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Abstract

Heat shock factor 1 (HSF1) is a stress-responsive transcription factor that regulates expression of 

protein chaperones and cell survival factors. In cancer, HSF1 plays a unique role, hijacking the 

normal stress response to drive a cancer-specific transcriptional program. These observations 

suggest that HSF1 inhibitors could be promising therapeutics. However, HSF1 is activated through 

a complex mechanism, which involves release of a negative regulatory domain, leucine zipper 4 

(LZ4), from a masked oligomerization domain (LZ1-3), and subsequent binding of the oligomer to 

heat shock elements (HSEs) in HSF1-responsive genes. Recent crystal structures have suggested 

that HSF1 oligomers are held together by extensive, buried contact surfaces, making it unclear 

whether there are any possible binding sites for inhibitors. Here, we have rationally designed a 

series of peptide-based molecules based on the LZ4 and LZ1-3 motifs. Using a plate-based, 

fluorescence polarization (FP) assay, we identified a minimal region of LZ4 that suppresses 

binding of HSF1 to the HSE. Using this information, we converted this peptide into a tracer and 

used it to understand how binding of LZ4 to LZ1-3 suppresses HSF1 activation. Together, these 

results suggest a previously unexplored avenue in the development of HSF1 inhibitors. 

Furthermore, the findings also highlight how native interactions can inspire the design of inhibitors 

for even the most challenging protein-protein interactions (PPIs).
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Graphical Abstract

Introduction

Heat shock factor 1 (HSF1) is a transcription factor that binds to heat shock elements (HSE) 

and transcriptionally regulates expression of heat shock proteins (HSPs) and other pro-

survival targets [1, 2] [3–5]. Accordingly, active HSF1 is required for cancer cell survival, 

where stress and biosynthetic demands are higher than in normal cells [6]. In addition, 

HSF1−/− knock-out mice are strongly protected from chemical skin carcinogenesis [7], 

suggesting that HSF1 could be a potential target to prevent tumorigenesis. Compared to 

traditional chemotherapy or target-based drug discovery, inhibition of HSF1 might also 

provide higher selectivity and a lower chance of drug resistance due to its broad roles in a 

cancer cell’s transcriptional program [8].

These observations have motivated many groups to pursue chemical inhibitors of HSF1 [9, 

10]. Although reported compounds suppress HSF1 transcriptional activity in cells, their 

molecular targets, binding sites and mechanisms remain uncertain because they have been 

discovered through phenotypic screens. A promising alternative would be to discover 

inhibitors through biochemical screens, using purified HSF1. However, HSF1 protein has 

been difficult to express until recently, when methods for purification of human HSF1 and 

its close paralog HSF2 have been reported [11]. In addition, it was found that HSF1 could be 

isolated as either a stable monomer or trimer. These advances have created an opportunity to 

revisit methods for HSF1 inhibition.

HSF1 is composed of a DNA-binding domain (DBD), an oligomerization motif (termed 

LZ1-3 or HR-A/B) [12, 13] an intrinsically disordered regulatory region, and a C-terminal 

coiled-coil, LZ4 (or HR-C). HSF1 is normally held in an inactive, monomeric state by the 

activity of chaperones and other proteins, which also seem to require an intramolecular 

interaction between LZ4 and LZ1-3 (Figure 1A) that maintains the monomer in a 

“paperclip” conformer [14, 15]. During activation, the LZ4 is released, so that LZ1-3 is 

allowed to form extensive coiled-coil interactions and align the DBDs for interactions with 

HSEs within the trimer. This oligomerization also facilitates the interaction of HSF1 with 

regulatory proteins important for transcription [2, 16].

A recent homology model of the human LZ1-3 trimer attracted our attention [12, 13, 17]. 

