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The Role of DNA Binding Domain in hHSF1 through Redox State
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The heat shock response is induced by environmental stress, pathophysiological state and non-stress
conditions and wide spread from bacteria to human. Although translations of most proteins are stop-
ped under a heat shock response, heat shock proteins (HSPs) are produced to protect cell from stress.
When heat shock response is induced, conformation of HSF1 was changed from monomer to trimer
and HSF1 specifically binds to DNA, which was called a heat shock element(HSE) within the pro-
moter of the heat shock genes. Human HSF1(hHSF1) contains five cysteine(Cys) residues. A thiol
group(R-SH) of Cys is a strong nucleophile, the most readily oxidized and nitrosylated in amino acid
chain. This consideration suggests that Cys residues may regulate the change of conformation and the
activity of hHSF1 through a redox-dependent thiol/disulfide exchange reaction. We want to construct
role of five Cys residues of hHSF by redox reagents. According to two studies, Cys residues are re-
lated to trimer formation of hHSF1. In this study, we want to demonstrate the correlation between
structural change and DNA-binding activity of HSF1 through forming disulfide bond and
trimerization. In this results, we could deduce that DNA binding activity of DNA binding domain
wasn't affected by redox for always expose outside to easily bind to DNA. DNA binding activity of
wild-type HSF's DNA binding domain was affected by conformational change, as conformational

structure change (trimerization) caused DNA binding domain.
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Introduction

HSPs are molecular chaperones that are one of the DNA
binding proteins involved to mediate a rapid response to in-
creased heat that results in the upregulation of heat shock pro-
teins capable of protecting other cellular proteins from mis-
folding[1-4]. HSPs are associated with expression of misfolded
proteins, cytoprotection, apoptosis, aging, and signaling path-
ways|5]. In mammalian, if there are no stimuli, HSF exists as
a monomer and unable to bind to DNA in this conformation.
When heat shock response is induced, conformation of HSF
was changed from monomer to trimer. Trimeric HSF binds
specific DNA region called a heat shock element(HSE) located
within the promoter of the heat shock genes.

HSE consist of 5-nGAAn-3' penta-nucleotide repeats
where n is any nucleotide. After HSF has bound the HSE
it recruits the transcription machinery through its trans-
activation domain, leading to increased transcription of the

heat shock genes, Finally HSPs are produced by an activa-
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tion of HSF[4,6-8].

HSFs is conserved from yeast to human and composed
of four classes as HSF1, 2 and 4 in vertebrates, and HSF3
in birds[9]. Two HSFs have been identified in human cells,
HSF1 and HSF2, which bind to the same HSEs and have
38% sequence identify. These factors are activated by dis-
tinct stimuli, HSF1 is responsive to classical stress signal
such as heat, heavy metals and oxidative reagents, whereas
HSF?2 is activated during hemin-mediated differentiation of
human erythroleukemia cells[10]. When HSF1 is induced
strongly in stressed cell, HSF2 is weakly induced. This
suggests that HSF2 is dependent on induction of HSF1[11].
HSF1 and HSF3 coexpressed and coactivated in bird cells
by redox chemical and heat shock. If they have no HSF3,
it is so dangerous for HSF1’'s induction through heat shock
stress. It is important that HSF3 interacts with other tran-
scriptional factor and HSF3 relates to tumorous genes in
bird cells. As living organisms age, they become less able
to respond to external stresses and maintain homeostasis.
Therefore older cells are more prone to damage and
disease. This is seen in the relationship between aging and

an increase in susceptibility to many diseases, and mortality.



Recent studies have shown that there is a significant de-
cline in the transcription levels of the H5P70 gene in cells
from older organisms, and that this may be related to a
decreased fidelity of binding of HSF1 to the HSE[12-15].
HSP70 is one of the most conserved proteins responsible to
heat shock stress having 50% identity with that of E. coli
in human(16].

