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Background: Heat shock factor 1 is a stress-responsive transcription factor that targets diverse genomic loci.

Results: Extended and cooperatively oriented genomic binding sequences dictate HSF1 DNA binding specificity.
Conclusion: Cooperativity in HSF1 DNA binding strongly influences the constellation of bound target genes.

Significance: Differential HSF1 target gene selectivity may underlie the diverse functions for HSF1 in protein misfolding disease

and cancer.

The heat shock transcription factor 1 (HSF1) activates expres-
sion of a variety of genes involved in cell survival, including pro-
tein chaperones, the protein degradation machinery, anti-apo-
ptotic proteins, and transcription factors. Although HSF1
activation has been linked to amelioration of neurodegenerative
disease, cancer cells exhibit a dependence on HSF1 for survival.
Indeed, HSF1 drives a program of gene expression in cancer
cells that is distinct from that activated in response to proteo-
toxic stress, and HSF1 DNA binding activity is elevated in
cycling cells as compared with arrested cells. Active HSF1
homotrimerizes and binds to a DNA sequence consisting of
inverted repeats of the pentameric sequence nGAAn, known as
heat shock elements (HSEs). Recent comprehensive ChIP-seq
experiments demonstrated that the architecture of HSEs is very
diverse in the human genome, with deviations from the consen-
sus sequence in the spacing, orientation, and extent of HSE
repeats that could influence HSF1 DNA binding efficacy and the
kinetics and magnitude of target gene expression. To under-
stand the mechanisms that dictate binding specificity, HSF1 was
purified as either a monomer or trimer and used to evaluate
DNA-binding site preferences in vitro using fluorescence polar-
ization and thermal denaturation profiling. These results were
compared with quantitative chromatin immunoprecipitation
assays iz vivo. We demonstrate a role for specific orientations of
extended HSE sequences in driving preferential HSF1 DNA
binding to target loci in vivo. These studies provide a biochem-
ical basis for understanding differential HSF1 target gene recog-
nition and transcription in neurodegenerative disease and in
cancer.
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All organisms encounter a diverse array of stresses that orig-
inate from external (e.g. temperature, toxins, and infection) or
physiological (e.g. developmental signals or disease) stimuli. As
these stresses damage the proteome through oxidation, mis-
folding, and/or aggregation, organisms have developed sophis-
ticated mechanisms to repair this damage and limit accumula-
tion of damaged proteins (1-5). For example, a major cellular
response to stress serves to increase transcription of genes
encoding protein chaperones, the protein degradation machin-
ery, and anti-apoptotic proteins that prevent protein misfold-
ing-induced cell death (6, 7). This stress response system is
critical for protecting cells from proteotoxicity by accelerating
the turnover of damaged proteins and favoring refolding (8, 9).
Imbalances in the stress response system are associated with
many diseases, including neurodegeneration and cancer, high-
lighting the need to gain a detailed understanding of the regu-
lation of stress gene expression.

Heat shock transcription factor 1 (HSF1)* is a primary medi-
ator of stress-responsive transcription that regulates the
expression of many pro-survival genes, including those encod-
ing protein chaperones (10). HSF1 is a multidomain stress-ac-
tivated transcription factor consisting of the following: an ami-
no-terminal helix winged-loop helix DNA binding domain
(DBD); three leucine zipper domains (LZ1-3) that form coiled-
coil interactions to facilitate HSF1 multimerization; a central
regulatory domain that is extensively modified by phosphory-
lation, acetylation, and sumoylation; an additional leucine zip-
per domain (LZ4); and a carboxyl-terminal transcription acti-
vation domain (3). Although a number of post-translational
modifications are thought to either activate or repress HSF1,
the role of specific post-translational modifications on HSF1
activity is not well understood. Under normal conditions,
HSF1 largely exists as a repressed monomer in the cytoplasm
and is thought to be bound, directly or indirectly, by the protein
chaperones Hsp90, Hsp70, and Hsp40 (11). The LZ4 domain
has been proposed to function as an auto-inhibitory module

“The abbreviations used are: HSF1, heat shock transcription factor 1; HSE,
heat shock element; DBD, DNA binding domain; FP, fluorescence polariza-
tion; mHSE, mutant HSE; Im-HCl, imidazole HCI; triHSE, triple HSE; H2T,
head to tail; Il HSE, parallel HSE.
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through intramolecular coiled-coil interactions with LZ1-3
that repress multimerization (12, 13). In response to proteo-
toxic stress, HSF1 trimerizes, accumulates in the nucleus, and
binds to DNA sequences known as heat shock elements (HSEs),
which consist of inverted repeats of the consensus sequence
nGAAn (Fig. 14) (3, 14). Importantly, although the consensus
HSE sequence is well characterized, an enormous variety of
HSEs exists throughout the human genome, which vary in their
primary sequence, length, and orientation of nGAAn repeats
(15, 16). A striking example of this diversity is the satellite III
repeat region of chromosome 9 in human cells, which serves as
a template for the noncoding satellite III RNA involved in the
stress response. HSF1 binds to this genomic region, consisting
of hundreds of GAA repeats in numerous orientations (17).
Although many studies have been carried out to understand the
contributions of the consensus HSE sequence for a single HSF1
trimer, the specific features that influence HSF1 binding to the
variety of HSEs found in the genome, such as those containing
extended sequences, are not well understood.