We reasoned that pharmacologically targeting this oligomerization domain with mimetics of 

the LZ1-3 or LZ4 motifs might disrupt HSF1 activity and potentially its oligomerization 

(Figure 1B). However, one challenge is that the observed HSF1 coiled-coils are long, only 

about 20 residues shorter than the entire LZ1-3 domain, and they feature three α-helices 
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intertwined from N to C-terminus to form a tight bundle (Figure 1C). More specifically, the 

protein-protein interactions (PPIs) in this region appear to be driven by four leucine zippers 

(LZs) distributed within the 50-residued α–helix, giving a large interface that lacks well-

defined binding pockets for small molecules. However, Navitoclax [18, 19], the first 

marketed drug targeting intracellular PPIs, was built by mimicking a >20-residue α–helix, 

suggesting that such a strategy might potentially work for HSF1. Also, there have been 

recent successes in either stabilizing helical conformation, or converting short peptides into 

mimetics, yielding potent pharmacological tools or even clinical candidates [20–23], further 

motivating this approach.

To enable inhibitor discovery for HSF1, we first needed to tackle the formidable challenge 

of understanding which regions of LZ1-3 and/or LZ4 might be the best starting points. 

Accordingly, we report here the design of peptides that mimic discrete stretches of LZ1-3 

and LZ4. Using a new, plate-based fluorescence polarization (FP) assay, we screened the 

peptides for potential inhibitors of HSF1-HSE interactions. Strikingly, none of the peptides 

derived from LZ1-3 were found to be inhibitors, while the shorter peptides from LZ4 were 

relatively potent (EC50 ~ 13 μM). Leveraging this knowledge, we created an LZ4-based FP 

tracer and used it to measure direct interactions between the inhibitory region and HSF1. 

These results are an important first step in mapping the PPI surfaces of HSF1 for potentially 

“druggable” sites. Specifically, we suggest that mimetics of the natural regulatory domain, 

LZ4, might prove to be an unexpectedly promising lead towards the development of the first 

rationally designed HSF1 inhibitors. In addition, the FP tracer described here could be a 

useful chemical probe for better understanding HSF1 activation and/or discovering small 

molecules.

Materials and Methods

HSF1 protein expression

HSF1 monomer, homotrimer and ΔLZ1-3 were expressed in Escherichia coli and the 

monomeric and trimeric fractions were separated through Size Exclusion Chromatography 

(SEC) using a previously described procedure [11]. Briefly, pET15b-6xHis-HSF1 was 

transformed in BL21 E. coli. A single colony was transferred to an overnight stationary 

culture, which was diluted 1:100 and grown to an Optical Density 600 of 0.5 at 37 °C. 

Cultures were transferred to 15 °C and induced with addition of 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 16 hours. Cells were harvested with a 10 min spin at 

10,000×g, and pellets were re-suspended in Nickel Lysis Buffer (50 mM HEPES pH 7.5, 

300 mM NaCl, 20 mM Imidazole) and lysed with sonication (three, 30 second bursts with 

ten minutes between each burst. Cell lysate was cleared at 4 °C by 30 min centrifugation at 

20,000×g and soluble lysate was incubated with 2 mL of equilibrated Ni NTA agarose resin 

(QIAGEN), washed three times with Nickel Wash Buffer (Buffer (50 mM HEPES pH 7.5, 

300 mM NaCl, 40 mM Imidazole), and washed twice with Nickel Wash Buffer 

supplemented with 5 mM ATP and 20 mM MgCl2. HSF1 was eluted with Nickel Elution 

Buffer (Buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 250 mM Imidazole). Nickel elution 

was further separated by SEC using an ÄKTA system with a Sephacryl S-400 (GE 

Healthcare). SEC buffer (25 mM pH 7.5 HEPES and 150 mM NaCl) was used at a flow rate 
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of 1.0 mL/min and fractions containing HSF1 trimer (Ve~160 mL) and monomer (Ve~210 

mL) were collected. Concentration was assessed using both Bradford and bicinchoninic acid 

assay (BCA) and resulting HSF1 monomer or trimer samples were flash frozen in liquid 

nitrogen and stored at −80 degrees C in SEC buffer. The protein purity was estimated to be 

greater than 95% by SDS-PAGE. Proteins were stored frozen at −80 °C in 25 mM HEPES, 

pH 7.5, and 150 mM NaCl buffer.

