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ABSTRACT: A transcriptional regulatory system called heat shock response _Temperaure E— ]
(HSR) has been developed in eukaryotic cells to maintain proteome homeostasis "o Heft oligomer 73
under various stresses. Heat shock factor-1 (Hsfl) plays a central role in HSR, * Closed conformation o
mainly by upregulating molecular chaperones as a transcription factor. Hsfl forms \\:‘ Oligomerization g

a complex with chaperones and exists as a monomer in the resting state under “‘ R ”»
normal conditions. However, upon heat shock, Hsfl is activated by

oligomerization. Thus, oligomerization of Hsfl is considered an important step ~ Monomeric Intermediate The computed fluorescence spectra
in HSR. However, the lack of information about Hsfl monomer structure in the pen conform:t;’g\ i Oligomer
resting state, as well as the structural change via oligomerization at heat response, 'z ual S T | /oo

impeded the understanding of the thermosensing mechanism through S i VTN
oligomerization. In this study, we applied solution biophysical methods, including S &7 Monomeric \
fluorescence spectroscopy, nuclear magnetic resonance, and circular dichroism .

Wiavelangh (nem)

spectroscopy, to investigate the heat-induced conformational transition mecha-

nism of Hsfl leading to oligomerization. Our study showed that Hsfl forms an inactive closed conformation mediated by
intramolecular contact between leucine zippers (LZs), in which the intermolecular contact between the LZs for oligomerization is
prevented. As the temperature increases, Hsfl changes to an open conformation, where the intramolecular LZ interaction is
dissolved so that the LZs can form intermolecular contacts to form oligomers in the active form. Furthermore, since the interaction
sites with molecular chaperones and nuclear transporters are also expected to be exposed in the open conformation, the
conformational change to the open state can lead to understanding the regulation of Hsfl-mediated stress response through
interaction with multiple cellular components.

B INTRODUCTION been proposed that under stress conditions, chaperones
dissociate from Hsfl to rescue the misfolded proteins, and
Hsfl accumulates in the nucleus to form oligomers."*™*° It was
also proposed that Hsfl itself has the ability to regulate its own
oligomeric state and maintain its monomeric state through

Cells are exposed to a variety of stressful environments,
including heat, reactive oxygen species, and pH changes
throughout their lifetime.' To maintain proteome homeostasis
under stress, organisms have a stress-responsive transcriptional
'8 P Pt intramolecular interactions between LZ1—3 and LZ4.”'
regulatory system called heat shock response (HSR).”™" Heat : ) ) .
. Purified Hsfl oligomerizes in response to elevated temper-
shock factor-1 (Hsfl) plays a central role in the HSR system T i ;
. A 5—7 atures, indicating that Hsfl itself can function as a
and activates transcription in a stress-dependent manner.

14,22,23 . .
Transcripts regulated by Hsfl in the stress response include t?lerrlr:osle nsot. (HSE)T }]SeNI:sfl ollior‘nerhbmds to the h.eat
molecular chaperones that suppress protein aggregation and shock element ocated In the promoter region

assist protein folding® and proteins involved in cell survival, upstream of the gene encoding chaperones and promotes

20,2428 Y o
such as proteolysis, signal transduction, cytoskeleton, and transcrlp.tlon: ) Thus, tf}e 'monomer c?llgo.mer tranSItls)n

: 9-12 of Hsfl is critical for transcriptional regulation in HSR. While
apoptosis regulators.

The function of Hsfl is controlled by its oligomeric state. this HSR system is responsible for protecting normal cells. from
Hsfl is mostly composed of intrinsically disordered regions stress, it is also known to be closely related to pathophysiology

consisting of a regulatory domain (RegD) and a C-terminal

transactivation domain (CTAD) and has a DNA-binding Received: August 24, 2022
domain (DBD) and the leucine-zipper domains (LZ1-3 and Revised: ~ November 12, 2022
LZ4) as structural domains (Figure 1A)." Under normal Published: December 9, 2022

conditions, Hsfl is maintained in a monomeric state by
forming a complex with molecular chaperones, such as heat
shock protein (Hsp) 70 and Hsp90, in the cytosol."*~"” It has
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Figure 1. Monitoring conformational changes and oligomerization of Hsfl by observing Trp fluorescence. (A) Domain organization and location
of tryptophan residues in Hsfl. The abbreviations used are as follows: DBD, DNA-binding domain; LZ1-3, leucine-zipper domain-1—3; RegD,
regulatory domain; LZ4, leucine-zipper domain-4; CTAD, C-terminal transactivation domain. (B) Molecular structure of HSF1 estimated by the
AlphaFold2 and close-up view of the structure around Trp169. (C) Trp fluorescence spectra of Hsfl W23F/W37F monomer, GBI, and L-Trp
solution at 12 °C. (D) Trp fluorescence spectra of the Hsfl monomer at varying temperatures from 12 to 57 °C. (E) Transition of fluorescence
intensity and wavelength at the peak top in the temperature change measurement. (F) Fluorescence spectra of Hsfl monomer (blue) and oligomer

(red) at 12 °C.

such as tumorigenesis.%’27 Moreover, a decrease in the HSR
amplitude is associated with neurodegenerative diseases.”®
These facts showing the relevance of Hsfl in multiple diseases
suggest the importance of Hsfl regulation in HSR.