Increasing evidence suggests that numerous stressors of
environmental and physiological origin activate HSF1 (18 -22).
Importantly, activation of HSF1 in different cellular contexts
has been shown to result in remarkably varied gene expression
patterns and genomic binding fingerprints (20, 23, 24). This
observation is highlighted by ChIP-seq studies in cell culture
models of polyglutamine disease and cancer. Immortalized
mouse striatal neurons expressing an expanded polyglutamine
Huntingtin protein demonstrate a unique HSF1 binding profile
when compared with cells expressing a nonpathological form of
Huntingtin (24). Moreover, genome-wide binding of HSF1 is
drastically altered in malignant transformed cells, compared
with benign heat-shocked cells (23). This striking diversity of
HSF1 target genes reinforces the importance of understanding
how HSF1 recognizes a variety of HSE sequences.

Although relatively little structural information on HSF1 is
available, the structure of the HSF1 DNA binding domain from
the yeast Kluyveromyces lactis presented the interesting finding
that HSF makes a single direct contact with the major groove of
the nGAAn sequence, whereas the rest of the protein-DNA
interaction occurs through water-mediated hydrogen bonds to
the phosphate backbone (25). This observation supports the
notion that there is substantial flexibility in HSF1 target
sequences that may drive binding site preferences. Here, we
characterize DNA-binding site preferences in vitro using fluo-
rescence polarization and differential scanning fluorimetry,
coupled with chromatin immunoprecipitation assays. We dem-
onstrate a role for extended HSE sequences in specific sequence
orientation and in driving preferential HSF1 DNA binding.
This binding site preference is dictated by contributions from
HSF1 homomultimerization and, autonomously, via the HSF1
DNA binding domain. Together, these studies provide a bio-
chemical basis for understanding differential HSF1 target gene
recognition and transcription that is observed in neurodegen-
erative disease and cancer.

EXPERIMENTAL PROCEDURES

Expression and Purification of Human HSF1 Derivatives—A
DNA cassette encoding codon-optimized human HSF1 (Gen-
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script) was cloned into the pET15b expression vector con-
taining an amino-terminal Hisg tag using Ndel and Xhol to
generate hHSF1-pET15b. HSF1-LZ4m was generated using
mutagenic PCR on the hHSF1-pET15b plasmid to introduce
the L391M, L395P, and L398P mutations in the codon-opti-
mized gene (13). ALZ1-3 was generated using overlapping PCR
to join fragments encoding amino acids 1-137 and 199529 of
human HSF1 and subsequent cloning into pET15b with Ndel
and Xhol. The HSF1 DBD was generated using PCR to amplify
the sequence encoding amino acids 1-123. The resulting plas-
mids were transformed into Escherichia coli strain BL21(DE3).
Overnight cultures were diluted 1:100 and grown to A, = 0.6
at 37 °C. Cultures were then transferred to 15 °C, induced with
1 mm isopropyl 1-thio-B3-p-galactopyranoside, and grown for
16 h. Cell pellets were lysed in nickel-nitrilotriacetic acid buffer
(NB: 50 mm HEPES, pH 7.5, 300 mm NaCl) supplemented with
20 mMm imidazole HCI (Im-HCI), using sonication three times
with 30-s bursts. Lysates were cleared by centrifugation at
20,000 X g for 30 min. The cleared lysate was incubated with 2
ml (bed volume) of nickel-nitrilotriacetic acid-agarose beads
(Qiagen) per liter of culture. Beads were washed twice with
NB + 40 mm Im-HCI, twice with NB supplemented with 40 mm
Im-HCl, 5 mm ATP, and 20 mm MgCl,, and then once with
NB + 40 mm Im-HCL Bound protein was eluted with NB + 250
mM Im-HCI. Eluted proteins were then separated on a Sep-
hacryl s400 (GE Healthcare) gel filtration column using an Akta
FPLC (GE Healthcare) at a flow rate of 1.3 ml/min in 25 mMm
HEPES, pH 7.5, and 150 mm NaCl. Fractions were collected,
pooled, concentrated, and aliquoted at 10 um (~0.6 mg/ml),
flash-frozen in N,, and stored at —80 °C.

Fluorescence Polarization (FP) Assays—Fluorescently labeled
HSE and mutant HSE (mHSE) oligonucleotides with a 5’-fluo-
rescein amide modification (IDT) were used for FP. The labeled
oligonucleotides were annealed to complementary sequences
by heating to 95 °C and slow cooling to room temperature. FP
experiments were performed in 25 mm HEPES, pH 7.5, 75 mm
NaCl. 1 nm labeled oligonucleotide was added to FP Buffer, and
a baseline milli-polarization value was taken. Human HSF1
derivatives were titrated into the reaction, and milli-polariza-
tion values were taken at each concentration of HSF1. Curves
shown are representative, and K, values are calculated from
three independent experiments using a one-site binding fit of
the curves in GraphPad Prism 5.