Plate-based fluorescence polarization (FP) assay

Preparation of the 5-fluorescein labeled HSE oligonucleotides followed a previous approach 

[11]. FP experiments were performed in HEPES buffer: 25 mM HEPES, 75 mM NaCl, pH 

7.5, with addition of 10 mM MgCl2 and 0.01% Triton-X to improve DNA stability and 

prevent nonspecific aggregations. The concentration of labeled HSE for the screen was 

determined by serial dilution of monomeric HSF1 protein (18 μM) into either 15 nM or 30 

nM of the tracer. This mixture was co-incubated for 15 mins in Costar 96-well, black, flat 

bottom plates before measurement in a SpectraMax M5 plate reader (Molecular Devices) 

using an excitation wavelength of 485 nm and an emission wavelength of 530 nm. These mP 

values were plotted and fit using a one-site binding model in GraphPad Prism 5 (Figure S1). 

A similar procedure was used to obtain saturation curves for HSF1 trimer. In those 

experiments, we also varied the concentration of DMSO and co-incubation time to evaluate 

assay stability. The final conditions for peptide screening were selected as: 250 nM HSF1 

trimer (75% of saturation), 15 nM of HSE tracer and 5% DMSO, using an incubation time 

of 15 min and 100 μL volume. A similar procedure was employed to get saturation curves of 

the 14F tracer (10 nM) binding to wild-type HSF1 monomer (8 μM) or ΔLZ1-3 recombinant 

HSF1 (8 μM).

Peptide synthesis

HSF1-based peptides were either purchased from commercial source or synthesized 

manually using microwave-assisted, solid-phase peptide synthesis in an Fmoc protecting 

group strategy. Synthesized peptides were cleaved using 87.5% trifluoroacetic acid, 5% 

dithiothreitol, 5% water and 2.5% triisopropylsilane, precipitated with ethyl ether and 

purified with reverse phase, semi-preparative HPLC. The peptide-based tracer was made 

manually by attaching 5-fluorescein to the N-terminus of 14 using 4-equivalent NHS-

fluorescein 8% acetic anhydride and 8% pyridine in dry DMF, two β-alanine was introduced 

as a spacer. Peptide purities were determined to be > 90% by HPLC. Peptides were stored as 

dry powders at −80 °C and dissolved in DMSO prior to use.

Competitive FP assay for peptide screening

Competitive FP binding assays were designed to evaluate the activity of peptides to inhibit 

HSF1 from binding to DNA. Peptides dissolved in DMSO were co-incubated with HSF1 

trimer protein in a 96 well plate at room temperature for 1 hour with gentle shaking. The 

tracer was then added into the reaction to make an assay condition with 400 μM peptide, 250 

nM HSF1 trimer and 15 nM DNA tracer, which was shaken for additional 15 mins before 

reading. Percentage inhibition values were calculated by an equation including factors of 

maximum signal from DMSO control, baseline signal from tracer-only group and signals 
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given by each tested peptide: %inhibition= (mPDMSO - mPPeptides)/(mPDMSO- mPtracer) %. 

For dose-dependent inhibition, serial dilutions of peptides were performed from 800 μM 

before co-incubating with the protein. In the trimer de-activation study, the peptide was 

added into a pre-formed protein (250 nM) and tracer (15 nM) complex and co-incubated for 

additional 1 hour before reading. IC50 values were determined by nonlinear regression 

fitting of the competition curves.

Tracer binding assay

Serial dilutions (from 400 μM) of peptide solutions were co-incubated with 15 nM tracer for 

15 mins, 1 hour, 3 hours and 24 hours before reading. FP readings were stable for >120 

minutes, but mP values at 15 mins were used to plot the curves.

Circular dichroism

Circular dichroism experiments were performed using Jasco J-720 spectropolarimeter. 

Peptide powders were dissolved in 10 mM phosphate buffer (pH = 7.5) to produce a 100 μM 

solution. A spectrum was generated using the method described previously [24].

Size exclusion chromatography experiments

Homotrimeric full-length human HSF1 was collected, concentrated, and re-purified again by 

Size Exclusion Chromatography (SEC) using the GE S400 column. As expected, trimeric 

HSF1 eluted at ~165 mL as a monodispersed peak. Fractions containing trimeric HSF1 were 

pooled with a final concentration of 2 μM HSF1; this HSF1 trimer was divided and used to 

determine the oligomeric state of HSF1 incubated with peptide or DMSO by SEC. 20 μM 

peptide (10-fold molar excess) or DMSO (2% v/v) was incubated with HSF1 at 4°C for 30 

minutes. After Incubating, the samples were subjected SEC and fractions were collected and 

analyzed by immunoblot.

