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Abstract

Heat shock proteins (HSP) are rapidly induced after stresses such as heat shock and accumulate at 

high concentrations in cells. HSP induction involves primarily a family of heat shock transcription 

factors (HSF) that bind the heat shock elements of the HSP genes and mediate transcription in 
trans. We discuss methods for the study of HSP binding to HSP promoters and the consequent 

increases in HSP gene expression in vitro and in vivo.

(1) Introduction

Heat shock factor (HSF) was first discovered in yeast as a sequence-specific transcription 

factor that binds to the promoters of heat shock protein (HSP) genes [1]. HSF was shown to 

bind as a trimer to three inverted repeats of the sequence nGAAn at high affinity, an activity 

that was later shown in Drosophila HSF and human HSF1 [2–5]. In more complex 

organisms, there at least four members of the family in avian and mammalian species and 

multiple members in higher plants [6–11]. The current consensus in mammalian cells is that 

HSF1 is the most potent regulator of the heat shock response with the remaining factors 

playing supplementary roles in stress and perhaps more significant roles in development [6, 

12, 13]. The mechanisms by which HSF1 is triggered by stress are not entirely clear. HSF1 

is thought to be constitutively repressed by the products of its transcriptional activity- HSPs 

through a feedback inhibition mechanism [14, 15]. Activation is thus envisaged as a reversal 

of such inhibition as denatured proteins sequester HSPs during heat shock and HSF1 

becomes liberated to bind to HSE elements in HSP genes. However, alternative /overlapping 

hypotheses have been proposed involving stress-mediated HSF1 phosphorylation, binding to 

large non-coding RNA and regulation at the level of posttranscriptional pausing[16] [17–19]. 

HSF1 and HSF2 are predicted to encode at least two splicing variants, with HSF2A and 

HSF2b showing differential expression during erythroid differentiation [6]. HSF2A appears 

to be active in transcriptional regulation while HSF2B appears to be inactive [6].

Heat shock causes a rapid increase in HSF1 binding to HSP gene promoters and an acute 

elevation in the transcription of HSP genes (relative rates are indicated in Figure 1)[16]. 

Transcription decays rapidly after initiation, while HSF continues to bind to HSE for several 

hours [20, 21]. HSP mRNAs are then observed within 1 hr of activation and are maintained 
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at these high levels for up to 24 hr due to enhanced stabilization after stress [22]. After acute 

stress, HSP protein expression in mammalian cells is delayed due to initial translational 

inhibition, then Hsp70, Hsp90 and Hsp110 are observed by 2–6 hr after a 43°C heat shock 

and can persist in most cells for up to 100 hr [23] (Figure 1). In this report, we are concerned 

with the early phase of HSP gene expression, involving HSF1 binding to HSP genes and 

activation of transcription.

(2) Materials

Purification of HSF2 and Electrophoretic Mobility Shift Assay (EMSA)

Primers

For human HSF2:  Forward primer was 5’ −3’ GC[GAATCC]ATGAAGCAGAGTTCGA,

Reverse primer 5’−3’ AAA[GTCGAC]TTCCTGGGGATTTAGCTA.

For murine HSF2:  Forward primer 5’−3’ GG[GAATCC]ATGAAGCAGAGTTCGAACG,

Reverse primer 5’−3’ AGT[GTCGAC]TTGGGAGTTTAACTATCT.

EMSA oligonucleotides

Hsp70 HSE top strand: 5’-CACCTCGGCTGGAATATTCCCGACCTGGCAGCCGA-3’.

Mutant oligonucleotides:

5’-CACCTCGGCTGCAATAATCCCGACCTGGCAGCCGA-3’.

