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ABSTRACT: Heat-shock transcription factor 1 (HSF1) is a key regulator of the expression of heat-shock
proteins during the heat-shock response. The C terminus of HSF1 (CT) contains both the regulatory and
transcriptional activation domains. Predictors of natural disordered regions analysis predicts and our study
demonstrates that CT is predominantly natively unfolded under physiological conditions but can be induced
to fold into a number of structured states under different conditions. Under physiological conditions, CT
exhibits a very low abundance of secondary and tertiary structures as observed by circular dichroism, no
hydrophobic core as monitored by the 6-p-toluidino-2-naphthalenesulfonic acid (TNS)-binding assay, a
large hydrodynamic radius as measured by size-exclusion chromatography-high-performance liquid
chromatography, and high structural flexibility as probed by limited proteolysis. However, secondary-
structure content significantly increases at high temperatures, in acidic pH, or in the presence of
trimethylamineN-oxide, trifluoroethanol, or a cationic surfactant. Interestingly, the hydrophobicity of
“folded” CT, as monitored by the TNS-binding assay, is enhanced by acidic pH and a cationic surfactant
but not by trifluoroethanol. CT also displays different patterns in the proteolytic cleavage in acidic pH
and in the presence of a cationic surfactant compared with that under native condition, suggesting that
CT undergoes distinct structural rearrangements.

Organisms varying from archeabacteria to eukaryotes
respond to cell-threatening conditions, such as elevated
temperature and chemical, physiological, or pathological
stress, by rapid expression of a group of conserved proteins
that help prevent unfolding or aggregation of proteins in the
cell. This highly regulated response integrates stress signals
with the transcriptional regulation, resulting in downstream
products called heat-shock proteins (1-4).

Heat-shock transcription factor 1 (HSF1)1 is a central
regulator for the expression of heat-shock proteins during
the heat-shock response (5). It is organized into four highly
conserved functional domains. The N terminus contains a
helix-turn-helix DNA-binding domain, followed by a

trimerization domain, made up of a stretch of hydrophobic
heptad repeat. The C terminus contains the regulatory and
transcriptional activation domains (6-8). Under normal
conditions, HSF1 is in an inactive monomeric state stabilized
via intramolecular coiled-coil interactions between the tri-
merization domain at the N terminus and the hydrophobic
heptad at the C terminus. When cells are under stress, HSF1
trimerizes because this intramolecular interaction is replaced
by an intermolecular coiled-coil interaction between the
trimerization domains of individual HSF1 monomers. It is
believed that trimerization not only allows HSF1 to bind to
the heat-shock elements at the promoter region but also
permits an exposure of the regions responsible for the
transcriptional activity of HSF1 (9). These accessible seg-
ments further interact with general transcription factors to
allow the paused transcription machinery to be released and
the transcription to proceed (10-12).

HSF1 both in its inactive and active conformations
interacts with a large number of individual biological partners
(13-18) . This is not surprising because the activation/
deactivation pathway of HSF1 is a multistep process that is
tightly regulated to ensure proper protein folding, essential
for cell survival under deleterious conditions. To be able to
sequentially interact with numerous partners in a considerably
short time, HSF1 must either be a very large protein
containing many domains or must possess a flexible structure
that can easily adopt different conformations for association
with different partners. HSF1 is a medium-sized transcription
factor with a molecular weight of 51 kDa and has only four
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functional domains. It is therefore plausible that HSF1
contains flexible or extended regions to serve as docking
sites for its various partners.

Proteins with structural flexibility that allows them to
interact with a variety of partners often lack a well-defined
structure. In the past decade, evidence of such intrinsically
unstructured proteins has been accumulating (19-23).
Indeed, it is now estimated that 30% of eukaryotic proteins
may be completely or partially disordered (24). Proteins in
this group possess a nonrigid structure under physiological
conditions; i.e., the molecule is extended, highly flexible,
and has little secondary or tertiary structure. There are several
hypotheses attempting to explain the prevalence of disordered
proteins in the eukaryotic genome. (i) The flexible structural
characteristics of these proteins are advantageous for the
regulation of and interaction with diverse biological partners
(23, 25). (ii) The large intermolecular interfaces of natively
disordered proteins help alleviate molecular crowding. Thus,
having disordered proteins allows the cell to reduce the
required population of protein by 15-30% to produce the
same amount of intermolecular interfaces (26, 27). (iii) The
limited structure of disordered proteins may be crucial by
acting as preformed structures required in interacting with
their structured partners (28, 29).

Playing a critical role in the heat-shock response through
interacting with its biological partners and by becoming post-
translationally modified, the HSF1 structure and its confor-
mational changes during the stress response have been
extensively investigated (5, 30-32). The structures of both
its DNA-binding domain and its trimerization domain (33,
34) have been well-characterized; however, attempts to
analyze the structure of the full-length monomeric form of
HSF1 were not successful, primarily because of the difficulty
in retaining the protein in its monomeric form when
expressed in bacterial cells. Studies have shown that the
expression ofDrosophilaor mammalian HSF-1 inEscheri-
chia coli generates constitutive trimeric or higher-ordered
oligomeric forms, which might be due to the lack of negative
regulators in the prokaryotic system (35-38). Cloning a
truncated form of HSF1 that lacks the trimerization domain
might help prevent this oligomerization and allow us to
investigate the structure of its least characterized carboxy-
terminal domain. In this work, we analyze the structure of
the carboxy-terminal half of mouse HSF1 (CT, residues
213-503) and identify factors that can contribute to the
conformational changes. Our results show that CT is natively
largely unfolded but can be induced to acquire secondary
structure and even to collapse into a compact structure with
hydrophobic clusters under certain conditions. The structural
changes in CT affect its resistance to tryptic digestion and
cause it to migrate slower than under physiological conditions
in size-exclusion chromatography (SEC).