Several structural studies have been conducted to elucidate
the molecular mechanism of Hsfl-mediated HSR. A model

structure of the human Hsfl trimer was obtained using the
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crystal structure of Chaetomium thermophilum Skn7 (160—
209) that is homologous to the LZ1—3 domain of Hsfl,
suggesting that LZ1—3 forms a trimer.”” Moreover, the HSE
DNA recognition mechanism was clarified using the crystal
structures of the DBD—HSE complex.””*" These structural
studies highlighted the detailed mechanisms by which the Hsfl
oligomer recognizes HSE. On the other hand, the mechanism
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by which Hsfl alters its oligomeric state in response to heat is
poorly understood. Several biochemical studies have implied
that Hsfl acts as a thermosensor by controlling temperature-
dependent LZ1-3 and LZ4 interactions.”””****** Tt has
been reported that Hsfl forms oligomers by deletion or
substitution of LZ4, which disrupts the intramolecular
interaction between LZ4 and LZ1-3,>'7*% leading to the
hypothesis that the Hsfl monomer is maintained by the
intramolecular interaction between LZ1—-3 and LZ4 under
normal conditions, but under stress, this interaction is
dissolved to allow intermolecular interaction among LZ1—
3.22* However, the transition mechanism from the monomer
to the oligomer due to a change in the interaction between
LZ1-3 and LZ4 has not been fully examined.

In this study, we aimed to uncover the mechanism of the
Hsfl heat response by investigating the temperature-depend-
ent conformational transition of Hsfl using solution
biophysical methods. The fluorescence derived from Trpl169
located at LZ1—3 (Figure 1A,B) was monitored to track the
temperature-dependent conformational changes and oligome-
rization of Hsfl. Moreover, in combination with its model
fitting analysis, 8-anilino-1-naphtalene sulfonic acid (ANS)
fluorescence, nuclear magnetic resonance (NMR), and circular
dichroism (CD) spectroscopy, we found that the oligomer, the
active form of Hsfl, is formed via the monomer of the open
conformation, in which LZ1-3 dissociates from LZ4 at
elevated temperatures. Furthermore, this conformational
change to the open state is coupled with unfolding of the
helix structure. This study revealed the existence of a
monomeric open conformation of Hsfl prior to oligomeriza-
tion. This open/closed conformational change can be a key
reaction for the regulation of its oligomeric state, as well as
interactions with other regulators, such as molecular
chaperones.

B MATERIALS AND METHODS

Expression and Purification of Protein Samples. The
human Hsfl (1-529), Hsfl DBD (1—120), Hsfl LZ4 (367—
446), and Hsfl W23F/W37F expression constructs were
cloned into a pET21b vector (Cat. no. 69741-3CN; Novagen,
Madison, Wisconsin, USA) and fused to GB1-His® tags at the
HRV3C N-terminus of the protease cleavage site. Hsfl DBD,
Hsfl LZ4, and Hsfl W23F/W37F were constructed through
site-directed mutagenesis using the PrimeSTAR Mutagenesis
Basal Kit (Cat. no. R046A; Takara Bio, Shiga, Japan). All the
expression constructs were transformed into BL21(DE3) cells.
The cells were grown in the Luria—Bertani medium at 37 °C in
the presence of ampicillin (S0 ug mL™"). Subsequently, protein
expression was induced by adding 0.5 mM isopropyl-B-p-1-
thiogalactopyranoside at ODgy, ~0.6, followed by a 12—16 h
incubation at 18 °C. Then, the cells were harvested at ODyg,
~3.0, resuspended in a lysis buffer containing 50 mM Tris—
HCI (pH 8.0) and 500 mM NaCl, disrupted by a sonicator,
and centrifuged at 18,000 rpm for 30 min. The supernatant
fraction containing Hsfl was purified using a Ni-NTA
Sepharose column (Cat. no. 30210; QIAGEN, Hilden,
Germany). Additionally, the GBI-His® tag was removed
using a HRV3C protease at 4 °C (incubation for 16 h), post
which the cleaved Hsfl was applied onto a HiTrap Q HP
anion-exchange column (Cat. no. 17115401; Cytiva, Marl-
borough, MA, USA), pre-equilibrated with 25 mM HEPES/
NaOH (pH 7.5), S mM MgCl,, 10% glycerol, 20 mM NaCl,
and eluted with a linear gradient of 20—500 mM NaCl. Hsfl
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oligomers and Hsfl monomers were eluted separately through
anion-exchange purification. Hsfl oligomers were further
purified by gel filtration using a Superdex 200 pg 16/600
column (Cat. no. 28989335; Cytiva) equilibrated with a
solution containing 25 mM HEPES/KOH (pH 7.2) and 150
mM KCl. Finally, protein concentrations were determined
spectrophotometrically at 280 nm using the corresponding
extinction coeflicient.

