select new binding
sequences. We prepared a labeled 77-bp oligonucleotide,
randomized in the middle 27 bp; established binding reactions
with mHSF1 and mHSF2; and amplified the bound DNA as
described in Materials and Methods. This procedure was
repeated a total of five times, and then the recovered oligonu-
cleotides were cloned. All of the mHSF1- and mHSF2-selected
sequences that were characterized are presented in Fig. 1A
and B, respectively. The cloned sequences were analyzed for
the presence of potential HSF binding sites through nucleotide
alignment. Our analysis was guided by the knowledge of known
HSF binding sites such as those found in the mammalian
HSP70, HSP90, and small HSP promoters, as well as the
current consensus site (2, 41). We examined each selected
sequence for appropriately spaced guanine residues and then
examined the flanking nucleotides to determine the number of
potential pentameric repeats present in each oligonucleotide.
On the basis of this alignment, we were able to confirm that
5'-nGAAn-3' was the consensus sequence for an HSE pen-
tamer selected by mHSF1 or mHSF2. After aligning the
various selected sequences, we noted a difference in the
number of potential pentamers selected in each binding site by
mHSF1 and mHSF2, and this is graphically demonstrated in
Fig. 1C. mHSF1 and mHSF2 selected an average of four to five
and two to three pentamers per binding site, respectively.
Notably, the number of pentamers per binding site selected by
mHSF2 was skewed toward two to three. This was of interest,
since we had examined some clones after three rounds of
selection and noted that the populations selected by both
mHSF1 and mHSF2 were predominantly composed of two to
three pentameric repeats (data not shown). Thus, with re-
peated binding and amplification, mHSF1 selected oligonucle-

otides from the population that had an average of four to five
pentamers per binding site. In contrast, the average number of
pentamers per binding site selected by mHSF2 did not increase
with further selection. One interpretation is that, in contrast to
that of mHSF1, the stability of mHSF2 binding was not
enhanced by the binding of adjacent trimers on a single
oligonucleotide. This point is further substantiated below.
The initial alignment of all mHSF1 and mHSF2 monomeric

selected sequences (5'-nGAAn-3') suggested that there was
little preference for nucleotides in the first and fifth positions.
However, a subsequent alignment of dimeric selected se-
quences (5'-nGAAnnT7Cn-3') demonstrated that there was a
preference for nucleotides in these positions. The nucleotide
frequencies at each position were calculated and used to derive
consensuses for mHSF1 and mHSF2 binding: 5'-aGAA(c/t)
gTTCg-3' and 5'-(a/g)GAAnnTTC(g/t)-3' (capital letters indi-
cate the core nucleotides of each pentamer), respectively (Fig.
2). This analysis demonstrated that there was a preference for
particular nucleotides adjacent to the conserved guanine (2
and 2') residues and that these were different depending on the
position of the pentamer within the binding site. In the
mHSF1-selected sequences, there was a distinct alternating
appearance of adenine and cytosine in the first position of the
pentamer (positions 1 and 1'). There was also strong selection
against thymine in the first position (1 and 1') and adenine and
guanine at the fifth position (5 and 5'), which is consistent with
previous studies that utilized partially purified human HSF1
(10). The consensus for mHSF2 binding also demonstrated
some preference in the "n" positions, as adenine or guanine
was favored in position 1 and adenine or cytosine was favored
at the 1' position. This demonstrated that mHSF1 and mHSF2
recognized similar, but not identical, consensus sequences.

Equilibrium DNase I footprinting: determination of active
protein concentration. To reveal possible differences in
mHSF1 and mHSF2 affinity for selected HSEs, we used
quantitative DNase I footprinting (19). All probes were pre-
pared by PCR amplification of selected binding sequences with
the flanking T7 and T3 primers, as described in Materials and
Methods. Initially, we measured the amount of active mHSF1
and mHSF2 protein in our purified preparations with the
mHSF1-selected template 1B5-34 (Fig. 1A), a site that both
HSFs bound with high affinity. Equilibrium binding reaction
mixtures with 6 nM trimer of either mHSF1 or mHSF2 and
0.16 nM 1B5-34 DNA were established in the presence of
various amounts of identical unlabeled 1B5-34 and treated
with DNase I (Fig. 3A). As the total concentration of 1B5-34 in
the binding reaction mixture was increased from 0.16 to 20.2
nM (Fig. 3A, lanes B to K and M to U), both mHSF1 and
mHSF2 DNase I footprints were titrated or inhibited by
competition by the unlabeled 1B5-34. We quantitated the level
of DNase I protection in each lane and determined the amount
of unlabeled 1B5-34 that resulted in a 50% decrease in the
level of protection (Fig. 3B). The active protein concentration
was calculated as described in Materials and Methods, and
values of 2.25 and 5.9 nM for mHSF1 and mHSF2 were
obtained, corresponding to 43 and 98% active protein, respec-
tively. In subsequent footprinting experiments, we evaluated
the level of protection from DNase I cleavage and correlated
this with the amount of active protein.

Binding of mHSFI and mHSF2 to certain selected se-
quences mimics interactions on the HSP70 promoter. Our
previous analysis of mHSF1 and mHSF2 binding to the HSP70
HSE demonstrated that mHSF1 protected all five sites and
that mHSF2 protected only sites 2 through 5 (18). To reeval-
uate our original result in the context of the present experi-
ments, we cloned an oligonucleotide containing the HSP70
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HSF1 SELECTED SITES B
1B5-4 cgCGCagGAAggttgtaaatgctgaccgaggcg
1B5-15 cgATCtg_TGgttagcggttggatgctttcgaggcg
1B5-18 cgatgtttggcGAAtgTTCtaatcttgaggcg
1B5-21 cgGACctGTTtatcgtcggagggaacgaagaggcg
1B5-24.1 cggaatacaaatttcagT_TcaGMaggagcg
1B5-32 cgagaatattggagaagcGCAgt ICagaggcg
lB5-36 tGTC aQMctttacgCCAcaTCgttccgagaggcg
lBS-39 cgacacggctttaagCCatGacatgcgaggcg