MATERIALS AND METHODS

Materials.Trifluoroethanol (TFE), dodecyltrimethyl am-
monium chloride (DTA), trimethylamineN-oxide (TMAO),
and 2-p-toluidinyl-6-naphthalene sulfonate (TNS) were pur-
chased from Sigma-Aldrich (St. Louis, MO). Glutathione
Sepharose 4 Fast Flow and PreScission Protease were
purchased from Amersham Biosciences (Piscataway, NJ).

DNA Construct.The full-length plasmid cDNA of mouse
HSF1 (503 amino acids) was kindly provided by Dennis

Thiele (Duke University, Durham, NC). The plasmid encod-
ing the CT (amino acid residues 212-503) was generated
by the polymerase chain reaction (PCR) from the full-length
HSF1 gene using the 5′ oligonucleotide primer GCGC-
GAATTCTTGAGTGACAGCAACT and the 3′ oligonucle-
otide primer TAGCCTCGAGTTAGGAGACAGTGGGGTC-
CTT. The cDNA product obtained by PCR was cloned into
theEcoR I-Xho I sites of the expression vector pGEX6P-1
(Amersham Bioscience) encoding the fusion protein glu-
tathione-S-transferase (GST). The final gene product has a
Precission Protease cleavage site (Gly-Pro-Leu-Gly-Ser-Pro-
Glu-Phe) at the amino terminus of CT, after the GST
sequence. The DNA construct was verified by DNA-encoded
sequencing.

Expression and Purification. GST-CT was expressed in
E. coli strain BL21(DE3) and purified on Glutathione
Sepharose 4B beads as described previously for full-length
HSF1 (39). After GST cleavage with Precission Protease,
purified CT was dialyzed overnight in 2 L of 10 mM Tris-
Cl at pH 7.4 and 10 mM NaCl (TN buffer) and was
concentrated using a YM-30 Centricon centrifugal filter
device (Millipore, Billerica, MA). The protein concentration
was measured by the Bradford method using the Bio-Rad
protein assay dye reagent (BioRad, Hercules, CA). CT was
more than 90% pure when analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Prediction of HSF1 Disorder by Predictors of Natural
Disordered Regions (PONDR).Predictions of disorder in
full-length HSF1 and CT were performed using PONDR
(http://www.pondr.com) using the default predictor VL-XT
(40-42). This predictor integrates the three neural net-
works: the VL1 predictor and N- and C-terminal predictors,
which were trained using the disordered regions identified
from missing electron density in X-ray crystallography and
nuclear magnetic resonance (NMR) studies. Access to
PONDR is provided by Molecular Kinetics (Indianapolis,
IN;www.molecularkinetics.com;main@molecularkinetics.com)

Circular Dichroism (CD) Spectroscopy.CD spectra were
recorded using a J-715 spectropolarimeter equipped with a
temperature control unit (Jasco, Inc., Easton, MD) at 22°C
in 0.01 or 0.1 cm fused silica cuvettes for far- or near-UV
CD, respectively. The spectra were collected (an average of
20 scans) in a spectral range of 190-260 nm (far-UV) or
260-320 nm (near-UV) with a 2 nmbandwidth, 1 s response
time, and 50 nm/min scan speed. The CT concentration was
10 µΜ for far-UV CD and 3µM for near-UV CD, and the
protein was dissolved in TN buffer, 10 mM sodium acetate
buffer and 10 mM NaCl (SN buffer), TN buffer with 1 mM
DTA, TN buffer with 1 M TMAO, or TN buffer with 30%
TFE. All spectra were corrected by subtracting the solvent
baseline spectrum. Molar ellipticity, [θ]MR, was calculated
(43), and the spectra were plotted with Kaleidagraph
(Synergy Software, Reading, PA). The secondary-structure
composition was estimated by CDPro developed by Sreerama
et al. (44). The CONTINLL algorithm was applied using
the IBasis value) 4 and reference set SP43.

For the CT denaturation study, guanidine-hydrochloride
(Gdn-HCl) was added to final concentrations of 0.5-4 M
after incubation of CT at pH 4 or in the presence of 1 mM
DTA for 1 h at room temperature. Three experiments were
performed under each condition. For temperature dependence
studies, the spectropolarimeter was operated in the temper-
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ature-scanning mode and measurements were taken atλ )
222 nm through a temperature range of 20-80 °C, with an
incremental rate of 1°C/min.

Fluorescence Measurement.Fluorescence measurements
were performed at 22°C with a FP-6500 spectrofluoremeter
(Jasco, Inc., Easton, MD). CT (2µM) was incubated under
different conditions for 1 h at 22°C. Intrinsic fluorescence
spectra were taken between 290 and 350 nm, with excitation
at 274 nm; the excitation and emission bandwidths were
5 nm. Buffer contributions were subtracted from the raw
fluorescence data to give corrected spectra.

TNS-Binding Assays.The induction of hydrophobic clus-
ters in CT was measured with the hydrophobic probe TNS.
CT (2 µM) was incubated in the desired buffer at 22°C for
1 h. TNS (20µM) was added, and TNS fluorescence (λex )
310 nm, andλem ) 370-500 nm) was measured after
30 min. The fluorescence spectra were corrected for buffer-
TNS contributions.