Thermal Denaturation Profiling—Differential scanning fluo-
rimetry experiments were performed in a CFX384 RT-PCR
thermocycler (Bio-Rad). A temperature gradient that started at
25 and increased to 95 °C at a rate of 0.5 °C per 30 s was used to
generate melting curves. Fluorescence readings were taken
using the FRET channel. Each reaction was composed of 25 mm
HEPES, pH 7.5, 75 mm NaCl, 5 um HSF1, 5X SYPRO Orange
Dye (Invitrogen), 1 mm tris(2-carboxyethyl)phosphine, and
DNA to a final volume of 10 ul. The reaction was plated into
Hard-Shell PCR Plates 384-Well CLR/WHT (Bio-Rad). This
solution was equilibrated for at least 5 min prior to initiation of
the differential scanning fluorimetry experiment. DNA con-
centration was used at a 3-fold molar excess over HSF1, as cal-
culated using three HSF1 molecules binding to a single HSE.
This ratio was chosen because we found that a 3-fold molar
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excess of DNA saturated HSF1 without significant nonspecific
binding to mHSE. For clarity, the resulting data sets were
trimmed to 25-75 °C and then normalized as a percentage of
the highest and lowest relative fluorescence unit values within
individual wells. The T,, was then calculated from the maxi-
mum of the first derivative plot of the normalized relative fluo-
rescence unit melting curves. Finally, AT,, was calculated by
subtracting the T, for a control mHSE from the T, of each
individual HSE, The final data are presented as the mean AT,
and S.E. Statistical analyses of WT and mutant genomic HSEs
were performed by one-way analysis of variance followed by
Newman-Keuls Multiple Comparison Test using Graph Pad
Prism 5.

Quantitative Chromatin Immunoprecipitation—HEK293T
cells were grown in 15-cm dishes to 75% confluency and main-
tained at 37 °C or heat-shocked at 42 °C for 20 min. Cells were
cross-linked with 1% formaldehyde on ice for 5 min, quenched
with 125 mm glycine for 5 min, washed twice with cold PBS, and
then lysed in 2 ml of Lysis Buffer (25 mm HEPES, 150 mm NaCl,
100 mMm KCI, 5 mm MgCl,, 1% Triton X-100, 0.05% SDS, 0.03%
Nonidet P-40, 1 mm EDTA, pH 7.4). Lysates were then soni-
cated three times with 30-s bursts and cleared by centrifugation
at 14,000 X g for 15 min. Lysates were then split twice into 1-ml
aliquots (30 wl saved for input) as follows: 1 ml incubated with
5 wl of affinity-purified rabbit anti-HSF1 antibody overnight
and 1 ml incubated without antibody. The next day, 50 ul of
Dynabeads Protein G (Invitrogen) were added for 4 h at 4 °C.
Beads were washed twice with Lysis Buffer, twice with Lysis
Buffer + 0.5 M NaCl, and then twice with TE, pH 7.5. Proteins
were eluted with TE + 1% SDS for 10 min at 65 °C. Beads were
spun at 14,000 rpm for 10 min, and the supernatant was incubated
overnight at 65 °C to reverse cross-links. The next day samples
were treated with proteinase K for 1.5 h and purified using Qiagen
PCR-cleanup kit prior to quantitative PCR analysis.

RESULTS

Expression and Purification of Human HSF1 Derivatives from
E. coli—To examine the DNA-binding site characteristics for
human HSF1 in vitro, three derivatives of a synthetic His,-
tagged human HSF1 gene were codon-optimized for expres-
sion in E. coli and purified as follows: 1) wild type human HSF1
(WT); 2) trimeric HSF1 harboring three point mutations
(L391M, L395P, L398P) in the LZ4 domain that disrupt the
proposed auto-inhibitory intramolecular coiled-coil interac-
tion (LZ4m); and 3) monomeric HSF1 with the LZ1-3 deleted
(ALZ1-3) (Fig. 1B). The three HSF1 variants were purified
using nickel-nitrilotriacetic acid affinity chromatography fol-
lowed by Sephacryl s400 size exclusion chromatography. As
shown in Fig. 1C, wild type HSF1 elutes as two distinct peaks,
indicative of an equilibrium between monomer and trimer. The
LZ4m HSF1 derivative, known to be constitutively multi-
merized when expressed in mammalian cells, elutes as a single
peak corresponding to the HSF1 homotrimer, and the HSF1
ALZ1-3 derivative elutes as a single peak corresponding to the
monomeric protein. These results confirm the hypothesis that
the LZ4 domain represses trimerization by demonstrating that
the HSF1 LZ4m protein is constitutively trimerized in the
absence of eukaryotic regulation (13, 26). Colloidal blue stain-
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ing of the purified proteins demonstrates that the HSF1 mono-
mer, trimer, ALZ1-3, and LZ4m proteins are highly purified
(Fig. 1D).