1B5-24 cgggTTtgGAAagAcagattgagaggcg
1B5-24.2 cgQGtaGAttTTC cagcttttagaggcg
1B5-26 cgtagtagggGAItgTTCgaAttcgata....
1B5-33 cgatgtaGAAcgC_TtcGAttgtggaggcg
1B5-37 cgaccGTTacCACatGACtaagactcgaggcg
1B5-38 cgactGAAtgGTCgaGA&gatttggagaggcg
1B5-1 cgtaattatatacgcTTC afLAgtTTC aGGCg
1B5-6 cgtagTTCgaGAAtg_gagAAgaagaggcg
1B5-7 tGTC aTtaQMca=tctcctgctacgaggcg
1B5-8 tGTC cQKcafzMcgTtgcgttccagtgaggcg
lB5-9 cgGTAggTACqgtGAcaTTCtaattacatgaggcg
lB5-16 cggggggagGMgaAq aG cACagaggcg
1B5-17 cAAggGTCgaCActTgaaccagctggaggcg
1B5-20 c_ATacTTC aaGAatTcgaggcgaggcg
1B5-22 cgaacctattaT=aQAAca=atMaggc9
1B5-23 cGAGaaTtcGAatTTcttagtcggaggcg
lB5-25 cgagattagctgT_Tta__AtgTACcaQAQgcg
1B5-28 cggagaatgcagtaTTCatGAtgCGqgaGCQg
1B5-31 cGAtaATCgaGAttATCtatgtcactagaggcg
1B5 -2 cgagattQMagTctQMagAMacQAQgcg
1B5 -3 cgggtATCqgGAtaCACqggAacTTCtgaggcg
1B5-5cgagcta-gSatUjQca gTTqgcGAG cg
1B5-11 cgaccggggag_caZACga_IActTTC aQGCg
1B5 -13 cGAGtg=taGAca-CCga_GAtattgaggcg
1B5-14 tGTC aQATtTgttGAAtg=cactcctgaggcg
1B5 -27 cGAAatOCCcaGTAta TCga M tgcgaggcg
1B5 -29 cgcgagggQMca=caQMtgATgCaQg
1B5 -34 cgttc=tgTQAIgTTCtg Mgg2CCcgaggcg
1B5-35 cggactaaGAAgaTTcGAggaTTCaaGG
lB5-40 cQKTgcTAQtaQA&ggTacQAGtagaggcg
1B5-10 cAtcGAtaQMtaGcTgttGAGq
1B5-12 tGTCqaGAtgTggqG cgATagGGTga.GCg
lB5-30 c_CTtgQKaqgat_TGtaGAActGTC aaCQ
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HSE into Bluescript and used a PCR-amplified template for
DNase I footprinting. We confirmed our previous results-
specifically, that mHSF1 contacted all five pentamers and that
mHSF2 failed to contact the first pentamer of the HSP70
HSE-with this new clone (Fig. 4A). The footprints are of the
bottom strand and have DNase I protection boundaries iden-
tical to those reported previously (18). The apparent Kd values
for the binding of mHSF1 and mHSF2 to the HSP70 HSE were
calculated to be 0.83 and 2.9 nM, respectively (Table 1), and

HSF2 SELECTED SITES

2U5-1
2U5-3
2U5-6
2U5-10
2U5-24
2U5 -25
2U5-26
2U5-34
2U5 -36

cgaagATCtgzAAcactgaccatccgaggcg
cgcgfAAMgg=Ttatacgaccttgaggcg

cggtAGCacGAtctggaaaacctagaggcg

cgtagttAICtcGAAgcaT=ggzA&gaggcg
cgtgGAcaCTCggtGAAcgTTCcgtccggaggcg

cgacaagtagtaGAtcTTCggacgcgaggcg
cGAAqgAGCggaGA&gtATCagaagaggcg

cgattaggaacaaagGATtalI£cataaggaggcg
2U5-2 cggggtagtatgctttttcG acTTC aGagaggcg
2U5-4 cQMtg=gaMcccaaacact
2U5-8 cgtaataacgtagacGATtgITCgtGcgaggcg
2U5-12 tGTCggGAAct=TCtaccgctttgacgt
2U5-19 cgacaGAtcTacGTAagttagggcc
2U5-21 cgatgg_aQcaA&Cgt=ctagatcgac
2U5-27.1 cggaGAcaACtcGCGtccaaagtge
2U5-27.2 tQ=aQMtg=cgcgaatcaacttac
2U5-28 tGTC aMGAtaATtacggagacccctct
2U5-29 cgcgttccttaagcttatgGAAacCACgaGGCg
2U5-30 .1 tGTC aGAacATLtatagcgcttctgtc
2U5-31 cgacgggtagGATgcTTCtaGAAaagagaggcc
2U5-32 cgaggcgatcgaagcGAAgtTTCgaGAGaggcg
2U5-32 1 cQAMta2ICtaGTTctaaaactae
2U5-32.2 tGTC aAAggA acccaaaagtggcc
2U5-33 cgtgtatgcttaacgtgcagcGAT cTC=aCGBg
2U5-35 cgtggctatgcgatatgttga&AttAACqaGC
2U5 -37 cgaagggtgcgaaggatatGArtgCgaGCCg
2U5-38 cZMtt_A_gcMAcgaaagaaa
2U5-40 cgcagagggtatGACtaTcaGAtaagaggcg

