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1.1. Hsf1-Chaperone System for Maintaining Proteostasis 

Protein supports the basis of biological activities in the body. The homeostasis of 

protein dynamics called as “proteostasis”, such as synthesis, structure formation, and 

degradation, must be always maintained for proteins to function properly. However, cells 

are exposed to a variety of stressful environments, including heat, reactive oxygen species, 

and pH changes throughout their lifetime, then stress often induces the proteins to misfold 

and aggregate (Figure 1.1, upper panel), compromising the homeostasis of the cellular 

proteome 1.  

The systems for maintaining the proteostasis are equipped in living cell even 

under stressed conditions. Typical systems include ribosome-associated quality control2 

for synthesis, Heat shock factor 1 (Hsf1) - chaperone system3–5 and endoplasmic 

reticulum (ER) - quality control6 for folding, and the ubiquitin-proteasome system7 and 

ER-associated degradation8 for degradation. Especially, Hsf1 - chaperone system3–5 

supports the protein folding at nucleus and cytosol. In this system, molecular chaperones 

suppress the protein aggregation and helps the protein folding 9,10. Hsf1 upregulates the 

transcriptional level of these chaperones by sensing several stresses 11. Therefore, Hsf1-

chaperone system consists of chaperone, which functions as “player” to directly assist in 

substrate folding, and Hsf1, which acts as “operator” to control the amount of chaperone 

for maintaining the protein folding state under stress. Protein folding assistance by the 

Hsf1-chaperone system is crucial for the maintenance of biological activities because 

proteins get their functions by folding their own unique conformations, and the disruption 

of Hsf1-chaperone system is associated with diseases12. While this system is responsible 

for protecting normal cells from stress, the increased Hsf1 activity linked to malignancy 

and a poor prognosis of many cancers13–15. On the other hand, neurodegenerative diseases 

such as Alzheimer's disease and Parkinson's disease are associated with low Hsf1 

activity16. Thus, from a clinical perspective, Hsf1-chaperone system is important in 

proteostasis. In this thesis, to elucidate the molecular mechanism of the Hsf1-chaperone 
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system, I focused on two reactions that occur within this system: (1) substrate protein 

folding assistance by chaperone (section 1.2) (Figure 1.1, center panel), and (2) 

transcriptional regulation of Hsf1 via stress-sensing assembly state changes (section 1.3-

1.6) (Figure 1.1, bottom panel). 

 

1.2. Foldase Activity of Chaperone by Catalyzing the Proline cis/trans Isomerization 
(Chapter II) 

In Hsf1-chaperone system, molecular chaperones are responsible for directly 

assistance to substrate protein folding. Assistance in the productive folding of substrate 

protein is achieved by the anti-aggregation activity and foldase activity, which accelerates 

the protein folding, of molecular chaperones. Of these two activities, with regards to anti-

aggregation activity, most of the mechanism has been revealed. Environmental changes 

such as stress often break the protein structure, and hydrophobic regions, which normally 

encapsulated in the protein core, exposes to the solvent. Such hydrophobic regions can 

Functional protein Non-functional protein

Chaperone

Stress

(1) Foldase activity Anti-aggregation activity

Aggregate

(2) Stress-sensing assembly state changes Transcriptional upregulation
Gel-like dropletLiquid dropletOligomerMonomer

Promoter
DNA

Chaperone 
gene

Transcription

Oligomerization
Liquid-liquid

Phase Separation Phase transition

Figure 1.1 Hsf1 chaperone system 
(Upper panel) Under stress, proteins often unfold and aggregate. (Center panel) Molecular 
chaperone assists the protein folding and suppresses the aggregation. (Bottom panel) 
Transcriptional activity of hsf1 links to its assembly state. The assembly of Hsf1 proceeds by 
stress-dependent manner. While Monomer is transcriptional inactivated state, oligomer and 
liquid droplet state is active. The transcriptional activity is decreased at Gel-like droplet. 
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cause nonspecific intermolecular interactions that drive aggregation. Molecular 

chaperones suppress such nonspecific hydrophobic interactions by interacting these 

hydrophobic regions and protect them from aggregation17–19.  

While the anti-aggregation mechanism of molecular chaperone is becoming clear, 

the foldase mechanism, how chaperone acts on the substrate to promote its folding from 

the substrate-bound state, is still unknown. In the foldase activity of molecular chaperone, 

the catalysis of peptidyl-prolyl cis/trans isomerization can be a key reaction. Because 

specific cis/trans conformations of peptide bonds are required in the native fold (Figure 

1.2A), proline cis/trans isomerization can be a rate-limiting step in protein folding. 

Several molecular chaperones have peptidyl-prolyl cis/trans isomerase (PPIase) domain, 

which catalyses the proline cis/trans isomerization, for foldase activity (Figure. 1.2B). 

For example, Trigger Factor (TF), SurA, and PrsA contain the PPIase domain20–23. Heat 

shock protein 90 forms a complex with the PPIases FKBP51 and FKBP52 and use them 

as a functional module to promote substrate protein folding 24–26. Then, I focused on 

PPIase activity for understanding the foldase mechanism of molecular chaperones. PPIase 

could act as a foldase by catalyzing the isomerization of proline, the rate-limiting step in 

protein folding, but which proline of the substrate protein PPIase targets and how it 

catalyzes is not yet elucidated. Further insight into the structure of the PPIase in complex 

with the client protein both at the ground state and at the transition state of isomerization 

is required because the lack of a comprehensive structural study that can track the entire 

cis/trans isomerization process has hindered the elucidation of the mechanism. 
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In chapter II, to unveil the molecular mechanism of PPIase, I conducted an 

integrated study on PPIase domain of TF chaperone exploiting solution NMR, molecular 

dynamics (MD) simulation, and activity assay. NMR structure analysis revealed that TF 

PPIase recognizes the proline-aromatic amino acid sequence and MD simulation analysis 

revealed stabilization of the intermediate transition state by the formation of 

intermolecular hydrogen bonds, which lowers the energy barrier of the transition state 

and catalyzes isomerization. Based on knowledge about binding specificity and catalytic 

mechanism from the results, I discuss the mechanism how PPIase domain of molecular 

chaperone acts as a foldase. 

  

1.3. Functional Regulation of Hsf1 by the Assembly State Changes 

The importance of the activity regulation of molecular chaperones in maintaining 

proteostasis has been described above. Since the amount of misfolded protein increases 

during stress, the Hsf1-chaperone system takes a countermeasure by upregulating the 

amount of chaperones having foldase function to prevent the accumulation of misfolded 

protein in the cell. In all eukaryotic cells, Hsf1 is responsible for transcriptional regulation 

 

Folding

Native state

Specific cis/trans conformations 
in the native fold

Denatured state

Proline

Fr
ee

 E
ne

rg
y

cis

trans

+ PPIase

A B

Figure 1.2 Proline cis/trans isomerization in protein folding 
(A) Specific proline cis/trans conformations of peptide bonds are required in the native fold. (B) 
PPIase lowers the activation energy of proline cis/trans isomerization. 
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of the molecular chaperones11 ,27. The transcriptional activity of Hsf1 is regulated by its 

assembly state changes. Therefore, understanding the mechanism of Hsf1 assembly state 

changes is essential to clarify transcriptional regulation by Hsf1 in the Hsf1-chaperone 

system.  

Hsf1 takes four states: monomer, oligomer, liquid droplet, and gel-like droplet. 

Under normal conditions, Hsf1 exists in transcriptionally inactivated monomeric state in 

cytosol. When Hsf1 senses stress, it translocates into the nucleus and forms oligomer 

(Figure 1.3). The Hsf1 oligomer binds to the heat shock element (HSE) DNA, which is 

comprised of at least three nGAAn repeats organized head to tail in the promoters of 

genes encoding chaperones, and promotes the transcription28–30. By forming the oligomer, 

the affinity of Hsf1 for the HSE increases as each Hsf1 of the trimer binds to a nGAAn 

repeat.  

As the assembly progresses further, Hsf1 forms liquid droplets called Hsf1 foci 

by the liquid-liquid phase separation (LLPS) of Hsf131 around HSE. LLPS is a 

phenomenon in which specific biomolecules accumulate and are isolated from their 

surroundings while maintaining internal mobility through weak interactions32. Droplets 

formed by LLPS are loosely isolated from the surrounding environment but can rapidly 

assemble and dissolve by sensing the surrounding environment such as temperature and 

pH33. The Hsf1 foci is formed in a stress level-dependent manner, and the transcription 

of molecular chaperones are promoted in the Hsf1 foci31 (Figure 1.3). Hsf1 also forms 

nuclear stress bodies (nSBs) on the satellite III (sat III) DNA, which is comprised of long 

nGAAn repeats organized head to head and encodes non-coding sat III RNA34–36. 

Although the function of the nSBs has not been clear in many aspects, it is shown that 

several splicing factors and co-activator of transcriptional factors are assembled in nSBs 

to promote the expression of the proteins required in the recovery stage37–39. It has been 

proposed that nSBs not only protect these molecules from stress by isolating them 

internally, but also play a role in suppressing the production of non-HSP transcripts to 
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preferentially synthesize HSPs under stress39 (Figure 1.3). 

Hsf1 foci and nSBs are transiently formed as membrane-less organelles that are 

generated under proteotoxic stress conditions and are resolved as the cell recovers from 

the stress28,40,41. Conversely, under prolonged stress, these liquid droplets undergo 

decreased internal-mobility and liquid-to-gel–like phase transition, which has been linked 

to downregulation of chaperones and mediate apoptosis31,42. While the mechanism that 

the phase transition of Hsf1 droplet induces apoptosis is not entirely clear, the maturation 

of caspase-9 by the downregulation of molecular chaperones, which suppress the 

apoptosis by forming the complex with Apaf-1 and cytochrome c43 may leads to apoptosis. 

And, the remaining trapped of several splicing factors, required at the stress recovery 

stage, in gel-like nSBs could also be the reasons for apoptosis. Therefore, Hsf1 has 

opposing effects on cells by changing its own assembly state in a stress level-dependent 

manner, protects cells via upregulation of molecular chaperones in the liquid droplet state 

but mediates apoptosis by downregulation of molecular chaperones in the gel-like droplet 

state (Figure 1.3).  

Hsf1 state change can be divided into the following three transition steps: 

oligomerization, LLPS, and phase transition to gel-like droplet (Figure 1.4). It is 

important to uncover the mechanism of these three steps to elucidate the regulatory 

mechanism of Hsf1 transcriptional activity. However, the current understanding of the 

HSR system is limited to the phenomenological level using cell biological techniques, 

and the molecular mechanism of how Hsf1 senses stress at the molecular level and how 

regulates its own assembly state remain to be elucidated. For elucidating the regulatory 

mechanism of Hsf1 assembly state, in this thesis, I focused on transition steps, 

monomer/oligomer, oligomer/liquid droplet, and liquid droplet/gel-like droplet (Figure 

1.4).  
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Figure 1.3 Hsf1 droplets in the nucleus 
Under physiological conditions, Hsf1 is located at the cytoplasm with molecular chaperone. 
Under stress, Hsf1 translocate to the nucleus and oligomerizes. Hsf1 forms two distinct droplets. 
One is nSBs formed around satIII DNA, which promotes the synthesis of non-coding satIII 
RNA. The other is Hsf1 foci, which forms around HSE and promotes chaperone gene 
transcription inside the droplet. 
 

HSE

Hsf1 
monomer

Chapeone

Hsf1 
Oligomer

Chaperone gene

Hsf1 foci

nSBs

SatIII DNA

Non-coding 
satIII RNA

Transcription of 
chaperone genes

Stress

Misfolded protein

・RNA polymerase II
・Nucleosome removal 

factors
etc

・RNA polymerase II
・Non-coding sat3 RNA
・Splicing factors

etc

Cytoplasm Nucleus

Apoptosis

Stress level
Oligomer

Response level

Molecular 
chaperone

Oligomerization LLPS

Promoter
DNA

Chaperone 
gene

Transcription

Liquid droplet
Phase Transition

to Gel-like Droplet

Hsf1
Monomer

Gel-like droplet

Figure 1.4 The assembly state changes of Hsf1 
Hsf1 changes its assembly state, monomer/oligomer, oligomer/liquid droplet, and liquid 
droplet/gel-like droplet, depending on the stress level. Oligomer and liquid droplet states have 
a protective function for cells, but cells with gel-like droplets are induced to apoptosis. 
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1.4. Heat-induced Conformational Transition and Oligomerization of Hsf1 (Chapter 
III) 

The function of Hsf1 is controlled by its assembly state. Within this assembly 

event, oligomerization is its first step. Hsf1 exists in monomeric state under normal 

conditions, and becomes oligomer formed by intermolecular interaction between its 

leucine zipper domain (LZ1-3) upon elevation of temperature from 37°C to 42°C in the 

cell 28–30. Although this heat-induced oligomerization is the first step in the series of 

transcriptional regulation of Hsf1, its monomeric structure has not been experimentally 

determined, and the oligomerization mechanism has not been fully elucidated since the 

majority of Hsf1 structure consists of intrinsically disordered region (IDR).   

In this chapter, I aimed to uncover the heat-induced oligomerization mechanism 

of Hsf1. First, the monomeric structure of Hsf1 was estimated using the structure 

prediction program AlphaFold244 and molecular dynamics (MD) simulation, and it was 

shown that the monomer forms closed state, which LZ1-3 and a short leucine zipper 

domain (LZ4) interacts intramolecularly. To trace the oligomerization process, I 

performed Trp and ANS fluorescence experiments, and the results showed that Hsf1 does 

not just undergo a simple monomer/oligomer change, but also oligomerizes via open 

conformational intermediate, where the intramolecular LZ interaction is dissolved, as the 

temperature increases. Furthermore, circular dichroism spectroscopy and MD simulation 

experiments showed that this tertial conformational change is coupled with the unfolding 

of LZ4. Based on these experimental analyses, I discussed the heat-induced 

conformational transition and oligomerization mechanism of Hsf1 and the functional 

significance of its intermediate. 

 

1.5. Liquid-liquid Phase Separation of Hsf1 (Chapter IV) 

In Chapter III, I analyzed the mechanism by which Hsf1 senses heat stress and 

oligomerizes. In the cell, Hsf1 further assembles to form Hsf1 droplets such as Hsf1 foci 

around HSE DNA and nSBs around sat III DNA. The transcriptional activity of Hsf1 is 
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further enhanced in Hsf1 foci and nSBs could protect several molecules from stress by 

isolating them internally. Thus, the droplet formation via LLPS of Hsf1 is crucial in the 

transcriptional activation of Hsf1, however, it is unknown what environmental changes 

promote Hsf1 interactions and droplet formation. 

In this chapter, to uncover the LLPS mechanism of Hsf1, I investigated the 

environmental condition in which Hsf1 droplets form and the interaction mechanisms 

driving the LLPS of Hsf1. Since acidification is often induced in heat-stressed cells45–47, 

we hypothesized that droplet formation of Hsf1 proceeds by acidification. Therefore, we 

performed turbidity measurements and microscopic observations that could track Hsf1 

droplet formation, and found increased turbidity and droplet formation below pH 6.0. To 

clarify the mechanism of droplet formation by acidification, I traced the structural 

changes of Hsf1 by solution NMR and CD measurements, and found that LZ4, denatured 

at high temperature at neutral pH, forms a secondary structure at acidic pH, and the 

formation of Hsf1 droplets proceeds by the intermolecular interaction between the 

structured LZ4. Furthermore, FKBP52, a PPIase that interacts with Hsf1 in the cell, also 

promotes LLPS of Hsf1, suggesting that PPIase activity promotes Hsf1 assembly and 

enhances the transcriptional activity of Hsf1 during stress. 