Results

Design of a plate-based fluorescence polarization assay to screen HSF1 inhibitors

Recent work established a recombinant expression system for producing human HSF1 and 

separating samples of either HSF1 monomer or trimer [11]. Further, a cuvette-based FP 

assay was developed to measure binding of these proteins to fluorophore-labeled DNA 

containing HSEs. Due to the scope of the intended study and the challenge of producing 

human HSF1 is sufficient quantities, we first needed to miniaturize the FP assay, reducing 

the volume for use in 96-well plates. Briefly, we performed a matrix optimization of tracer 

concentration and tracer:protein ratio (Fig S1) for purified samples of either HSF1 monomer 

or trimer, ultimately reducing overall volume by 10-fold (100 μL), without compromising 

signal:noise (> 200 ΔmP). In addition, we added 0.01% Triton to the FP buffer to reduce 

nonspecific interactions or aggregation. Using the modified assay conditions, we obtained a 

robust saturation-binding isotherm, with suitably low protein concentration (250 nM) to 

detect nanomolar range IC50 values. Finally, we found that the assay signal was stable for at 

least 2 hours (Fig 2A) and was not sensitive to DMSO up to ~5% (Fig 2B).
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Rational design of a peptide library to inhibit HSF1 activation

Our approach was to leverage the FP assay and the available HSF1 structures to design 

peptidomimetics, focused on the natural sites of PPIs: the leucine zippers of LZ1-3 and LZ4. 

We envisioned that this experiment might be the first step towards creating orthosteric 

inhibitors, based on precedent in other PPI systems [25]. Towards that goal, we first 

examined the primary sequences and the homology models of the human HSF1 trimer, 

revealing that both the intermolecular interactions of LZ1-3 with other LZ1-3 regions and 

the binding of LZ4 to LZ1-3 all seemed to involve leucine zippers. Therefore, we designed 

the first target peptides to encompass the six, leucine zipper repeats in LZ1-3, and the two 

consecutive zippers in the middle of LZ4 (Table 1). Our design started with peptides of 30 

residues in length, comprising 4 heptad units and the intervening, non-leucine zipper 

regions. In addition, we included one extra residue on both the N- and C-termini (1–3, 11). 

A truncation was also made close to the middle of LZ1-3, with the goal of disclosing the 

contributions between N-terminal and C-terminal leucine zippers, respectively (4 and 5).

In addition to an analysis of leucine zippers, we also relied on data generated from a 

hydrogen deuterium exchange (HDXE) study of the inactive HSF1 monomer [26]. That 

study showed that HR-A/B (LZ1-3) and HR-C (LZ4) were protected from deuterium 

exchange, and therefore not solvent-exposed. Specifically, regions around Leu141-Leu158, 

Arg176-Leu189 and Asp389-Leu395 showed high protection, suggesting that they might 

contribute to intramolecular binding affinity that maintains HSF1 in its monomeric state. We 

took advantage of this information and designed 6–9, 12–13 to cover all six fragments 

showed in the HDXE study, and combined some short sequences to make 10 and 14. 

Together, this peptide library contained 14 rationally designed sequences from both 

oligomerization (LZ1-3) and auto-inhibitory (LZ4) domains. These peptides were 

synthesized by standard Fmoc coupling and purified by HPLC (see Methods).

Identification of an HSF1 inhibitory region

Peptides were first evaluated by FP at a single concentration (400 μM) and % inhibition 

values were calculated (Table 1, Fig S2). In this experiment, we pre-incubated peptide with 

HSF1 trimer for 15 minutes prior to addition of labeled HSE tracer. We specifically chose 

the protein concentration to enable potential identification of both inhibitors and activators 

of HSF1-HSE interactions. This decision was made because there is also interest in 

activation of HSF1 in neurodegenerative diseases [2, 27]. From this screen, peptides 4, 11 
and 14 showed >60% reduction of binding, while 5 and 10 significantly increased the FP 

signal. Most of the peptides used in the screen were inactive, suggesting that the tractable 

inhibitory regions of HSF1 are, as might be expected, quite limited.