HSF1 DNA Binding in Vitro Correlates with Multimeric
State—Fluorescence polarization assays were used to quantita-
tively characterize the DNA binding features of the HSF1 deriv-
atives in vitro, using a fluorescein-labeled double-stranded oli-
gonucleotide containing a canonical HSE sequence (HSE) and a
derivative containing a mutated HSE sequence (mHSE), to
which HSF1 fails to bind, as negative control (Fig. 24). As
shown in Fig. 2B, specific DNA binding was detected for all
HSF1 derivatives, with a range of affinity for the specific HSE
sequence. Both HSF1 homotrimeric species demonstrated low
nanomolar affinity for the specific HSE whereas the HSF1 mono-
mer exhibited an ~10-fold lower affinity than the HSF1 trimer
(Fig. 2C). However, the constitutive monomer (ALZ1-3) bound
DNA with ~70-fold lower affinity than the HSF1 trimer. The
affinity difference between the constitutive monomer and
monomeric WT HSF1 may reflect HSE-binding inducing tri-
merization. Collectively, these results demonstrate that the
purified HSF1 derivatives specifically bind to an HSE sequence
in vitro.

HSE Sequence Element Enhances HSF1 Thermal Stability—
To quantitatively evaluate HSF1 binding to distinct HSEs, ther-
mal denaturation profiling was used in which a fluorescent dye,
SYPRO Orange, reported on the melting temperature of HSF1
in the absence or presence of cognate HSE sites. Thermal dena-
turation profiling has been used to characterize changes in the
stability of proteins in different buffer conditions or in the pres-
ence of ligands. SYPRO Orange is an environmentally sensitive
dye that fluoresces when bound to hydrophobic residues of pro-
teins as they unfold during a thermal stimulus. Changes in
protein stability are then identified by an apparent shift in the
melting curve generated by SYPRO Orange fluorescence
throughout the temperature gradient (27-29). We utilized the
thermal denaturation profiling technique to investigate inter-
actions between HSF1 and its natural ligand, DNA. As shown in
Fig. 34, a DNA oligonucleotide containing a functional HSE
consensus sequence significantly stabilized all of the HSF1
derivatives tested, the increase in relative fluorescence occurs at
a higher temperature in the presence of a specific HSE. The
concentration of HSE oligonucleotide-binding sites was opti-
mized in the presence of 5 um HSF1 to achieve the largest
increase in melting temperature. Under these conditions, the
mutated HSE did not evoke a shift in HSF1 thermal denatur-
ation, indicating that the HSF1-DNA binding interaction,
rather than a change in the ionic strength of the reaction, drives
the shift in thermal denaturation profile. Using these condi-
tions we determined that the HSF1 monomer, trimer, and
LZ4m species all experience a 20 °C shift in thermal stability in
the presence of an HSE sequence, although the thermal stability
of the ALZ1-3 monomeric variant was shifted by 5 °C (Fig. 3B).
The large thermal shifts observed provide indirect evidence
that HSF1-HSE interactions are stable, consistent with the idea
that dissociation of HSF1 from DNA in vivo may require acety-
lation of HSF1 on lysine 80 within the DNA binding domain
(30) or other active processes.

JOURNAL OF BIOLOGICAL CHEMISTRY 30461
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Extended HSEs in Tandem Orientations Facilitate Coop-
erative HSF1 Binding—Chromatin immunoprecipitation-se-
quencing experiments have demonstrated that HSEs through-
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FIGURE 2. Fluorescence polarization analysis of HSF1-HSE binding correlates with multimeric state of HSF1 derivatives. A, sequences used for FP
analysis. dsDNA containing the inverted nGAAn repeats (HSE) was used for specific DNA binding. A dsDNA with specific mutations disrupting the nGAAn
repeat (MHSE) was used as a negative control. B, representative binding curves generated from FP experiments for the four HSF1 derivatives. An increase in
millipolarization units (MP) is indicative of direct binding to the fluorescently labeled HSE probe. The HSF1 variants saturate the HSE probe with different
binding kinetics. C, K, values calculated from a hyperboloidal curve fit for the four HSF1 derivatives.

the thermal shifts caused by a panel of oligonucleotides con- These extended HSEs can theoretically accommodate three
taining distinct binding sites that are representative of genomic ~ HSF1 trimers, but their orientations will dictate the possible
HSF1 binding sequences were measured. It has been previously interactions between trimers. A parallel oriented HSE (II HSE)
shown that HSF1 makes critical polar contacts with the guanine  contains three HSE-binding sites, but the orientation of
of the 5'-nGAAn-3’ sequence within the major groove (25). To  sequence between trimers forces a head to tail interaction
understand the importance of the orientation of this critical between adjacently bound trimers similar to the orientation in
guanine, an oligonucleotide consisting of tandem repeats of the  the H2T oligonucleotide (Fig. 4A4). Finally, a triple HSE (triHSE)
nGAAn sequence with no inversion was used in thermal dena-  contains three HSEs but allows for head-to-head and tail-to-tail
turation experiments (head to tail oligonucleotide; Fig. 4A4). interactions between trimers.