2U5-27 cgccaggacggagggaACCccGAtaAgaGGCg
2U5 -30 cgattaGMtaccQMcgQct t tc
2U5-3 9 cggcgag_tt_C.tcAAgaTtaaggaggcg

tgatagaggcg

.ctgaggcg
,gaggcg
,ggcg
'aggcg
.cccgaggcg
tgttgaggcg

gaggcg
:g

aggccgaggcg
:cttagaggcg

catgaggcg

.ggaggcg

2U5-22 cggGCAgg-TAaaGGAagATtgQagaggccg

FIG. 1. Compilation and analysis of selected oligonucleotides. (A
and B) The sequences of the oligonucleotides that were selected by
mHSF1 and mHSF2 as described in Materials and Methods are shown
in 5'-to-3' orientation. Clones are identified by a number and a letter
(1B or 2U) to indicate which protein selected the site (mHSF1 or

mHSF2) and the protein-DNA complex isolated (B or U); the number
5 indicates that the clones were isolated after five rounds of selection,
and the final number identifies the specific clone. In some instances,
more than one oligonucleotide was cloned into a single vector, and
these clones have an additional number to designate their order and
relationship (e.g., 1B5-24, 1B5-24.1, and lB5-24.2). The random
sequence that was selected lies between 5'-cg-3' at the 5' side and
5'-gaggcg-3' on the 3' side. Even though the flanking sequences have
no HSF binding sites alone, in some instances the binding site that was
selected included sequences adjacent to the randomized region, and
this has been included (e.g., 1B5-7 and 1B5-14). The core motifs of the
binding sequences within each oligonucleotide are capitalized and
underlined. The selected oligonucleotides for both mHSF1 and
mHSF2 have been arranged according to increasing numbers of
potential pentameric binding sites. (C) Histogram that demonstrates
the relationship between the number of pentamers per binding site and
the number of clones of each type isolated by mHSF1 and mHSF2.

this agreed well with our previous estimate of binding affinity
that utilized saturation binding (18).

In the course of our footprinting analysis, we also found
selected sequences to which mHSF1 and mHSF2 bound dif-
ferently. An mHSF1-selected site, 1B5-40, which had five
potential pentameric sites, was bound by both mHSF1 and
mHSF2 with apparent Kd values of 0.42 and 1.0 nM, respec-

tively (Table 1). Interestingly, mHSF1 protected all five sites
(footprint size = 34 nucleotides) in 1B5-40, whereas mHSF2
bound to only sites 1 through 3 (footprint size = 24 nucleo-
tides) (Fig. 4B, compare lanes K and U). The 3' boundary of
mHSF2 bound to 1B5-40 was in pentamer 4 (5'-gTTCa-3'),
and this suggested that even though this was a consensus

pentamer, it was not contacted. This differential binding was

also observed on 1B5-10, where mHSF1 protected all six sites

A
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FIG. 2. Derivation of the consensus binding sites
mHSF2. The potential dimeric arrays (5'-nGAAnt
tained in each oligonucleotide selected by mHSF1 ai

aligned, and the number of nucleotides (A, G, C, or T)
was calculated. In order not to bias the analysis, only 1

were selected entirely from random sequence were

analysis. The dimeric consensus sequences for mHS
derived from this analysis are shown at the bottom as
DNA to allow easier interpretation. The nucleotide
inverted pentameric repeats (indicated by arrows) are
5 and 1' to 5' to permit identification of specific nucleo
discussed in the text.

(footprint size = 37 nucleotides) from DNase I
mHSF2 protected only sites 1 through 5 (footp
nucleotides) (data not shown). The simplest e

this observation was that different numbers o

mHSF2 trimers were bound to these selected s(
To examine the basis for this difference betwec

mHSF2 binding, we first measured the dissoci
mHSF1 and mHSF2 binding on 1B5-40 by DNa
ing. Both factors dissociated with half life of 1-

ing that it was not the rate of dissociation thz
differential appearance of the footprints (data n

considered that there might be some specific seq
ments for mHSF2 binding that were not obvi
consensus. It was possible that the final pentan
(5'-gTTCacGAGt-3') and 1B5-10 (5'-tGAGg-
affinity sites for mHSF2 interaction. Notably
thymine in the 1' position on the bottom stri
pentamer 4 and the first position on the top str
pentamer 6, and this was not favored by eith
mHSF2 (Fig. 2). We noted other oligonucleotic
1B5-25, that had terminal 5'-nGAGn-3' pentar
bound equally well by mHSF1 and mHSF2, sugg
core sequence 5'-GAG-3' was not responsible
ential interaction of mHSF2. This led us to concl
more likely the thymine residues present in the f
pentamers 4 and 6 of 1B5-40 and 1B5-10, res
hindered mHSF2 binding. Why should mHS]
protect these sites when it had an equally st
against thymine in the first position of the pentz
One interpretation was that there were strongi
interactions between adjacent mHSF1 trimers z
this interaction that resulted in the complete
1B5-40 and B15-10 in spite of the unfavored T
Comparison of mHSF1 and mHSF2 bindii

sequences. We compared the relative affinities (
mHSF2 for a variety of selected sequences, foci

72 on the sequences selected by mHSF1, as they contained more
pentameric repeats on average and were bound with higher

n T T C n affinity. The mHSF1-selected sequences offered the opportu-
A A A A nity to compare the binding affinities of mHSF1 and mHSF2
8 8 4 2 on a variety of sequences with characteristics similar to those

G8 G2G2 G12 of known HSEs (see Fig. 4A and B for an example). A
C7 C2CO C27 4 summary of the apparent Kd values obtained is shown in Table
T4 T15T20 T9 1. Many of the sequences that were selected by mHSF1 were

bound by both HSFs with an affinity comparable to that of the
ensus HSP70 and HSP90 HSEs. mHSF1-selected sequences had a

range of affinities for mHSF1 interaction from 0.17 to 4 nM.
mHSF2 bound to mHSF1-selected sequences; however, the

n T T C 9/ affinity was generally somewhat weaker and ranged from 0.22
n A A G C/a to >15 nM. This observation suggested that mHSF1 and
5' 4' 3' 2' 1' mHSF2 had similar sequence requirements for binding, which

our alignment analysis supported, but that there were in some
for mHSF1 and instances significant differences in affinity. We note that since
nTTCn-3') con- the apparent Kd values for mHSF1 and mHSF2 binding to
nd mHSF2 were sequences such as 1B5-34 and HSP90 were near the concen-
at each position tration of DNA in the reaction mixture, it should be considered
those arrays that that the Kd might be lower than 0.1 nM. Additionally, our
iFl and mHSF2 estimation of mHSF1 and mHSF2 Kd values has not been
double-stranded corrected for the number of trimers bound to individualpositions in the sequences, as we have not yet determined the stoichiometry of
sinumbered 1 to binding. However, for comparative purposes, our current
tide positions as analysis serves to address the issue of differences between