Analytical Gel Filtration. Analytical gel-filtration chro-
matography was performed at 22°C using a TSKgel
G3000SWXL (TOSOH Bioscience; LLC Japan) column and
a Prostar HPLC system (Varian, Inc.). The column was
calibrated with TN buffer containing a mixture of molecular-
mass standards [thyroglobulin, 660 kDa;γ-globulin,
165 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa;
RNAse A, 12.5 kDa;N-acetyltryptophanamide (NATA),
0.25 kDa]. CT (2µM) was run in SN buffer, TN buffer with
1 mM DTA, or TN buffer with 1 M TMAO, and the elution
was monitored by the absorbance at 215 nm. The hydrody-
namic radius (Stokes radius) and hydrodynamic volume were

calculated as described by Uversky (21) and are shown in
Table 2.

Partial Proteolysis. Limited proteolysis with trypsin was
performed by adding 0.0025 mg of trypsin to a 20µL
solution of 2µM CT in TN buffer, TN buffer with 1 mM
DTA, TN buffer with 1 M TMAO, or TN buffer with 30%
TFE. Because of the reduced efficacy of trypsin at low pH,
we did not perform trypsin cleavage at pH 4 to compare
with other conditions. The cleavage reaction was stopped
by adding 4× Laemmli sample buffer and boiling for 5 min.
The cleaved products were analyzed by SDS-PAGE on a
12% gel.

RESULTS

Prediction of Disorder in HSF1 and Its C-Terminal
Regulatory and ActiVation Domains (CT).We applied
PONDR to predict the degree of disorder in HSF1 and CT
(Figure 1). This program was developed from the neural
network predictors using nonlinear models to estimate any
disorder region within a given amino acid sequence. The
x axis in Figure 1 shows the residue number, whereas the
y axis is the PONDR score normalized to be 0-1. Any region
that exceeds a score of 0.5 is considered disordered. The
data show that the PONDR score of the DNA-binding
domain (residue 16-80) is 0, indicating a very highly
structured segment and supporting the resolved X-ray
structure of the DNA-binding domain of the HSF1 homo-
logue in yeast (33). The PONDR score of the trimerization
domain is below 0.5, indicating a mostly ordered structure.
Although no 3D structure of this region has been reported,

FIGURE 1: PONDR analysis of HSF1 amino acid sequences and its corresponding functional domains. The ordinate shows the predictor
output values (normalized from 0 to 1), and the abscissa shows the amino acid residue number. A PONDR score output
> 0.5 predicts the segment to be disordered, while a score output< 0.5 predicts the segment to be ordered. The linear diagram of the
functional domains of HSF1 and CT are shown. The full-length HSF1 consists of DNA-binding, trimerization, transcriptional regulation,
and transcriptional activation domains. CT contains the transcriptional regulation and activation domains. The LZ1-LZ3 (leuzine zippers
1-3) contain three hydrophobic heptads responsible for HSF1 trimerization. The LZ4 (leuzine zipper 4) is the heptad involved in the
intramolecular interaction of monomeric HSF1.
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the trimerization domain has been well-characterized to form
a coil-coiled helical structure within the HSF1 trimer (5).

Intriguingly, the longest stretches with the highest PONDR
scores reside in the regulatory domain and to a lesser extent
in the activation domain. The prediction that the regulatory
and activation domains are largely disordered implies that
these two domains contain highly flexible segments, which
is consistent with the known difficulty in obtaining the X-ray
or NMR structure for these domains. The prediction from
PONDR encouraged us to further characterize CT.

CD Studies of CT.A number of biochemical and bio-
physical techniques were used for experimental testing to
compare the PONDR neural network-based prediction. CD
spectroscopy was performed to determine the secondary- and
tertiary-structure components of CT. Similar to several papers
showing that intrinsically unstructured proteins display a very
low abundance of secondary and tertiary structure (19-21,
23, 25), the CD spectra revealed that CT possesses an
extended structure with little secondary or tertiary structure.
The far-UV CD spectrum at pH 7 (Figure 2a and Table 1)
revealed that the random coil is the major component (45).
In the near-UV CD spectra, the weak signal at pH 7 also
indicated no tertiary structure in CT (Figure 2b).

We next attempted to investigate the conformational
alteration of CT by introducing conditions known to induce
protein folding. Low pH, the helix-stabilizing TFE (46), the
osmolyte TMAO, and a cationic surfactant DTA were chosen
because each of these has been shown to modify and/or
rearrange the protein conformation (47-51). These experi-
ments revealed that, at pH 4 and lower, the CD spectra were
similar to each other. Thus, we chose pH 4 as the acidic
condition. The presence of 1 mM DTA maximally induces
the secondary structure in CT, and this concentration is lower
than the critical micelle concentration (cmc) of DTA (2 mM,
data not shown). We found that the CD spectra of CT were
similar in 1, 2, or 3 M of the osmolyte TMAO. Thus, we
chose 1 M TMAO for our studies. Last, incubation of CT
with 30% TFE and higher concentrations gave similar CD
spectra. Thus, a concentration of 30% TFE was used in our
study.

A clear increase inR-helical content, as revealed by the
spectra minima at 208 and 222 nm (45), was observed at
pH 4, 1 mM DTA, and 1 M TMAO, indicating the induction
of the secondary structure in CT (Figure 2a). TFE (30%)
most effectively induced the secondary structure.