 

1.6. Liquid-to-gel Phase Transition of Hsf1 (Chapter V) 

I revealed that Hsf1 forms liquid droplets via liquid-liquid phase separation under 

acidic or crowding condition in Chapter IV. Under prolonged stress, Hsf1 foci and nSBs 

undergo decreased fluidity and liquid-to-gel–like phase transition, which has been linked 

to down-regulation of chaperones and mediate apoptosis. The liquid-to-gel–like phase 

transition of Hsf1 may be the key response in cell fate decision, but the mechanisms of 

phase transition of Hsf1 droplet in response to stress remain to be elucidated. 

In Chapter V, I investigated the condition and the mechanism that Hsf1 undergoes 

phase transition into gel-like condensates. The mechanism for phase transition of the Hsf1 
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liquid droplets were investigated by observation of the internal architecture of the Hsf1 

droplets by holotomography imaging, corroborated by biophysical and biochemical 

experiments. The data showed that oxidative condition promotes the phase transition to 

gel-like state of Hsf1 droplet. In the oxidative condition, Hsf1 forms higher-order 

oligomer mediated by the disulfide-bond, and such oligomer leads the more condensed 

droplet.  

In summary, to elucidate the molecular mechanism of the Hsf1-chaperone system, 

I focused on two points in this thesis.  

(1) Molecular mechanism of PPIase playing an important role in foldase activity of 

chaperone (Chapter II).  

(2) Mechanisms of conformational changes and intermolecular interactions that regulates 

the stress-induced Hsf1 assembly state changes (Chapter III, IV, and V) 
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CHAPTER II 

Structural Insight into Proline cis/trans Isomerization of 

Unfolded Proteins Catalyzed by Trigger Factor Chaperone
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Abstract  

Molecular chaperones, which act as foldase, often possess peptidyl-prolyl 

cis/trans isomerase (PPIase) domain (PPD). PPIase catalyzes the proline cis/trans 

isomerization that often be the rate-limiting step for protein folding. A bacterial chaperone 

Trigger Factor (TF), which has PPD, acts as a highly efficient catalyst in the folding 

process limited by peptidyl-prolyl isomerization. In this chapter, to elucidate the 

mechanism of PPIase, which plays a major role in foldase activity, I investigated the 

mechanism through which TF recognizes the proline residue in the unfolded client protein 

during the cis/trans isomerization process. The solution structure of TF in complex with 

the client protein showed that TF recognizes the proline-aromatic motif located in the 

hydrophobic stretch of the unfolded client protein through its conserved hydrophobic cleft. 

Molecular dynamics simulation revealed that TF exploits the backbone amide group of 

I195 to form an intermolecular hydrogen bond with the carbonyl oxygen of the amino 

acid residue preceding the proline residue at the transition state, which presumably 

stabilizes the transition state and thus accelerates the isomerization. The importance of 

such intermolecular hydrogen bond formation during the catalysis was further 

corroborated by the activity assay and NMR relaxation analysis. In conclusion, TFPPD 

catalyzes the proline cis/trans isomerization by the formation of intramolecular hydrogen 

bond through I195, and it is suggested that Foldase such as TF chaperone preferentially 

accelerates the isomerization of the peptidyl-prolyl bond that is eventually folded into the 

core of the protein in its native fold. 
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2.1. Introduction 

As described in General Introductions, the folding assistance by chaperone is one 

of the important reactions in the Hsf1-chaperone system. Here, I focused on the catalytic 

function of proline cis/trans isomerization (PPIase) to elucidate the foldase mechanism 

of molecular chaperone. The transition between cis and trans forms of peptidyl-prolyl 

bond, in which the ω dihedral angle is approximately 0° or 180°, respectively, occurs very 

slowly in the absence of PPIases owing to the high energy barrier imposed by the partial 

double bond character of the peptide bond. Even though the trans form is usually more 

populated than cis form in the unfolded proteins, the protein folding may require either 

of the two forms to fit in the native fold. Thus, several chaperones have PPIase domain 

for assisting substrate protein folding. 

I used a bacterial chaperone Trigger Factor (TF) as model PPIase to investigate 

the PPIase mechanism. TF has an FK506 binding protein (FKBP)-type PPIase domain 

(PPD) along with the other two domains, the ribosome-binding domain (RBD) and the 

substrate-binding domain (SBD)1. TF acts as a highly efficient catalyst in the folding 

process limited by peptidyl-prolyl isomerization2,3.  It is suggested that the PPD plays a 

key role in the foldase activity of TF, but the mechanism through which TFPPD catalyzes 

the peptidyl-prolyl cis/trans isomerization, as well as the mechanism for the other 

members of the FKBP-type PPIase family, still remain unclear. The lack of a 

comprehensive structural study that can track the entire cis/trans isomerization process 

has hindered the elucidation of the mechanism. Further insight into the structure of the 

PPIase in complex with the client protein both at the ground state and at the transition 

state is required. 

In this chapter, I conducted an integrated study on TFPPD exploiting solution NMR, 

molecular dynamics (MD) simulation, and activity assay to elucidate the mechanism of 

PPIase. The solution structure of TFPPD in complex with a proline-containing fragment of 

maltose-binding protein (MBP), has unveiled the mechanism by which the proline residue 
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is recognized by TFPPD, and MD simulation has shed light on the complex at the transition 

state. These results show that the conserved hydrophobic cleft of TFPPD recognizes the 

trans form of the proline-aromatic motif in the client protein and that an intermolecular 

hydrogen bond between the backbone amide group of I195 in TFPPD and the carbonyl 

oxygen of the amino acid residue preceding the proline residue in MBP is formed at the 

transition state. These results suggest that the hydrophobic environment around the 

peptidyl-prolyl bond and the intermolecular hydrogen bond at the transition state play 

major roles in the proline cis/trans isomerization. 
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2.2. Materials and Methods 

Expression and purification of protein samples 

TF from E. coli was cloned into the pCold vector (Takara Bio). The following TF 

expression constructs were prepared: TFSBD (residues 113–432Δ150–246) was cloned 

into pET16b vector (Novagen) and fused to His6-MBP and a tobacco etch virus (TEV) 

protease cleavage site at the N-terminus. TFPPD (residues 148 to 249) and TFPPD-SBD 

(residues 113 to 246) were cloned into pCold vector (Takara Bio) and fused to His6-tag. 

TF mutants were constructed by site-directed mutagenesis using PrimeSTAR 

Mutagenesis Basal Kit (Takara Bio). The constructs of TFPPD, TFPPD-SBD, and TF having 

mutations of R193P, M194P, M194A, I195P, I195L, or H222A, were prepared. A fusion 

protein MBP238-266-(GS)5-TFPPD was cloned into pET-16b vector containing a His6-

MBP and a TEV protease cleavage site at the N terminus. The length of the GS linker 

was designed from the following consideration. The crystal structure of TF (PDB ID: 

1w26) shows that the N-terminus of TFPPD is located ~25 Å away from the substrate-

binding site. More specifically, the distance between Cα atoms of Q148 (N-terminus of 

TFPPD) and I195, which is located at the center of the expected binding site, is 26 Å. Given 

the fact that the length of the fully extended 10 amino acid polypeptide chain is estimated 

as 35 Å, the five repeats of Gly-Ser should provide sufficient length to preserve the 

interaction between the two isolated proteins. 

All of the expression constructs were transformed into BL21(DE3) cells. The 

following MBP fragments were prepared in this study: MBP29-99, MBP97-164, 

MBP160–201, MBP198–265, MBP260-336, MBP331-396. The MBP fragments were 

cloned into the pET-16b vector containing a His6-MBP and a TEV protease cleavage site 

at the N terminus. For the unlabeled samples, cells were grown in Luria-Bertani (LB) 

medium at 37°C in the presence of ampicillin (100 μg ml−1). Protein expression was 

induced by the addition of 0.2 to 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) 

at OD600 ~0.6, followed by 12 to 16 hours of incubation at 18°C. Cells were harvested at 
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OD600 ~2.0 and resuspended in lysis buffer containing 50 mM tris-HCl (pH 8.0), 500 mM 

NaCl. Isotopically labeled samples for NMR studies were prepared by growing the cells 

in minimal (M9) medium. Cells were harvested at OD600 ~1.0. U-[13C,15N]–labeled 

samples were prepared by supplementing the medium with 15NH4Cl (1 g L−1) and 13C6-

glucose (2 g L−1). Cells were disrupted by sonicator and centrifuged at 18,000 rpm for 45 

min. Proteins were purified using Ni Sepharose 6 Fast Flow resin (GE Healthcare), 

followed by tag removal by TEV protease at 4°C (incubation for 16 hours) and gel 

filtration using Superdex 75 16/60 (GE Healthcare). Protein concentration was 

determined spectrophotometrically at 280 nm using the corresponding extinction 

coefficient. 

 

NMR spectroscopy 

NMR samples are prepared in 20 mM KPi (pH 7.0), 100 mM KCl, 4 mM βME, 

0.5 mM EDTA, 0.05% NaN3, and 7% D2O. Protein concentration was 0.1 to 0.8 mM. 

NMR experiments were performed on Agilent UNITY Inova 800 and 600 MHz NMR 

spectrometers as well as Bruker Avance III 800 and 600 MHz NMR spectrometers. The 

experiments were performed at 10°C for isolated MBP fragments, and at 22°C for the 

other samples. Spectra were processed using the NMRPipe program4, and data analysis 

was performed with Olivia (fermi.pharm.hokudai.ac.jp/olivia). The chemical shift 

changes of the amide moiety were normalized according to the following equation. 

Δδ = 	%&Δδ' H! )*
"
+ 'Δδ' N!# )/5)" (2 − 1) 

Structure determination  

In order to increase the population of the bound state and thus to obtain sufficient 

number of intermolecular NOEs for high resolution structure determination, a fusion 

protein5, in which the peptide containing the binding site (MBP238-266) was fused to the 

N-terminus of TFPPD with a linker consisting of 5 repeat units of Gly-Ser, was constructed 

and used in the NOE observation. 2D and 3D NMR experiments were carried out using 
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Agilent UNITY Inova 800 and 600 MHz NMR spectrometers for the NMR sample 

containing 1.0 mM 13C/15N-labeled MBP238-266-(GS)5-TFPPD in 20 mM KPi (pH 7.0), 

100 mM KCl, 4 mM 2-mercaptoethanol, 0.5 mM EDTA, 0.05% NaN3, and 7% D2O. The 

1H, 13C and 15N resonance assignments were carried out using the following set of the 

spectra measured at 22 °C, 1H-15N HSQC, 1H-13C HSQC, HNCO, HNCA, HN(CO)CA, 

HNCACB, CBCA(CO)NH, HNCAHA, HBHACONH, CCH-TOCSY, HC(C)H-TOCSY, 

HBCBCGCDHD and HBCBCGCDCEHE. The 1H, 13C, 15N chemical shifts were referred 

to DSS according to the IUPAC recommendation. Inter-proton distance restraints for 

structural calculations were obtained from 13C-edited NOESY-HSQC and 15N-edited 

NOESY-HSQC spectra with a 150 ms mixing time at 22 °C.  

The structure was calculated using the CYANA software package6, on the basis 

of the inter-proton distance restraints from the NOESY spectra. The NOE restraints were 

further corroborated by the dihedral angle restraints from the TALOS+ program7 and 

hydrogen bond restraints for the regions forming secondary structures. One hundred 

structures were calculated individually using 10,000 steps of simulated annealing, and a 

final ensemble of 20 structures was selected based on CYANA target function values. 

The 20 lowest-energy structures resulted from CYANA calculation were refined by 

restrained molecular dynamics in explicit water with CNS8. The atomic coordinates and 

structural restraints of MBP238-266-(GS)5-TFPPD have been deposited in the Protein Data 

Bank (PDB ID: 5ZR0). 

 

15N relaxation dispersion experiment 

An 15N-Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence9 was used to 

examine the chemical exchange derived from cis/trans isomerization of P255 in 

MBP238-266-(GS)5-TFPPD or MBP238-266-(GS)5-TFPPD, I195P. Two-dimensional data 

sets were acquired as 240 × 2048 complex points in the t1 × t2 time-domain dimensions 

with a constant relaxation delay of 50 ms. The experiments were performed on Bruker 
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Avance III 800 MHz NMR spectrometers at 35°C. The exchange rate constant for the two 

conformers, kex, was extracted using NESSY10 with the Meiboom equation11 as below,  

𝑅"
$%% = 𝑅"& +

𝛷
𝑘$'

71 −
4𝜈()*+
𝑘$'

𝑡𝑎𝑛ℎ >
𝑘$'

4𝜈()*+
?@ (2 − 2) 

𝜙 = 𝑝, ∗ 𝑝- ∗ 𝛿𝜔" (2 − 3) 

which was applied to the fast exchange processes between the two states, where R2eff is 

the effective transverse relaxation rate, R20 is the effective transverse relaxation rate at 

infinite νCPMG, pa and pb are the populations of the two state models (pa + pb = 1), kex is 

the chemical/conformational exchange (kex = ka-b + kb-a) constant and δω is the chemical 

shift difference between states. With this equation, only R20, kex and Φ can be extracted, 

as pa, pb, and δω cannot be uniquely determined. Note that the fast exchange regime was 

judged on the basis of the comparison between the expected δω and the observed kex. For 

example, the 1H-15N HSQC spectrum for 15N MBP 198-265 shows the two sets of the 

resonance for Gly254, corresponding to the trans and cis conformations of Pro255 

(Figure 2.9C). The 15N chemical shift difference between the two resonances, ~0.8 ppm 

and thus ~61 Hz on 800 MHz NMR instrument, which corresponds to δω in the relaxation 

dispersion experiment, is much smaller than the kex value (740 s-1).  

 

Molecular dynamics simulations 

The molecular simulations were carried out using the AMBER14 molecular 

dynamics package and the ff14SB force field parameters. The initial structure for the 

simulations was prepared from the NMR structure. The simulation systems were solvated 

in a cubic periodic box with TIP3P water molecules. The systems were subjected to 5,000 

steps of energy minimization, and were equilibrated for 3 ns in an isothermal-

isovolumetric (NVT) condition with the solute atoms constrained with the force constant 

of 1 kcal/mol·Å-2. Several initial structures were obtained during the constrained MD runs. 

After the equilibration, the production simulations with constrained were carried out in 

an isothermal-isobarometric (NPT) condition at 1 atm and 300 K. Simulations were 
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performed using a 2 fs time step, periodic boundary conditions, particle mesh Ewald 

electrostatics, and constraints of hydrogen-containing bonds using the SHAKE 

algorithm12. The position restraints with the force constants of 50 kcal/mol·rad2 was 

applied to the dihedral angle varying the center of the angle every 0.2° from initial angle 

(-174°) to 0° with clockwise and counterclockwise, respectively. For each position, the 

simulations were carried out for 2 ps, resulting in 1.74 ns and 1.86 ns trajectories for 

clockwise and counterclockwise rotations, respectively. Although the peptidyl-prolyl 

cis/trans isomerization is a slow process that occurs in millisecond timescale, this slow 

process is due to the low probability of the transition and a single transition only takes a 

few nanoseconds that corresponds to the trajectories in this simulation. 