Fluorescence Spectroscopy. Fluorescence measurements
were performed using a JASCO FP-8300 spectrofluorometer
and using solutions prepared in 25 mM HEPES/KOH (pH
7.2) and 150 mM KCI. The concentrations of Hsfl, GB1, and
L-Trp amino acid (Cat. no. 206-03381; Wako, Osaka, Japan)
solution were all 3.0 uM. The unpolarized emission spectra of
tryptophan were recorded between 300 and 450 nm using an
excitation wavelength of 295 nm and a scan speed of 200 nm/
min. The emission spectra of ANS (Sigma-Aldrich, St Louis,
USA) were recorded between 400 and 700 nm using a 375 nm
excitation wavelength and a scan speed of 200 nm/min. The
concentration of ANS was 50 uM. Fluorescence resonance
energy transfer (FRET) spectra were recorded between 300
and 700 nm using an excitation wavelength of 295 nm and a
scan speed of 200 nm/min. The excitation and emission slit
widths were both set to 5 nm. Each spectrum represents an
integration of three consecutive scans.

Fitting Procedure of Fluorescence Spectra. The
fluorescence spectral data were analyzed using a mathematical
model and a global fitting algorithm. The oligomeric number
of Hsfl was formulated as a trimer based on its crystal
structure.”” ' The mathematical model assumes a three-state
transition (3M < 3I « O), written as

KMI[M] = [I] (1)

(2)

where Ky and Kjo are the association constants for the
reactions M < I and I < O, respectively. [...] denotes that the
concentration of Hsfl in each state is normalized by the total
concentration of Hsfl in the sample. The temperature
dependence of the association constants is written as

KiolIP = [0]

AH,
Ky = exp — - T
RT T v 3)
AH,, T
Ko = exp| — 1 -
° Xp[ RT [ Tmio ]] )

where R is the gas constant, T,y and Ty, 1o are the midpoint
temperatures of the reactions M <> I and I & O, respectively,
and AHy; and AHjg are the molar enthalpy changes of the
transition at T, g and T, o, respectively. Combining eqs 1
and 2 with the mass conservation law in the monomer unit
yields the following equation

3K oKy IMP + (Kyy + 1)[M] = 1 (s)

The analytical solution for eq 5 was obtained using
Mathematica.

To fit the mathematical model to the fluorescence data, the
thermodynamic parameters AHyy, AHpo Ty, v and Ty 10
were numerically solved using an iterative method. Their
initial values were set, [M], [I], and [O] were calculated at
each temperature according to eqs 1—S5, and the matrix of the
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population fraction C was the output. The matrix of the pure
component spectra S of Hsfl in the M, I, and O states was
calculated using the classical least-squares method™*

s=(c'cy'cp (6)

where D is the matrix of the measured fluorescence data. The
2-norm of the error E = |CS — DI, was minimized by repeating
the calculation with different initial parameter values, and the
solutions obtained for the parameters were used to compare
the experimental data.

SEC—MALS Experiments. Size exclusion chromatography
with multi-angle light scattering (SEC—MALS) was performed
using a DAWN HELEOS8+ (Wyatt Technology Corporation,
Santa Barbara, CA, USA), a high-performance liquid
chromatography pump LC-20AD (Shimadzu, Kyoto, Japan),
a refractive index detector RID-20A (Shimadzu), and a UV—
vis detector SPD-20A (Shimadzu), which were located
downstream of the Shimadzu liquid chromatography system
connected to a PROTEIN KW-803 gel filtration column (Cat.
no. F6989103; Shodex, Tokyo, Japan). Differential RI
(Shimadzu) downstream of MALS was used to determine
the protein concentrations. The running buffer used contained
25 mM HEPES/KOH (pH 7.2) and 150 mM KCI.
Approximately 100 pL of the sample was injected at a flow
rate of 1.0 mL min~". Data was then analyzed using ASTRA
version 7.0.1 (Wyatt Technology Corporation). Molar mass
analysis was also performed over half of the width of the UV
peak top height. After 30 min, incubation at 12, 27, and 42 °C,
100 uL of 50 pM Hsfl monomer sample was injected.

NMR Spectroscopy. NMR samples were prepared in 25
mM potassium phosphate buffer (pH 7.2), 150 mM KCJ,
0.05% NaN,, and 7% D,O for one-dimensional (1D) '°F-
NMR experiments or 20 mM MES (pH6.5), 100 mM NaCl, §
mM CaCl, 0.02% NaN,, and 7% D,O for 1D 'H-NMR
experiments. The concentration of Hsfl was 100 yM, and the
concentrations of Hsfl DBD and Hsfl ADBD were 50 uM.
The "F-NMR experiments were performed at 12 °C. 'E-
NMR spectra and 'H-NMR spectra were obtained with a
Bruker AVANCE NEO 800 MHz spectrometer (Bruker,
Billerica, MA) using a CPTCI 'H/"F-"C/“N proton-
optimized triple resonance cryoprobe. The 1D 'YF-NMR
experiments were recorded with a data size of 131,072 complex
points, an acquisition time of 367 ms, and 32,768 scans per
experiment. The 1D "H-NMR experiments were recorded with
a data size of 32,768 complex points, an acquisition time of
1310 ms, and 128 scans per experiment. The spectra were
processed using Bruker TOPSPIN version 3.6.2.