A quantitative analysis of the induction of the secondary
structure in CT was done using CDPro software with the
CONTINLL algorithm (44). The results summarized in
Table 1 show that CT had the greatest amount of secondary
structure in 30% TFE (51.4%R helix, 6.5%â strand, and
21.4% turns). At pH 4 or in the presence of 1 mM DTA, the
R-helical component of CT is 33.2 and 35.4%, respectively.
On the other hand, the presence of 1 M TMAO induced the
â-strand component to be 25.5%. All of the conditions
demonstrated a clear increase in secondary-structure com-
ponents as compared to CT under the physiological condition
(pH 7) or to the predicted values from SOPMA and GOR
IV secondary-structure prediction (52, 53).

In contrast to an induction of the secondary structure under
all of the mentioned conditions, the tertiary structure is only
evident at pH 4, as reflected by the clear band at 270-
280 nm (Figure 2b). This band is attributed to changes in

the local environments of the tyrosine residues of CT,
suggesting tertiary-structure formation.

Intrinsic Fluorescence of CT.Intrinsic tyrosine fluores-
cence was used to follow the conformational changes of CT
using an excitation wavelength of 274 nm (54) and monitor-
ing the emission spectrum from 290 to 350 nm. The quantum
yield of tyrosine is sensitive to changes in its local environ-
ment, resulting in a change in the fluorescence intensity.

The fluorescence of CT was found to be highest in the
presence 30% TFE and lowest in the presence of 1 M TMAO
(Figure 3), while the signals are comparable at pH 7, pH 4,
and 1 mM DTA. The emission maximum is at 303 nm in
30% TFE and at 305 nm under all other conditions. The
slight Stokes shift toward a shorter wavelength in the

FIGURE 2: CD spectra of CT under different conditions. (a) Far-
UV and (b) near-UV. CT (10µM, in far-UV CD) and CT (3µM,
in near-UV CD) were incubated in TN buffer at pH 7 (O), SN
buffer at pH 4 (b), TN buffer containing 1 mM DTA at pH 7 (-),
TN buffer containing 1 M TMAO at pH 7 (×), and TN buffer
containing 30% TFE at pH 7 (+) at 25 °C for 1 h. The spectra
were recorded with a Jasco J-715 spectropolarimeter with an optical
path length of 0.01 cm for the far-UV region (190-260 nm) and
0.1 cm for the near-UV region (250-320 nm).
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presence of 30% TFE is likely the result of the less polar
environment (46). The substantial changes seen in CT
fluorescence in the presence of TFE and TMAO may largely
originate from the solvent effects, with the less polar
environment in the TFE aqueous solution increasing the
quantum yield of tyrosine residues, while TMAO has a
quenching effect, leading to a decrease in tyrosine fluores-
cence.

Determination of CT Hydrophobic Domain Formation.
One characteristic of a natively unfolded protein is a lack of
hydrophobic clusters. The hydrophobic probe TNS was used
to monitor the hydrophobicity of CT. This probe has a low
fluorescence quantum yield in a polar environment, such as
water, and the quantum yield significantly increases when
the probe is in a nonpolar environment. TNS fluorescence
was nearly 0 when CT was incubated at neutral pH (pH 7.4),
in the presence of 1 M TMAO, or in 30% TFE, indicating
that CT lacks hydrophobic clusters under these conditions
(Figure 4). At pH 4 or in the presence of 1 mM DTA,

however, TNS fluorescence increases by 40- and 190-fold,
respectively, indicating the presence of hydrophobic clusters
in CT.

The observation that the cationic detergent DTA is more
effective than acidic pH in increasing TNS fluorescence does
not necessarily reflect a more pronounced effect of DTA in
inducing the formation of hydrophobic clusters in CT. We
believe that the fluorescence increase at 1 mM DTA may
be largely attributable to a CT-DTA complex that creates
a micelle-like environment, i.e., a protein-facilitated forma-
tion of DTA micelles.

Size-Exclusion HPLC of CT.The degree of compactness
of CT was used as an indicator of the collapse to a globular
structure. When CT migrated in a size-exclusion column, it
eluted fastest at pH 7.4 and slowest at pH 4 (Figure 5). When
CT both at pH 7.4 and in the presence of 1 M TMAO was
compared to the molecular-weight markers that were run
under the same conditions, it eluted with a molecular weight

Table 1: CT Secondary-Structure Composition at Various
Conditions as Estimated Using the Far-UV CD Spectral Dataa

conditions R helix (%) â sheet (%) turn (%) unordered (%)

pH 7 22.4 10.8 26.2 40.6
pH 4 33.2 7.2 25.9 33.7
1 mM DTA 35.4 6.9 25.0 32.8
1 M TMAO 17.3 25.5 17.3 40.0
30% TFE 51.4 6.5 21.4 20.7
predicted valuesb 17.9 13.4 3.8 65.0c

predicted valuesd 11.3 14.5 N/A 75.0c

a Values were calculated using CDPro.b Estimated from the second-
ary-structure prediction using the SOPMA algorithm available at the
SOPMA SECONDARY STRUCTURE PREDICTION METHOD
server (52). c The value is for non-R-helical and non-â-strand regions.
d Estimated from the secondary-structure prediction using the GOR IV
algorithm available at the GOR IV SECONDARY STRUCTURE
PREDICTION METHOD server (53).