Activation of HSF1 requires trimerization, phosphor-
ylation, sumoylation and occasionally subcellular relocaliza-
tion. Phosphorylation affect protein-protein interaction, sta-
bility of the transcription factor, transition of transcription
factor and DNA-binding activity. Phosphorylation requires
serine residues, and perhaps, a threonine residue. Phos-
phorylation of HSF1 affect negative regulation and pro-
mote transcriptional activity of HSF1 [17,18]. First, under
callular stress, HSF1 primarily resides in the cytosol tri-
merizes and migrates to the nucleus. Next, HSF timer is
essential to bind to downstream of HSE cooperated with
regulatory factors. From this mechanism, HSE-binding tri-
merous HSF1 is expressed HSP70[19,20]. Finally, DNA-
bound HSF1 complex is hyperphosphorylated. Concentra-
tion of HSP70 is so high, that transcriptional level of HSF1
is decreased|[21].

Human HSF1 (WHSF1) has five cysteine (Cys) resi-
dues(Fig. 1). A thiol group (R-SH) of Cys is a powerful nu-
cleophile, the most readily oxidized and nitrosylated in
amino acid chain. This consideration suggests that Cys res-
ilues regulate conformation and the activity of hHSF1
tarough a redox-dependent thiol/disulfide exchange re-
action|22]. We want to construct role of five Cys residues
of hHSF by redox reagents.

According to two studies, Cys residues are related to
trimer formation of hHSF1. One study is showed that Cys35

and Cys103 have no effect in trimerization under redox
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Fig. 1. Putative structure of hHSF1 and the position of Cys
residues. hHSF1 consist of three domains that are
DNA-binding domain, regulatory domain and tran-
scriptional activation domain. 80 residue hydrophobic
repeat (HR-A/B) which is interconnected to DNA-
binding domain and regulatory domain, mediate tri-
merization of hHSF1. hHSF1 has five cysteine residues,
C1 and C2 locate in DNA-binding domain, C3 in regu-
latory domain, and C4 and C5 in transcriptional acti-
vation domain.
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conditions, but Cys153 involve in trimerization under re-
dox conditions, and meanwhile Cys373 or Cys378 regulate
trimerization in the proceeding[23]. In contrast, another
study is showed that Cys35 and Cys103 is essential resi-
dues of hHSF in the trimerization and they can make di-
sulfide bond to form trimer by redox reagent[4]. The other
study is showed that irrespective of Cys residues of
hHSF1, trimerization of hHSF1 is regulated by phosphor-
ylation of serine residues in hHSF1 sequence and inter-
action with another factor. It is important to structural and
functional analysis of transcriptional factor hHSF1 of HSP
associated with expression of misfolded proteins, cytopro-
tection, apoptosis, aging and signaling pathways.

In this study, we want to demonstrate the correlation
between structural change and DNA-binding activity of
HSF1 through forming disulfide bond and trimerization.

Materials and Methods

Preparation of wild-type DNA-binding domain of
hHSF1

The wild-type DNA-binding domain (from 16 to 120
amino acids) of hHSF1 gene was amplified by PCR
(Perkin-Elmer GeneAmp PCR 2400) with primers 5-GGG
CCC GGA TCC ATG CCG GCC TTC CTG ACC3" and
5-CAG GGT AAG CTT CTA GGT CAC TTIT CCT CTT-3".
DNA amplication conditions were 30 cycles of 95C for 30
sec, 55C for 1 min and 68°C for 1 min. PCR product and
expression vector pQE30 (Quiagen) were digested by two
kinds of endonucleases, HindIll and BamH]I. Digested PCR
product and vector were isolated from 1.2% TAE agarose
gels using a JET sorb kitv (Genomed). The separated frag-
ments were ligated using T4 ligase at 16C for 2 h. And E.
coli JM109 was transformed with the resulting ligation

mixture.