mHSF1 and mHSF2 rather than the absolute affinities of each
site.
The sequences selected by mHSF2 contained fewer pentam-

eric repeats than did those selected by mHSF1 and in general
digestion and were of lower affinity (Table 1). The apparent Kd values

print size = 31 obtained for mHSF2 binding to mHSF2-selected sequences
xplanation for ranged from 1 to >15 nM, and mHSF1 also bound with similar
f mHSF1 and affinity (3.3 to >12 nM). One mHSF2-selected site, 2U5-19
equences. (Fig. 5), was bound with higher affinity by mHSF2 (apparent Kd
en mHSF1 and = 1 nM) than by mHSF1 (apparent Kd > 7 nM). This trimeric
iation rate for site, 5'-aGAAtcTTCacGTAa-3', had no distinguishing charac-
tse I footprint- teristics that would suggest weaker mHSF1 binding, except for
min, suggest- the thymine at the 1' position in the second pentamer. As

at affected the noted above, thymines in the first position of pentamers were
vot shown). We not favored in the selection process by either mHSF1 or
uence require- mHSF2 and apparently interfered with mHSF2 binding in
ious from our particular (e.g., 1B5-40, 1B5-10, and 1B5-2). The addition of
ners in 1B5-40 increasing amounts of mHSF1 protein to 2U5-19 revealed that
-3') were low- this protein was not able to fully protect the site, and the level
, there was a of DNase I protection did not reach saturation, suggesting that
and of 1B5-40 the apparent Kd might actually be higher than 7 nM (Fig. 5,
*and of 1B5-10 lanes C through F). In contrast, increasing the amount of
ier mHSF1 or mHSF2 protein resulted in complete protection of 2U5-19
des, lB5-5 and from DNase I digestion (Fig. 5, lanes H through K). This result
ners that were was surprising, as we did not suspect that mHSF1 would be so
Jesting that the significantly affected by the thymine residue. In order to
for the differ- determine if the thymine in the 1' position of the central
lude that it was pentamer was responsible for the poor mHSF1 binding, we
irst position of synthesized a variant (2U5-19mtp) in which this thymine was
pectively, that changed to an adenine, resulting in a consensus pentamer (Fig.
Fl completely 5). We tested if this new site (2U5-19mtp) was bound by
;rong selection mHSF1 with higher affinity than that seen with 2U5-19, and we
americ repeat? also compared this with the binding of mHSF2. Titration of
er cooperative this new site revealed that both HSFs bound 2U5-19mtp with
and that it was higher affinity and at similar levels (0.3 nM), suggesting that
protection of the thymine at this position did have deleterious effects on
residues. binding. There was a greater-than-10-fold increase in the
mg on selected affinity of mHSF1 for the 2U5-19mtp site, and the affinity of
of mHSF1 and mHSF2 binding also increased severalfold. This experiment
using primarily and those mentioned above demonstrate that the composition
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FIG. 3. Determination of active protein concentrations for mHSF1 and mHSF2 by DNase I footprinting. (A) Binding reaction mixtures that
contained approximately 6 nM mHSF1 or mHSF2 and 0.16 nM labeled 1B5-34 DNA plus increasing amounts of unlabeled 1B5-34 DNA were

established. The reaction mixtures were treated with DNase I and subjected to electrophoresis as described in Materials and Methods. The total
concentrations ofDNA in lanes B through K and L through U are 0.16, 0.16, 0.26, 0.41, 1.41, 2.66, 5.16, 10.2, 15.2, and 20.2 nM, respectively. Lane
A contains a G+A sequencing ladder of 1B5-34, and lanes B and L show control reactions done in the absence of mHSF1 and mHSF2. The box
at the left of the gel is marked with the orientation of the sequence and is also overlaid on the sequence below the gel. (B) The extent of DNase
I protection by mHSF1 or mHSF2 in each lane of the gel shown in panel A was determined by direct measurement with the Phosphorlmager and
expressed as the percentage bound versus the log concentration of total DNA. The amount of active mHSF1 or mHSF2 protein was determined
by calculation of the concentration ofDNA required to reduce the amount of mHSF1 or mHSF2 bound to the labeled probe by 50% by using the
formula [P,] = Kd + 1/2[D,] as described in Materials and Methods. [DNAJ], total concentration of DNA.

of the pentamer, particularly the nucleotide adjacent to the
essential guanine, can have differential effects on mHSF1 and
mHSF2 binding depending on the sequence context.
mHSF1 exhibits a higher degree of cooperativity in DNA

binding than does mHSF2. In our studies, we encountered
certain sequences on which only mHSF1 bound across ex-
tended regions containing groups of pentamers. The binding
site titration of mHSF1 and mHSF2 on 1B5-13 substantiated
this observation (Fig. 6A). As the amount of mHSF1 or
mHSF2 protein was increased in the binding reaction mixture,
the protection from DNase I cleavage in the region of the
selected oligonucleotide increased (Fig. 6A, lanes H through K
and R through U). We noted that binding of mHSF1 and
mHSF2 occurred initially in the region of the selected oligo-
nucleotide that contained the five pentameric repeats (com-
pare lanes H and I and lanes R and S in Fig. 6A) and that the
two proteins had the same 5' boundary. However, when the
concentration of mHSF1 protein was raised from 1.6 to 6.6
nM, there was a striking increase in the size of the mHSF1
footprint at the 3' boundary (Fig. 6A, compare lanes I and J).
This increase in the extent of the mHSF1 footprint resulted

from protection of an additional 15 bp corresponding to three
additional pentameric repeats. mHSF2 showed no protection
of this region, even as the concentration of protein increased
(Fig. 6A, lanes S through U).
Why was mHSF1 able to protect this adjacent region

whereas mHSF2 could not? We examined the sequences
flanking the 3' boundary of the selected oligonucleotide for
potential pentameric sites. The intervening region immediately
adjacent to the selected region was