CD Spectroscopy. The CD spectra were recorded using a
JASCO J-1500 CD spectrometer (Tokyo, Japan) with 1 mm
path length cuvettes at 22 °C in 10 mM potassium phosphate
buffer (pH 7.2). Each spectrum represents an integration of
three consecutive scans from 190 to 260 nm at 1.0 nm
intervals, with a scan speed of 20 nm/min. The concentrations
of Hsfl and LZ4 were 1.5 uM and 10.0 uM, respectively. The
helix content was predicted using BeStSel.*

DLS Experiments. Dynamic light scattering (DLS) was
performed using a Zetasizer Nano ZS (ZEN3600, Malvern
Instrument, UK) equipped with a 633 nm red laser and 173°
scattering angle. “Size” and “Protein” were selected as the
measurement type and the material type, respectively. For each
sample, the measurement was repeated three times. After the
diffusion of a particle moving under Brownian motion was
measured, the Zetasizer software version 8.02 converted the
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diffusion to a size and generated size intensity distributions
using Stokes—Einstein relationship with a refractive index of
1.45 nD and a dynamic viscosity of 0.6262 cP. Gaussian fitting
was then used to extract the size mean. The analysis was
performed with the lower and upper size limits set to 0.4 and
10,000 nm, respectively. The Hsfl monomer was prepared in
25 mM HEPES/KOH (pH 7.2) and 150 mM KCl, and its
concentration was S yM. Data were acquired after 30 min
incubation at 12, 25, and 42 °C in the cuvette.

Simulations. All-atom MD simulations were performed
with the CHARMM36m force field*® using LAMMPS
software.”” Given an open conformation of Hsfl at high
temperatures, the isolated model of the Hsfl LZ4 was
employed to investigate the helical unfolding. The molecular
structures of Hsfl were estimated by AlphaFold 2 (AF2),**
and then the estimated structure of LZ4 regions were extracted
and used as the initial configurations. The isolated model of
LZ4 was placed in a periodic simulation box and solvated by
adding water. The salt concentration was set to 150 mM KC],
and the corresponding numbers of K* and CI™ ions were
added. After the steepest-descent energy minimization, the
systems were relaxed for 100 ps at a temperature of 355 K and
a pressure of 1 atm, followed by production runs for 500 ns in
the NPT ensemble at a temperature of 355 K. The temperature
was maintained using a Nosé—Hoover thermostat,”** and the
pressure was controlled using a Parrinello—Rahman baro-
stat.*"*> The non-bonded interactions were calculated with a
cutoff distance of 1.2 nm, and the particle—particle particle—
mesh method*’ was used to calculate long-range electrostatic
interactions. The equations of motion were integrated using
the Verlet algorithm™ with a time step of 2 fs, along with the
SHAKE algorithm,45 to constrain the bond lengths to
hydrogen. The root-mean-square deviations (rmsd) for Ca
atoms were calculated with respect to the starting structure for
the system using the MD simulation trajectories over 500 ns.
The secondary structure of the protein structures was
determined by DSSP* to probe the conformational transition
over time.

B RESULTS

Tracking Temperature-Dependent Conformational
Changes and Oligomerization of Hsfl by Trp-Fluo-
rescence Spectroscopy. To obtain structural information of
Hsf1 in the monomeric form, we first obtained the AlphaFold2
(AF2) model of Hsfl monomer.”® The AF2-predicted
structure of the Hsfl monomer showed that Hsfl has a closed
conformation in which LZ1-3 and LZ4 are associated with
each other (Figure 1B). The structural model showed that
Trpl69, one of the three tryptophan residues (Trp23/Trp37/
Trp169) in Hsfl, is located in LZ1—3 and faces toward LZ4
(Figure 1B). To test whether the conformational changes in
LZ1-3 and LZ4 can be tracked by observing fluorescence
changes of Trpl69, we compared the fluorescence spectra of
Hsfl W23F/W37F with that of L-Trp amino acid solution that
is exposed in the solvent and immunoglobulin binding domain
of protein G (GB1) that has one Trp residue fixed in the core
of the protein®’ (Figures 1C and S1A). The fluorescence
spectra of Hsfl W23F/W37F showed that the peak top
wavelength is slightly shorter than GBI, suggesting that the
Trpl69 of Hsfl is in a hydrophobic environment. This result is
consistent with the AF2-predicted structure of Hsfl in which
Trp169 is surrounded by hydrophobic residues (Figure S2A).
The fluorescence intensity is larger than that of L-Trp solution

https://doi.org/10.1021/acs.biochem.2c00492
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Figure 2. Monitoring conformational changes and oligomerization of Hsfl by observing Trp fluorescence. (A) SEC—MALS of the Hsfl monomer
at room temperature (blue) and after heat shock at 42 °C (red). (B) DLS analysis of the Hsfl monomer at 12 °C (blue), 25 °C (gray), and 42 °C
(red). (C) '"H NMR spectra of the Hsfl monomer at 12 °C (blue), 25 °C (gray), and 42 °C (red).