Site-directed mutagenesis of DNA-binding domain
of hHSF1

We produced a mutant construct which replaced Cys to
Ser (positions were shown in Table. 1) by site-directed mu-
tegenesis method. We used 60 ng of dsDNA template was
mixed with 125 ng of two primer, 0.5 mM dNTP mixture
and reaction buffer (contained MgSOs). 2.5 unit of Pfu
DNA polymerase are added in this mixture. And 10 unit
of Dpnl enzyme (Sigma) which cuts methylated template
DNA was added the mixture and incubated at 37°C for 2
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Table 1. Primer sequence for mutation of hHSF1.

Primer sequence ™ () %GC

358 (C1) 5-CGACGCGCTCATCTCCTGGAGCCCGAGC-3 78.07 714
5-GCTCGGGCTCCAGGAGATGAGCGCGTCG-3' 78.07 71.4

1035 (C2) 5-CCAGCACCCATCCTTCCTGCGTGGCC-3 75.19 69.2
5-GGCCACGCAGGAAGGATGGGTGCTIGG-3 7519 9.2

h and transformed in E. coli JM109 cells.

Expression of wild-type hHSF1’s DNA-binding
domain and mutants

E. coli M15[pREP4] cells were transformed by pQE30
(Quiagen) plasmid containing hHSF1's DNA-binding do-
main or mutants gene. A single one colony was used to in-
oculate 1 L of LB medium with 100 ug/m{ ampicillin
(Sigma) and 25 pg/mé kanamycin (Sigma). Cells were
grown at 37°C until the absorbance at 600 nm was 0.6. The
culture was induced by adding 1 mM IPTG (Biobasic) at
28T for 4 h. The cells were harvested by centrifuged at
6,000 rpm at 4°C for 7 min. The pellet was suspended by
50 mf of cold 1 x PBS containg 1 mM PMSF (Sigma) and
1 x PL The cell solution was centrifuged and only the pel-
let was frozen in liquid nitrogen and stored -90°.

In vitro trimerization of hHSF1, hHSF1’s DNA-
binding domain and their mutants with immunoblotting

20 pg of proteins was treated with dithiothreitol (DTT)
(1 mM and 10 mM), diamide (DM) (0.01 mM and 1 mM),
HO; (001 mM and 1 mM) and NEM (0.01 mM and 1
mM) at room temperature for 10 min. The samples were
heat-activated in vitro by incubation at 42°C for 1 h.
Samples were followed cross-linking of proteins with 0.2
mM glutaraldehyde, and quenching of the cross-linking re-
action with the addition of 100 mM lysine. Samples were
mixed with 5 x SDS sample buffer (60 mM Tris-HCl (pH
6.3), 25% glycerol, 2% SDS, 0.1% bromophenol blue) with-
out B-mercaptoethanol incubated at 100 for 10 min to
ensure the complete denaturation of proteins. In order that
we resolve and probe redox conformers of wild-type
hHSF1, wild-type DNA-binding domain and their mutants
by gel electrophoresis and immuno-Western blot, it was
necessary for us to exclude SH-reducing reagents, such as
B-mercaptoethanol or DTT, from the sample buffer used
for gel electrophoresis. Wild-type hHSF1, wild-type
DNA-binding domain and their mutants were loaded onto
6% and 15% SDS-PAGE. And wild-type hHSF1 or its mu-

tants were transferred to a nitrocellulose membrane (BAS83,
Bio-Rad) and immunoblotted with anti-hHSF1 monoclonal
antibody (NeoMarkers). Proteins were detected using the
ECL (enhanced chemiluminescense) western blotting analy-
sis system (Amersham Pharmacia) based on the manu-
facture’s instruction and subsequently visualized X-ray
film (Kodac) by autoradiography.

Electrophoretic mobility gel shift assay of hHSF1,
hHSF1’s DNA-binding domain and their mutants

Each single strand 2 pg HSE was annealing to double
strand DNA in annealing buffer containing 50 mM Tris-Cl
(pH 7.5), 10 mM MgCl, and 5 mM DTT. 200 ng of dsDNA
was 5'-end labeled with [y-"PJATP (Amersham Phamacia)
and T4 polynucleotide kinase (Bioneer) based on the man-
ufacture’s instruction.