5'-attga-3'
3'- taact-5'

which did not have the conserved guanine residue at the 2'
position on the bottom strand; yet, it was appropriately spaced
and retained the consensus adenine residues in positions 3'
and 4' (striped box above sequence schematic in Fig. 6A).
Adjacent to this site were two pentameric repeats that could
provide a basis for mHSF1 interaction (Fig. 6A, bottom).
We considered that the region protected in the extended

mHSF1 footprint on 1B5-13 simply represented a low-affinity
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FIG. 4. Differential interaction of mHSF1 and mHSF2 on 1B5-40 mimics binding to the HSP70 HSE. (A) Equilibrium DNase I footprinting
of mHSF1 (lanes C through K) and mHSF2 (lanes M through U) binding to the HSP70 HSE. The concentration of HSP70 HSE probe in all
reaction mixtures was 0.1 nM, and the probe was labeled at the 5' end on the bottom strand. The concentrations of mHSF1 in lanes C through
K were 0.026, 0.052, 0.103, 0.206, 0.413, 0.826, 1.65, 3.3, and 6.6 nM, respectively. The concentrations of mHSF2 in lanes M through U were 0.03,
0.06, 0.12, 0.24, 0.48, 0.96, 1.92, 3.84, and 7.68 nM, respectively. Lane A contains the G+A sequencing ladder, and lanes B and L show control
DNase I footprinting reactions. The extents of mHSF1 and mHSF2 binding are indicated at the right with brackets. At the bottom, the sequence
of the HSP70 HSE is shown schematically and the boundaries of mHSF1 and mHSF2 interaction are indicated with brackets. The box at the left
of the gel is marked with the orientation of the sequence and is also overlaid on the sequence below for additional assistance. The orientations
of sites 1 through 5 are indicated with arrows, and the core motifs are boldfaced. (B) Equilibrium DNase I footprinting of mHSF1 and mHSF2
bound to 1B5-40. Lanes are as described for panel A. The concentrations of mHSF1 protein in lanes C through K were 0.012, 0.026, 0.052, 0.103,
0.206, 0.413, 0.826, 3.3, and 6.6 nM, respectively. The concentrations of mHSF2 protein in lanes M through U were 0.03, 0.06, 0.12, 0.24, 0.48, 0.96,
1.92, 7.68, and 15.4 nM, respectively. The extents of mHSF1 and mHSF2 binding are indicated at the right, and below the sequence, with brackets.
The core of the pentameric repeats and their orientations are indicated with arrows. The boxed sequence corresponds to the random region of
the oligonucleotide that was selected by mHSF1.

site of interaction. To address this issue and the apparent
differences in cooperativity between mHSF1 and HSF2 di-
rectly, we prepared two variants of the 1B5-13 site (Fig. 6B). In
one instance, the fifth pentameric site in 1B5-13 was mutated
by changing the consensus guanine to a cytosine (1B5-l3mtp).
This created a 10-bp gap between the two regions tested,
showing the necessity for proximity in mHSF1 binding at the
selected region to stabilize mHSF1 interaction in the adjacent
sequences. To test if mHSF2 was also clpable of binding to the
adjacent region, we made lB5-13th2 in which the 5-base
intervening region, noted above, was mutated to create an HSF
pentamer binding site. We suspected that if a consensus

pentamer was present at this position, both mHSF1 and
mHSF2 could bind to the selected and adjacent regions of
1B5-13 equally. Utilizing DNase I footprinting, we compared
the interactions of mHSF1 and mHSF2 on these substrates.

When the fifth pentamer of the selected region was mutated
(Fig. 6B, lanes G and H), there was protection of the remain-
ing selected region (sites 1 through 4) but no binding of
mHSF1 to site 5 or the adjacent region as seen for 1B5-13
(lanes C and D). mHSF2 bound to lB5-13mtp with equal
affinity and had boundaries of interaction similar to those of
mHSF1. We concluded that when the fifth pentamer of the
1B5-13 selected region was mutated, mHSF1 trimers bound to
the selected region were not in sufficient proximity to stabilize
binding in the adjacent sequences. In contrast, when the 5-base
sequence between the selected and adjacent regions was

changed to a consensus pentamer, both mHSF1 and mHSF2
were able to bind across both the selected and adjacent regions
equally (Fig. 6B, lanes K and L). This demonstrated that
mHSF2 was capable of interaction with the adjacent region
under appropriate circumstances and that lack of mHSF2
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TABLE 1. Compilation of Kd values for certain selected
binding sequencesa

Apparent Kd (10-9 M) ± SD Pentameric repeats
Binding No. of

site HSF1 HSF2 No. of consensusrepeats repeats

1B5-34 0.17 ± 0.005 0.22 ± 0.014 5 3
HSP90 0.24 ± 0.025 0.31 ± 0.012 6 5
lB5-10 0.29 ± 0.009 1.42 ± 0.021 6 2
1B5-17 0.35 ± 0.038 0.42 ± 0.025 4 3
1B5-40 0.42 ± 0.032 1.00 ± 0.11 5 2
1B5-12 0.59 ± 0.11 2.79 ± 0.66 7 2
HSP70 0.83 ± 0.11 2.90 ± 1.1 5 3
1B5-25 0.95 ± 0.03 3.71 ± 1.1 4 1
lB5-11 0.99 ± 0.071 2.64 ± 0.41 5 1
lB5-5 1.02 ± 0.09 1.95 ± 0.33 5 2
1B5-2 1.14 ± 0.15 >15.0 5 3
1B5-22 1.39 ± 0.19 2.99 ± 0.79 4 2
1B5-13 1.55 ± 0.09 5.16 ± 1.09 5 1
1B5-23 1.55 ± 0.04 2.40 ± 0.23 4 2
1B5-18 3.02 ± 0.27 3.48 ± 0.52 2 2
2U5-30.1 3.3 3.8 3 1
1B5-30 3.91 ± 0.4 >10.0 7 1
2U5-12 4.0 3.0 3 2
2U5-19 >7.0 1.0 ± 0.8 3 2
2U5-3 > 10.0 10.0 2 2
2U5-10 >10.0 >10.0 2 2
2U5-29 >10.0 >10.0 3 1
2U5-22 >12.0 >15.0 5 1
2U5-30 >12.0 >15.0 4 1

a The apparent Kd values ± standard deviations for all sequences are listed
and were determined from quantitative DNase I footprinting as shown in Fig. 4
and 7. In some instances, there were insufficient points examined for calculation
of the standard deviation. The total number of pentamers and number of
consensus repeats (5'-nGAAn-3') present in each binding site are indicated. The
table is arranged according to increasing mHSF1 Kd values.