but smaller than that of GBI, indicating that the Trp169 of
Hsfl has relatively high mobility compared to the rigid folded
proteins (Figure 1B). This result suggests that the structure of
LZ1-3 and LZ4 is dynamic in solution. Collectively, the above
results showed that the Trp fluorescence can be exploited to
probe conformational state and changes of Hsfl LZ1—3 and
LZ4 in solution.

To track the conformational transition from the monomer to
the oligomer, we monitored the temperature dependence of
tryptophan fluorescence in the monomer of Hsfl full length
(residues: 1—529) (Figure 1D). Hsfl was separated into
monomer and oligomer fractions by purification with SEC, and
the monomer fraction was used for fluorescence measurement.
Both the wavelength and intensity of the fluorescence peak
showed significant changes with temperature change (Figure
1D,E). The plot of the peak top wavelength with respect to the
temperature showed that the peak top stayed around 327 nm
in the temperature range from 12 to 27 °C and gradually red-
shifted toward 337 nm in the temperature range from 27 to 42
°C. The fluorescence spectra of the Hsfl monomer and
oligomer showed that the maximum wavelength of the
oligomer was red-shifted from that of the monomer (Figure
1F). The wavelength of the oligomer fraction was 338.5 nm,
which is close to the fluorescence maximum wavelength at 42—
57 °C (Figure 1D,E), implying that the red-shift coincides with
Hsfl oligomerization. The red shift of the fluorescence peak
generally reflects an environmental change toward hydrophilic
conditions.”® This is consistent with the AF2-predicted
structure, in which Trpl69 of Hsfl forms a hydrophobic
cavity in the monomer, while it is exposed to the solvent in the
oligomer (Figure S2A,B). The oligomeric state of Hsfl at each
temperature was evaluated by SEC—MALS, DLS, and 1D 'H-
NMR experiments (Figures 2A—C and S3). SEC—MALS

2901

showed that Hsfl stays mostly as a monomer at room
temperature and up to 27 °C whereas forms an oligomer after
heat shock at 42 °C (Figures 2A and S3). In the DLS
experiments, the radius of Hsfl was estimated to be 12~13 nm
at 12 and 25 °C, while the radius increased to 26 nm at 42 °C,
indicating the formation of oligomers at the elevated
temperature (Figure 2B). Formation of Hsfl oligomers at 42
°C was further corroborated by 1D 'H-NMR experiments in
which the intensity of Hsfl resonances decreased as the
temperature increased (Figure 2C). Decreased resonance
intensity at higher temperature can be explained by line
broadening owing to oligomerization that causes slower
tumbling. Collectively, these results showed that Hsfl exists
mostly as a monomer at 12 and 25 °C and forms an oligomer
at 42 °C, which is consistent with previous studies showing
that Hsfl oligomerizes around 42 °C.'****’ Therefore, we
concluded that the red-shifted Trp fluorescence at higher
temperature reflects Hsfl oligomerization.

Next, temperature-dependent changes in the Trp fluores-
cence intensity at maxima were evaluated to track the
conformational changes of Hsfl (Figure 1D). Note that the
fluorescence intensity reflects the local mobility of the Trp
residues. The fluorescence intensity decreased from 12 to 27
°C and increased from 27 to 52 °C (Figure 1D,E).
Considering that the intensity of the fluorescence maxima
was higher for the oligomer than for the monomer (Figure 1F),
an increase in the fluorescence intensity in the spectrum above
27 °C can be attributed to oligomerization. On the contrary,
the fluorescence intensity decreased as the temperature
increased from 12 to 27 °C (Figure 1D,E). Such biphasic
changes in the fluorescence intensity are characteristic of state
changes through intermediates and indicate the existence of
intermediates in response to heat. Note that this biphasic
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transition of Trp fluorescence was not seen in the control
experiment using GB1 (Figure S1). Although the fluorescence
intensity of GB1 slightly decreased as the temperature
increased, the intensity change in GB1 spectra was much less
significant than in Hsfl spectra (Figure S1B,C). Furthermore,
the peak top wavelength of GB1 Trp fluorescence spectra
remained almost unchanged even at high temperature (Figure
S1B,D).