The wild-type hHSF1 or mutants, wild-type DNA-bind-
ing domain and their mutant proteins (about 400 ng) were
treated with DTT (5, 50 and 500 uM), diamide (DM) (10,
10’ and 10° pM), H:0, (10, 10° and 10° pM) or NEM (1, 10
and 100 yM) and the mixture were incubated at room tem-
perature for 10 min. The samples were heat-activated in vi-
tro by incubation at 42°C for 1 h and incubated with 5-end
labeled HSE at room temperature for 40 min in reaction
mixture containing of 100 mM Tris-Cl (pH 7.5), 20 mM
MgSO4, 5 mM EDTA, 5 mM DTT, 200 mM NaCl, 25%
glycerol, 0.25 mg/m¢ BSA and 02 pg poly (dI/dC). And
protein-DNA complexes were analyzed using 4% poly-
acrylamide gels in 1 x TBE buffer (Tris-boric acid-EDTA)
(acrylamide : bisacrylamide = 79 : 1). The gel was dried
and exposed to BAS image reader.

Results

Recombinant hHSF1's DNA-binding domain(Fig, 2) and
mutant proteins(Fig. 3) were successtully produced in the
expression system(the other mutants proteins(C2, C12) not
shown). The wild-type hHSF1’s DNA binding domain can
be induced to structural change monomer to trimer con
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Tig. 2. Purified wild-type hHSF1's DNA-binding domain was
loaded on 15% polyacrylamide gel electrophoresis
presence of sodium dodecyl sulfate. Lane 1 is the pro-
tein marker, lane 2 is wild-type hHSF1's DNA-binding
domain before induction, lane 3 is wild-type hHSF1’s
DNA-binding domain after induction and lane 4 to 10
are purified wild-type hHSF1's DNA-binding domain
fractions.
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rig. 3. Purified C1 DNA-binding domain was loaded on 15%
polyacrylamide gel electrophoresis presence of sodium
dodecyl sulfate. Lane 1 is the protein marker, lane 2 is
C1 DNA-binding domain before induction, lane 3 is C1
DNA-binding domain after induction and lane 4 to 7
are purified C1 DNA-binding domain fractions.

version in vitro by heat (42°C) for 1 h or by treatment with
redox reagents.

The trimerization of wild-type hHSF1's DNA-binding
domain was decreased by increasing amount of DTT. The
‘rimerization of wild-type hHSF1's DNA-binding domain
was increased by increasing amount of H,O, diamide
{DM) and NEM (Fig. 4a). We could know clearly that most
important factor is heat shock to conformational structure
change monomer to trimer after treated with redox chem-
ical in Fig. 4a and 4b showed.

For verified our suggestion that either C1, C2 and C12
residues are important for the redox-dependent stress-re-
sponsive activation of hHSF1's DNA-binding domain in
nitro. So we substituted C1, C2 and C12 to serine by
site-directed mutagenesis and purified the recombinant
proteins, and confirmed assay for stress-inducible trimeri-
zation by SDS-PAGE.

€1, C2 and C12 hIHSF1's DNA-binding domain proteins
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Fig. 4. Trimerization of wild-type hHSF1's DNA-binding do-
main treated with heat shock and redox chemical. Lane
1 is the protein marker, lane 2 is control of hHSFI’s
DNA binding domain, lane 3 is hHSF1’s DNA-binding
domain was treated with heat shock 42, 1 h. 20 yg of
hHSF1 DNA-binding domain were treated with 10 mM
and 100 mM DTT (lane 4-5) and diamide (DM) (lane
6-7), Hx0, (lane 8-9), NEM (lane 10-11) as 0.1 mM and
10 mM. And then the samples in lane 3-10 were
heat-activated wild-type hHSF1's DNA-binding domain
in vitro by incubation at 42°C for 60 min. Following
cross-linking of proteins in lane 3-11 with 0.2 mM glu-
taraldehyde, and quenching of the cross-linking re-
action with the addition of 100 mM lysine. Samples
were mixed with the 5 x sample buffer without B
-mercaptoethanol, incubated at 100TC for 10 min.
Samples were loaded onto a 15% SDS-PAGE. The posi-
tion of the molecular weight of the hHSF1's DNA-bind-
ing domain monomer, dimer and trimer are 13, 25 and
35 kDa. In our experimental result seemed to suggest
that redox regulation had a little effects on trimeriza-
tion and dimerization of hHSFl's DNA-binding
domain. DNA-binding domain confomational change
of monomer to trimer is increased by heat shock.