binding in 1B5-13 was not because the sequence itself pre-
cluded mHSF2 interaction but instead was due to a lack of
cooperative interactions between mHSF2 trimers. These re-
sults demonstrate that only mHSF1 can bind to the adjacent
region of 1B5-13 through cooperative interactions with an
mHSF1 trimer bound in the selected site. These results are
also supported by earlier observations of the number of
pentameric repeats selected by each protein and demonstrate
that mHSF1 utilizes stronger cooperative interactions between
adjacent trimers to stabilize binding across extended regions.

Chimeric HSFs reveal a new domain that regulates trimer-
trimer cooperativity. Was there a specific domain of mHSF1
that could confer positive interactions between adjacent trim-
ers? To address this question, chimeric HSFs were con-
structed, as shown in Fig. 7A. The chimeras contain the
DNA-binding domain (DBD) and part of the oligomerization
domain of one factor and the C terminus of the other factor.
The DNA-binding properties of the chimeras were compared
with those of the authentic mHSFs in a DNase I footprinting
assay with 1B5-13 as the target site (Fig. 7B). As the concen-
tration of full-length mHSF1 protein increased, the primary
and adjacent binding sites were protected (Fig. 7B, lanes C
through G), whereas full-length mHSF2 bound well only to the
primary site and failed to bind to the adjacent sequences as
described above (lanes N through R). In comparison, the DNA
footprint of HSFlDBD/HSF2 was extended, as was observed
with mHSF1 alone (Fig. 7B, lanes H through L), whereas
HSF2DBD/HSF1 exhibited the same footprint as that ob-
served for mHSF2 (lanes S through W). The HSFlDBD/HSF2

2U5-19 2U5-19mtp
° HSF1 ° HSF2 ° HSF1 ° HSF2

*+ o I,o,++So ,

3-

5.
.*-*- --^t
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ccaGAAtcTTCacGAagttag aggcg

........................t.e.

2U5-19
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FIG. 5. Binding of mHSF1 and mHSF2 to 2U5-19 and 2U5-19mtp.
DNase I footprinting was performed as described in the legend to Fig.
4. Lanes: A, G+A sequencing ladder of 2U5-19 probe; B and G,
control DNase I reactions in the absence of protein; C through F,
increasing concentrations of mHSF1 protein (0.41, 1.65, 6.6, and 24
nM, respectively); H through K, increasing concentrations of mHSF2
protein (0.48, 1.9, 7.8, and 31 nM, respectively). Lanes L through V are
the same as A through K except that 2U5-19mtp DNA was used.
Below the gel, the sequence of the top strand of 2U5-19 is shown with
the pentameric repeats marked. The mutation that was introduced to
make 2U5-19mtp is shown (discussed in the text).

chimera also produced the characteristic DNase I hypersensi-
tivity (indicated in Fig. 7B with an arrow at the left) observed
with the intact mHSF1 protein (compare lanes G and L).
These results suggest that the enhanced cooperative interac-
tions of mHSF1 were due to amino acid sequences in the DBD
that increased the stability of adjacent bound trimers. At-
tempts to further delineate the position of the cooperativity
domain in mHSF1 have been inconclusive, as additional
chimeras that contain hybrid DBDs either were inactive or
exhibited no cooperativity. Thus, it will be necessary to con-
struct specific mutants of the mHSF1 DBD to address this
question further. The results obtained with 1B5-13 binding
were further corroborated by footprinting 1B5-40, another site
that exhibited differential mHSF1 and mHSF2 binding (data
not shown). These results further support our contention that
the differences in binding by mHSF1 and mHSF2 were related
to differences in the potential for cooperative interactions
between adjacent trimers.

DISCUSSION
In the studies presented here, we have compared two related

transcription factors, mHSF1 and mHSF2, with respect to their
DNA recognition properties. Our experiments have estab-
lished in an unbiased manner the consensus sequence of the
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HSE pentamer (5'-nGAAn-3') for the multiple mHSFs. We
have also demonstrated that the bases flanking the core GAA
motif are nonrandom, with both mHSF1 and mHSF2 exhibit-
ing a preference for adenine in the first position and pyrimi-
dine in the fifth position, consistent with previous studies of the
HSE (2, 10, 12, 25, 41). Most significantly, we have shown that
trimer-trimer cooperativity has a greater role in the binding of
mHSF1 to DNA than it does for mHSF2 and that there is a
region in the N-terminal sequences of the mHSF1 protein that
is responsible for this cooperativity. Through site-specific
mutagenesis, we have been able to manipulate the affinities of
various HSEs for certain HSFs. On the basis of these obser-
vations, we can then make some predictions regarding the
potential occupancy of HSE sequences by using nucleotide
composition. Nearly all of the mHSF1 binding sequences
selected in these studies had multiple pentamers (four to five)
which would favor mHSF1 binding. In agreement with this, we
note that all of the highly heat-inducible genes have at least
five pentamers and often multiple arrays of pentamers. In
contrast, mHSF2 selected shorter HSE sequences, such as
2U5-19, which were bound with higher affinity by mHSF2,
suggesting that cellular sequences exist which could favor
mHSF2 interaction. It thus appears that the cell may have
taken advantage of the differences in nucleotide preference
and cooperative interactions between mHSFI and mHSF2 to
regulate factor activity.
Composition of selected binding sequences. The preferred