Characterization of Intermediate Monomeric State
by Model Fitting Analysis. To investigate the transition
mechanism from the monomeric state to the oligomeric state
through the intermediate state, we structurally characterized
the intermediate state of Hsfl by analyzing the fluorescence
spectral data using a mathematical model and global fitting
simulation. Singular value decomposition (SVD) analysis of
the fluorescence spectra suggested that at least three
components were present (Figure S4). The mathematical
model assumes that Hsfl has three states: the initial
monomeric state (M), the monomeric intermediate state (I),
and the oligomeric state (O). This model can be written as

Moele O

Figure 3A shows the experimental plot and fitting curve of
the temperature dependence of fluorescence peak intensity.
The fitting curve reproduced the experimental results well,
indicating that the three-state model explained the exper-
imental data well. The fitting analysis provided the population
fractions of the three states and revealed that the major
population fractions of Hsfl transitioned from the M state to
the I state around 20 °C and from the I state to the O state
around 40 °C (Figure 3B). This is consistent with the results
from SEC—MALS and DLS showing that a majority of Hsfl
became oligomeric at 42 °C (Figure 2A,B) and also suggests
that the I state can be a major conformation at approximately
37 °C, the normal intracellular temperature. To obtain
structural information on the intermediate state, we computed
the component spectra of Hsfl in the three states (Figure 3C).
The computed spectra of Hsfl in the M and O states exhibited
a peak fluorescence at 324.5 and 338.5 nm, respectively. These
computed fluorescence spectra corresponded well with those
obtained experimentally for the monomer and oligomer Hsfl
(Figure 1F). Interestingly, Hsfl in the I state showed a peak
fluorescence at 331.5 nm, indicating that the peak position of
the fluorescence spectrum in the I state was red-shifted from
that in the M state. Furthermore, the peak intensity in the I
state was weaker than that in the M state. The peak red shift
and intensity reduction in the tryptophan fluorescence
spectrum of the I state can be interpreted as solvent exposure
and increased the mobility of tryptophan residues, respec-
tively.**

Model fitting analysis showed that the tryptophan residues
in the I state have increased mobility compared to those in the
M state. To confirm whether the I state reflects the
conformational state of LZ1-3 and LZ4, we selectively
observed fluorescence from Trp169 in LZ1-3 by substitution
of Trp23 and Trp37 with phenylalanine in the DBD. As a
result, the fluorescence intensity became minimal at 27 °C,
which coincided with the intensity change of Hsf1 WT (Figure
4A,B). Therefore, the decrease in fluorescence intensity was
due to the increased mobility of Trpl69 located in LZ1-3.
Focusing on the wavelength of the fluorescence maxima of the
Hsfl W23F/W37F mutant, a red shift was observed in the
region from 12 to 27 °C (Figure 4A,B). Because LZ4 is an
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component spectra of Hsfl in the three states.

amphiphilic helix and its hydrophobic side faces LZ1-3 in the
structural prediction of LZ4 by Netwheels and AF2°%*
(Figure 4C,D), it is suggested that this red shift reflects a
weakening of the hydrophobic interaction between LZ1—3 and
LZ4. Note that SEC-MALS and DLS results showed that Hsfl
was mostly present as a monomer around 27 °C (Figures 2B
and S3), suggesting that the intermediate should be in a
monomeric state. Therefore, Trp fluorescence measurements
and model fitting analysis demonstrated that Hsfl oligomerizes
through the monomeric intermediate in which the mobility of
Trpl69 is increased and the intramolecular interaction
between LZ1-3 and LZ4 is dissolved.

Tracking the Temperature-Dependent Dissolution of
the Hydrophobic Cavity of Hsf1. Next, we aimed to further
investigate the structure of the Hsfl intermediate. Fluores-
cence measurement and model fitting analysis suggested the
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Tracking the temperature-dependent dissolution of the hydrophobic cavity of Hsfl.

existence of the intermediate open conformation in which the
intramolecular interaction between LZ1-3 and LZ4 is
dissolved. To support this, the hydrophobic cavity formed
between LZ1—3 and LZ4 (Figure S2A) was evaluated by
fluorescence measurements of ANS, a compound whose
fluorescence maxima increased significantly and its wavelength
blue-shifted under hydrophobic conditions compared to that in
an aqueous solution.”” Trp fluorescence measurements
suggested that at lower temperatures, the interaction between
LZ1-3 and LZ4 in the closed conformation forms a
hydrophobic cavity (Figures 1, 3, 4 and S2A), whereas at
higher temperatures, the transition toward the open con-
formation disrupts the hydrophobic cavity and is thus expected
to alter ANS fluorescence properties. ANS was added to the
Hsfl monomer, and temperature-dependent changes in ANS
fluorescence were monitored. Because the affinity between
ANS and the target protein decreased in a temperature-
dependent manner,”" it was difficult to evaluate the conforma-
tional change of Hsfl with the disruption of hydrophobic
cavities from the linear decrease in ANS-derived fluorescence
intensity in the temperature range from 12 to 37 °C (Figure
SA,B). On the contrary, change in the fluorescence maximum
wavelength showed a biphasic profile in which the fluorescence
maxima red-shifted in the temperature region from 12 to 27 °C
but blue-shifted in the temperature region from 27 to 52 °C
(Figure SA,B), suggesting that the ANS fluorescence wave-
length reflects information about the intermediate. Note that
the inflection points around 27 °C roughly coincides with that
observed in the Trp fluorescence analysis (Figure 1E). The red
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shift of ANS fluorescence suggested that the environment of
the ANS binding site on Hsfl became gradually hydrophilic,
suggesting that the hydrophobic cavity, most probably the
cavity formed between LZ1—3 and LZ4, of Hsfl was disrupted
at 27 °C. In the temperature region from 27 to 52 °C, the
fluorescence maximum wavelength was blue-shifted (Figure
SA,B). Thus, changes in the high-temperature region may be
due to the binding of ANS to the newly formed hydrophobic
cavities by oligomerization (Figure S2B). Notably, ANS-
derived fluorescence at 12 °C was 145 a.u. at 470.5 nm for
Hsfl full length and 9 a.u. at 491.5 nm for the isolated Hsfl
DBD (Figure SSA,B), suggesting that ANS barely interacts
with DBD. This indicates that the changes in ANS
fluorescence reflect the conformational changes in the C-
terminal region, including LZ1—-3 and LZ4 in full-length Hsfl.