Cells: BL21 (DE3) E. coli, Human HeLa

Columns and filters

20 ml glutathione-sepharose (Pierce Chemicals)

Mono-Q HR 5/5 (Pharmacia)

Centricon 10 ultrafilter

Buffers

E. coli Lysis buffer: 7M guanidine-HCl in 0.1 M potassium phosphate buffer pH 7.4 

containing 50 mM DTT and 0.05% NP-40

Dialysis buffer: 50 mM potassium phosphate buffer containing 0.1 M KCl and 2 mM 

DTT

BSA Solution: 0.1 mg/ml bovine serum albumin

EMSA lysis buffer: 10 mM (HEPES), 10 mM NaCl, 0.1 mM EDTA, 1.0 mM 

dithiothreitol (DTT), 1.0 mM phenylmethylsulfonyl fluoride (PMSF), 2.0 mg/ml aprotinin, 

leupeptin, 20 mM NaF and 2.0 mM Na3VO4 (pH 7.9)
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HSF extraction buffer: aprotinin, leupeptin, 20 mM NaF and 2.0 mM Na3VO4 (pH 7.9) 

on ice. Cells are then lysed by addition of Nonidet P-40 to 0.6% and lysates clarified by 

spinning at 12,000 g. Nuclear pellets

EMSA incubation buffer: (12 ul) contained 2.0 ul nuclear extract or recombinant protein, 

2.0 mg /ml bovine serum albumin, 2.0 mg /ml poly dI-dC, 0.5–1.0 ng 32-P- labeled, double 

stranded oligonucleotide probe, 12 mM Hepes, 12% glycerol, 0.12 mM EDTA, 0.9 mM 

MgCl2, 0.6 mM DTT, 0.6 mM PMSF and 2.0 mg/ml aprotinin and leupeptin (pH 7.9).

ChIP Assay:

ChIP Dilution Buffer—(1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0, 

and 167 mM NaCl).

Protein A Agarose Slurry: (Sigma Chemicals, St Lous, Mo)

ChIP Washing buffers:

washing buffer 1: (20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 2 mM 

EDTA, and 0.1% SDS),

washing buffer 2: (20 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1% Triton X-100, 2 mM 

EDTA, and 0.1% SDS),

washing buffer 3: (10 mM Tris–HCl, pH 8.0, 250 mM LiCl, 1% NP-40, 1% sodium 

deoxycholate, and 1 mM EDTA), TE (10 mM Tris–HCl, pH 7.5, 1 mM EDTA).

ChIP elution buffer: (1% SDS, 0.1 M NaHCO3).

5M NaCl

ChIP Uncrosslinking Buffer: 0.5 M EDTA, 10 microliter of 1 M Tris–HCl, pH 6.5, and 

2 microliter Proteinase K

ChIP hsp70.1 primers: exon region forward primers: {hsp70.1 exn Forward: 5’ 

ggacatcagccagaacaagc 3’ hsp70.1 exn Reverse: 5’ aagtcgatgccctca aac ag 3’

hsp70.1 HSE Reverse:5’ cggcttttataagtcgtcgt 3’ hsp70.1 HSE Forward: 5’ 

aggcgaaacccctggaata 3’}

Run-on transcription

Run-on Lysis Buffer: 10 mM Tris.HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2 and 0.5% 

nonidet-P40.

Run-On Storage Buffer: 50 mM Tris (pH 8.30), 40 % glycerol, 5 mM MgCl2 and 40 

units of RNAsin (Roche Molecular Biochemicals).
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Run-on Reaction Buffer: 10 mM Tris-HCL (pH 8.0), 5mM MgCl2, 0.3 M KCl, 5 mM 

DTT, 1mM ATP, 1mM CTP, 1mM GTP, and 50 uCi [α−32P] UTP (3000 Ci/mmol).

Hybridization Solution: UltraHyb solution (Ambion).

Hybridization Washing Buffers: (1) 2 X SSC, 0.1% SDS, (2) high stringency solution 

(1 X SSC, 0.1% SDS), (3) 2 X SSC, 0.1% SDS with 10 ug RNase A.

(3) Purification of Heat Shock Factors and in vitro EMSA

In order to study the properties of HSF family members in vitro we have prepared purified, 

recombinant HSF1 and HSF2.