FIGURE 3: Intrinsic fluorescence of CT under different conditions.
CT (2 µM) was incubated in TN buffer at pH 7 (O), SN buffer at
pH 4 (b), TN buffer containing 1 mM DTA at pH 7 (-), TN buffer
containing 1 M TMAO at pH 7 (×), and TN buffer containing
30% TFE at pH 7 (+), respectively. Fluorescence was measured
after 30 min of incubation at 22°C by an FP-6500 spectrofluo-
rometer, with an excitation wavelength of 274 nm.

FIGURE 4: Fluorescence emission spectra of TNS bound to CT
under different conditions. CT (2µM) was incubated in TN buffer
at pH 7 (O), SN buffer at pH 4 (|), TN buffer containing 1 mM
DTA at pH 7 (-), TN buffer containing 1 M TMAO at pH 7 (×),
and TN buffer containing 30% TFE at pH 7 (+), respectively. TNS
(20 µM) was added after 1 h of incubation at 22°C, and the
fluorescence was measured after 30 min by the FP-6500 spectrof-
luorometer, with an excitation wavelength at 310 nm.

FIGURE 5: Size-exclusion HPLC of CT under different conditions.
CT (2 µM) was incubated in TN buffer at pH 7.4 (panel 1), SN
buffer at pH 4 (panel 2), TN buffer containing 1 mM DTA at pH
7.4 (panel 3), and TN buffer containing 1 M TMAO at pH 7.4
(panel 4) for 20 min and run in the same mobile phase as in the
incubation condition. The absorbance at 215 nm was recorded.

C-Terminal Half of HSF1 Is Natively Unfolded Biochemistry, Vol. 46, No. 11, 20073409



of 165 kDa, about 5 times greater than its calculated
molecular weight of 31 kDa. At pH 4 or in the presence of
1 mM DTA, on the other hand, CT eluted at the volume
corresponding to a molecular weight of 12.5-30 kDa. Acidic
pH and the cationic surfactant thus induce the CT structure
to collapse into a much smaller particle than at neutral pH
or in the presence of the osmolyte TMAO. We were unable
to perform an experiment using TFE as the mobile phase
because buffer containing TFE created a high volume of air
bubbles, which could not be completely degassed in the
HPLC system.

The elution volumes of CT under different conditions were
used to calculate the Stokes radii and the hydrodynamic
volumes assuming a spherical particle. The column was
calibrated using a set of protein standards of known Stokes
radii, and the results are summarized in Table 2. The data
set from SEC was compared to the values calculated from
the amino acid sequence according to Uversky (21), who
employed a set of native globular proteins and Gdn-HCl-
denatured proteins to create a correlation between the
measured Stokes radii from SEC and the molecular weight
of the proteins.

The theoretically calculated Stokes radius and the hydro-
dynamic volume of folded CT are about 25 Å and 69 000
Å3, respectively, whereas those of unfolded CT are about
51 Å and 490 000 Å3, respectively (Table 2). Our measured
data show that CT at pH 7.4 and in the presence of 1 M
TMAO is an extended molecule and has a hydrodynamic
volume of half the size of that calculated for fully unfolded
CT. In contrast, the CT structure was quite compact under
acidic conditions and in the presence of a cationic detergent,
giving Stokes radii of about 16 and 19 Å and hydrodynamic
volumes of about 17 000 and 27 000 Å3, respectively. The
significantly reduced size of CT at pH 4 and 1 mM DTA as
compared to that predicted for a globular structure (21)
suggests that folded CT is very compact.

Limited Proteolysis of CT.Natively unfolded proteins are
very susceptible to enzymatic cleavage because of their
flexible structure (55), while well-folded proteins are more
resistant to proteolysis. Limited proteolysis thus allows one
to probe the degree of the unfolded state and determine which
parts of the polypeptide chain are protected. Trypsin was
used as the proteolytic enzyme in this study taking advantage
of the relatively even distribution of the cleavage sites within
the CT sequence. The trypsin concentration was adjusted to
give the same activity under each condition by using the

synthetic substratep-toluene-sulfonyl-L-arginine methyl ester
(TAME) as a standard to correct for the effects of the agents
contained in the buffer.

The results show that the intact CT band disappeared
within 2 min after adding trypsin, giving fragments between
25 and 35 kDa (lane 3 in Figure 6) and possibly smaller
fragments that were not detected. At pH 7.9 and in the
presence of 1 M TMAO, the main 27 kDa fragment persisted
at 5 min of trypsin cleavage and gradually disappeared (lanes
4-6 and 12-14 in Figure 6, respectively). However, in the
presence of 1 mM DTA or 30% TFE, the 27-35 kDa
fragments of CT were resistant to trypsin even after 30 min
(triangle marks in lanes 8-10 and 16-18 in Figure 6,
respectively). The presence of 30% TFE most effectively
protected CT from tryptic digestion, giving the three main
fragments at 27-35 kDa (triangle marks). The results suggest
that the presence of a cationic surfactant or TFE induce the
rearrangement of the CT structure, protecting the trypsin
cleavage sites from proteolysis.

The proteolytic sensitivity of CT was also determined with
the Glu-C endroproteinase from theStaphlococcus aurius
strain V8 (V8 endoproteinase), which cleaves on the C side
of glutamic and aspartic acid residues. Surprisingly, similar
results were found with the trypsin cleavage experiment. In
the V8 cleavage, the 27 kDa fragment was also produced in
the presence of 1 mM DTA or 30% TFE (data not shown).
Although the proteolytic attack of CT by trypsin and V8
endoproteinase occurs at different sites, they both gave
similar fragments, suggesting protease-independent resistance
of “folded CT”.