To determine whether the temperature-dependent changes
in ANS-derived fluorescence reflect the conformational change
between LZ1—3 and LZ4, we investigated the binding site of
ANS for Hsfl by 'F NMR for [S-”F-Trp] Hsfl, in which
three Trp residues (Trp23, Trp37, and Trpl69) were
substituted by S-'’F-Trp. Three ""F NMR signals were
observed, indicating that each of the three tryptophan residues
in Hsfl (Trp23, Trp37, and Trpl69) exhibited a single signal
(Figure SC). To assign the resonances, YE NMR was
performed for Hsfl DBD containing Trp23 and Trp37 and
Hsfl ADBD containing Trp169. Two '"F NMR signals for
Hsfl DBD were observed at —123.2 ppm and —124.6 ppm,
and only one '°F NMR signal for Hsfl ADBD was observed at
—125.3 ppm (Figure SC). Therefore, the '’F NMR signal at
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Figure S. Tracking the collapse of the hydrophobic cavity of Hsfl by ANS fluorescence measurements. (A) ANS fluorescence spectra mixed with
Hsfl at varying temperatures from 12 to 52 °C. (B) Transition of fluorescence intensity and wavelength at the peak top in the temperature change
measurement. (C) '"F NMR spectra of 5-'°F-Trp-labeled Hsfl monomer (blue), Hsfl monomer + 1 equiv ANS (red), Hsfl DBD (green), and
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Spectra of mixed samples of Hsfl DBD and ANS under the same conditions (green). Emission spectra of ANS alone are colored in black. Since
FRET was observed only in Hsfl, it was indicated that ANS binds to the hydrophobic cavity formed between LZ1-3 and LZ4 in Hsfl.

—125.3 ppm was assigned to the Trp169-derived signal located
in the LZ1—3 region. This '’F NMR signal of Trp169 showed
chemical shift perturbation by the addition of 1 equiv of ANS
(Figure SC), showing that ANS interacts with Trp169 located
in the hydrophobic cavity.

To further support ANS binding to the hydrophobic cavity,
Trp-ANS FRET was performed. When a mixed sample of Hsfl
and ANS was excited at 295 nm, near the Trp excitation
wavelength at 12 °C, ANS fluorescence was observed,
indicating ANS binding around the Trp of Hsfl (Figure
SD). Trp-ANS FRET was not observed in the mixed samples
of DBD and ANS (Figure 5SD). These "F-Trp NMR and
FRET analyses showed that ANS binds to the hydrophobic
cavity formed between LZ1-3 and LZ4 in a closed
conformation. Thus, monitoring the dissolution of the
hydrophobic cavity by ANS fluorescence supports that the
Hsf1 intermediate is in an open conformation in which LZ1-3
and LZ4 are dissociated.

Secondary Structure in the Formation of the
Intermediate. Our results show that Hsfl forms a monomeric
open state in which LZ1-3 and LZ4 are dissociated at higher
temperature and thus suggest that the helical structures of
leucine zippers (LZs) can be destabilized in the open
conformation. To investigate the secondary structure of Hsfl
in the monomeric open conformation, we measured CD
spectroscopy at varying temperatures. Measurements of CD
spectra of Hsfl at 12 °C showed a minimum ellipticity at 207
nm, characteristic of a protein with a high a-helical content
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(Figure 6A). The a-helical content calculated from this CD
spectrum using the BeStSel program™ was 27.2%, which was
in good agreement with the a-helical content of 28.4%
calculated from the AF2 predictive structure (Figures 6A,B,
and S6A,F,G). The negative ellipticity in the region from 205
to 230 nm decreased and the a-helical contents were perturbed
from 27.2% at 12 °C to 19.6% at 52 °C as the temperature
increased (Figures 6A,B, and S6A—G), indicating the
unfolding of the helical structure at elevated temperatures.
The CD spectra of LZ4 alone showed a minimum ellipticity at
201 nm, and the a-helical content was calculated to be only
1.1% (Figures 6C and S6G), showing that the isolated LZ4 is
mostly unfolded. The data indicate that the helical structures of
LZ1-3 and LZ4 are stabilized at closed conformation, but LZ4
unfolds without support from LZ1—3 at open conformation
and oligomeric state. Note that the unfolding of LZ4 is also
supported by MD simulation at 355 K (Figure S7). The
trajectory of rmsd from the initial structure showed that the
rmsd of LZ4 gradually increased. The trajectory of helix
content showed that the helix content in the isolated LZ4
gradually decreased over time (Figure S7). Thus, the data from
MD simulations support the idea that LZ1—3 and LZ4 are
destabilized and undergo unfolding in the open conformation
at higher temperature. Notably, the unfolding of helical
structures in Hsfl at higher temperatures was not reversible
and CD spectra changed slightly when the temperature was
decreased from 52 to 12 °C (Figure S6H), indicating that heat-
induced Hsfl oligomerization is irreversible and is consistent
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with the blue-native gel electrophoresis results in the previous
study.”> Therefore, CD measurements showed that the
intermediate state in the transition from the monomer to the
oligomer at elevated temperature is coupled with the helical
unfolding.