(i) Complementary DNA cloning of human and mouse HSF2A and HSF2B.

RNA was isolated from NIH-3T3 (mouse) or HeLa (human cells) and messenger RNA 

prepared by poly-T affinity chromatography (PolyAtract system, Promega, Madison, WI). 

cDNA was then prepared from the mRNA using the AMV reverse transcriptase system 

(Promega) and HSF2 cDNAs amplified using Taq polymerase and the polymerase chain 

reaction using the following primer sets mentioned above [6]:

Forward primers contain Eco-R1 restriction site consensus sequences [marked in boxes] and 

the reverse primers contain Sal-1 sequences for subsequent cloning of amplified DNAs into 

the PGEX5 prokaryotic expression vector (Pharmacia). After transformation and growth of 

competent bacteria, colonies are screened for either total HSF2 using oligonucleotides 

(1764–1785; CAGGAGCAAGTTCACATAAATA and 1786–1807; 

GGCATATCACTATCCAGAGGTG) predicted to detect all forms of HSF2 or for the larger 

form (HSF2A) using oligonucleotides predicted to hybridize specifically with this species 

(1420–1440; TTGTATTATTGATGTAATCT and (1392–1412; CATCTGCACAGAACTAG 

TGA). Oligonucleotides are then end-labeled with 32-P ATP and T4 polynucleotide kinase. 

Plasmids detected using these probes are isolated, screened for the presence of inserts and 

for the production of HSF2-glutathione transferase fusion proteins from representative 

cDNAs in bacteria exposed to the inducing agent IPTG (Pharmacia). After induction, 

bacterial lysates are prepared and screened by immunoblot with anti-GST antibodies (St 

Cruz Antibodies) and anti-HSF2 antibody Ab-3158 prepared in the Calderwood lab. 

Representative clones from human HSF2A and HSF2B and murine HSF2A and HSF2B are 

then further analyzed by dideoxynucleotide sequencing.

(ii) Purification of HSF2 proteins.

HSF2 variants are cloned into the pGEX-5 expression vector, between the Eco RI and Sal I 

sites and the resulting plasmids are used to transform BL21 (DE3) E. coli bacteria. HSF2 

was thus expressed as a fusion protein with glutathione-S transferase. All purification steps 

are carried out at 4˚C. Briefly, IPTG-induced bacteria are pelleted and dissolved in E. Coli 

Lysis Buffer and dialyzed against E. coli Lysis Buffer. The samples are centrifuged at 2500 g 

for 5 min and the supernatant loaded on a 20 ml volume glutathione-Sepharose column at a 

flow rate of 0.5 ml/min, washed extensively with Dialysis Buffer and eluted with this buffer 

A containing 10 mM reduced glutathione. The eluate was loaded onto a Mono-Q HR 5/5 
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ion-exchange chromatography column at a flow rate of 0.8 ml/min and eluted with a 24 ml 

linear gradient from 0.1 M to 1.0 M KCl final concentration of KCl in buffer A. Absorbance 

was monitored at 280 nm and the fractions corresponding to HSF2 assayed for binding to 

HSE, pooled and concentrated with a Centricon 10 ultrafilter in the presence of 0.1 mg/ml 

bovine serum albumin. Relative concentrations of active HSF2 are estimated by quantitative 

EMSA (Fig. 1).

GST-HSF1 is purified using a similar protocol [24]. Alternatively, we have described a 

detailed method for purifying recombinant HSF1 after expression in E. coli from the pET7.1 

vector [25]. Recombinant HSF1 without a GST tag is prepared by ammonium sulfate 

precipitation, heparin-agarose affinity and ion exchange chromatography in pure form as 

assessed by SDS-PAGE and reverse-phase HPLC [25].

Activity of purified GST-HSF2A, GST-HSF2B or GST-HSF1 is estimated by EMSA. 