can be induced to undergo monomer to trimer conversion
in vitro by heat (42°C) or by treatment with redox reagent.
The trimerizations of C1, C2, and C12 hHSF1's DNA-bind-
ing domain were changed monomeric form to trimeric
form (Fig. 5a - 5c). These results identified with wild-type
hHSF1's DNA-binding domain. In this experimental results
showed that cysteine residues (C1 and C2) are not affected
trimerization of hHSF1's DNA-binding domain.

Fig. 6a and 6b showed that wild-type DNA binding do-
main and C2 mutant DNA binding domain had DNA
binding activity but those didn’t affect by redox regulation
and didn’t conformational changed monomeric form to tri-
meric form.

Inspite of increased the amount of redox chemical, the
activity of wild-type hHSF1's DNA binding domain didn’t

increase.
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Fig. 5. Trimerization of c1(5a), c2(5b) and c12(5¢) hHSF1's DNA-binding domain treated with heat shock and redox chemical. Lane
1 is the protein marker, lane 2 is control of C1 hHSF1's DNA binding domain, lane 3 is C1 hHSF1's DNA-binding domain
was treated with heat shock 427, 1 h. 20 gg of C1 hHSF1’s DNA-binding domain were treated with 10 mM and 100 mM
DTT (lane 4-5) and diamide (DM) (lane 6-7), H;O, (lane 8-9), NEM (lane 10-11) as 0.1 mM and 10 mM. And then the samples
in lane 3-10 were heat-activated C1 hHSF1's DNA-binding domain in vitro by incubation at 42°C for 60 min. Following
cross-linking of proteins in lane 3-11 with 0.2 mM glutaraldehyde, and quenching of the cross-linking reaction with the
addition of 100 mM lysine. Samples were mixed with the 5 x sample buffer without B-mercaptoethanol, incubated at 100°C
for 10 min. Samples were loaded onto a 15% SDS-PAGE. The position of the molecular weight of the C1 hHSF1's
DNA-binding domain monomer, dimer and trimer are 13, 25 and 35 kDa. In our experimental result seemed to suggest
that redox regulation had a little effects on trimerization and dimerization of C1 hHSF1's DNA-binding domain. C1 hHSF1's
DNA-binding domain confomational change of monomer to trimer is increased by heat shock.
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Fig. 6. (a) HSE-binding activity of wild-type hHSF1's DNA binding domain DNA binding domain through redox regulation. (b)
HSE-binding activity of 2 hHSF1’s DNA binding domain DNA binding domain through redox regulation. Lane 1 is control
without wild-type hHSF1's DNA-binding domain. Lane 2 is another control of wild-type hHSF1’s DNA-binding domain
{400 ng), lane 3 is wild-type hHSF1's DNA-binding domain treated with at 42°C, for 1 h. Wild-type hHSF1’s DNA-binding
domain of lane 4-6 was preincubated with DTT (5 uM, 50 uM and 500 uM DTT), wild-type hHSF1's DNA-binding domain
of lane 7-9 was preincubated with dimide (DM) (10 M, 10° uM and 10° uM DM), wild-type hHSF1’s DNA-binding domain
of lane 10-12 was preincubated with H,O; (10 1M, 10° M and 10° pM Hx05) and wild-type hHSF1's DNA-binding domain
of lane 13-15 was preincubated with NEM (1 uM, 10 uM and 100 uM NEM) at room temperature for 10 min. wild-type
hHSF1’s DNA-binding domain-DNA complexes were analyzed by 4% polyacrylamide gel in 1 x TBE buffer (Tris-boric
acid-EDTA) (acrylamide : bisacrylamide = 79 : 1). The gel exposed to BAS image reader after dried.