 

ITC experiment 

Calorimetric titrations were carried out on an iTC200 microcalorimeter (GE 

Healthcare) at 22°C. All protein samples were purified in ITC buffer containing 20 mM 

potassium phosphate (pH 7.0), 100 mM KCl, and 0.05% NaN3 by gel filtration. The 200 

μL sample cell was filled with 350 μM MBP198-265, and the 40 μL injection syringe was 

filled with 3.5 mM solution of TFPPD-SBD. The titrations were carried out with a 

preliminary 0.2 μL injection, followed by 9 injections of 4.2 μL each with time intervals 

of 5 min. The solution was stirred at 1000 rpm. Data for the preliminary injection, which 

are affected by diffusion of the solution from and into the injection syringe during the 

initial equilibration period, were discarded. Binding isotherms were generated by plotting 

heats of reaction normalized by the modes of injectant versus the ratio of total injectant 

to total protein per injection. The data were fitted with Origin 7.0 (OriginLab Corporation). 

 

RNase T1 refolding assay 

RNase T1 from Aspergillus oryzae (Sigma, R-1003) was denatured, reduced, and 

carboxymethylated using dithiothreitol as the reducing agent according to the previous 
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report13. Refolding of reduced and carboxymethylated RNase T1 (RCM-RNase T1) in 0.1 

M Tris-HCl (pH 8.0), 0.4 M NaCl was initiated by 4-fold rapid dilution into the buffer 

containing 0.1 M Tris-HCl (pH 8.0), 2.0 M NaCl. The final concentration of RCM-RNase 

T1 was 1 μM. The refolding process of RCM-RNase T1 in the absence and presence of 

TF or its variants at the concentration of 0.2 µM was monitored by an increase in 

tryptophan fluorescence intensity. Fluorescence intensity was measured using a 

spectrofluorometer (FP-8500, JASCO Corporation). The excitation and emission 

wavelengths were set at 268 nm (band width 5 nm) and 320 nm (band width 10 nm), 

respectively. All measurements were performed at 15°C. 
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2.3. Results 

2.3.1 TFPPD Recognizes Proline Residue in the Hydrophobic Region 

Interaction between TF (Figure 2.1A) and an unfolded substrate protein was first 

investigated by NMR. MBP was used as an unfolded substrate protein. To ensure the 

solubility and stability in the unfolded state, MBP was divided into short fragments and 

six fragments of MBP14, MBP29-99, MBP97-164, MBP160-201, MBP198-265, 

MBP260-336, and MBP331-396 were prepared. All of the MBP fragments exhibited 

narrow chemical shift dispersion in the 1H15N-HSQC spectra, which is characteristic to 

unfolded proteins (Figure 2.1B). MBP consists of 396 amino acids and contains 21 proline 

residues. To identify the interaction sites on the unfolded MBP, the tandem domain TFPPD-

SBD, which possesses all of the five substrate-binding sites15, was titrated into isotopically 

labeled MBP fragments and the perturbation of each resonance from the MBP fragments 

was monitored (Figure 2.1B). The addition of TFPPD-SBD induced a significant reduction 

in the intensity of the resonances due to the size of the protein and the binding kinetics. 

Differential line broadening analysis showed that a total of 12 regions of MBP are 

recognized by TF (Figure 2.2A, 2.3A). The continuous stretch consisting of more than 

four amino acid residues with significant intensity reduction upon the addition of TFPPD-

SBD was defined as a binding site. These TF-recognition sites contain highly hydrophobic 

regions (Figure 2.2A) and are located on the core of MBP in its native fold (Figure 2.3B). 

The regions recognized by TF are enriched with hydrophobic amino acids including 

aromatic residues, such as tryptophan and phenylalanine, as well as bulky hydrophobic 

aliphatic amino acids such as leucine and valine (Figure 2.3C, D). This binding preference 

of TF toward hydrophobic and aromatic amino acid residues is consistent with the results 

obtained in the previous studies that used other unfolded protein substrates15,16. 

Thermodynamics parameters of the interaction between TFPPD-SBD and MBP198-265 

estimated by isothermal titration calorimetry (ITC) experiment (Figure 4), ΔG -5.8 ± 0.1 

kcal/mol, ΔH -5.9 ± 0.4 kcal/mol, and -TΔS -0.1 ± 0.5 kcal/mol, indicated that the binding 
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is enthalpy-driven. The dissociation constant Kd was calculated as 47 ± 9 μM, indicating 

the binding between TF and MBP is relatively weak. Among the 21 proline residues in 

the MBP sequence, four residues are located in the hydrophobic regions and are 

recognized by TF (Figure 2.3A, D). The proline residues in the hydrophilic regions did 

not interact with TF, which is in accord with the previous report showing that TF has no 

specificity toward proline residue16.  

To further investigate the recognition of the proline-containing hydrophobic 

stretches of MBP by TF, the two fragments of MBP containing proline residues in the 

hydrophobic stretches, MBP160-201 and MBP198-265, were subjected to titration 

experiments with isolated domains of TF, TFPPD and TFSBD. Both domains were titrated 

into isotopically labeled MBP160-201 and MBP198-265, and the interaction was 

monitored by NMR (Figure 2.5A). Several resonances on the HSQC spectra were 

specifically affected by the addition of TFPPD or TFSBD. A significant line broadening, 

with a consequent intensity reduction, was observed by the addition of TFSBD, whereas 

both line broadening and chemical shift perturbation were observed upon the addition of 

TFPPD (Figure 2.5A), reflecting the difference between the domains with regard to binding 

kinetics and molecular weight. For clarity, intensity changes were evaluated and 

compared in the analysis. As seen in the titration of TFPPD-SBD, the addition of TFSBD and 

TFPPD induced a significant intensity reduction for specific resonances of the MBP160-

201 and MBP198-265 (Figure 2.2B, 2.5A). These resonances are from the following 

MBP regions: F175-I187, Y193-Y197, L218-N227, A239-K245, and T251-S259. All of 

these five binding sites are affected by the addition of isolated domains of TFPPD and 

TFSBD. However, the extent of peak intensity change varies among the binding sites: In 

the titration experiments for isotopically labeled MBP198-265, the most significant peak 

intensity reductions were observed for the resonances attributed to the MBP stretch T251-

S259 upon the addition of TFPPD, whereas the addition of TFSBD caused the most 

significant effects on the resonances from the MBP stretch L218-N227 (Figure 2.2B). 
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Given the relatively weak affinity between the MBP fragment and TF as expected from 

ITC data (Figure 2.4) and the fact that the peak intensity change was monitored by the 

addition of a substoichimetric amount of TF proteins, more significant intensity reduction, 

thus more significant line broadening, is attributed to slower binding kinetics, which tends 

to occur in stronger interaction17, and/or higher population of the bound form. In either 

case, the extent of the peak broadening can be interpreted as an indication of the binding 

preference. Thus, the data suggests that the MBP stretches L218-N227 and T251-S259 

are preferred by TFSBD and TFPPD, respectively. Note that the plots of chemical shift 

change by the addition of TFPPD showed the same trend (Figure 2.5B), further supporting 

the preference of TFPPD. Interestingly, the hydrophobic stretch of T251-S259 contains 

two tryptophan residues and one proline residue, whereas the other two stretches in 

MBP198-265 are devoid of the pair of tryptophan and proline residues. This result 

suggests that TFPPD possesses a preference toward aromatic and proline residues located 

in the hydrophobic regions. 
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Figure 2.1 Identification of TF-binding sites in MBP by NMR 
(A) Structure of E. coli TF (PDB ID: 1W26). PPD, SBD, and RBD are shown in green, pink, and 
blue, respectively. The residue boundaries for each one of the three domains are shown in 
parentheses. SBD is discontinuous and is formed primarily by the C-terminal domain. (B) 1H-15N 
HSQC spectra of MBP fragments in the absence (blue) and presence (red) of TFPPD-SBD, having all 
of the five substrate-binding sites of TF. The fragments of MBP cover the entire region of MBP 
except the signal sequence. The spectra were recorded for several titration points, MBP:TF 1:0.1, 
1:0.2, 1:0.3, 1:0.5, 1:0.7, 1:1, and 1:2, but only the spectra for the ratio of 1:1 were shown here. 
Concentration of the isotopically labeled MBP fragment was 0.2 mM. The addition of TFPPD-SBD 

induced significant intensity reduction. 
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Figure 2.2 Recognition of unfolded MBP by TF. 
(A) Plot of the hydrophobicity score (Roseman algorithm, window = 9) of MBP as a function of its 
primary sequence. A hydrophobicity score higher than zero denotes increased hydrophobicity. The 
regions recognized by TF as identified by NMR titration experiments are highlighted in yellow. The 
signal sequence is highlighted in blue. The MBP segments depicted in the panel B are indicated as a 
gray bar. (B) Plots of peak intensity change of MBP160-201 (left panels) and MBP198-265 (right 
panels) by the addition of TFPPD-SBD at a ratio of MBP:TFPPD-SBD 1:0.1 (top panels), TFSBD at a ratio 
of MBP:TFSBD 1:0.2 (middle panels), and  TFPPD at a ratio of MBP:TFPPD 1:0.5 (bottom panels), as 
a function of the primary sequences of the MBP peptides. The regions recognized by TF are 
highlighted in yellow and labeled with the primary sequences. The proline residue and unassigned 
residue are indicated by gray bar. 
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Figure 2.3 Amino acid composition of TF-binding sites in MBP 
(A) Primary sequence of MBP with the TF-binding sites colored red. The signal sequence is colored 
blue. Proline residues are indicated by underlines. (B) Structure of MBP (PDB ID: 1ANF) with proline 
residues represented as sphere model. The regions recognized by TF as determined by NMR titration 
experiments are colored red. (C) Percentage values of the MBP amino acids that interact with TF. (D) 
Percentage values of the MBP amino acids that interact with TF normalized against the total number 
of each one of amino acids in the MBP sequence. 

Figure 2.4 Thermodynamic characterization of the interaction between TF and MBP 
ITC traces of the titration of TFPPD-SBD to MBP198-265 performed at 22 °C, showing that TFPPD-

SBD binds to MBP198-265 with Kd of 47 ± 9 μM and formation of the complex is enthalpy driven. 
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To identify the interaction site on TFPPD, I further investigated the interaction by 

NMR titration experiments observing the resonances from TFPPD. MBP160-201 or 

MBP198-265 was titrated into isotopically labeled TFPPD (Figure 6A). Addition of the 

Figure 2.5 Investigation of the interaction between MBP and TFSBD or TFPPD by NMR 
(A) 15N labeled MBP160-201 and MBP198-265 were titrated with unlabeled TFSBD or TFPPD. 
The 1H-15N HSQC spectra of MBP160-201 and MBP198-265 are shown in the absence (blue) 
and presence (red) of TFSBD or TFPPD. The spectra were recorded for several titration points, 
MBP:TF 1:0.1, 1:0.2, 1:0.3, 1:0.5, 1:0.7, 1:1, and 1:2, but only the spectra for the ratio of 
MBP:TFSBD 1:0.2 and MBP:TFPPD 1:0.5 were shown here. Concentration of the isotopically 
labeled MBP fragment was 0.2 mM. (B) Plots of chemical shift change of MBP198-265 by the 
addition of TFPPD at a ratio of MBP:TFPPD 1:0.5. The proline residue, P255, showing no 
backbone amide resonance on the spectra is indicated by gray bar. 
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MBP fragment induced significant chemical shift perturbations for the resonances of 

TFPPD (Figure 6B, C). The chemical shift perturbation mapping shows that majority of the 

perturbed resonances are from the conserved hydrophobic surface of TFPPD (Figure 6B-

E). These chemical shift changes are in the fast exchange regime (Figure 6A), which 

indicates a highly dynamic binding mode between TFPPD and unfolded MBP, and 

Relatively small chemical shift perturbations indicate the moderate affinity between the 

isolated TFPPD and MBP.  

 
  

 

Figure 2.6 The substrate-binding sites on TFPPD 

(A) 1H-15N HSQC spectra of TFPPD in the absence (blue) and presence of MBP160-201 (orange) or 
MBP198-265 (green). The spectra were recorded with several titration points, TFPPD:MBP 1:0.1, 
1:0.2, 1:0.5, 1:1, and 1:2, but only the spectra at 1:1 ratio are shown for clarity. The regions indicated 
by a box in the top panel are expanded in the bottom panels with resonance assignments. Chemical 
shift perturbations of amide moieties of TFPPD upon binding to MBP160-201 (B) or MBP198-265 
(C), plotted as a function of the residue number of TFPPD. Proline and unassigned residues are 
indicated by a bar colored dark gray. Lower panels show chemical shift perturbation mapping on 
the structure of TFPPD (PDB ID: 1W26). The residues with perturbations larger than the threshold 
values of 0.015 and 0.025 ppm are colored light blue and dark blue, respectively. Proline and 
unassigned residues are colored dark gray. (D) Mapping of the hydrophobicity on the structure of 
TFPPD. (E) TFPPD sequence conservation mapped on the structure of TFPPD. 
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2.3.2 Structural Basis for the Recognition of Proline Residue in the Substrate Protein 

To gain a better insight into the recognition of the MBP stretch containing proline 

and aromatic residues by TFPPD, I conducted a structural analysis of TFPPD in complex 

with unfolded MBP, focusing on the MBP stretch T251-S259 that contains both proline 

and aromatic residues. Since the relatively low affinity between TFPPD and MBP results 

in a low population of the complex when the two proteins are mixed in solution, a fusion 

protein was designed to increase the population of the bound state, which would increase 

the number of intermolecular NOEs for high-resolution structure determination. To this 

aim, the peptide containing the binding site (MBP238-266) was fused to the N-terminus 

of TFPPD with a linker consisting of five repeat units of Gly-Ser. The directions of the 

chemical shift perturbations caused by the fusion of the MBP peptide coincided with those 

resulting from the addition of the isolated MBP fragment (Figure 2.7), indicating that the 

interaction between TFPPD and MBP238-266 is preserved in the fusion protein. Moreover, 

much more significant chemical shift perturbations were observed for the fusion protein, 

which indicates that a much higher population of the MBP peptide is bound to TFPPD in 

the fusion. The solution structure of MBP- TFPPD complex was determined on the basis 

of 1205 NOE-derived inter-proton distance restraints, 128 dihedral angle restraints, and 

20 hydrogen bond restraints (Table 2.1). A total of 100 structures were calculated, among 

which the 20 lowest energy structures were selected (Figure 2.8A).  

The structure showed that TFPPD recognizes the hydrophobic stretch of MBP, 

P255-W258, using the broad hydrophobic surface (Figure 2.8B) that is also used for the 

recognition of the other unfolded substrate proteins including PhoA and OmpA15. The 

indole ring of MBP W256 inserts into the hydrophobic pocket of TFPPD formed by F168, 

F177, I195, F198, F217, Y221, and F233 (Figure 2.8C, 2.9A). MBP P255, which is 

located next to the tryptophan residue, is captured by the hydrophobic cleft formed by 

I195, P196, F217, P218, Y221, and H222. The amino acid residues of TFPPD that are 

involved in the recognition of the sequence MBP P255-W256 are highly conserved 
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(Figure 2.8D). Interestingly the proline-aromatic amino acid sequence is also found in the 

other peptide sequence recognized by TFPPD. For example, MBP P180, which is located 

next to tyrosine residue (Y181), was found to be recognized by TFPPD from NMR titration 

experiments (Figure 2.2B, 2.8B), and RNase T1 P39 and P55, whose cis/trans 

isomerization is known to be catalyzed by TFPPD 18, are located next to tyrosine or 

histidine residues (Figure 2.8B). Taking these observations into consideration, I propose 

the proline-aromatic motif as the target for the recognition and cis/trans isomerization by 

TFPPD. In addition to MBP P255-W256, another tryptophan residue in the hydrophobic 

stretch, W258, is recognized by TFPPD through the interaction with the hydrophobic cleft 

formed by F177, Y221, A223, and L226 (Figure 2.8C). In addition to the hydrophobic 

interactions, a hydrogen bond between TFPPD H222 Nε2 and the backbone carbonyl 

oxygen of MBP P255 is found in the complex. All these interactions contribute to holding 

tightly the MBP stretch P255-W258. On the other hand, MBP G254, which is located at 

the N-terminus of P255, is positioned at the edge of TFPPD and no significant contact with 

TFPPD was observed. It is worth noting that in the structure of the MBP-TFPPD complex, 

in which P255 is in the trans form, the backbone carbonyl oxygen of MBP G254 is located 

nearby the backbone amide proton of TFPPD I195, but not close enough to form a 

hydrogen bond (Figure 2.8C). 