B DISCUSSION

Hsfl oligomerization is a key event during stress response;
however, insight into how Hsfl transitions from monomer to
oligomer is limited because of the lack of studies that have
monitored the three-dimensional conformational changes of
Hsfl. In this study, we aimed to elucidate the mechanism of
the heat-induced conformational transition and oligomeriza-
tion of Hsfl. Trp fluorescence measurements revealed that
Hsfl oligomerizes through an intermediate (Figures 1D,E and
4A,B), and its model fitting, ANS fluorescence measurements,
and SEC—MALS revealed that the intermediate is a
monomeric open conformation in which the interaction
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between LZ1—3 and LZ4 was resolved (Figures 1C—E, 2, 3,
SA,B and S3). Furthermore, the CD experiments showed that
the weakening of the interaction between LZ1—3 and LZ4 was
coupled with the unfolding of the helical structure (Figures 6,
S6, and S7). Especially, LZ4 was found to be prone to
unfolding (Figure 6C). These data are consistent with the
previous study using hydrogen/deuterium-exchange mass
spectrometry, showing destabilization of LZ4 at elevated
temperatures.”” Therefore, the data suggest that heat-induced
unfolding of LZ4 occurs in conjunction with the tertiary
structural change from the closed to open conformation of
Hsfl (Figure S8).

Trp and ANS fluorescence at different temperatures showed
that Hsfl exists in an open conformational intermediate at the
temperature range between 30 and 40 °C (Figures 3 and $).
Although intracellular crowding environment and other
regulatory factors may have an influence,”” the monomeric
open conformation may be the major conformation at normal
cell temperature.” Such an open conformation of the Hsfl
monomer, which exposes the sites involved in oligomerization,
may allow the rapid formation of the active oligomer under
stress. Hsf1 is known to form a complex with several molecular
chaperones,"*™"” and the proposed sites for interaction with
Hsp70, Hsp90, and TRiC are located in regions LZ1—3 and
RegD.'*'”** Moreover, it is also suggested that the nuclear
localization signal, which is recognized by nuclear transporters,
is located immediately after LZ1-3 (residues: 203-230)."* The
locations of chaperone-binding sites and nuclear localization
signals around LZ1-3 imply the importance of the open-close
conformational change of Hsfl mediated by the contact
between LZ1—3 and LZ4 for the regulation of interaction with
other molecules (Figure S8). Interestingly, the previous cell-
based study showed that Hsfl mutant disrupting the
interaction between LZ1-3 and LZ4 accumulates in the
nucleus,* highlighting the possible relationship between Hsfl
open-close conformational state and recognition by the
regulators. Thus, the conformational regulation of Hsfl by
molecular chaperones, in addition to the intramolecular LZ
interactions to maintain the open monomeric state as the
major fraction, can be advantageous in stress responses such as
oligomerization and nuclear transport when cells are under
stress. Our findings show that Hsfl oligomerizes through a
monomeric open intermediate. Furthermore, this monomeric
open state is not just an intermediate in oligomerization but
can be a major conformational state in the intracellular
environment and a key to understanding the regulation of
Hsfl-mediated stress response through interactions with
multiple cellular components.

B CONCLUSIONS

The oligomerization of Hsf1 is considered as an important step
in HSR; however, the lack of information about structural
change via oligomerization at heat response impeded the
understanding of the thermosensing mechanism through
oligomerization. In this study, we applied solution biophysical
methods and showed that Hsfl undergoes monomer-to-
oligomer change through the intermediate open state in
which the intramolecular LZ interaction is dissolved, as the
temperature increases. This conformational change is coupled
with the unfolding of LZ helices. Such an open conformation
of the Hsfl monomer, which exposes the sites involved in
oligomerization, may allow the rapid formation of the active
oligomer under stress. Moreover, since the interaction sites
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with molecular chaperones and nuclear transporters are also
expected to be exposed in the open conformation, the
conformational change to the open state can be a key to
understanding the regulation of Hsfl-mediated stress response
through interaction with multiple cellular components.
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