To confirm the screening results, we performed a series of validation experiments. First, we 

performed FP experiments to measure any nonspecific interactions between the peptides and 

the HSE tracer. When HSF1 was absent, 5 and 10 still increased the FP signals, suggesting 

that they bind non-specifically to the tracer DNA (Fig 3A). Then, we performed circular 

dichroism (CD) studies to explore the secondary structure of the peptides. We found that 

peptides 4, 11 and 14 had different structures by CD: 11 was α-helical, 14 behaved as an 
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unstructured peptide, and 4 was likely a small, soluble aggregate (Fig 3B). Together, these 

studies focused our attention on 11 and 14 for further confirmation.

Dose-dependence experiments confirmed that 14, the sequence from LZ4, had the most 

potent IC50 value (13 μM), while 11 had an IC50 of 150 μM (Fig 3C). Based on this result, 

we hypothesized that 14 might be acting like the natural inhibitory motif to suppress HSF1 

oligomerization. To further probe this question, we added 14 to a pre-formed mixture of 

HSF1 and DNA tracer. Strikingly, peptide 14 was able to disassemble the preformed HSF1-

DNA complex with an IC50 value of 14 μM (Fig 3D), suggesting that it is capable of 

disrupting interactions of the HSF1 trimer with DNA.

Creating a new probe for HSF1

To leverage these findings, we created a new tracer by coupling a fluorescein derivative 

(FAM) to the N-terminus of 14 (14F, Fig 4A and Fig S3). Using this tracer, we asked 

whether the LZ4 region binds directly to the the LZ1-3 region. Specifically, we measured 

binding of 14F to purified HSF1 monomer or a truncated version lacking LZ1-3 (HSF1 

ΔLZ1-3; Fig 4B). We found that 14F binds to wild-type HSF1 monomer (EC50 of 4.5 μM), 

whereas there was no binding to ΔLZ1-3 (EC50 ≫ 8 μM). These results suggest that LZ4 

might bind directly to LZ1-3.

LZ4 peptides disrupt HSF1-HSE binding without disrupting the trimer

We considered two possible mechanisms for how 14 could disrupt HSF1 trimer binding to 

HSE. One possibility is that its interaction with LZ1-3 could disrupt the trimer and release 

inactive monomer. The other possibility is that the interaction could prevent tight HSE 

binding through allosteric mechanisms. To test these ideas, we performed size exclusion 

chromatography (SEC) experiments. It is known [11] that purified human HSF1 can be 

separated into trimer and monomer peaks by SEC (Fig 5A; black line) and that trimer 

samples can be isolated as stable solutions (blue line; 160 mL). When we treated an HSF1 

trimer with peptide 14 (20 μM; 10-fold excess), there was little change in its position (Fig 

5B) and SDS-PAGE confirmed that HSF1 remained largely in the trimer peak (Fig 5C). 

Thus, binding to LZ4 may allosterically disrupt HSE binding without dramatically altering 

HSF1 trimer structure.

Discussion and Conclusions

In this study, we designed and screened for inhibitors of the transcription factor, HSF1. 

HSF1 is a promising target for anti-cancer therapy, but it has proven difficult to discover 

drug-like, small molecules that bind directly to this target. Indeed, this task seems quite 

difficult, as HSF1 has many features of an “undruggable” target, such as a large, flat buried 

surface area [28]. Towards this goal, we first developed a lower volume FP assay format, 

which enabled testing of fourteen putative mimics of the LZ1-3 and LZ4 motifs. The results 

suggested that the LZ4 motif might be a promising starting point for inhibitors. This finding 

was quite interesting because this region is normally involved in auto-inhibition of HSF1 

monomers. Indeed, we found that peptide 14 could suppress HSF1 binding to DNA (EC50 ~ 

13 μM) but, interestingly, it did not seem to disrupt the HSF1 trimer, as measured by SEC. 
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Based on these results, we hypothesize that peptides, peptoids or even small molecules that 

mimic the activity of LZ4 might represent a promising path towards chemical inhibitors of 

HSF1. Such a strategy might take a similar path to that used in other systems, such as 

SMAC-IAP interactions [29], in which a native inhibitory mechanism is used to inspire 

drug-like compounds.