Unfolding Studies of CT.To assess the conformational
stability of CT in its native and induced-folded form, heat-
induced unfolding and Gdn-HCl denaturation were performed
and the denaturation was followed by far-UV CD. We chose
the conditions that were most effective in inducing CT
folding as observed by changes in secondary-structure
content, hydrophobicity, and hydrodynamic properties, namely,
the acidic condition and the presence of the cationic
detergent, DTA.

The ellipticity at 222 nm, a characteristic ofR-helical
content (56), was measured as a function of the temperature.
At pH 7, the magnitude of the molar ellipticity increases
from -3200 to-4500° cm2 dmol-1 in the 20-80 °C scan,
indicating an increase in the helical component with tem-
perature (Figure 7). The reversed temperature scan of the
same sample (80-20 °C) shows the magnitude of the
ellipticity decreasing from-4400to -3000° cm2 dmol-1,
suggesting that the temperature-induced conformational
change of CT is reversible (Figure 7). It is noteworthy that
no cooperative folding of CT was observed; i.e., the changes
in secondary-structure content were monotonous in both the
forward and reverse temperature scans.

CT at pH 4 or in the presence of 1 mM DTA exhibits
higher helical structure content compared to that at pH 7,
with a molar ellipticity of-5300 and-5700° cm2 dmol-1,
respectively (Figure 7). The temperature scan at pH 4 caused
a gradual increase in the ellipticity of CT until the sample
reached 60°C, indicating a small induction of helical content.
The ellipticity drastically declined from 60 to 80°C because
of the precipitation of the protein. In the presence of 1 mM
DTA, a small change in the ellipticity indicated that the

Table 2: Calculated and Measured Stokes Radii (Rs) and
Hydrodynamic Volumes (Vh) of CTa

measured calculated folded calculated unfolded

conditions
Rs
(Å)

Vh
(Å3)

Rs(N)b

(Å)
Vh(N)c

(Å3)
Rs(U)d

(Å)
Vh(U)e

(Å3)

pH 7.4 38.4 237 062

25.1 68 865 51.3 487 429pH 4 15.8 16 153
1 mM DTA 18.5 26 508
1 M TMAO 38.2 233 377

a The abbreviations used are as follows: N, native; U, unfolded;
MW, molecular weight (in daltons);n, number of amino acid residues.
b Log Rs(N) ) 0.369 log(MW) - 0.254.c Log Vh(N) ) (2.197 (
0.037) + (1.072 ( 0.015)logn. d Log Rs(U) ) 0.533 log(MW) -
0.682; V ) 4/3πRs3.e Log Vh(U) ) (1.997 ( 0.078) + (1.498 (
0.035)logn.
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conformation of CT was marginally influenced by the
temperature.

Gdn-HCl denaturation was performed to determine the
stability of the induced-folded conformation of CT. The
steeper slope of the ellipticity seen in the presence of 1 mM
DTA as compared with that at pH 4 and 7 when the
concentration of Gdn-HCl increases indicates greater changes
in secondary components of CT (Figure 8). At 3.5 M Gdn-
HCl, CT exhibits a similar ellipticity under all conditions,
showing that Gdn-HCl can unfold the folded structure of
CT to an extended conformation under all conditions applied.
No secondary structure was found when analyzing the CD
spectra of CT in 3.5 M Gdn-HCl, suggesting that this
concentration can completely unfold the CT structure.

DISCUSSION

The protein structure function paradigm states that a well-
defined folded structure is a prerequisite for a protein to be

functional. More recently, however, the complementary view
has been expressed that the unfolded structure can be
assigned function as well. The accumulating evidence for
the interplay between the protein disorder and biological role
emphasizes that native disorder is a common phenomenon
in the eukaryotic genome and that as many as 30% of
proteins in eukaryotic cells may be natively unfolded (23),
with more than 30 types of potential functions (57). Generally
speaking, functions of natively unfolded proteins originate
either from their ability to fluctuate freely in conformational
space or their ability to transiently or permanently interact
with their biological partners (22).

Recent studies indicate that large regions within several
gene-specific transcription factors are natively unfolded (58-
65). This feature may enable these proteins to interact with
a large number of partners during the transcriptional activa-
tion/deactivation process. The partners vary from post-
translational modifiers (66), chaperones (67), general tran-
scription factors (68, 69), chromatin-remodeling proteins
(70), and transcriptional mediators (71). Playing a key role

FIGURE 6: Limited proteolysis of CT under different conditions. CT (10µM) was incubated at normal condition (10 mM Tris at pH 7.9,
lanes 2-6), in 1 mM DTA (lanes 7-10), 1 M TMAO (lanes 11-14), and 30% TFE (lanes 15-18). The cleavage reaction was started by
the addition of 0.0025µg of trypsin to the samples. The reaction was stopped at 2, 5, 10, and 30 min with SDS loading buffer and boiling
at 100°C for 5 min. The cleaved samples were separated with SDS-PAGE.