This HSE sequence maintains the contact site for the HSF1 Using this collection of HSE-binding site variants, HSF1
interaction, but alters the orientation of the bound HSF1 mol-  binding was evaluated by thermal stability profiling. As shown
ecules. DNA sequences containing three HSEs in tandem, with  in Fig. 4B, inverting the middle nGAAn (H2T HSE) resulted in
different orientations between the HSEs, were then analyzed. asignificant reduction in HSF1 binding (—12 °C for WT mono-

FIGURE 1. Expression and purification of human HSF1 derivatives. A, schematic of the current model of HSF1 activation. Upon stress, HSF1 transitions from
amonomer to a trimer and binds HSEs throughout the genome. B, diagram of the constructs used for expressing HSF1 derivatives. WT human HSF1, HSF1 with
mutations M391K, L395P, and L398R (LZ4m), and HSF1 with amino acids 138-198 deleted (ALZ1-3) were cloned into the pET15b E. coli expression vector with
an amino-terminal Hisg tag. C, gel filtration chromatography of HSF1 derivatives using Sephacryl s400 media. WT hHSF1 elutes as two distinct peaks, whereas
ALZ1-3 and LZ4m elute as single peaks corresponding to HSF1 monomer and HSF1 trimer, respectively. Each peak was isolated and concentrated to 1 mg/ml.
D, SDS-PAGE analysis of 2 ug of the four species of purified HSF1.
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A B mHSE
WT Monomer 4 nse WT Trimer
1509 1504
> o)
L w
(14 4
= - 1001
8 8
© (]
£ E 5o
(e} (e}
z z
30 40 50 60 70 0 30 40 50 60 70
Temperature Temperature
ALZ1-3 LZ4m
1509 150
-] )
2 tr
1009
© ©
E f E
2 2
0
30 40 50 60 70
Temperature Temperature
B 25
o~ = Monomer
11 ;
n 20+ = Trimer
£ = ALZ1-3
1 151 = LZ4m
%
5 10+
I—E 59
< -
Ol

FIGURE 3. Thermal denaturation profiling of HSF1 derivatives. A, representative melting curves for all derivatives in the presence of nonspecific (mHSE) or
specific (HSE) DNA. WT monomer, WT trimer, and LZ4m demonstrate enhanced thermal stability in the presence of HSE DNA. ALZ1-3 is also stabilized but to
a much lesser extent than the other HSF1 derivatives. B, thermal shifts calculated from the melting curves. The first derivative of the melting curve was
calculated, and the highest derivative value was taken as the melting temperature. Melting temperatures of HSF1 in the presence of the mHSE were subtracted
from melting temperatures for the HSE curves for each HSF1 derivative to provide a thermal shift (AT,,,). WT monomer, WT trimer, and LZ4m are stabilized by

~20 °C, whereas ALZ1-3 stability is shifted by 4 °C.

mer, WT trimer, and LZ4m and —3 °C for ALZ1-3) suggesting
that the interface present in the nGAAnnTTCn HSE DNA-
binding site contributes to binding affinity and furthermore
suggesting the importance of sequence orientation in driving
stable HSF1-HSE interactions. The II HSE, containing binding
sites fostering head to tail interactions between trimers, does
not differ from a single HSE in driving differences in HSF1
thermal stability. This suggests that although multiple trimers
can be bound adjacently, they do not bind cooperatively under
these conditions. However, when HSF1 binds the triHSE that con-
tains continuous inversions of the nGAAn sequence that would
facilitate head-to-head and tail-to-tail interactions between HSF1
trimers, the thermal shift is increased by 7-10 °C. This additional
thermal shift may be due to cooperative interactions between
HSF1 trimers, which would enhance the thermal stability of the
HSF1-HSE complex.

The importance of HSE orientation in thermal stabilization
of HSF1 is further supported by data shown in Fig. 4C, with

30464 JOURNAL OF BIOLOGICAL CHEMISTRY

DNA molecules containing two HSE-binding sites in which the
third HSE is mutated to a nonspecific site. Using the WT HSF1
homotrimer, we demonstrate that when one cooperative site is
available between trimers, an additional thermal shift is
observed that is greater than a single HSE but less than the
triHSE that contains two cooperative interfaces. The increased
thermal shift is not observed when the two adjacent HSEs do
not contain a cooperative orientation or if the HSEs are sepa-
rated by a nonfunctional HSE. Together, these results support
the hypothesis that specific HSE sequences and orientations
facilitate cooperative HSF1 binding as measured by an increase
in HSF1 thermal stability.