mHSF1 and mHSF2 binding sequences isolated in these
studies were composed of inverted adjacent pentamers that
contained the primary sequence 5'-nGAAn-3'. This was con-
sistent with previous analyses of the HSEs found in genes
regulated by HSF (2, 41). Through alignment of dimeric
repeats, we demonstrated that there was a preference for
nucleotides in the first and fifth positions of the pentamer.
Most notably, there was an alternating preference for A or C
in the first position (1 and 1') of adjacent pentamers selected
by mHSF1. Our analysis demonstrated, as predicted from
previous studies, that the spacing of the pentamers was critical
for high-affinity interactions (2, 41). We tested several mHSF2-
selected sequences that contained two dimeric repeats spaced
inappropriately 3 bp apart (2U5-24 and 2U5-34) and observed
no DNase I protection with an excess of either mHSF1 or
mHSF2 (data not shown). This observation reinforced the
model in which all pentameric sites must be on the same face
of the DNA helix for efficient HSF interaction to occur (2, 25,
41). We can conclude that it is the overall composition of the
binding site, primarily the number and arrangement of con-
sensus pentamers, that dictates the affinity of interaction. The
oligonucleotides we have selected contain a variety of binding
sequences, which we utilized to establish the consensus. The
diversity of sequences isolated indicates that HSF is a flexible
protein tolerant of sequence changes.

Differential affinity of HSFs for specific sequences. The
affinity of protein binding to certain sequences can be modu-
lated by subtle changes in the consensus sequence, as exem-
plified by studies of Spl and the GATA family of factors (17,
19, 20). Thus, one way for the cell to modulate transcriptional
activity of a gene regulated by a family of factors is to utilize
binding sites that have a specificity or preference for one of the
factors. We found that while mHSF1 and mHSF2 recognized
nearly identical consensus sequences, there were certain se-
quences bound by only one HSF with high affinity. For
example, the mHSF1-selected sequences, 1B5-2, 1B5-30, and
1B5-12, were bound with higher affinity by mHSF1 than by
mHSF2. Conversely, the mHSF2-selected site, 2U5-19, was
bound more avidly by mHSF2 than by mHSF1 and mutagen-
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FIG. 6. DNase I footprinting of mHSF1 and mHSF2 reveals dif-
ferences in trimer cooperativity. The binding and footprinting reac-
tions were performed as described in the legend to Fig. 4. (A) Binding
of mHSF1 and mHSF2 to 1B5-13. The concentrations of mHSF1 in
lanes C through K were 0.026, 0.052, 0.103, 0.206, 0.413, 0.826, 1.65,
6.6, and 12 nM, respectively. The concentrations of mHSF2 in lanes M
through U were 0.03, 0.06, 0.12, 0.24, 0.48, 0.96, 1.92, 7.68, and 15.4
nM, respectively. Lanes A, B, and L are as described in the legend to
Fig. 4. The labeling is also as described in the legend to Fig. 4, and the
striped box above the 1B5-13 sequence schematic indicates the pen-
tameric sequence 5'-attga-3' discussed in the text. (B) Comparison of
mHSF1 and mHSF2 binding on lB5-13, lB5-13mtp, and 1B5-13th2.
Reaction conditions were as described for panel A except that binding
reaction mixtures contained 10 nM mHSF1 or 15 nM mHSF2. Lanes:
A, E, and I, G+A sequencing ladders of the probes; B, F, and J,
control DNase I reactions done in the absence of protein; C and D,
mHSFI and mHSF2 binding to IB5-13; G and H, mHSF1 and mHSF2
binding to lB5-13mtp; K and L, mHSF1 and mHSF2 binding to
1B5-13th2. At the right, the sequence of 1B5-13 is shown. The sizes of
the DNase I-protected regions in each construct for mHSF1 and
mHSF2 are delineated with arrows below the sequence. The mutations
that were created are also shown below, and asterisks indicate which
bases in the 1B5-13 sequence were mutated.

esis of this site could predictably change the site into one that
bound mHSF1 and mHSF2 equally. These results suggest that
along with the other mechanisms involved in the regulation of
HSF activity (oligomerization, nuclear translocation, and phos-
phorylation), the composition of the HSE may dictate whether
a particular HSF will bind. This is relevant, since recent studies
have demonstrated that there can be more than one active
HSF present in a cell (34). There is the potential for mHSF1 or
mHSF2 to have positive or negative effects on gene expression
when bound, and this might be dependent to some extent on
the nature of the binding site. Studies with D. melanogaster
have identified numerous HSF binding sites along the polytene

MOL. CELL. BIOL.



COOPERATIVITY IN mHSF DNA BINDING 7601

B
1BS-13 1B5-13mtp 185-13th2

3

tgtcGGtgTTCtaGATcaGCCgaGGAtat agGCGaaTTCga

G

. ..... .. . .. .. ... .... @.*...T .*.a... .. .. . ... .. .. . .

.Tz @ c @ @ @ @ @ @ @ @ @ @ Z

.... .... . .. .. .. ... .... .. . ..C. .. .. . .. ...

A B C D E F G H I J K L

FIG. 6-Continued.

chromosomes, and it was suggested that some of these sites
might be involved in the negative regulation of gene expression
during heat stress (39). When more HSF-responsive genes are

isolated, we will be better able to address the functional
consequences of HSE specificity.
mHSF1 exhibits a higher level of cooperativity. Our exper-

iments revealed that cooperative interaction between trimers
could affect the binding of mHSF1 to certain sequences. To
determine which region of the mHSF1 protein was responsible
for increased cooperativity, we utilized chimeric HSF proteins.
We found that the increased trimer-trimer cooperativity of
mHSF1 could be transferred to mHSF2 when the DBD and
part of the oligomerization domain of the two proteins were
exchanged. Therefore, we suggest that the differences in
mHSF1 and mHSF2 binding on most sequences are likely the
function of differences in cooperative interactions between
adjacent trimers and that the DBD or adjacent sequences of
mHSF1 contain a region responsible for this increased coop-
erativity. Cooperativity was known to be important for Dro-
sophila HSF binding, since a previous analysis demonstrated
that the number of pentamers in a binding site correlated well
with the stability of the interaction (42). Additionally, studies
with yeast HSF have demonstrated that HSE composition can
dictate the number of HSF trimers that are bound and the
degree of heat inducibility possible (8). In support of our

contention, a recent report has demonstrated a cooperativity
domain in the hoxB5 protein immediately adjacent to the
DNA-binding homeodomain (13).