Although MBP P255 in the unbound MBP198-265 is in slow exchange between 

trans and cis forms as represented by the two sets of the NMR signals (Figure 2.9C), MBP 

P255 in complex with TFPPD was found to adopt the trans form, as can be deduced from 

the single set of the resonances whose chemical shifts are in the range expected for trans 

form19 (Figure 2.9D). This observation was consistent with the results of the titration 

experiments in which the resonances from MBP were monitored (Figure 2.9E). When 

TFPPD was titrated into isotopically labeled MBP160-201 or MBP198-265, the resonances 

corresponding to the trans form showed more significant peak intensity reduction (Figure 

2.9E, lower panels), implying stronger interaction between TFPPD and the trans form of 
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the substrate protein. On the other hand, this trend was not observed upon the addition of 

TFSBD (Figure 2.9E, upper panels). These results indicate the binding preference of TFPPD 

toward proline residue in the trans form. 

 

Figure 2.7 Evaluation of MBP238-266-(GS)5-TFPPD fusion by NMR 
(A) 1H-15N HSQC spectra of 15N-labeled TFPPD in the absence (blue) and presence of 
MBP198-265 at TFPPD:MBP 1:1 (green) or 1:2 (orange) ratios superimposed with the 
spectrum of 15N-labeled MBP238-266-(GS)5-TFPPD fusion (red). The assignments are 
indicated for representative perturbed resonances. (B) The expanded views of the selected 
regions of the spectra showing the resonances from I195 (left panel) and G180 (right panel). 
The directions of the chemical shift change of the resonances from TFPPD upon the fusion of 
MBP238-266 coincide with those observed by the addition of MBP198-265, indicating that 
the binding mode between the MBP fragment and TF in the isolated forms is preserved in the 
fusion protein of MBP238-266-(GS)5-TFPPD. The direction of the chemical shift change is 
indicated by an arrow. 
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Figure 2.8 NMR structure of TFPPD in complex with MBP. 
(A) Superimposition of 20 structures of TFPPD in complex with MBP 238-266. For MBP, only 
converged region, N253-S259, is shown for clarity. TFPPD and MBP are shown in green and pink 
ribbons, respectively. (B and D) The lowest-energy structure of MBP-TFPPD complex. TFPPD is 
shown as a solvent-exposed surface to which the hydrophobicity (B) or the conservation of the 
amino acid residues (D) is mapped. MBP is shown as pink ribbon. The MBP residues that directly 
interact with TFPPD are drawn in a ball-and-stick representation. (C) Close-up view of the lowest-
energy structure of MBP-TFPPD complex. TFPPD and MBP are shown as green and pink ribbons, 
respectively. The residues of TFPPD and MBP involved in the interaction are drawn in a ball-and-
stick representation and colored green and pink, respectively. 
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Figure 2.9 Recognition of MBP by TFPPD 

(A) Schematic representation of the intermolecular contacts between TFPPD and MBP generated by 
Ligplot (http://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/). MBP residues are shown in ball-
and-stick representation with purple sticks, and the positions of the residues of TFPPD responsible 
for the hydrophobic contacts with MBP are indicated by red spoked arcs. The hydrogen bond 
between TFPPD H222, represented by balls and orange sticks, and MBP P255 is indicated by a green 
dotted line. (B) Amino acid sequences of the selected regions of RNase T1 and MBP that are 
recognized by TFPPD. Proline residues and aromatic residues are highlighted in black and green, 
respectively. (C) The expanded view of the 1H-15N HSQC spectrum of 15N MBP198-265 showing 
a set of the resonances from G254 in trans and cis forms. (D) (H)CCH-TOCSY strip showing the 
cross peaks for MBP Pro255 Cβ and Cγ atoms in the MBP238-266-(GS)5-TFPPD fusion. The ranges 
of 13C shifts for trans and cis isomers (24) are highlighted in orange and green, respectively. (E) 
Intensity ratio for the resonances from MBP160-201 (left panels) and MBP198-265 (right panels) 
in the absence and presence of TFSBD (top panels) and TFPPD (bottom panels). The ratios are plotted 
only for the amino acid residues giving two sets of the resonances corresponding to cis and trans 
forms. In both of the MBP fragments, the resonances from trans conformation exhibited more 
significant intensity reduction by the addition of TFPPD, while the trend was not observed by the 
addition of TFSBD. 
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Table 2.1. Structural and NMR statistics of TFPPD-MBP complex. 
 

Distance restraints  

NOEs  

Short range (intra-residue and sequential) 598 

Medium range (1 <｜i-j｜< 5) 151 

Long range (｜i-j｜≧ 5) 434 

Intermolecular 22 

Hydrogen bonds 20 

Dihedral angle restraints(φandψ) 128 

Violations (mean and SD)  

Distance restraints(Å) 0.0032 ± 0.01960 

Dihedral angle restraints(°) 0.68 ± 1.20 

Structural coordinates rmsda  

Backbone atoms 0.76 Å 

All heavy atoms 1.21 Å 

Ramachandran plot  

Most-favored regions 88.7% 

Additionally allowed regions 11.2% 

Generously allowed regions 0.1% 

Disallowed regions 0.0% 

aAnalysis applied to the residues except the MBP238-266, GS-linker, and the flexible loops. 
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2.3.3 An Intermolecular Hydrogen Bond is Formed at the Transition State in the 
cis/trans Isomerization 

To investigate the recognition of the substrate protein by TFPPD during the 

cis/trans transition, I performed molecular dynamics (MD) simulation, using the lowest-

energy structure of the MBP-TFPPD complex determined by NMR as a starting point. 

Since proline cis/trans isomerization is slow compared to the timescale of MD simulation, 

a constrained MD simulation was performed in which a rotational angle constraint for the 

ω angle between MBP G254 and P255 was added and the ω angle was rotated from the 

initial angle (ω = -174°, trans) to the angle corresponding to cis form (ω = 0°) with 

clockwise or counterclockwise direction, as seen from the N-terminal to the C-terminal 

direction along the C-N bond, at a rate of 0.2 degree per 2 picosecond (Figure 2.10A). 

The simulation identified that the distance between the HN atom of TFPPD I195 and the 

carbonyl oxygen of MBP G254 (HN-O distance) decreased as the ω angle rotates in 

clockwise direction. At ~0.8 ns, the ω angle reached approximately to -90° (syn state) and 

the distance became within the range of the formation of a strong hydrogen bond (< 2.5 

Å) (Figure 2.10B). For example, at 0.200 ns of the clockwise rotation, where the ω angle 

was -160° (trans state), the HN-O distance was 4.3 Å and the angle between the N and HN 

atoms of TFPPD I195 and the carbonyl oxygen of MBP G254 (N-HN-O angle) was 134° 

(Figure 2.10C). Thus, no formation of the intermolecular hydrogen bond between TFPPD 

I195 and MBP G254 was detected at the trans state. On the other hand, at 0.794 ns of the 

clockwise rotation, where the ω angle was -97° (syn state), the HN-O distance was 2.1 Å 

and the N-HN-O angle was 152° (Figure 2.10D). Both the HN-O distance and the N-HN-

O angle at the syn state are in the range expected for a strong hydrogen bond formation20. 

It is worth mentioning that the rotation of the peptide bond in the other direction resulted 

no shortening of the HN-O distance (Figure 2.10B), thereby no formation of the 

intermolecular hydrogen bond.  

The simulation also indicated that the intermolecular hydrogen bond formed at 

the syn state tethers MBP P255 to the hydrophobic cleft of TFPPD, and consequently, MBP 
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P255 and the peptide bond between MBP G254 and P255 are closely packed in the 

hydrophobic cleft (Figure 2.10D). When the ω angle rotated beyond the syn state, the 

backbone carbonyl oxygen atom of MBP G254 moves away from the backbone amide 

group of TFPPD I195, resulting in the deformation of the intermolecular hydrogen bond 

and the subsequent release of the close hydrophobic packing between the peptidyl-prolyl 

bond and TFPPD (Figure 2.10B). As expected from the structure of TFPPD in complex with 

MBP (Figure 2.8C), the C-terminal segment of the MBP (P255-W258) was tightly held 

by TFPPD during the ω angle rotation, and consequently the N-terminal segment preceding 

MBP P255 rotates in concurrence with the rotation of the ω angle. As seen in Figure 

2.10C and D, the position and orientation of MBP G254 against TFPPD change as the ω 

angle rotates. 
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2.3.4 The Intermolecular Hydrogen Bond between TFPPD I195 and MBP G254 at the 
Transition State is Critical for the PPIase Activity 

The role of the intermolecular hydrogen bond between the HN atom of TFPPD I195 

and the carbonyl oxygen of MBP G254 in the cis/trans isomerization was evaluated by 

the activity assays performed using TF mutants, for which mutations of I195P, R193P, 

and M194P were designed. TF I195P is devoid of the HN atom at the position of 195, and 

R193P and M194P were designed to perturb the position of the HN atom of TFPPD I195 as 

a result of the restricted backbone dihedral angle of the proline residue. In order to 

Figure 2.10 Molecular dynamics simulation of cis/trans isomerization by TFPPD. 
(A) Plots of the ω dihedral angle for the peptidyl-prolyl bond between MBP G254 and P255. The 
simulation was started from the NMR structure of MBP-TFPPD complex in which the ω angle for the 
peptidyl-prolyl bond between MBP G254 and P255 is -174° (trans state). Due to the ω angle constraint 
at a rate of 0.2 degree per 2 picosecond, the ω angle changed linearly as a function of time. (B) Plots 
of the distance between the HN atom of TF I195 and the carbonyl oxygen of MBP G254 as a function 
of time when the ω angle was rotated in clockwise (blue) or counterclockwise (red) direction. When 
the ω angle was rotated in clockwise direction, the two atoms approached to each other and the distance 
became shorter than 2.5 Å at ~0.8 ns. As seen in the panel A, the ω dihedral angle at 0.8 ns was around 
-90° (syn state). Snap shots of the cis/trans isomerization at the trans state (0.200 ns) (C) and the syn 
state (0.794 ns) (D). The intermolecular hydrogen bond between backbone amide group of TFPPD I195 
and the backbone carbonyl oxygen of MBP G254 is formed at the syn state, which tethers the peptidyl-
prolyl bond closer onto the hydrophobic cleft formed by TFPPD I195, F217, and P218. 
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monitor the PPIase activity of the TF mutants, I performed an RNase T1 refolding assay18, 

in which the refolding of the reduced and carboxymethylated RNase T1 (RCM-RNase 

T1) was monitored by the increase of the intrinsic tryptophan fluorescence intensity 

(Figure 2.11A). Refolding of RCM-RNase T1 is limited by the slow trans-to-cis 

isomerization of peptidyl-prolyl bonds at P39 and P5518. Although the refolding of RCM-

RNase T1 in the absence of TF was slow, it was significantly accelerated by the addition 

of TF (Figure 2.11A). However, no enhancement of the refolding was observed in the 

presence of TFΔPPD, which confirmed that the PPIase activity dominates the foldase 

activity of TF in the refolding of RCM-RNase T1. The mutants TF I195P, TF M194P, 

and TF R193P exhibited significantly reduced activity (Figure 2.11A). The foldase 

activity of TF in the refolding of RCM-RNase T1 was more significantly affected when 

the proline substitution was closer to TF I195. On the other hand, the mutations of M194A 

or I195L induced smaller effect in the refolding of RCM-RNase T1 (Figure 2.12), 

supporting the idea that the backbone HN atom of TFPPD I195 plays an important role in 

the cis/trans isomerization. A mutation introduced at H222, which forms a hydrogen bond 

with backbone carbonyl oxygen of MBP P255, moderately reduced the refolding rate of 

RCM-RNase T1 (Figure 2.12), which suggests that the hydrogen bond mediated by H222 

is also important in holding the substrate.  

High sequence conservation of I195 and H222 in the TF family also supports the 

importance of the two amino acid residues for PPIase activity (Figure 2.13A). The 

comparison of the structures of TFPPD and FKBP12 revealed that TF I195 and H222 are 

also structurally conserved in FKBP, which suggests a shared isomerization mechanism 

between these two proteins (Figure 2.13B).  

Note that all of the TF mutants were expressed and purified in a soluble form. 

Furthermore, 1H-15N HSQC spectra of TFPPD-SBD, M194P and TFPPD-SBD, I195P clearly showed 

the native fold of TFPPD-SBD is preserved even after the introduction of these mutations 

(Figure 2.14A and B). The NMR spectra of 15N TFPPD-SBD, I195P in the presence of MBP 
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198-265 indicated the same binding site on TFPPD is used for the recognition of MBP, 

which supports the preservation of the interaction between TFPPD and MBP in the TF 

I195P mutant (Figure 2.14C). Thus TF I195P binds to the substrate protein, but is inactive 

in the cis/trans isomerization due to the lack of the ability to form the intermolecular 

hydrogen bond at the transition state. 

The effect of the mutation of I195P was also evaluated by NMR relaxation 

experiments. I performed 15N relaxation dispersion experiment21,22 on the fusion proteins: 

MBP238-266-(GS)5-TFPPD and MBP238-266-(GS)5-TFPPD,I195P (Figure 2.11B). The 

backbone amide resonance from MBP G254 exhibited significant dispersion curve with 

an exchange rate constant, kex, of 740 s-1 at 35°C (Figure 2.11B, left panel), whereas the 

chemical exchange was disappeared by the introduction of the I195P mutation to TFPPD 

(Figure 2.11B, right panel). Combined with the fact that the MBP G254 bound to TFPPD 

indicated only a single set of the resonances whose chemical shifts are in the range 

expected for trans form (Figure 2.9D), the data indicate that the relaxation dispersion 

curve seen from the resonance of MBP G254 reflects the exchange between trans and cis 

forms of MBP P255 as major and minor states, respectively. Note that the exchange for 

binding and release of MBP is expected to be much faster, given the fact that the binding 

and release of unfolded PhoA gives rise to kex of ~1300 s-1 at 22°C15. The exchange rate 

indicates that the cis/trans isomerization of MBP P255 on TFPPD is quite fast compared to 

the uncatalyzed isomerization (~0.01 s-1 at 35°C)23. Suppression of the chemical exchange 

by the introduction of the I195P mutation further corroborates the idea that I195 HN is a 

catalytic center for the peptidyl-prolyl cis/trans isomerization by TFPPD. 
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Figure 2.11 PPIase activity of TF and TF mutants. 
(A) Evaluation of PPIase activity of TF and TF variants by refolding assay of RCM-RNase T1. 
Refolding of RCM-RNase T1 in the absence and presence of TF or TF mutants was monitored by 
increase of intrinsic tryptophan fluorescence at 320 nm after excitation at 268 nm. The experiments 
were performed at 15°C. Due to the complex process of the refolding of RCM-RNase T1 (37), 
refolding rates were not extracted. (B) Evaluation of PPIase activity of TF and TF variants by 
NMR relaxation dispersion experiments. The chemical exchange in MBP G254 coupled with 
cis/trans isomerization of peptidyl-prolyl bond between MBP G254 and P255 in complex with 
TFPPD (left panel) or TFPPD, I195P (right panel) were monitored. 