HSF1 DNA-binding Domain Facilitates Cooperative HSE
Binding—It was unexpected that an increase in thermal stabil-
ity would be observed with HSF1 ALZ1-3 binding to the coop-
eratively oriented triHSE because this form of HSF1 cannot
trimerize. To test whether HSF1 domains in addition to the tri-
merization domain mediate this cooperative binding effect, poten-
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FIGURE 4. Thermal denaturation profiling of HSE variants identifies a role for extended HSEs. A, diagram of the HSE variants used. HSE is the same as used
in Fig. 3. Head to tail (H2T) HSE is generated by inverting the middle nGAAN repeat of the HSE sequence. This disrupts the typical head to head interface of the
DNA binding domain while bound to DNA. The Il HSE is constructed by placing three HSE sites in tandem with an orientation that provides a head to tail
interaction between trimers (red boxes). The triple HSE (triHSE) is three HSEs oriented so that head to head or tail to tail interactions (red boxes) are present
between trimers. B, AT,, values in the presence of HSE variants. C, triHSE variants with one HSE disrupted by an mHSE. A triHSE with two trimer binding sites
oriented in a cooperative fashion imparts a thermal shift between a single HSE and triHSE, whereas a triHSE with two trimer binding sites in noncooperative
orientation or separated by a mHSE do not demonstrate an increased thermal stability.

tial cooperative interactions between DNA binding domains were
evaluated. This possibility was considered because DBDs of adja-
cent HSF1 monomers might be predicted to assemble in an orien-
tation resembling that found within a trimer.

To determine whether the HSF1 DBD contributes to the
increase in thermal stability, the HSF1 DBD was purified, and
thermal shifts imparted by HSEs were analyzed. Fig. 54 shows
that the HSF1 DBD is purified to homogeneity using a strategy
similar to that of the other HSF1 derivatives. As shown in Fig.
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5B, the thermal shifts imparted by the HSEs have a similar rela-
tionship for the HSF1 DBD as compared with the full-length
HSF1 homotrimer. Specifically, the DBD exhibits an increase in
melting temperature when the HSE contains continuously
inverted nGAAn repeats present in the triHSE, as compared
with the single HSE, H2T HSE, or II HSE site.

The observation that the HSF1 DNA binding domain coop-
eratively binds the triHSE is supported by the structural char-
acterization of the K. lactis HSF1 DBD in the HSF-DNA co-
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FIGURE 5. HSF1 DNA-binding domain participates in cooperative HSE binding. A, SDS-PAGE analyses of the purified HSF1 DBD with molecular weight
indicated. B, DBD and WT trimer thermal shifts in the presence of HSE variants. Although the magnitude of the thermal shift is different between the two HSF1
derivatives, a similar relationship is observed between the different HSEs for the two derivatives. C, representation of the K. lactis DBD crystal structure (25)
modeled in PyMOL. The dimer interface (green) observed in the crystal structure is predicted to be present between trimers in cooperative HSEs but not in
noncooperative HSEs, suggesting that this interface may contribute to cooperative binding to extended HSEs in the proper orientation.

crystal structure (Fig. 5C). The crystal structure was solved with
two adjacent DBDs in a tail-to-tail orientation. Importantly,
this orientation is present between DBDs within a trimer when
bound to an HSE but also between adjacently bound trimers
with properly oriented extended HSEs, such as that found in the
triHSE sequence. The observed inter-DBD interaction inter-
face described in this structure is quite extensive, with numer-
ous hydrogen bonds between the “wing” and “turn” of the adja-
cent DNA binding domains. This interface may be important
not only for the high affinity HSE DNA binding by an individual
trimer but also for cooperative binding of multiple HSF1 tri-
mers. Although the report on the HSF1-DNA co-crystal
modeled and speculated about cooperative interactions
between trimers, data shown here represent the first quantita-
tive measurement of cooperativity between human HSF1 trim-
ers for HSEs oriented in such a manner as to permit cooperative
binding (31). Moreover, we propose that this predicted HSF1
inter-DBD interaction surface may provide an additional level
of stability and regulation for HSF1-DNA interactions when
present in extended genomic HSE sequences.
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Cooperative Orientations in Genomic HSEs Influence HSF1
Binding in Vitro and in Vivo—It is important to ascertain
whether the cooperative HSF1-DNA interactions observed in
vitro have consequences for HSF1 DNA binding in vivo. To
address this question, a set of genomic HSEs recently identified
in human K562 cells by comprehensive ChIP-seq experiments
was evaluated for HSF1 binding in vitro (15). In this study, some
genomic HSE sequences were bound by HSF1, although others
were bound only by the related transcription factor HSF2.
Interestingly, sequences that were bound by HSF1 in vivo gen-
erally contain extended and/or cooperative HSE sequences.
Table 1 illustrates a panel of genomic sequences and highlights
the diversity of HSEs in length and orientation of the critical
guanine (red). A panel of DNA oligonucleotides containing
these HSE sequences was evaluated in HSF1 thermal shift
assays. Interestingly, a range of HSF1 thermal shifts was elicited
by the distinct genomic HSEs (Fig. 6A4). The sequence and ori-
entation of the MLL HSE resembled the H2T HSE (Fig. 4) and
elicited little increase in HSF1 thermal stability. In contrast, the
prototypical HSE from the HSPAIA (Hsp70) promoter or that
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TABLE 1

Genomic HSE sequences

Sequences taken from eight genomic loci demonstrate that the orientation of the
guanine required for critical HSF1 major groove contacts is varied in genomic HSEs.
Cooperative sequences contain guanines (shown in red) that are specifically spaced
on alternating strands.