FIGURE 7: CD222 nmof CT as a function of the temperature. CT (3
µM) was incubated in TN buffer at pH 7 (b, 20-80 °C; O, 80-20
°C), TN buffer containing 1 mM DTA at pH 7 (9, 20-80 °C; 0,
80-20 °C), or SN buffer at pH 4 (+, 20-80 °C) for 1 h. The
spectra were recorded with a Jasco J-715 spectropolarimeter
equipped with a temperature control unit, with an optical path length
of 1 mm. The samples were scanned with increased and decreased
temperature in the range of 20-80 °C. The increment time was
60 °C/h.

FIGURE 8: CD222 nmof CT as a function of GdnHCl under different
conditions. CT (3µM) was incubated in TN buffer at pH 7 (b),
SN buffer at pH 4 (9), or TN buffer containing 1 mM DTA at pH
7 ([) for 1 h. GdnHCl was added to the samples to final
concentrations of 0.5-4 M.
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as a gene-specific transcription factor in heat-shock genes,
HSF1 can also be expected to contain regions that are
natively disordered. In this study, we provide evidence that
CT is indeed largely unfolded at physiologic pH but can be
induced to fold under certain conditions.

NatiVe Disorder of CT.CT encompasses the regulatory
and transcriptional activation domains. It plays a critical role
in the molecular recognition and undergoes post-translational
modifications as part of the HSF1 activation/deactivation
pathway. Our study demonstrates that CT displays the
structural characteristics that define unfolded proteins (19-
21, 23, 72): (1) a very low abundance of secondary and
tertiary structures, (2) an absence of a hydrophobic core, (3)
a large hydrodynamic size, and (4) a high structural flex-
ibility.

Recent studies have suggested that natively unfolded
proteins can be distinguished from globular proteins with a
high confidence based on their amino acid sequences (21,
23, 72, 73). Results of the sequence analysis done in this
study indeed supports the assignment of native disorder to
CT and is also in agreement with the prediction from the
neural-network-based PONDR. Moreover, the charge cal-
culation using the ExPaSy server (74, 75) indicated that CT
has a highly uncompensated net charge under physiologic
conditions when compared with the full-length HSF1 or with
the N terminus of HSF1 (residues 1-212) (Table 3). Also,
the amino acid composition of CT is low in hydrophobic
residues and significantly depleted in order-promoting amino
acids (W, C, F, I, Y, V, L, and N, 25.4%), while it is enriched
in charged and disorder-promoting amino acids (A, R, G,
Q, S, P, E, and K, 54.9%). In particular, the high prevalence
of negatively charged residues in CT promotes extension of
the peptide chain, inhibiting the formation of a collapsed
globular structure.

Serine is the most abundant amino acid in the CT sequence
(16.5%). It is known that the major phosphorylation sites of
HSF1 reside in the CT region (17); thus, it is possible that
the high percentage of serine residues indicates a role for
disorder in protein phosphorylation. Indeed, lacking a defined
structure may allow multiple phosphorylation of a protein
segment by different kinases. Iakoucheva et al. (76) also
pointed out that, in the SWISS-PROT protein database,
disorder-promoting residues tend to surround phosphorylation
sites. Our results are in line with this observation. It is
interesting to note that proline is the second most abundant
residue in the CT sequence (12.7%). While not charged,
proline is known to be a helix breaker (77), and its high
abundance in CT as compared with the 5.2% average
occurrence of proline in proteins (78, 79) might play a critical
role in destabilizing the secondary structure and promoting
a disordered structure.

While the results of the current study indicate that CT is
natively largely unfolded, it needs to be noted that in intact
HSF1 the leucine zipper LZ4 located within the CT domain
(Figure 1) interacts with the leucine zippers LZ1-LZ3 in
the trimerization domain (9). This intramolecular interaction
has been proposed to play an important regulatory role,
keeping HSF1 in its inactive monomeric form. It is possible
that, in the full-length protein, this interaction might con-
tribute to the acquisition of some structure in the CT domain.

EnVironmental Effects in the Induced Folding of CT.In
light of the evidence suggesting that CT is natively largely
unfolded, an important question is whether this protein
segment can be induced to fold. Several conditions known
to promote protein folding were applied to test this possibil-
ity, and the conformational changes were monitored using a
number of biochemical and biophysical approaches. Four
conditions known to induce secondary-structure formation
were chosen; acidic pH (47, 48, 80, 81), a cationic detergent
DTA (51), an osmolyte TMAO (50, 60, 82), and an organic
solvent TFE (49, 82, 83). Overall, the results suggest that
all conditions could induce structure in CT to some extent,
as observed by CD spectroscopy (Figure 2a).

Low pH as well as DTA induced a collapse of CT to a
compact structure with a hydrophobic core (Figures 4 and
5). However, while incubation at pH 4 induced both
secondary and tertiary structures, DTA only significantly
induced the secondary structure, with only small effects on
the tertiary structure (parts a and b of Figure 2). While TFE
also induced the secondary structure (Figure 2a), it failed to
produce the tertiary structure or hydrophobic clusters in CT
(Figures 2b and 4). It is known that TFE stabilizes theR
helix in proteins, probably by increasing intrapeptide hy-
drogen bonding and also by enhancing the favorable interac-
tion between hydrophobic side chains and TFE (84).
However, the secondary structure induced by TFE has been
found irrelevant biologically because this reagent does not
preferentially support the correctR helices (85).

TMAO was found to have the mildest effect on the CT
structure. While TMAO enhanced theR-helical content, it
did not induce the folding of CT to a compact structure with
hydrophobic clusters (Figures 4 and 5). TMAO is known to
be an effective osmolyte that stabilizes the folded states of
proteins possibly via the interaction between TMAO and the
peptide backbone (60, 86).