Discussion

In this study, we tried to find that roles of cysteine resi-
dues in human heat shock factor 1 through redox states.
The eukaryotic heat shock response can be induced by a
variety of environmental, chemical and pathophysiological
condition. Although these stressors are distinct in origin,
they have the commonality that they activate the multi-
merization and DNA-binding activity of the stress-re-
sponsive human HSF1. Nonetheless, the precise mecha-
risms by which this multitude of diverse signals is trans-
mitted to and interpreted by hHSF1 are not yet clear.
While the strength and duration of the heat shock re-
sponse are not modulated by hHSF1 intramolecular inter-
actions, a number of protein kinases, Hsps and other cel-
Iular factors, hHSF1 from mammals and Drosophila HSF1
possess intrinsic stress-sensing capability. In this work we
studied that DNA binding activity of human wild-type
HSF1 and HSF1 DNA binding domain in vitro. Both
wild-type hHSF1 and wild-type hHSF1 DNA-binding do-
rnain can convert to trimerization. Fig. 4a and 4b showed
that conformational structure change of wild-type hHSF1
DNA-binding domain increased to DNA binding activity
through redox regulation. Wild-type hHSF1 DNA-binding
domain attached in inside of wild-type hHSF1 on mono-
meric form but wild-type hHSF1 DNA-binding domain re-
lzased outside of wild-type hFISF1 on trimeric form be-
cause when regulatory domain take part in trimerization,
it released the wild-type hHSF1 DNA-binding domain.
However, free DNA binding domain (16 to 120 aa) always
can bind to DNA without regulatory domain’s attachment.
DNA binding domain can convert to dimeric and trimeric
even hexameric form according to hydrophobic interaction,
but these conformational changes haven't any relation to
activity of DNA binding. Nevertheless, conformational
changes were affected by hydrophobic interaction, it seems
riot redox regulation. DNA binding domain more easily
make disulfide bonds at oxidation state than reduction
state in Fig. 4a and 4b showed. Cysteine C2 of DNA-bind-
‘ng domain site directed mutagenesis was produced for
the role of cysteine in conformational changes and we
‘ound that cysteine didn’t affect DNA binding activity (Fig.
ab). From our experimental results, it shows that redox
regulation could affect with activation of hHSF1's DNA
vinding affinity, but we were not sure their structural
change and binding mechanism, exactly.

Journal of Life Science 2006, Vol. 16. No. 6 1057

Fig. 6a and 6b showed that wild type DNA binding do-
main and C2 mutant DNA binding domain had DNA
binding activity but those didn’t affect by redox regulation
and didn’t conformational changed monomeric form to tri-
meric form.

It's remarkable that there are no relation of trimerization
and DNA binding activity. We could guess that the C1
cysteine and C2 cysteine of the DNA binding domain,
made disulfide bond with C4 cysteine and C5 cysteine of
wild-type hHSF1 in the no stress condition, but DNA bind-
ing domain could released to outside of hHSF1 by break-
ing the disulfide bond.

Therefore, DNA binding domain could bind to HSE
DNA without any other restrictions. Likewise, C4, C5 mu-
tant hHSF1 could bind to HSE because C1 cysteine or C2
cysteine couldn’t bind to C4 cysteine and C5 cysteine.

In this results, we could deduce that DNA binding ac-
tivity of DNA binding domain wasn't affected by redox for
always expose outside to easily bind to DNA. DNA bind-
ing activity of wild-type HSF's DNA binding domain was
affected by conformational change, as conformational
structure change (trimerization) caused DNA  binding
domain.
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