Gene HSE Sequence
(Critical guanine in red)
MLL GAGAGGGCCCGACAAGCTA
CTCTCCCGGGCTGTTCGAT
ADAM9 AATGGTAGTTCTAGTTTTAG
TTACCATCAAGATCAAAATC
STX6 GCGTTCGTGATTGGCCGCGGCCGA
CGCAAGCACTAACCGGCGCCGGCT
ARHGEF1 GAGCCCGAGCGCGGAGGCTTCGGTTCCGGTGGCGGCGAT
CTCGGGCTCGCGCCTCCGAAGCCAAGGCCACCGCCGCTA
DARS GCTCTCGCGATCTTTCTGGAGCCGCACCTCCACGCGGAGTCCGA
CGAGAGCGCTAGAAAGACCTCGGCGTGGAGGTGCGCCTCAGGCT
NEAT1 GCCGCCTGGAATTTTCCAGATGTC
CGGCGGACCTTAAAAGGTCTACAG
HSP70 TCAGTGAATCCCAGAAGACTCTGGAGAGTTCTAC
AGTCACTTAGGGTCTTCTGAGACCTCTCAAGATG
uBB AAGGAAGTTTCCAGAGCTTTCGAGGAAGG
TTCCTTCAAAGGTCTCGAAAGCTCCTTCC

from the UBB ubiquitin gene promoter drove thermal shifts sim-
ilar to a “perfect” HSE. Importantly, the genomic HSEs associated
with the greatest shift in HSF1 thermal stability have orientations
that resemble the cooperative HSEs shown in Fig. 4.

To evaluate whether the HSF1 thermal shifts caused by spe-
cific HSEs in vitro correlate with the strength of HSF1 DNA
binding in vivo, HSF1 DNA binding was evaluated by quantita-
tive chromatin immunoprecipitation experiments in human
HEK293T cells grown at control temperature (37 °C) or heat
shocked for 1 h at 42 °C. As shown in Fig. 6B, a strong correla-
tion exists between HSE sequences driving strong HSF1 ther-
mal shifts in vitro and HSF1 binding to HSEs in human cells.
Furthermore, the strongest binding observed in vivo was seen in
HSEs with cooperative orientations. Together, these results
support the hypothesis that HSF1 prefers extended HSE
sequences with specifically oriented GAA repeats.

To further test the importance of cooperativity in genomic
HSE binding, a panel of mutated genomic HSEs was generated
(Fig. 7A). To test the influence of cooperative binding to the
MLL HSE, a noncooperative guanine was substituted with thy-
mine to allow binding to a potentially cooperative guanine
located on the opposing strand. Similarly, an ARHGEF1 HSE
mutant predicted to accommodate cooperative binding was
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FIGURE 6. HSF1 binding to genomic HSEs in vitro by thermal denaturation
correlates with binding in vivo. A, HSF1 thermal shifts elicited by genomic
HSEs. The magnitude of thermal shift correlates with the cooperative nature
of the HSE. B, chromatin immunoprecipitation analysis of endogenous
human HEK293T cell HSF1 binding to genomic sequences tested in B. A
strong correlation can be drawn between in vitro HSE binding as assessed by
thermal shift and in vivo binding measured by quantitative ChIP.

created by inverting an internal TTC sequence to facilitate
cooperative binding throughout the HSE. In both cases, HSF1-
HSE binding was enhanced (+1°C for MLL and +5 °C for
ARHGEF]I) as measured by thermal shifts (Fig. 7B). To ascer-
tain whether cooperative sites can be disrupted in genomic
sequences, a variant was constructed in the HSPA1A HSE that
is predicted to lack cooperative sequences between trimer
binding sites without disrupting either trimer binding site indi-
vidually (Fig. 7A). This sequence imparts a significantly lower
thermal shift, —8 °C compared with WT, suggesting that inter-
trimer interactions are important for binding at the Hsp70 pro-
moter. Moreover, a UBB HSE lacking the signatures of a pre-
dicted cooperative orientation results in significantly reduced
HSF1 binding affinity, —7 °C compared with WT. Collectively,
these data demonstrate that the orientation of extended HSE
sequences dictates the DNA binding affinity of HSF1 to
genomic loci in human cells.