Figure 2.12 Evaluation of the PPIase activity of TF and TF mutants. 
Refolding of RCM-RNase T1 in the absence and presence of TF variants. Refolding of RCM-
RNase T1 was monitored by increase of intrinsic tryptophan fluorescence at 320 nm after 
excitation at 268 nm. The experiments were performed at 15°C. 
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Figure 2.13 Conservation of the amino acid residues of TFPPD involved in the cis/trans 
isomerization 
(A) Multiple sequence alignment for TFPPD from a variety of organisms. The conserved 
residues are highlighted. (B) Comparison of the structure of TFPPD in complex with MBP (left 
panel) with that of human FKBP12 (PDB ID: 1FKF) (right panel). TFPPD, MBP, and FKBP12 
are colored green, magenta, and cyan, respectively. The residues in the MBP-TFPPD complex 
that mediates the interaction and the corresponding amino acid residues in FKBP12 are shown 
in ball-and-stick representation. 
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Figure 2.14 Mutants of TFPPD-SBD characterized by NMR 
Overlay of the 1H-15N HSQC spectra of wild type (blue) and mutants (red) of TFPPD-SBD. 
The spectra of TFPPD-SBD, M194P (A) and TFPPD-SBD, I195P (B) are overlaid with that of wild 
type TFPPD-SBD. The spectra clearly show that TFPPD-SBD, M194P and TFPPD-SBD, I195P maintain 
the native fold. (C) Mapping of the chemical shift perturbations of TFPPD-SBD, I195P upon 
the addition of MBP198-265 at 1:1 ratio. The residues with perturbations larger than the 
threshold values of 0.015 and 0.025 ppm are colored light blue and dark blue, respectively. 
Proline and unassigned residues are colored gray. 
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2.4. Discussion  

In this chapter, I focused on the PPIase to elucidate the foldase activity of 

chaperone in the Hsf1-chaperone system. To elucidate the PPIase mechanism of TF 

chaperone, I conducted the NMR structural analysis, molecular dynamics simulation, and 

mutational studies. These results led us to propose a mechanistic model of proline 

cis/trans isomerization by TF as follows (Figure 2.15). As seen in the structure of TFPPD 

in complex with the unfolded MBP, TFPPD recognizes the proline-aromatic motif located 

in the hydrophobic stretch of the substrate protein. TFPPD captures the proline-containing 

peptide in trans conformation, using its conserved hydrophobic cleft as decollated by TF 

H222 forming a hydrogen bond with the backbone carbonyl oxygen of the proline residue 

in the substrate protein (Figure 2.8, 2.9B). Consequently, the proline residue and the C-

terminal stretch of the substrate protein are tightly held on TFPPD, while the residue 

preceding the proline has no significant contact with TFPPD (Figure 2.8C). However, the 

MD simulation has revealed that as the peptidyl-prolyl bond rotates, the backbone 

carbonyl oxygen atom of the amino acid residue preceding the proline residue in the 

substrate protein moves toward the TF I195 backbone amide group, which eventually 

results in the formation of the intermolecular hydrogen bond at the intermediate syn state 

with an ω angle of approximately -90° (Figure 2.10D). Thus, the energy barrier of 

cis/trans isomerization (~20 kcal/mol) is expected to be partially compensated by the 

formation of the intermolecular hydrogen bond with a bond energy of ~5 kcal/mol24. Note 

that the N-terminal stretch of the substrate protein rotates during the isomerization, while 

the proline residue and the C-terminal stretch stay on TFPPD (Figure 2.10). The important 

role of the intermolecular hydrogen bond was further supported by NMR relaxation 

studies and activity assays in which the perturbations to the backbone amide group of TF 

I195 by mutagenesis significantly reduced the PPIase activity of TF (Figure 2.11). 

Furthermore, our structural study has also revealed the hydrophobic environment around 

the peptidyl-prolyl bond. The proline residue in the substrate protein is lodged in the 
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hydrophobic cleft of TFPPD at the ground state (Figure 2.8B, C), and the formation of the 

intermolecular hydrogen bond at the transition state tethers the peptidyl-prolyl bond even 

closer to the hydrophobic surface of the cleft (Figure 2.10D). Given the fact that the 

hydrophobic environment promotes cis/trans isomerization as shown by previous 

mutational studies25,26, our observation suggests that the hydrophobic environment 

around the peptidyl-prolyl bond at the syn state contributes to the isomerase activity of 

TFPPD. Thus, the combination of the intermolecular hydrogen bond mediated by TFPPD 

I195 HN and the hydrophobic environment around the peptidyl-prolyl bond during the 

transition is important for eliminating the energy barrier, thereby accelerating the 

cis/trans isomerization.  

In this study, I used the TF chaperone as a model for PPIase. FKBP-type PPIase 

as TF exists in eukaryotes such as FKBP12, FKBP51, FKBP52, and FKBP51 and 52 are 

known to form a complex with Hsp90 chaperone to assist in substrate protein folding27. 

The comparison of the structures of TFPPD and FKBP12 revealed that the structures of 

FKBP-type PPIase are highly conserved (Figure 2.13B), which suggests a shared 

isomerization mechanism in FKBP-type PPIases. This study has identified that TFPPD 

possesses the moderate specificity toward the proline-aromatic motif in the hydrophobic 

stretches of the substrate protein (Figure 2.2, 2.9B), suggesting that PPIase, which act as 

catalytic domain of chaperone, preferentially accelerates the proline cis/trans 

isomerization of the peptidyl-prolyl bond in the hydrophobic stretch of the substrate 

protein that is eventually folded into the core of the protein in its native fold. 
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Figure 2.15 Schematic representation of peptidyl-prolyl cis/trans isomerization by TFPPD. 
TFPPD and the substrate protein are show in green and magenta, respectively. TFPPD captures the 
proline-aromatic motif in the trans form located in the hydrophobic stretches of the substrate protein. 
The interaction is mainly mediated by hydrophobic interactions with the conserved hydrophobic 
cleft of TFPPD that is decollated by TF H222 forming a hydrogen bond with the backbone carbonyl 
oxygen of the proline residue in the substrate. When the peptidyl-prolyl bond rotates to syn form, 
the carbonyl oxygen of the amino acid residue preceding the proline residue forms an intermolecular 
hydrogen bond with backbone amide group of TFPPD I195, which tethers the peptidyl-prolyl bond 
onto the hydrophobic surface of the TFPPD. Both the intermolecular hydrogen bond and the 
hydrophobic environment are important for efficient cis/trans isomerization. When the peptidyl-
prolyl bond rotates to cis form, the intermolecular hydrogen bond and consequently the close 
hydrophobic contact are released. 
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CHAPTER III 

Heat-induced Conformational Transition Mechanism of Heat 

Shock Factor 1 Investigated by Tryptophan probe 
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Abstract  

Molecular chaperones express foldase function via PPIase activity to assist in the 

recovery of unfolded protein folding. The expression of these chaperones is quantitatively 

regulated through the assembly state changes of their transcriptional factor, Hsf1, to 

counter stress-induced protein denaturation and aggregation. Within this assembly event, 

oligomerization is its first step. Hsf1 exists in monomeric state under normal conditions, 

and becomes oligomer formed by intermolecular interaction between its leucine zipper 

domain (LZ1-3) upon elevation of temperature from 37°C to 42°C in the cell. Although 

this heat-induced oligomerization is the first step in the series of transcriptional regulation 

of Hsf1, the lack of information about Hsf1 monomer structure in the resting state, as well 

as the structural change via oligomerization at heat response, impeded the understanding 

of the oligomerization mechanism.  

In this chapter, I aimed to uncover the heat-induced oligomerization mechanism 

of Hsf1. First, the monomeric structure of Hsf1 was estimated using the structure 

prediction program AlphaFold2 and molecular dynamics (MD) simulation, and it was 

shown that the monomer forms closed state, which LZ1-3 and a short leucine zipper 

domain (LZ4) interacts intramolecularly. To trace the oligomerization process, I 

performed Trp and ANS fluorescence experiments, and the results showed that Hsf1 does 

not just undergo a simple monomer/oligomer change, but also oligomerizes via “open” 

conformational intermediate, where the intramolecular LZ interaction is dissolved, as the 

temperature increases. Furthermore, circular dichroism spectroscopy and MD simulation 

showed that this conformational change to “open” state is coupled with the unfolding of 

LZ4. Therefore, the dissociation of LZ4 from LZ1-3 coupling with heat-induced LZ4 

unfolding was considered to cause intermolecular interactions between LZ1-3 and their 

association with each other, leading to the oligomerization of Hsf1. 
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3.1. Introduction 

In Chapter II, I analyzed the mechanism of PPIase, which plays a major role in 

the foldase activity of molecular chaperones. Since the amount of misfolded protein 

increases during stress, the Hsf1-chaperone system takes a countermeasure by 

upregulating the amount of chaperones having foldase function to prevent the 

accumulation of misfolded protein in the cell. In all eukaryotic cells, Hsf1 is responsible 

for transcriptional regulation of the molecular chaperones. The transcriptional activity is 

regulated by the assembly state changes.  

Oligomerization of Hsf1 is the first step in its assemblystate changes. Hsf1 is 

mostly composed of intrinsically disordered regions (IDR) consisting of a regulatory 

domain (RegD) and C-terminal transactivation domain (CTAD), and has a DNA-binding 

domain (DBD) and the leucine-zipper domains (LZ1-3, LZ4) as structural domains 

(Figure 3.1A)1. Under normal conditions, Hsf1 exists in a monomeric state in the cytosol2–

5. It was proposed that Hsf1 itself has the ability to regulate its own oligomeric state and 

maintain its monomeric state through intramolecular interactions between LZ1-3 and 

LZ46. Purified Hsf1 oligomerizes in response to elevated temperatures, indicating that 

Hsf1 itself can function as a thermosensor2,7,8. The Hsf1 oligomer binds to the HSE DNA 

located in the promoter region upstream of the gene encoding chaperones and promotes 

transcription9-11. Thus, the monomer-oligomer transition of Hsf1 is critical for 

transcriptional regulation in Hsf1-chaperone system.  

Several structural studies have been conducted to elucidate the molecular 

mechanism of Hsf1-mediated Hsf1-chaperone system. A model structure of the human 

Hsf1 trimer was obtained using the crystal structure of Chaetomium thermophilum Skn7 

(160-209) that is homologous to the LZ1-3 domain of Hsf1, suggesting that LZ1-3 forms 

a trimer12. Moreover, the HSE DNA recognition mechanism was clarified using the 

crystal structures of the DBD-HSE complex12–14. These structural studies highlighted the 

detailed mechanisms by which Hsf1 oligomer recognizes HSE. On the other hand, the 
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mechanism by which Hsf1 alters its oligomeric state in response to heat is poorly 

understood. Several biochemical studies have implied that Hsf1 acts as a thermosensor 

by controlling temperature-dependent LZ1-3 and LZ4 interactions6,7,10,15,16. It has been 

reported that Hsf1 forms oligomers by deletion or substitution of LZ4, which disrupts the 

intramolecular interaction between LZ4 and LZ1-3 6,15,16, leading to the hypothesis that 

the Hsf1 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 LZ1-36,10. However, the transition mechanism from 

monomer to oligomer due to a change in the interaction between LZ1-3 and LZ4 has not 

been fully examined. 

In this chapter, I aimed to uncover the mechanism of the Hsf1 heat response by 

investigating the temperature-dependent conformational transition of Hsf1 using solution 

biophysical methods. To obtain structural information on the Hsf1 monomer, the 

predicted structure was refined by molecular dynamics (MD) simulations. Next, the 

fluorescence derived from Trp169 located at LZ1-3 (Figure 3.1A, B) was monitored to 

track the temperature-dependent conformational changes and oligomerization of Hsf1. 

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, I found that the oligomer, the active form of Hsf1, 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 Hsf1 prior to oligomerization. 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.  
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3.2. Materials and Methods 

Expression and purification of protein samples 

The human Hsf1, Hsf1 DBD, and Hsf1 W23F/W37F expression constructs were 

cloned into a pET21b vector (Cat. No. 69741-3CN, Novagen, Madison, Wisconsin, USA) 

and fused to GB1-His6 tags at the HRV3C N-terminus of the protease cleavage site. Hsf1 

DBD (1-120) and Hsf1 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 Luria-Bertani medium at 37°C, in the presence of ampicillin (50 μg ml−1). 

Subsequently, protein expression was induced by adding 0.5 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG) at OD600 ~0.6, followed by a 12 h to 16 h incubation at 

18°C. Then, the cells were harvested at OD600 ~3.0, resuspended in a lysis buffer 

containing 50 mM Tris-HCl (pH 8.0) and 500 mM NaCl, disrupted by a sonicator, and 

centrifuged at 18,000 rpm for 30 min. The supernatant fraction containing Hsf1 was 

purified using an Ni-NTA Sepharose column (Cat. no. 30210, QIAGEN, Hilden, 

Germany). Additionally, the GB1-His6 tag was removed using a HRV3C protease at 4 °C 

(incubation for 16 h), post which the cleaved Hsf1 was applied onto a HiTrap Q HP anion 

exchange column (Cat. No. 17115401, Cytiva, Tokyo, Japan), pre-equilibrated with 25 

mM HEPES/NaOH (pH 7.5), 5 mM MgCl2, 10% glycerol, 20 mM NaCl, and eluted with 

a linear gradient of 20–500 mM NaCl. Hsf1 oligomers and Hsf1 monomers were eluted 

separately through anion-exchange purification. Hsf1 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 coefficient. 
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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 KCl. Concentration of Hsf1 was 3.0 μM. The unpolarized emission spectra of 

tryptophan were recorded between 300 and 450 nm using an excitation wavelength of 295 

nm and scan speed of 200 nm/min. 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. Concentration of ANS was 50 μM. FRET spectra were 

recorded between 300 and 700 nm using an excitation wavelength of 295 nm and 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 Hsf1 was formulated as a trimer, based 

on its crystal structure12–14. The mathematical model assumes a three-state transition 

(3𝑀 ↔ 3𝐼 ↔ 𝑂), written as: 

𝐾!"[𝑀] = [𝐼], (3 − 1) 

𝐾"#[𝐼]$ = [𝑂], (3 − 2) 

where 𝐾!"  and 𝐾"#  are the association constants for the reactions 𝑀 ↔ 𝐼  and 𝐼 ↔ 𝑂 , 

respectively. [⋯ ] denotes that the concentration of Hsf1 in each state is normalized by 

the total concentration of Hsf1 in the sample. The temperature dependence of the 

association constants is written as: 

 

𝐾!" = exp4−
Δ𝐻!"
𝑅𝑇 91 −

𝑇
𝑇%,!"

:; , (3 − 3) 

𝐾"# = exp4−
Δ𝐻"#
𝑅𝑇 91 −

𝑇
𝑇%,"#

:; , (3 − 4) 
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where 𝑅  is the gas constant, 𝑇%,!"  and 𝑇%,"#  are the midpoint temperatures of the 

reactions 𝑀 ↔ 𝐼  and 𝐼 ↔ 𝑂 , respectively, and Δ𝐻!"  and Δ𝐻"#  are the molar enthalpy 

changes of the transition at 𝑇%,!" and 𝑇%,"#, respectively. Combining equations (3-1)–(3-

2) with the mass conservation law in the monomer unit yields the following equation: 

3𝐾"#𝐾!"			$[𝑀]$ + (𝐾!" + 1)[𝑀] = 1. (3 − 5) 

The analytical solution for the equation (3-5) was obtained using Mathematica. 