Proteins are incubated with 32P-labeled HSE at a range of dilutions and then subjected to 

EMSA analysis as described below. GST-HSF2A and GST-HSF2B are serially diluted 

1/2200, 1/660, 1/220, 1 / 66, 1/ 22 and 3/ 22 prior to EMSA.

(4) Nuclear extraction from tissue culture cells and EMSA

EMSA is carried out using purified recombinant HSF or after the extraction of intracellular 

HSF complexes from either whole cell or nuclear extracts from heat shocked cells and 

incubation of complexes with double stranded oligonucleotides encoding heat shock 

elements in HSP genes (HSE). To prepare HSF from cells growing in vitro, nuclear extracts 

are prepared according to Schreiber [26]. In our standard assay, cells are incubated for 15 

min in 200–800 ul of EMSA Lysis Buffer on ice. Cells are then lysed by addition of Nonidet 

P-40 to 0.6% and lysates clarified by spinning at 12,000 g. Nuclear pellets are then 

resuspended in 25 ul ice-cold EMSA extraction buffer. Extracts containing HSF are then 

aliquoted and stored at −80°C.

For incubation with oligonucleotide probe, each binding mixture (12 ul) contained 2.0 ul 

nuclear extract or recombinant protein, 2.0 mg /ml bovine serum albumin in EMSA 

Incubation Buffer. Samples are incubated at room temperature for 15 min, then fractionated 

by electrophoresis on 4.0% polyacrylamide, 1 x TBE gels. Oligonucleotide hHSE was 

synthesized, annealed and labeled by end filling with 32P-dCTP at 6,000Ci/mmol (DuPont, 

NEN) to an activity of 100, 000 cpm/ng. hHSE contains the heat shock element (HSE) from 

the top strand of the human HSP70.1 promoter [27]. (We have found that double stranded 

oligonucleotide end filling with Klenow fragment or end labeling of single stranded 

oligonucleotides with T4 kinase to be equally effective) The oligonucleotide shown in 

Materials (575 ng) and the complementary oligonucleotide (2300ng) (resulting in 1150 ng 

double stranded oligo) are made up to 25 ng/ul in 46 ul of TE buffer, annealed by incubation 

at 100°C for 5 min and cooled overnight. As a control, we carried out the EMSA procedure 

with a similar oligonucleotide containing mutations in the HSE elements, indicated in bold 

in the sequence shown in Materials. For experiments on cell extracts, a number of controls 

are used standardly. To determine specific binding of HSF1 to labeled HSE, we examine 

ability to inhibit HSE-HSF association with a ten-fold excess of unlabeled wild type 
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oligonucleotide included in the incubation. In addition, specific binding is further indicated 

by failure of a tenfold excess of the mutant HSE shown above to inhibit binding. The protein 

(HSF) in the HSF-HSE complex can be identified by the addition of specific anti-HSF1 or 

anti-HSF2 antibodies to the reaction mix. We used a 1:100 dilution of anti-HSF1 antibody 

68–3 prepared in our laboratory to positively identify HSF1 in the complexes [28, 29]. As a 

control, we use pre-immune antiserum obtained from the same rabbit. For commercially-

obtained antibodies, a serial dilution approach was used to determine optimal antibody 

concentrations.

HSF1 from heat shocked cells is contained in large complexes of at least 600 kD and is 

fractionated on 4% tris-borate non-denaturing gels [30, 31]. For most purposes, we found 

that the mini-gel (Bio-Rad, CA) format was quite adequate for separation, although for 

supershift assay and higher resolution a larger format was used [32].

(5) Measuring HSF1 binding to HSP promoters in vivo by the Chromatin 

Immunoprecipitation (ChIP) assay.

ChIP (Chromatin Immunoprecipitation) offers an attractive solution to transcription analysis 

by combining the specificity of immunoprecipitation and the sensitivity of PCR[19].

The method allows monitoring of the interactions between DNA and transcription factors 

and/or components of chromatin remodeling complexes but it is technically challenging due 

to the low abundance and/or only temporary interactions of these proteins [33].