What are the next steps? The screening hit 14 has relatively modest potency (EC50 ~ 13 

μM), so one of the next important steps is to optimize its affinity through a broader search of 

natural and non-natural amino acids. The peptide is comparatively short and our CD studies 

suggested that it was unable to retain a helical structure when dissolved in aqueous buffer 

(see Fig 3B). Thus, it might be fruitful to apply one of the α-helix stabilizing strategies [20, 

30]. For similar reasons, it might also be worth pursuing continued optimization of 11, 

another LZ4 derived peptide, even though it seemed to be a weaker starting point. Overall, 

we envision that one objective of these optimization strategies would be to create a peptide-

based FP tracer, similar to 14F, for use in screening diverse chemical libraries of drug-like 

molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure and molecular mechanisms of HSF1. (A) HSF1 is held in a repressed state through 

interactions between LZ1-3 and LZ4. A stress response leads to oligomerization and 

transcriptional activation of heat shock responsive genes. (B) Proposed mechanisms by 

which LZ1-3 or LZ4 derived peptides might mimic intra-molecular interactions and 

suppress HSF1 activation. This activity might be detected by a fluorescence polarization 

(FP) experiment, in which changes in binding of HSF1 to fluorescent HSE is measured. (C) 

Homology model of human HSF1 LZ1-3 domain homotrimer. Coiled-coils are shown in 

cartoon form (left and middle), while the peptide template for LZ1-3 ligand design is shown 

as a yellow cartoon (right).
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Figure 2. 
Development of assay conditions for the fluorescence polarization-based detection of HSF1 

binding to HSE. Labeled HSE was incubated with purified HSF1 in 96-well plates, as 

discussed in the Methods. (A) FP signal is stable for at least 120 minutes. Results are the 

average of experiments performed in triplicate and error bars represent standard error of the 

mean (SEM). Many of the error bars are smaller than the symbols. (B) The FP signal is not 

sensitive to DMSO concentrations to ~ 5%. The results are the average of duplicates and 

error bars represent standard deviation (SD). Many of the error bars are smaller than the 

symbols.
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Figure 3. 
Peptides from the screen are dose-dependent and reproducible inhibitors of HSF1 binding to 

HSE. (A) Control experiments revealed non-specific binding of peptides 5 and 10 to the 

HSE tracer. Results are the average of triplicates and error bars represent SD. Some of the 

error bars are smaller than the symbols. (B) Circular dichroism revealed the predominant 

secondary structures in peptides 4, 11 and 14. (C) Dose-dependent inhibition of HSF1 trimer 

binding to DNA, with DNA tracer added before peptide-protein co-incubation. The results 

from both of the duplicate experiments are shown. (D) Dose-dependent inhibition of HSF1 

trimer binding to DNA, with peptide 14 added after tracer-protein complex was formed. The 

results from both of the duplicate experiments are shown.
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Figure 4. 
New fluorescence polarization assay using 14-based tracer. (A) Structure and sequence of 

14-based tracer (14F). (B) 14F dose-dependently binds to wild-type HSF1 monomer, but 

fails to bind HSF1 lacking the LZ1-3 domain. Results of duplicate experiments are shown.
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Figure 5. 
Peptide 14 does not disrupt pre-formed HSF1 trimers. (A) The SEC profile of wild-type, 

purified human HSF1 (black line) shows trimer (~160 mL) and monomer (~210 mL) peaks, 

as previously reported. The isolated trimer was then re-subjected to SEC, confirming it 

remained a stable sample (blue line). (B) Neither vehicle (DMSO) nor peptide 14 disrupted 

the HSF1 trimer. (C) SDS-PAGE and Western blots for HSF1 confirm that the protein stays 

in the trimer fraction after treatment with vehicle (DMSO) or peptide 14.
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Table 1

Sequence of HSF1-based peptides and their activity against HSF1-HSE

a
All of the peptides were capped with acetyl on the N-terminus and amide at the C-terminus.

b
Each Heptad Repeat is shown in colors, while hydrophobic residues on leucine zippers are underlined.

c
%inhibition= (mPDMSO − mPPeptides)/(mPDMSO − mPtracer) %. Results are the average of octuplicates and error bars represent SD.
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