To fit the mathematical model to the fluorescence data, the thermodynamic 

parameters Δ𝐻!" , Δ𝐻"#  𝑇%,!" , and 𝑇%,"#  were numerically solved using an iterative 

method. Their initial values were set, [𝑀] , [𝐼] , and [𝑂]  were calculated at each 

temperature according to equations (3-1)–(3-5), and the matrix of the population fraction 

𝐶 was the output. The matrix of the pure component spectra 𝑆 of Hsf1 in the M, I, and O 

states was calculated using the classical least-squares method17: 

𝑆 = (𝐶(𝐶))*𝐶𝐷, (3 − 6) 

where 𝐷 is the matrix of the measured fluorescence data. The 2-norm of the error 𝐸 =

|𝐶𝑆 − 𝐷|+ 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 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 
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contained 25 mM HEPES/KOH (pH 7.2) and 150 mM KCl. Approximately, 100 µL of 

the sample was injected at a flow rate of 1.0 mL min−1. 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℃, 100 μL of 50 μM Hsf1 monomer sample was injected. 

 

NMR Spectroscopy  

NMR samples were prepared in 25 mM potassium phosphate buffer (pH 7.2), 150 

mM KCl, 0.05% NaN3, and 7% D2O for 1D 19F-NMR experiments or 20 mM MES 

(pH6.5), 100 mM NaCl, 5 mM CaCl2, 0.02% NaN3, 7% D2O for 1D 1H-NMR 

experiments. Concentration of Hsf1 was 100 μM, and concentrations of Hsf1 DBD and 

Hsf1 ΔDBD were 50 μM. The 19F-NMR experiments were performed at 12°C. 19F-NMR 

spectra and 1H-NMR spectra were obtained with a Bruker AVANCE NEO 800 MHz 

spectrometer (Bruker, Billerica, MA) using a CPTCI 1H/19F- 13C/15N proton-optimized 

triple resonance cryoprobe. The 1D 19F-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 1H-NMR experiments were recorded with a data size of 32,768 

complex points, an acquisition time of 1,310 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℃ 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. Concentration of Hsf1 was 

1.5 μM. The helix content was predicted using BeStSel20. 
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Simulations 

All-atom MD simulations were performed with the CHARMM36m force field21 

using LAMMPS software20. In order to investigate the interaction between LZ1-3 

(residues: 121-207) and LZ4 (residues: 379-410), the isolated models of Hsf1 LZ1-3 and 

LZ4 were constructed, in which only LZ1-3 and LZ4 domains were considered in the 

system and other domains including the disordered regions were excluded. The molecular 

structures of Hsf1 were estimated by AlphaFold 2 (AF2) 21, and then the estimated 

structures of the LZ1-3 and LZ4 regions were extracted and used as the initial 

configurations for the isolated models of Hsf1 LZ1-3 and LZ4. For the LZ4 domain, WT 

and M391K/L395P/L398R mutant (LZ4m) models of Hsf1 were employed. The isolated 

models of LZ1-3 and LZ4 were placed in a periodic simulation box and solvated by 

adding water. The salt concentration was set to 150 mM KCl, and the corresponding 

numbers of K+ and Cl- ions were added. After the steepest-descent energy minimization, 

the systems were relaxed for 100 ps at a temperature of 285 K and a pressure of 1 atm. 

Production runs were then performed for 100 ns in the NPT ensemble at 285 K and 1 atm, 

and the trajectory data was collected every 10 ps. In addition, given an open conformation 

of Hsf1 at high temperatures, production runs for two independent systems of (i) LZ1-3 

only and (ii) LZ4 only were also performed for 150 ns at a temperature of 355 K. The 

temperature was maintained using a Nosé–Hoover thermostat22,23 and the pressure was 

controlled using a Parrinello–Rahman barostat24,25. The non-bonded interactions were 

calculated with a cutoff distance of 1.2 nm, and the particle-particle particle-mesh 

(PPPM) method26 was used to calculate long-range electrostatic interactions. The 

equations of motion were integrated using the Verlet algorithm27 with a time step of 2 fs, 

along with the SHAKE algorithm28, to constrain the bond lengths to hydrogen. For 

analyses, the distance between the Trp169 and Leu402 residues and the root mean square 

fluctuations (RMSFs) for each residue were measured for both WT and LZ4m models. 

The distance between the Cη2 atom of Trp169 and the Cδ1 atom of Leu402 was 
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calculated for each system using the MD simulation trajectories over 100 ns. The RMSFs 

of Cα atoms for each residue were calculated with respect to the average structure 

obtained from the last 20 ns of the trajectories. The root mean square deviations (RMSDs) 

for Cα atoms were calculated with respect to the starting structure for each system using 

the MD simulation trajectories over 150 ns. The secondary structure of the protein 

structures was determined by DSSP29 to probe the conformational transition over time. 

 

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 3 times. After 

the diffusion of a particle moving under Brownian motion was measured, the Zetasizer 

software version 8.02 converted the diffusion to a size and generated size-intensity 

distributions using Stokes-Einstein relationship with a refractive index of 1.45 nD and 

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 nm and 

10,000 nm, respectively. Hsf1 monomer were prepared in 25 mM HEPES/KOH (pH 7.2) 

and 150 mM KCl and its concentration was 5 μM. Data were acquired after 30 min 

incubation at 12℃, 25℃, and 42℃ in the cuvette.  
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3.3. Results 

3.3.1 LZ1-3 and LZ4 in Hsf1 Monomer Forms a Closed Conformation  

The three-dimensional structure of Hsf1 has not been determined experimentally, 

so I first attempted to obtain structural information about the Hsf1 monomer using 

AlphaFold2 (AF2) and MD simulation21. The AF2-predicted structure of the Hsf1 

monomer showed that Hsf1 forms “closed” conformation in which LZ1-3 and LZ4 are 

associated with each other (Figure 3.1B). To evaluate the stability of this predicted 

structure in closed conformation, we performed MD simulations at 285 K. To assess 

changes in the interaction between LZ1-3 and LZ4, MD simulations were performed for 

isolated LZ1-3 (residues: 121-207) and LZ4 (residues: 379-410) whose initial coordinates 

and positions were estimated by AF2 model (Figure 3.1B). The trajectory of the pair 

distance between Trp169 Cη2 and Leu402 Cδ1, one of the pairs that are in close proximity 

in the closed conformation, showed that the distance was stabilized below ~11 Å after 

~30 ns of simulation, indicating that LZ1-3 and LZ4 interact with each other to maintain 

Hsf1 in a closed conformation (Figure 3.1C, E). Next, MD simulations were performed 

with the M391K/L395P/L398R mutant (LZ4m), a mutant in which oligomerization is 

promoted by disrupting the hydrophobic interaction between LZ1-3 and LZ46,15,16, to 

predict conformational changes to “open” state during oligomerization. In the simulation 

for LZ1-3 + LZ4m, the distance between Trp169 Cη2 and Leu402 Cδ1 increased over 

time and was stabilized at a larger value of ~35 Å after ~40 ns of simulation, resulting in 

an open conformation (Figure 3.1D, E). Given the previous biochemical studies showing 

that the M391K/L395P/L398R mutant at LZ4 forms oligomers even at low 

temperatures9,17,18, our data from MD simulation suggests that the formation of an open 

conformation in which LZ1-3 is released from LZ4 can be a key step toward 

oligomerization. The simulation also showed that fluctuations for each residue were 

higher in LZ1-3 + LZ4m than in LZ1-3 + LZ4 (Figure 3.1F). Notably, Trp169, one of the 
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three tryptophan residues (Trp23, Trp37, and Trp169) present in Hsf1, showed a marked 

increase in fluctuations, suggesting that conformational changes of LZ1-3 and LZ4 can 

be probed by Trp169.  

Figure 3.1 Predictive structure of Hsf1 and observation of conformational changes by MD 
simulation 
(A) Domain organization and location of tryptophan residues in Hsf1. The abbreviations used are: 
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) The molecular structure 
of HSF1 estimated by the AlphaFold2 and closeup view of the structure around Trp169. (C) 
Structure of the leucine zipper of isolated LZ1-3 (residues: 121-207) and LZ4 (residues: 379-410) 
after 100 ns MD simulation at 285 K. LZ1-3 and LZ4 remain in the closed conformation facing 
each other. (D) Structure of the leucine zipper of LZ1-3 + LZ4m after 100 ns MD simulation at 285 
K. LZ1-3 and LZ4 changed to open conformation away from each other. (E) The trajectory of the 
distance between the side chain Cη2 of Trp169 and the side chain Cδ1 of Leu402. (F) Root-mean-
square fluctuation (RMSF) of each amino acid of Hsf1 in MD simulation. 
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3.3.2 Tracking Temperature-dependent Conformational Changes and 

Oligomerization of Hsf1 by Trp-fluorescence Spectroscopy 

To track the conformational transition from monomer to oligomer, I monitored 

the temperature dependence of tryptophan fluorescence in the monomer of Hsf1 full 

length (residues: 1-529) (Figure 3.1A). Hsf1 was separated into monomer and oligomer 

fractions by purification with size-exclusion chromatography, 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 3.2A, B). 

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℃, and gradually red-

shifted toward 337 nm in the temperature range from 27℃ to 42℃. The fluorescence 

spectra of Hsf1 monomer and oligomer showed that the maximum wavelength of the 

oligomer was red-shifted from that of the monomer (Figure 3.2C). The wavelength of the 

oligomer fraction was 338.5 nm which is close to the fluorescence maximum wavelength 

at 42–57℃ (Figure 3.2A, B), implying that the red-shift coincides with Hsf1 

oligomerization. The red shift of the fluorescence peak generally reflects an 

environmental change toward hydrophilic conditions30. This is consistent with the AF2 

predicted structure, in which Trp169 of Hsf1 forms a hydrophobic cavity in the monomer 

while it is exposed to the solvent in the oligomer (Figure 3.2D, E).  The oligomeric state 

of Hsf1 at each temperature was evaluated by SEC-MALS, dynamic light scattering 

(DLS) and 1D 1H-NMR experiments (Figure 3A-D). SEC-MALS showed that Hsf1 stays 

mostly monomer at room temperature and up to 27℃, whereas forms oligomers after heat 

shock at 42℃ (Figure 3.3A, B). In the DLS experiments, the radius of Hsf1 was estimated 

to be 12~13 nm at 12℃ and 25℃, while the radius increased to 26 nm at 42℃, indicating 

the formation of oligomers at the elevated temperature (Figure 3.3C). Formation of Hsf1 

oligomers at 42℃ was further corroborated by 1D 1H-NMR experiments in which the 

intensity of Hsf1 resonances decreased as the temperature increased (Figure 3.3D). 
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Decreased resonance intensity at higher temperature can be explained by line broadening 

owing to oligomerization that causes slower tumbling. Collectively, these results showed 

that Hsf1 exists as mostly monomer at 12℃ and 25℃, and forms oligomer at 42℃, which 

is consistent with previous studies showing that Hsf1 oligomerizes around 42℃2,7,8. 

Therefore, I concluded that the red-shifted Trp fluorescence at higher temperature reflects 

Hsf1 oligomerization. 

Next, temperature-dependent changes in the Trp fluorescence intensity at maxima 

were evaluated to track the conformational changes of Hsf1 (Figure 3.2B). Note that the 

fluorescence intensity reflects the local mobility of the Trp residues. The fluorescence 

intensity decreased from 12℃ to 27℃, and increased from 27℃ to 52℃ (Figure 3.2A, 

B). Considering the intensity of the fluorescence maxima was higher for the oligomer 

than for the monomer (Figure 3.2C), an increase in the fluorescence intensity in the 

spectrum above 27℃ can be attributed to oligomerization. On the contrary, the 

fluorescence intensity decreased as the temperature increased from 12℃ to 27℃ (Figure 

3.2A, B). Such biphasic changes in the fluorescence intensity are characteristic of state 

changes through intermediates and indicates the existence of intermediates in response to 

heat.  Note that this biphasic transition of Trp fluorescence was not seen in the control 

experiment using the immunoglobulin binding domain of protein G (GB1) that is known 

to be stable even at high temperatures and has one Trp residue fixed in the core of the 

protein (Figure 3.4A). Although the fluorescence intensity of GB1 slightly decreased as 

the temperature increased, the intensity change in GB1 spectra was much less significant 

than in Hsf1 spectra (Figure 3.4B, C). Furthermore, the peak top wavelength of GB1 Trp 

fluorescence spectra remained almost unchanged even at high temperature (Figure 3.4B, 

D). 
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Figure 3.2 Monitoring conformational changes and oligomerization of Hsf1 by observing Trp 
fluorescence 
(A) Trp fluorescence spectra of Hsf1 monomer at varying temperatures from 12℃ to 57℃. (B) 
Transition of fluorescence intensity (FI) and wavelength at the peak top in the temperature change 
measurement. (C) Fluorescence spectra of Hsf1 monomer (blue) and oligomer (red) at 12℃. (D-E) 
Hydrophobic cavities of Hsf1 trimer (D) and monomer (E) and its closeup view around Trp169. The 
structure of Hsf1 is the AlphaFold2 predictive structure, and only DBD - LZ1-3 is shown for the 
trimers. Hydrophobic cavities estimated by pymol are shown as green surfaces. 



 

71 

 
  

0

5

10

15

1 10 100

In
te

ns
ity

 (%
)

Radius (nm)

0

1000

2000

3000

0.00

0.10

0.20

0.30

6 7 8 9 10

M
ol

ar
 m

as
s 

(k
D

a)

U
V 

(a
.u

.)

Elution volume (mL)

A

C D

Monomer + heat shock
Monomer

Theor. 57.5 kDa
Expt. 56.0 kDa

12℃: 12.45 nm
25℃: 12.96 nm
42℃: 26.00 nm

12℃
25℃
42℃

0

200

400

600

800

1000

0.00

0.04

0.08

0.12

0.16

6 7 8 9 10 11

M
ol

ar
 m

as
s 

(k
D

a)

U
V 

(a
.u

.)

Elution volume (mL)

Theor. MW: 57.3 kDa
Expt. MW: 56.3 kDa

27℃
B
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3.3.3 Characterization of Intermediate Monomeric State by Model Fitting Analysis 

To investigate the transition mechanism from the monomeric closed state to the 

oligomeric state, I structurally characterized the intermediate state of Hsf1 by analyzing 

the fluorescence spectral data using a mathematical model and global fitting simulation. 

Singular value decomposition analysis of the fluorescence spectra suggested that at least 

three components were present (Figure 3.5A, B). The mathematical model assumes that 

Hsf1 has three states: the initial monomeric state (M), monomeric intermediate state (I), 

and oligomeric state (O). This model can be written as  

M ↔ I ↔ O 
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Figure 3.4 Temperature-dependent changes of Trp fluorescence of GB1  
(A) The structure of GB1 (PDB ID: 1GB1). Trp residue is represented as green sticks, and other 
residues are represented as gray spheres. (B) Trp fluorescence spectra of GB1 at varying temperatures 
from 12℃ to 57℃. (C) Normalized fluorescence intensity of GB1 and Hsf1 at various temperatures. 
The intensity change of Hsf1 is more significant than that of GB1, indicating the temperature-
dependent structural change around tryptophans of Hsf1. (D) The wavelength at the peak top of GB1 
and Hsf1 in the temperature change measurement. 