Our ChIP assays were performed as described in previous publication Run-on transcription 

with some modifications [34, 35]. For each ChIP assay, heat shocked or control 10 6 Hela 

cells were formaldehyde (1% final) fixed for 10 min (Note that the optimal cross-linking 

concentration and duration need be determined empirically with different tissue or cell type, 

state and even intensity. Other protocols could rely either on other chemical reagents or UV 

mediated physical cross-linking to preserve native nuclear structures for subsequent 

biochemical and molecular analysis). After neutralization with 0.125 M glycine, cell pellets 

were lyzed in 200 microliter ChIP Lysis Buffer with protease inhibitors. Samples were 

sonicated and then diluted into1800 ul ChIP Dilution Buffer. ChIP was carried out with 

precipitating antibodies either anti-HSF1, or anti-IgG as control from Stressgen (Vancouver, 

CA, USA) added to pre-cleared chromatin with protein A agarose slurry at 4C overnight. 

(Note that the optimal concentration of the primary antibody for ChIP must be determined 

empirically even with different lot of “same name “antibody”). Then four sequential 

washings were performed by adding the washing buffer 1, washing buffer 2 and washing 

buffer finally elution in 500 ul elution buffer (1% SDS, 0.1 M NaHCO3). To reverse the 

cross-linking fixation, 20 ul of 5 M NaCl were added and the mixture incubated at 65 °C for 

4 h. Afterwards, we added 10 ul of Uncrosslinking Buffer and incubated at 45 °C for 1 h, 

then purified the DNAs. The immunoprecipitated DNA is now analyzed by PCR 

amplification using appropriate primer pairs for the HSE consensus region and the control 

region in the hsp70.1 exon. A total of 27–30 cycles of PCR were carried out with 2 

microliters of eluted DNA and primers to amplify the exon region (from +752 to +878) and 

the HSE containing region from −334 to −233. Amplified PCR products were analyzed by 
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agarose gel/ethidium bromide. The input was used as positive control and anti-IgG mock 

ChIP as negative control. Alternatively, the PCR products were quantified by using ABI 

7300 real time PCR system and 2 −ΔΔCt method for the fold increase in ChIP PCR products 

compared with the control (anti-IgG) was plotted for the respective region of hsp70.1. (Note 

for some transcription factors, if a specific antibody unavailable, a tagged construct could be 

made and transfect the cells and obtain its over -expression in cells. Then ChIP assay could 

be performed by using commercially available antibody, which is against such tag

(6) Measuring the Contribution of HSF1-HSE Binding to Transcription

(i) Luciferase reporter assays for HSF activity

To construct an intracellular reporter of HSF activity (pGL.hsp70B), we used 1.44 kB of the 

human HSP70B gene inserted into the pGL.Basic plasmid (Promega). The HSP70B gene is 

almost entirely silent at physiological temperatures but powerfully activated by heat shock 

[36]. pGL.hsp70B was constructed by digestion with BglII and HindIII and cloning into 

pGL.Basic. We have also used the human Hsp27 gene by a similar process, inserting the 730 

kB BglII and HindIII digest of a HSP27 promoter fragment into pGL.Basic. For 

overexpression of HSF1, human HSF1 cDNA [37] is inserted into the pcDNA3.1 (−) 

expression vector (Invitrogen) at the XhoI and EcoRI sites [38]. Human HSF2A was inserted 

into the pcDNA3.1(+) vector at the XhoI and EcoRI sites to produce pHSF2A [39].

To assay of HSF1 transcriptional activity in HeLa cells, the cells are maintained in HAM’s 

F-12 (Mediatech) with 10% heat inactivated fetal bovine serum (FBS). HeLa cells (2.5 X 

105 cells/well) in 6-well plates are transfected with the pGL.hsp70B or pGL.hsp27 plasmids 

[40]. pCMV-β-lacZ plasmid is co-transfected as an internal control for transfection 

efficiency. pHM6 empty vector is used as a blank plasmid to balance the amount of DNA 

transfected in transient transfection. Luciferase and β-galactosidase activity assays are 

performed after 24hr of transfection according to the Promega protocol. Luciferase activity 

is normalized to β-galactosidase activity. Results are expressed as relative luciferase (relative 

light units) activity of the appropriate control.