Limited proteolysis was performed to further characterize
the structural alterations in CT under the conditions men-
tioned above. The results show that either 1 mM DTA or
30% TFE reduced the rate of trypsin cleavage of CT such
that the large cleaved fragments still remained intact after
30 min. This suggests that both DTA and TFE alter CT

Table 3: Major Characteristics of HSF1 and Its N- and C-Terminal Partsa

hydrophobicityb

domain length (amino acids) Mr (Da) pI net charge mean net charge total mean

full-length HSF1 503 54 930.80 5.24 -18 0.0358 225.584 0.4521
N-termial part of HSF1 212 24 172.10 9.46 8 0.0377 95.382 0.4585
C-terminal part of HSF1 291 30 776.70 4.34 -26 0.0893 127.649 0.4448
C-terminal part of HSF1 at pH 4 291 30 776.70 N/A -8 0.0275 127.649 0.448

a All calculations were taken from the server ExPASy amino acid sequence analysis ProtParam and ProtScale.b The hydrophobicity was calculated
by the Kyte and Doolittle approximation.
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conformation, creating domains that are resistant to tryptic
digestion.

The protease resistance of CT in the presence of DTA
seemed to arise from a different origin than the one seen in
TFE. The physicochemical data suggest that CT was induced
to fold to a compact structure with a collapsed hydrophobic
core in the presence of DTA, but none of those happened in
the presence of TFE. The mechanism by which TFE can
enhance structure formation in a protein is by excluding water
molecules from surrounding the polypeptide chain through
hydrogen bonding, resulting in a less polar local environment
(84). Under such conditions, the random coil of CT is
induced to acquire the secondary structure through the
formation of intrachain hydrogen bonds.

The surfactant DTA acts in a different manner. In addition
to interacting with hydrophobic groups in the polypeptide
chain, the positive charges of DTA electrostatically interact
with the negatively charged side chains on the acidic CT
molecule, thereby reducing intrachain repulsion and allowing
the collapse of the molecule to a more compact structure.
Charge neutralization thus allows hydrophobic interactions
in CT to facilitate this collapse to a compact structure. In
addition, it is likely that DTA also acts as a surfactant and
creates a nonpolar, membrane-like environment for CT that
promotes folding and hydrophobic core formation.

Temperature elevation was found to induce the secondary
structure in CT, and this effect is reversible (Figure 7). The
gradual increase in the magnitude of the molar ellipticity as
the temperature increases indicates the non-cooperative
induction of theR-helical content. This non-cooperative
temperature induction is typical of natively unfolded proteins
and is believed to reflect their conformational flexibility. The
induced secondary structure is believed to result from
enhanced hydrophobic interactions between amino acid side
chains at high temperatures (21).

Functional Implications of the NatiVely Unfolded and
Induced-Folded State of CT.CT contains both the regulatory
and activation domains of HSF1. During the dynamic process
of the heat-shock response, HSF1 becomes post-translation-
ally modified and transiently interacts with several biological
partners in a timely manner. CT, as an integral component
in these interactions, needs to undergo major structural
changes as well. Being natively unfolded, CT has the ability
to adopt a number of defined structures (25, 29). This
flexibility may allow for the transcription factor to quickly
respond to chemical modifications, such as phosphorylation/
dephosphorylation or small ubiquitin-related modifier
(SUMO)ylation, during the heat-shock-induced activation/
deactivation process (25, 87). We further suggest that the
largely disordered structure of CT may allow HSF1 to
interact with several proteins in a transient manner and that
these short-lived protein-protein interactions are character-
ized by high specificity (because CT changes conformation
specifically to fit one of a few partners but not any protein)
but low affinity (because the flexibility of CT lowers the
free energy of the interaction) and may in fact control Hsp
gene expression by allowing it to be a rapid process, as
needed for cell survival.

Both the regulatory and activation domains of HSF1 have
been reported to interact with a multichaperone complex
Hsp90-p23-FKBP52 (13, 88), as well as with Hsp70 (89).
These chaperones are known to interact with nascent proteins

that are not fully folded. The observation that the CT domain
of HSF1 is largely unfolded supports this assertion. More-
over, it has been proposed that the multichaperone complexes
regulate the heat-shock activation/deactivation pathway in
which the chaperones and co-chaperones dissociate from
HSF1, thereby allowing for the structural transition of HSF1
to the active form (12). We hypothesize that the unfolded
CT region of HSF1 can be structurally modulated by the
associated multichaperone complex to gain structural ele-
ments that affect the whole HSF1 structure and induce it to
readily assemble to a trimer or disintegrate to a monomer.
Evidence of HSF1 structural modulation by the multichap-
erone complex is needed to support this hypothesis.

The induced folding of CT documented in this study
implies that this region of HSF1 may undergo a disorder-
order transition upon binding to its biological partners. It
has been reported that the TATA-binding protein (TBP) can
induce the folding of the glucocorticoid receptor AF1/tau1
domain (50, 90) and the estrogen receptor (91), resulting in
increased secondary-structure content. TBP, reported to
interact with the CT region of HSF1 (11, 92), might induce
the folding of unstructured CT, leading it to acquire the
secondary and/or tertiary structure. Such an induced-folded
structure may play an important role in modulating the
molecular recognition between HSF1 and its partners, as well
as modifying the HSF1-DNA interaction. The TBP-binding-
induced folding of CT would thus be of great interest for
further investigations.
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