DISCUSSION

Increasing evidence demonstrates that the human heat
shock transcription factor 1 targets a diverse array of genomic
loci for gene regulation, which has important implications for
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A Wr  GAGAGGGECCGADAAGCTA
CTCTCCCGGGCTGTTCGAT

MLL

Mut  GAGAGGGGCCTAGAAGCTA
CTCTCCCGGGATGTTCGAT

wr GAGCCCGAGCGCGGAGGCTTCGGTTCGGGTGGCGGCGAT
CTCGGGCTCGCGCCTCCGAAGCGAAGGCCACCGCCGCTA
ARHGEF1
Myt GAGCCCGAGCGCGGAGGCTTCGGGAACGGTGGCGGCGAT
CTCGGGCTCGCGCCTCCGAAGCCCTTGCCACCGCCGCTA
wr  TCAGTGAATCCCAGAAGACTCTGGAGAGTTCTAC
AGTCACTTAGGGTCTTCTIGAGACCTCTCAAGATG
HSPATA Mut  TCAGTGAATCCCAGAAGAGAGTGCTCAGGAATAC
Ul AGTCACTTAGGGTCTTCTCTCACGAGTOTTCATG
WT AAGGAAGTTTCCAGAGCTTTCGAGGAAGG
TTCCTTCAAAGGTCTCGAAAGCTCCTTCC
UBB
Mut AAGGAAGTTTCCACTCGTTTCGAGGAAGG
TTCCTTCAAAGGTGAGGAAAGCTCCTTCC
B Mutant Genomic HSE Thermal Shift
251
= WT
’(L})I 204 = Mutant
i
E 151
w
1]
101
£
'_
< 54
0
NE N \ol N2
NN A N4
& ¥

FIGURE 7. Directed mutation of cooperativity within genomic HSE
sequences results in changes in HSF1 DNA binding affinity. A, sequences
of “wild type” (WT) and mutant (Mut) genomic HSEs within the MLL, ARHGEF1,
HSPA1A, and UBB genes. Subtle mutations within the MLL and ARHGEF T HSEs
foster increased cooperativity, whereas mutations within the HSPATA and
UBB sequence disrupt cooperative interactions between trimers. B, thermal
shifts elicited by the genomic HSE variants. MLL and ARHGEF1 HSE mutants
exhibit higher affinity binding, whereas the HSPATA and UBB HSE mutants
exhibit lower binding affinity for HSF1. All mutants demonstrated signifi-
cantly different melting profiles as measured by one-way analysis of variance
followed by Newman-Keuls multiple comparison test.

normal cellular physiology, during stress and in disease. Eluci-
dating the mechanism by which HSF1 selects different genomic
loci is important for understanding the consequences of HSF1
activation in the diverse chromatin environment of different
physiological and disease states.

The purification of HSF1 using tandem affinity and gel filtra-
tion revealed that recombinant human HSF1 exists in an equi-
librium between monomer and trimer in vitro and that the two
species can be purified by size exclusion chromatography. In
this work, we also developed a method for purifying HSF1
LZ4m and ALZ1-3, derivatives of HSF1 that are important
tools for investigating HSF1 DNA binding. For example, the
results obtained with purified HSF1 LZ4m lend biochemical
support to the suggestion that the carboxyl-terminal coiled-
coil, LZ4, auto-inhibits trimer formation, as we found this
derivative to be exclusively multimeric (13, 26).

One limitation to our detailed knowledge of HSF1-DNA
interactions has been the low throughput assays commonly
used, such as electrophoretic mobility shift assays (EMSA), that
are also difficult to quantitate. Initial analysis of recombinant
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human HSF1 DNA binding with fluorescence polarization, a
facile and quantitative assay, revealed differences in the affinity
of HSF1 derivatives for a consensus HSE sequence. Moreover,
we found that thermal denaturation profiling was amenable to
high throughput, enabling studies of DNA binding to a wide
array of putative interaction sites such as the many variants
found to be bound by HSF1 in the human genome.

Using these platforms, the binding of HSF1 variants to
genomic HSE sequences was analyzed, and the results were
compared with binding in the context of chromatin in human
HEK293T cells. Importantly, the thermal shift profiling method
accurately reported on the relative affinity of the genomic inter-
actions, further validating this experimental platform. Further-
more, the results suggest that there are HSF1 binding prefer-
ences to extended, cooperative HSEs, supporting the notion
that this mechanism for DNA binding contributes to selectivity.
It is important to note that the correlation between in vitro and
in vivo binding is not perfect, particularly for HSEs found in the
promoters of genes such as DARS and HSPAIA. This observa-
tion suggests that another layer of complexity exists in HSF1
binding in vivo, which could be attributed to the previously
reported heteromultimerization of HSF1 with HSF2, chroma-
tin environments, post-translational modifications, and other
factors (18, 32-34). However, our results suggest that when
HSF1 is presented with a given array of accessible HSEs, it will
prefer cooperatively oriented HSEs. These distinct binding
preferences are likely to impact the kinetics and amplitude of
HSF1 transcription activation at different loci and dictate the
function of HSF1 under diverse physiological and disease
contexts.
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