(ii) Nuclear run on assay of rate of Hsp70 gene transcription

To determine HSP70 gene transcriptional rate, cells are treated according to experiment then 

quenched in ice-cold phosphate buffered saline, pH 7.4 (PBS) on ice. Cells are next washed 

in PBS and lysed in Run-On Lysis Buffer Nuclei are collected by centrifuge (500 x g, 5 min) 

at 4°C and resuspended in storage buffer.

To assay rate of transcription, 100 ul of nuclei and 100 ul of Run-on Reaction Buffer are 

added and samples incubated 30 min at 30°C with shaking. RNA is then extracted from the 

reaction mix using Trizol (invitrogen) according to the manufacturer’s protocol.

The hsp70 DNA containing cDNA probe [41] or control β-actin probe are linearized and 

purified by phenol/chloroform extraction and ethanol precipitation. Probes are then 

denatured and slot-blotted onto Hybond N+ membrane. (Membranes are first pre-hybridized 

with UltraHyb solution (Ambion) for 2 hr at 42°C, before equivalent counts of newly 

transcribed RNA (106 cpm) are added to the solution). Hybridization is then carried out for 

Murshid et al. Page 7

Methods Mol Biol. Author manuscript; available in PMC 2020 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24 hr at 42°C. Membranes are then washed twice for 20 min at 42°C in low stringency 

solution (2 X SSC, 0.1% SDS), twice for 20 min in high stringency solution (1 X SSC, 0.1% 

SDS) and once for 30 min at 37°C in low stringency solution containing 10 ug RNase A. 

Membranes are then rinsed in low stringency solution and analyzed by incubation with X-

ray film. We have successfully used this protocol for assay of transcription of the mouse 

hsp70.1, c-fms, IL-1β and TNF-α genes [42].

Notes

1. The EMSA technique has the advantages that it is rapid, sensitive and 

straightforward to carry out. For assessing the significance of the transcription 

factor- response element interaction, it is however lacking in that response 

elements in chromatin are wound along nucleosomes and may not be available 

for binding. The EMSA reaction is carried out using naked DNA. In addition, as 

ChIP on CHIP and ChIP-seq studies begin to accumulate it is evident that 

response elements for particular factors are more flexible than suspected from 

early studies.

2. Some of these problems can be avoided using the ChIP assay that measures HSF 

binding to chromosomal DNA in vivo. This technique is highly dependent on 

availability of high affinity and specific antibodies for transcription factors. This 

can be overcome by overexpression of the factor with a seuqence tag and 

carrying out ChIP with anti-TAG antibody. However, this can introduce potential 

artifacts involved with protein overexpression.

3. To assess the results of HSF-DNA binding we have used two approaches. We 

have used transfection of reporter constructs containing either HSP promoters or 

HSE coupled to reporter genes CAT or luciferase. The assays have the 

advantages of being rapid and permitting accumulation of plentiful data. The 

promoter portion of the construct can be tailored to assess the activity of a single 

transcription factor such as HSF1. The assay is however indirect and does not 

measure the transcription of the native, chromosomally-embedded gene. There 

are other potential complications, as reporters require to be translated and yield 

enzymatically active proteins.

4. Transcriptional rate of HSP genes such can be assess directly by run-on assay. 

This assay indicates that joint activities of all response elements in the HSP gene 

promoters. Although genes such as HSP70B respond only to HSF1 or heat 

shock, others such as HSP70A have more complex promoters.
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Figure 1. 
Relative kinetics of hsp gene transcription, HSF binding, HSP mRNA expression and heat 

shock protein expression after heat shock.
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