 

73 

Figure 3.5C 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 experimental data well. The fitting 

analysis provided the population fractions of the three states and revealed that the major 

population fractions of Hsf1 transitioned from the M state to the I state around 20℃ and 

from the I state to the O state around 40℃ (Figure 3.5D). This is consistent with the 

results from SEC-MALS and DLS showing that a majority of Hsf1 became oligomeric at 

42ºC (Figure 3.3A, B), and also suggests that the I state can be a major conformation at 

approximately 37℃, the normal intracellular temperature. To obtain structural 

information on the intermediate state, we computed the component spectra of Hsf1 in the 

three states (Figure 3.5E). The computed spectra of Hsf1 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 Hsf1 (Figure 3.5E). Interestingly, Hsf1 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 mobility of tryptophan residues, respectively30.  
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Figure 3.5 Model fitting analysis of Trp fluorescence measurement 
(A) Singular values by the SVD analysis. The data matrix D is decomposed into three matrices as 
follows: D = USVT, where U and V are the orthogonal matrices and S is the diagonal matrix containing 
the singular values on its diagonal. (B) The first five rows by the SVD analysis. The fifth row of the 
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curve of the temperature dependence of fluorescence peak intensity. (D) The populational fractions of 
the three states from the fitting analysis. (E) The computed component spectra of Hsf1 in the three 
states. 
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Model fitting analysis showed that the tryptophan residues in the I state have 

increased mobility compared to those in the M state. Given that MD simulation showed 

that the fluctuation of Trp169 increased when the interaction between LZ1-3 and LZ4 

was resolved to an open conformation (Figure 3.1F), it is suggested that Hsf1 in the I state 

can form an open conformation. To confirm whether the I state reflects the open 

conformation of LZ1-3 and LZ4, I selectively observed fluorescence from Trp169 in LZ1-

3 by substitution of Trp23 and Trp37 with phenylalanine in the DNA-binding domain. As 

a result, the fluorescence intensity became minimal at 27℃, which coincided with the 

intensity change of Hsf1 WT (Figure 3.6A, B). Therefore, the decrease in fluorescence 

intensity was due to the increased mobility of Trp169 located in LZ1-3. Focusing on the 

wavelength of the fluorescence maxima of the Hsf1 W23F/W37F mutant, a red-shift was 

observed in the region from 12℃ to 27℃ (Figure 3.6A, B). Because LZ4 is an 

amphiphilic helix and its hydrophobic side faces LZ1-3 in the structural prediction of LZ4 

by Netwheels and AF221,31 (Figure 3.6C, 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 Hsf1 was mostly present as a monomer around 27℃ 

(Figure 3.3A, B), suggesting that the intermediate should be in a monomeric state. 

Therefore, Trp fluorescence measurements and model fitting analysis demonstrated that 

the monomeric intermediate has an open conformation in which the interaction between 

LZ1-3 and LZ4 is dissolved.  
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3.3.4 Tracking the Temperature-dependent Dissolution of the Hydrophobic Cavity 

of Hsf1 

To confirm the open conformation between LZ1-3 and LZ4 in Hsf1 at elevated 

temperatures, the hydrophobic cavity formed between LZ1-3 and LZ4 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 aqueous solution32. Trp fluorescence measurements suggested that at lower 

temperatures, the interaction between LZ1-3 and LZ4 in the closed conformation forms 

a hydrophobic cavity (Figure 3.2, 3.4, and 3.5), whereas at higher temperatures, the 
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Figure 3.6 Monitoring the Trp169 fluorescence of Hsf1 
(A) Trp fluorescence spectra of Hsf1 W23F/W37F at varying temperatures from 12℃ to 57℃. (B) 
Transition of fluorescence intensity and wavelength at the peak top in the temperature change 
measurement. (C) Helical wheel and net projections created using NetWheels. (D) The closeup view 
of the structure around LZ1-3 (orange) and LZ4 (magenta) estimated by the AlphaFold2. 
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transition toward the open conformation disrupts the hydrophobic cavity and is thus 

expected to alter ANS fluorescence properties. ANS was added to the Hsf1 monomer and 

temperature-dependent changes in ANS fluorescence were monitored. Because the 

affinity between ANS and the target protein decreased in a temperature-dependent 

manner33, it was difficult to evaluate the conformational change of Hsf1 with the 

disruption of hydrophobic cavities from the linear decrease in ANS-derived fluorescence 

intensity in the temperature range from 12℃ to 37℃ (Figure 3.7A, 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℃, but blue 

shifted in the temperature region from 27℃ to 52℃ (Figure 3.7A, B), suggesting that 

ANS fluorescence wavelength reflects information about the intermediate. Note that the 

inflection point around 27℃ roughly coincides with that observed in the Trp fluorescence 

analysis (Figure 3.2B). The red-shift of ANS fluorescence suggested that the environment 

of the ANS binding site on Hsf1 became gradually hydrophilic, suggesting that the 

hydrophobic cavity, most probably the cavity formed between LZ1-3 and LZ4, of Hsf1 

was disrupted at 27℃. In the temperature region from 27℃ to 52℃, the fluorescence 

maximum wavelength was blue-shifted (Figure 3.7A, 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 3.2D). Notably, ANS-derived fluorescence at 12℃ 

was 145 a.u. at 470.5 nm for Hsf1 full length and 9 a.u. at 491.5 nm for the isolated Hsf1 

DBD (Figure 3.8A, 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 Hsf1. 

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 Hsf1 by 19F NMR for [5-19F-Trp] Hsf1, in which three Trp 

residues (Trp23, Trp37, and Trp169) were substituted by 5-19F-Trp. Three 19F NMR 
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signals were observed, indicating that each of the three tryptophan residues in Hsf1 

(Trp23, Trp37, and Trp169) exhibited a single signal (Figure 3.7C). To assign the 

resonances, 19F NMR was performed for Hsf1 DBD containing Trp23, Trp37, and Hsf1 

ΔDBD containing Trp169. Two 19F NMR signals for Hsf1 DBD were observed at -123.2 

ppm and -124.6 ppm, and only one 19F NMR signal for Hsf1 ΔDBD was observed at -

125.3 ppm (Figure 3.7C). Therefore, the 19F NMR signal at -125.3 ppm was assigned to 

the Trp169-derived signal located in the LZ1-3 region. This 19F NMR signal of Trp169 

showed chemical shift perturbation by the addition of 1 equivalent of ANS (Figure 3.7C), 

showing that ANS interacts with Trp169 located in the hydrophobic cavity. 

To further support ANS binding to the hydrophobic cavity, Trp-ANS fluorescence 

resonance energy transfer (FRET) was performed. When a mixed sample of Hsf1 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 Hsf1 (Figure 3.7D). 

Trp-ANS FRET was not observed in the mixed samples of DBD and ANS (Figure 3.7D, 

3.8). These 19F-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 also supports that the Hsf1 

intermediate is in an open conformation in which LZ1-3 and LZ4 are dissociated. 
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Figure 3.7 Tracking the collapse of the hydrophobic cavity of Hsf1 by ANS fluorescence 
measurements 
(A) ANS fluorescence spectra mixed with Hsf1 at varying temperatures from 12℃ to 52℃. (B) 
Transition of fluorescence intensity and wavelength at the peak top in the temperature change 
measurement. (C) 19F NMR spectra of 5-19F-Trp labelled Hsf1 monomer (blue), Hsf1 monomer + 1 
equivalent ANS (red), Hsf1 DBD (green), and Hsf1 deltaDBD (ΔDBD) (yellow) at 12℃. The signal 
from Trp169 was assigned from comparison of spectra of Hsf1, Hsf1 DBD, and Hsf1 ΔDBD. (D) 
Upon tryptophan excitation at 295 nm, FRET between ANS and Hsf1 is characterized by the apparition 
of a signal at 475 nm (blue). Spectra of mixed samples of Hsf1 DBD and ANS under the same 
conditions (green). Emission spectra of ANS alone are colored in black. Since FRET was observed 
only in Hsf1, it was indicated that ANS binds to the hydrophobic cavity formed between LZ1-3 and 
LZ4 in Hsf1. 
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Figure 3.8 ANS fluorescence with DBD 
(A) ANS fluorescence spectra mixed with DBD at varying temperatures from 12℃ to 52℃. (B) The 
transition of fluorescence intensity at the peak top in the temperature change measurement. 
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3.3.5 Secondary Structure in the Formation of the Intermediate 

Our results show that Hsf1 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 can be destabilized in the open conformation. To investigate the secondary 

structure of Hsf1 in the monomeric open conformation, we measured CD spectroscopy at 

varying temperatures. Measurements of CD spectra of Hsf1 at 12ºC showed a minimum 

ellipticity at 207 nm, characteristic of a protein with a high α-helical content (Figure 3.9A). 

The α-helical content calculated from this CD spectrum using the BeStSel program18 was 

27.2%, which was in good agreement with the α-helical content of 28.4% calculated from 

the AF2 predictive structure (Figure 3.9A, C, E). The negative ellipticity in the region 

from 205 to 230 nm decreased and α-helical contents were perturbed from 27.2% at 12ºC 

to 19.6% at 52ºC as temperature increased (Figure 3.9A-C, E), 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 α-helical content calculated to be only 1.1 % 

(Figure 3.9D, E), showing 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.  
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Figure 3.9 Temperature-dependent secondary structural change 
(A) CD spectra of Hsf1 at varying temperatures from 12℃ to 52℃. (B) The α-helical contents 
(%) calculated using BeStSel dependence on temperature change. (C) Secondary structure 
mapping to the molecular structure of Hsf1 estimated by AlphaFold2. (D) CD spectra of Hsf1 
LZ4 at 12℃. (E) The result of the secondary structure estimation. 



 

82 

Given the temperature-dependent structural changes of the leucine zipper domains 

as shown by Trp fluorescence (Figure 3.2), the temperature-dependent secondary 

structure change of Hsf1 can be attributed to the LZ1-3 and LZ4. To investigate the 

structural change of LZ1-3 and LZ4 in the open conformation, MD simulations were 

performed for each of the isolated LZ1-3 and LZ4 at 355 K. The trajectory of RMSD 

from the initial structure showed that the RMSD of LZ1-3 was around 1 ~ 2 nm (Figure 

3.10A, E), and that of LZ4 linearly increased (Figure 3.11A, C). On the other hand, in 

MD simulations for LZ1-3 + LZ4 at 285 K, in which LZ1-3 and LZ4 existed in the closed 

conformation, both LZ1-3 and LZ4 showed smaller RMSD, indicating that LZ1-3 and 

LZ4 are stabilized in the closed form. Tracking of the helix contents showed that the helix 

content in the isolated LZ1-3 and LZ4 gradually decreased over time (Figure 3.10B, 

3.11B, D). 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. Note 

that LZ4 can be more prone to unfolding, as suggested by the more significant decrease 

in the helix contents (Figure 3.11). Therefore, CD measurements and MD simulation 

showed that the intermediate in the transition from the Hsf1 monomer to the oligomer at 

elevated temperature is coupled with the unfolding of the LZ1-3 and LZ4 helices and the 

weakening of the intramolecular interactions. 
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Figure 3.10 LZ unfolding tracked by MD simulation 
(A, B) Root-mean-square deviation (RMSD) between the initial structure and the structure 
at each time in MD simulation of LZ1-3 (A) and LZ4 (B). (C, D) Helix contents at each 
time in MD simulation of LZ1-3 (C) and LZ4 (D). (E, F) Snapshots structure of LZ1-3+LZ4 
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Figure 3.11 LZ4 unfolding tracked by MD simulation 
(A) Root-mean-square deviation (RMSD) between the initial structure and the structure at 
each time in MD simulation of LZ4. (B) Helix contents at each time in MD simulation of 
LZ4. Snapshots of the structure of LZ4 at 355 K in MD simulation. (C) Snapshots structure 
of LZ4 at 355 K in MD simulation. 
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3.4. Discussion  

Hsf1 oligomerization is a key event during stress response, however, insight into 

how Hsf1 transitions from monomer to oligomer is limited because of the lack of studies 

monitoring the three-dimensional conformational changes of Hsf1. In this study, I aimed 

to elucidate the mechanism of the heat-induced conformational transition and 

oligomerization of Hsf1. Trp fluorescence measurements revealed that Hsf1 oligomerizes 

through an intermediate (Figure 3.2A, B, 3.6A, B), and its model fitting, ANS 

fluorescence measurements, SEC-MALS, DLS, and MD simulations revealed that the 

intermediate is a monomeric open conformation in which the interaction between LZ1-3 

and LZ4 was resolved (Figure 3.1C-E, 3.3A, B, 3.4, and 3.7A, B). Furthermore, the CD 

experiments and MD simulations showed that the weakening of the interaction between 

LZ1-3 and LZ4 was coupled with the unfolding of the helical structure (Figure 3.9, 3.10, 

and 3.11). Especially, LZ4 was found to be prone to unfolding (Figure 3.11). These data 

are consistent with the previous study using hydrogen/deuterium-exchange mass 

spectrometry showing destabilization of LZ4 at elevated temperatures7. 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 Hsf1 (Figure 3.12).  

Trp and ANS fluorescence at different temperatures showed that Hsf1 exists in an 

open conformational intermediate at the temperature range between 30℃ and 40℃ 

(Figure 3.4 and 3.7). Although intracellular crowding environment and other regulatory 

factors may have an influence34, the monomeric open conformation may be the major 

conformation at normal cell temperature37. Such an open conformation of the Hsf1 

monomer, which exposes the sites involved in oligomerization, may allow the rapid 

formation of the active oligomer under stress5 Hsf1 is known to form a complex with 

several molecular chaperones2–5, and the proposed sites for interaction with Hsp70, Hsp90, 

and TRiC are located in regions LZ1-3 and RegD2,5,36. Moreover, it is also suggested that 

the nuclear localization signal, which is recognized by nuclear transporters, is located 
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immediately after LZ1-3 (residues:203-230)16. The locations of chaperone-binding sites 

and nuclear-localization signals around LZ1-3 imply the importance of the open-close 

conformational change of Hsf1 mediated by the contact between LZ1-3 and LZ4 for the 

regulation of interaction with other molecules (Figure 3.12). Interestingly, the previous 

cell-based study showed that Hsf1 mutant disrupting the interaction between LZ1-3 and 

LZ4 accumulates in the nucleus 6, highlighting the possible relationship between Hsf1 

open-close conformational state and recognition by the regulators. Thus, the 

conformational regulation of Hsf1 by molecular chaperones, in addition to the 

intramolecular leucine zipper 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 Hsf1 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 Hsf1-mediated 

stress response through interactions with multiple cellular components. 
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Figure 3.12 Proposed model of the Hsf1 open/close conformational change 
Hsf1 oligomerizes through a monomeric open state by sensing heat. The conformational change from 
close to open state occurs in conjunction with the unfolding of LZ4. The proposed interaction with 
Hsp70, Hsp90 and TRiC and nuclear localization signal sequence are located in the regions LZ1-3 and 
RegD (red circle). The interaction of Hsf1 with these regulators may be modulated by the close and 
open conformational changes of Hsf1, and it is speculated that they selectively interact with Hsf1 in 
open conformation where their recognition sites are exposed. 
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CHAPTER IV 

Liquid-liquid Phase Separation of Heat Shock Factor 1 Driven by 

Secondary Structure Formation in Intrinsically Disordered Domain 
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Abstract  

It is shown that Hsf1 undergoes heat induced conformational changes and 

oligomerization in Chapter III. Furthermore, Hsf1 oligomer forms condensates such as 

Hsf1 foci and nSBs under stressed condition, which upregulates the transcription of 

chaperones and protect several proteins such as splicing factor from damage. However, 

the environmental stresses and driving forces that proceeds Hsf1 assembly state changes 

from oligomer to liquid droplet are unknown. 