Conclusions. Our experiments have demonstrated that both
HSFs can bind to a variety of sequences. What are the
implications of these results with respect to the regulation of
known heat shock genes or other genes that contain HSEs
within the promoter? The representation of a particular pen-
tameric sequence within the genome can be calculated. For
example, the human genome should contain approximately
10,000 to 12,000 copies of a perfect consensus trimeric array

(5'-nGAAnnTTCnnGAAn-3'). Comparably, there would then

be only three copies of a perfect 5-unit array (5'-nGAAnnT
TCnnGAAnnTTCnnGAAn-3') per genome. Thus, on the
basis of our analysis, if the essential guanine residues were
maintained and there were two or more consensus pentamers,
preferably in a dyad array, the affinity of binding would be
comparable to that of the HSE from the inducible HSP70
gene. Such an HSE as represented by 1B5-34 or HSP70, which
both contain three consensus and two nonconsensus sites,
would be found at 150 to 200 sites per genome. Likewise, the
5-unit arrays which conserve the guanine at the first position
and some of the adenine residues in the third and fourth
positions and have only two consensus pentamers would be
represented on the order of 200 to 800 per genome. Are these
estimations for the number of sites correct? Immunofluores-
cence studies of Drosophila HSF binding during heat shock
have suggested that there are over 150 sites in addition to the
heat shock genes with which HSF interacts; therefore, our
estimation seems reasonable given the size of the human
genome (39).
From our knowledge of the HSE and the requirements for

binding, we can make some predictions about HSF occupancy.
Since we know the number of molecules of mHSF1 per cell, we
can calculate the molarity of mHSF1 trimers in the nucleus
during heat shock, which for HeLa cells would be approxi-
mately 2.5 x 10-7 M (19, 29). For mHSF2 during hemin
treatment, the concentration of trimeric protein in the nucleus
would be approximately 1.3 x 10-7 M. Given this concentra-
tion of both HSFs, most high-affinity binding sequences should
be occupied for a significant amount of the time, as the local
concentration of HSF in the nucleus during activation exceeds
the apparent Kd values for most of the binding sequences
measured in our studies. However, if activation of transcription
required full occupancy of the HSE by an HSF, then in some
instances HSF2 would be unable to affect substantially the
level of transcription, regardless of the protein concentration.
Lower-affinity binding sequences, of which there would be
upwards of 104 to 105, would be only partially occupied as the
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FIG. 7. Demonstration of a cooperativity domain in the N-terminal
amino acids of mHSF1. (A) Schematic drawing of the chimeric mHSF
proteins. The general structure of mHSFs is shown at the top, and the
pertinent features of the amino acid sequence (DBD and oligomer-
ization zippers) are labeled. The SphI restriction site at which the
fusion of mHSF1 and mHSF2 was made is labeled for leucine zippers
1 to 3. The chimeric factors HSF2DBD/HSF1 and HSF1DBD/HSF2
are shown below, and the regions encompassed by each of the two
proteins, mHSF1 (open box) and mHSF2 (shaded box), that compose
each chimera are indicated. (B) DNase I footprint comparison of
authentic and chimeric HSFs. All footprinting reactions were as

described in the legend to Fig. 4 except that bacterial lysates containing
the chimeric HSFs were used. Lanes: A, G+A sequencing ladder; B
and M, control DNase I footprinting reactions in the absence of added
HSF protein; C through G, 0.83 to 12 nM mHSF1; H through L, 0.05,
0.1, 0.2, 0.5, and 1.5 ,ul of HSF1DBD/HSF2 lysate, respectively; N
through R, 0.96 to 15.4 nM mHSF2; S through W, 0.05, 0.1, 0.2, 0.5,
and 1.5 of HSF2DBD/HSF1 lysate, respectively. The extents of
DNase I protection by mHSF1 and mHSF2 are indicated at the right,
and all other labeling is as described in the legend to Fig. 4.

number of sequences exceeds the number of HSF molecules,
although they might serve as a source of competition for the
higher-affinity binding sites.
Of course, this analysis is in the absence of other factors,

such as the effects of proteins that might interfere with HSF
binding, the affinity of HSF for nonspecific sequences within
the genome, or the location and accessibility of these se-

quences. With regard to the last point, previous studies have
demonstrated that HSF is unable to bind in vitro to a chroma-
tin template unless the chromatin has been disrupted by
the binding of TFIID or the GAGA factor (6, 9, 38). There-
fore, while there may be many potential binding sequences for
HSF in the genome, if they are masked by chromosomal
proteins then HSF would not be able to bind and would
require an additional factor to gain access to the HSE.
Whether all HSFs require an accessory factor to access the
HSE in chromatin remains to be elucidated. One additional
observation that may impact on our calculations is that, at
least with HeLa cells, we have previously demonstrated that
during heat shock HSF1 is concentrated in punctate structures
within the nucleus (29). This suggests that the local concentra-
tion of HSF1 within these structures may be significantly
higher than estimated from the number of molecules present
in the cell. Further studies will elucidate whether these regions
of high HSF1 concentration correspond to the sites of tran-
scription for HSPs. In addition, there are undoubtedly other
genes that can be activated or repressed by the interaction of
HSF1 or HSF2, and the analysis of HSF binding sequences will
aid in understanding the functionality of new HSEs as they are

discovered.
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