In this chapter, I aimed to uncover the mechanism of stress-induced phase 

separation of Hsf1. Based on the knowledge that heat stress decreases intracellular pH, I 

observed Hsf1 solution at acidic pH, then found the formation of Hsf1 droplet. The 

acidification and heat effect synergistically to the formation of hydrophobic cluster 

coupling with secondary structural formation of Hsf1 IDR. This secondary structural 

formation is derived from LZ4 in IDR, and I found that the intermolecular interaction 

between LZ4 mediates the phase separation of Hsf1. From these results, I propose that 

the secondary structural change of LZ4 regulates the tertiary and quaternary 

conformational changes of close-monomer/open-monomer/multimer and the state change 

of oligomer/droplet. 
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4.1. Introduction 

In the Chapter III, I revealed that Hsf1 changes to an open state, where the 

intramolecular LZ interaction is dissolved so that the LZs can form intermolecular 

contacts to form oligomers in the active form as the temperature increases. In the cell, 

Hsf1 oligomer forms the membrane-less organelle, the Hsf1 foci and nSBs, in the nucleus 

via liquid-liquid phase separation (LLPS). Recently, the structures of approximately 300 

nm in diameter around HSE were observed by super-resolution microscopy in stressed 

condition cell and identified as Hsf1 foci formed by LLPS of Hsf11. The Hsf1 foci is 

formed in a stress level-dependent manner, and the transcription of molecular chaperones 

are promoted in the Hsf1 foci1. Hsf1 also forms nSBs of approximately 1−3 μm in 

diameter on the satellite III (sat III) DNA repetitive sequences encoding non-coding sat 

III RNA2–4. Although the function of the nSBs has not been clear in many aspects, it is 

shown that several splicing factors and co-activator of transcriptional factors are 

assembled in nSBs to promote the expression of the proteins required in the recovery 

stage5–7. It has been proposed that nSBs not only protect these molecules from stress by 

isolating them internally, but also play a role in suppressing the production of non-heat 

shock protein transcripts to preferentially synthesize heat shock proteins under stress7. 

These liquid droplets are formed more in tumor cells than in normal cells. Therefore, Hsf1 

droplet is supposed to be formed in a stress level-dependent manner and contribute to 

tumor cell growth and malignant transformation by promoting transcription of chaperones 

in cells. 

LLPS of Hsf1 is a necessary reaction for transcriptional activation of Hsf1, 

however, the molecular mechanism of stress-induced phase separation of Hsf1 is not 

known. In several previous studies, heat stress was applied to cells to form Hsf1 droplets, 

but as shown in Chapter II, temperature changes caused Hsf1 to oligomerize, but no 

phase-separated droplets were formed in vitro, suggesting involvement of heat stress-

induced intracellular environmental changes in phase separation for Hsf1 LLPS. The 
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elevated temperatures lead to a temporary drop in the pH of cells8, and such stress-induced 

acidification is broadly conserved in eukaryotes including mammal9. In fact, experiments 

with yeast have shown that an elevated temperature causes a decrease in intracellular pH, 

which in turn induces expression of chaperones10. Notably, the formation of more nSBs 

in tumor cells than in normal cells, where the pH decreases due to an increase in the 

glycolysis system11, suggests a possible relationship between the acidification and the 

phase separation of Hsf112.  

In Chapter III, to uncover the mechanism of stress-induced phase separation of 

Hsf1, I evaluated the effect of acidification for Hsf1 LLPS and analyzed the 

conformational changes and interaction modes of Hsf1. I demonstrated that purified Hsf1 

forms liquid droplets at acidic pH condition. The acidification and heat effect 

synergistically to the formation of hydrophobic cluster coupling with secondary structural 

formation of Hsf1 IDR. This secondary structural formation is derived from LZ4 in IDR, 

and I found that the intermolecular interaction between LZ4 mediates the phase separation 

of Hsf1.   
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4.2. Materials and Methods 

Expression and purification of protein samples 

The human Hsf1, Hsf1 IDR (209-529), and Hsf1 fragments (Hsf1 209-294, Hsf1 

284-370, Hsf1 367- 446, Hsf1 437-529) expression constructs were cloned into a pET21b 

vector (Cat. No. 69741-3CN, Novagen, Madison, Wisconsin, USA) and fused to GB1-

His6 tags at the HRV3C N-terminus of the protease cleavage site. Hsf1 IDR and Hsf1 

fragments were constructed through site-directed mutagenesis using the PrimeSTAR 

Mutagenesis Basal Kit (Cat. No. R046A, Takara Bio, Shiga, Japan). The expression and 

purification of Hsf1, Hsf1 IDR, and Hsf1 fragments are described in Chapter II. 

 

NMR Spectroscopy  

NMR samples were prepared in 20 mM MES (pH6.5), 100 mM NaCl, 5 mM 

CaCl2, 0.02% NaN3, 7% D2O. Concentration of Hsf1 fragments were 100 μM. The 

experiments were performed at 25°C. NMR spectra were obtained with a Bruker 

AVANCE III 500 MHz spectrometer (Bruker, Billerica, MA) using a BBO probe. The 

1D 1H-NMR experiments were recorded with a data size of 32,768 complex points, an 

acquisition time of 1,310 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℃ in 10 mM potassium phosphate buffer 

(pH 7.2) and 10 mM sodium acetate (pH 4.0). 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. Concentration of Hsf1 IDR was 3.0 μM. 
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Confocal microscopy 

To prepare Hsf1 droplets, 35 μM Hsf1 and 5 µM Hsf1-GFP were incubated in the 

presence of 10 mM DTT. Fluorescence images of the Hsf1 droplets were obtained using 

a confocal microscope (FV1200, Olympus, Tokyo, Japan) equipped with a UPLSAPO 

40X2 objective lens (NA 0.95). 

 

Disorder predictions 

Intrinsically disordered Hsf1 regions were predicted, using the “VSL2” algorithm 

of “Predictor of Natural Disordered Regions” (PONDR, http://www.pondr.com/). 

 

Temperature dependent Hsf1 turbidity analysis 

Absorbance at OD600 nm were measured with a JASCO V-730BIO from 5°C or 

50°C. Concentration of Hsf1 IDR and Hsf1 IDR ΔLZ4 were all 10.0 μM, and these 

solutions prepared in 25 mM HEPES/KOH (pH 7.2) 150 mM KCl, 25 mM MES (pH 6.5, 

6.0, 5.5) 150 mM KCl, and 25 mM sodium acetate (pH 4.0) 150 mM NaCl. Hsf1 solution 

in cuvettes were held at 5°C for 3 min then heated gradually at a rate of 1.0°C/min.  

 

ANS Fluorescence spectroscopy 

Fluorescence measurements were performed using a JASCO FP-8350 

spectrofluorometer and using solutions prepared in 25 mM HEPES/KOH (pH 7.2) and 

150 mM KCl, 25 mM MES (pH 6.5) 150 mM KCl, and 25 mM sodium acetate (pH 4.0, 

4.5, 5.0) 150 mM NaCl. Concentration of Hsf1 IDR and Hsf1 IDR ΔLZ4 were all 3.0 μM. 

Emission spectra of ANS (Sigma-Aldrich, St Louis, USA) were recorded between 400 

and 700 nm using a 350 nm excitation wavelength and a scan speed of 200 nm/min. 

Concentration of ANS was 50 μM. Each spectrum represents an integration of three 

consecutive scans. 
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4.3. Results 

4.3.1 Droplet Formation of Hsf1 via Liquid–liquid Phase Separation 

To verify whether Hsf1 forms liquid droplets, purified Hsf1 solutions at neutral 

and acidic pH were observed under a microscope. Hsf1 solution at pH 7.2 remained clear 

(Figure 4.1A), while Hsf1 solution at pH 5.5 was turbid, which was associated with the 

droplet formation following microscopic observation (Figure 4.1B). Differential 

interference contrast microscopy images revealed that droplets having round, globular 

shape were formed in the solution (Figure 4.1B). The incorporation of Hsf1 in the droplet 

was verified by confocal microscopy of the droplets formed in the presence of 0.1 

equivalent Hsf1-green fluorescent protein (GFP), showing GFP-derived fluorescence in 

the droplets (Figure 4.1B). Thus, the data show that Hsf1 has the ability to form LLPS 

droplet under acidic environment.  

 

 

The time-lapse imaging of the droplets using a confocal microscope 

demonstrated that the droplets fused with each other in approximately 1–2 min (Figure 

4.2A), indicating that the internal mobility of Hsf1 droplets enables the rearrangement of 

pH7.2 pH5.5

40 μm

A B

DIC DIC Fluorescence

pH5.5

Figure 4.1 Hsf1 forms the droplets in vitro 
(A) Representative images of differential interference contrast demonstrating the droplets formed by 
40 μM Hsf1 in 25 mM HEPES (pH 7.2) 150 mM KCl 10 mM DTT.  (B) Representative images of 
differential interference contrast and fluorescence demonstrating the droplets formed by 40 μM Hsf1 
with 0.1 eq Hsf1-GFP in 25 mM MES (pH 5.5) 150 mM KCl 10 mM DTT. Scale bar, 40 μm. 
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Hsf1 molecules, indicating that Hsf1 droplets are formed via LLPS and are characterized 

by adequate mobility to fuse with each other under acidic conditions (Figure 4.2). Notably,  

I evaluated the threshold at which Hsf1 forms droplets by the turbidity measurements, 

then Hsf1 undergoes LLPS at pH lower than pH 6.0 (Figure 4.2B).  

 

 

4.3.2 Synergetic Effects of Acidification and Heat on LLPS of Hsf1 

To investigate whether acidic pH and heat can affect to Hsf1 droplet formation, 

the droplet formation was evaluated by turbidity of the solution at a wavelength of 600 nm 

under various conditions. The increase in turbidity was not observed with increasing 

temperature at pH 7.2 and 6.5 (Figure 4.3A, B). In contrast to these, the turbidity increased 

from around 32℃ at pH 6.0 and from around 22℃ at pH 5.5, and the solution was cloudy 

Figure 4.2 Hsf1 undergoes liquid-liquid phase separation at acidic pH 
(A) Time-lapse fluorescence microscopy demonstrating fusion dynamics of Hsf1-GFP 
droplets.  (B) Phase diagram of Hsf1 LLPS (Hsf1 concentration versus pH).  
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after the measurements, suggesting that acidic conditions promoted phase separation 

(Figure 4.3A, B). Thus, LLPS of Hsf1 was enhanced by synergetic effect of the 

acidification and I found that Hsf1 has properties as a LCST (lower critical solution 

temperature) - type temperature-responsive polymer, which the solubility decreases and 

the solution becomes insoluble as the temperature increases.  

To investigate whether heat-induced oligomerization of Hsf1 is required for the 

phase separation, the turbidity assay of Hsf1 monomer as an initial material at pH 5.5 was 

performed. While Hsf1 oligomer undergoes phase separation with a midpoint at 29.3 ℃, 

the turbidity of Hsf1 monomer solution increased with a midpoint at 35.7 ℃ (Figure 4.3C). 

It was shown that Hsf1 monomer undergoes oligomerization around 32 ℃ in Chapter II, 

then Hsf1 oligomer is a nucleus of the phase separation, and it is also indicated that the 

LZ4, which interacts with LZ1-3 when monomer and becomes free when oligomer, 

mediates the intermolecular interactions that drive phase separation. 
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Figure 4.3 Turbidity assay to evaluate the effects of heat and pH for the droplet formation 
(A) Turbidity of 10 μM Hsf1 oligomer in pH 5.5, 6.0, 6.5 (MES), and 7.2 (HEPES) buffer. (B) 
Heat map of turbidity. The numbers in the table represent the turbidity under each condition. (C) 
Turbidity of 10 μM Hsf1 oligomer and monomer in pH 5.5 buffer. Data were plotted as mean ± 
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4.3.3 Phase Separation Mediated by Secondary Structural Formation in the Hsf1 
Intrinsically Disordered Domain 

To clarify the molecular mechanism of Hsf1 droplet formation, I investigate the 

conformational changes of Hsf1 drive the phase separation. Previous studies on proteins 

forming phase-separated droplets have reported that liquid-liquid phase separation is 

driven by multivalent interactions between intrinsically disordered regions (IDR)1314. In 

the Hsf1 sequence, the regulatory domain (RegD), LZ4, and C-terminal activation domain 

(CTAD) are predicted to be IDR (Figure 4A). Furthermore, the 321-residue amino acid 

sequence of the Hsf1 IDR contains 16 basic amino acids, Arg and Lys, and 25 and 21 

acidic amino acids, Asp (D) and Glu (E), respectively, and has a high net charge at neutral 

pH (pI 4.2) (Figure 4.4B, C). Ile, Leu, Val, Met, and Ala are contained in 89 residues 

(27.8 %), which is a relatively large number of hydrophobic amino acid residues for a 

general IDR (Figure 4.4B, C). This relatively high content of hydrophobic residues is one 

of the characteristics of IDRs that exhibit LCST-like phase separation behavior15. Thus, 

acidic conditions that decrease the net charge and high temperature that increase the 

hydrophobicity would be expected to induce the partial folding of Hsf1 IDR. 

First, to test whether the interaction between Hsf1 IDR drives the phase separation 

of Hsf1, I expressed IDR and performed the microscopic observations of IDR solution in 

pH 4.0, pH 5.5, and pH 7.2.  While IDR could not form droplets at pH 5.5 and pH 7.2, it 

was found that IDR alone also formed round-shape droplets at pH 4.0 (Figure 4.4D). As 

a control experiment, I evaluated the droplet formation of DBD, but no droplet formation 

was observed (Figure 4.4D). Then, it is showed that the interaction between IDR drives 

the droplet formation of Hsf1. Next, I performed the CD spectroscopic experiments to 

investigate the secondary structural change of IDR caused by the acidification. The CD 

spectra of IDR showed a minimum ellipticity at 200 nm, with the absence of characteristic 

bands in the 210-230 nm region, indicating that IDR is unfolded at pH 7.2. However, the 

minimum ellipticity of CD spectra shifted to 204 nm and the intensity around 220 nm 

increased at pH 4.0 (Figure 4.4E), reflecting pH-induced formation of secondary structure. 
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Since the excess negative charge of Hsf1 IDR at neutral pH would be neutralized at lower 

pH, this secondary structure formation leads to the formation of hydrophobic clusters. 

Then we performed the ANS fluorescence experiment to monitor the formation of such 

hydrophobic cluster. A decrease in pH led to a large blue shift of the ANS fluorescence 

maximum from ∼530 to ∼475 nm (Figure 4.4F), indicating the pH-induced formation of 

hydrophobic cluster. Therefore, Hsf1 IDR changes the conformation from unfolded state 

to ordered secondary structure, and this hydrophobic cluster formed by conformational 

changes drives the phase separation of Hsf1. 

 

 

Figure 4.4 pH-induced droplet formation and conformational change of Hsf1 IDR 
(A) Domain organization, location of cysteine residues in Hsf1, and disorder prediction of Hsf1 
derived from PONDR program. (B) Amino acid sequence of IDR. Hydrophobic residues colored in 
green, acidic residues colored in red, and basic residues colored in blue. (C) Fraction types of amino 
acid residues of IDR. (D) Representative images of differential interference contrast demonstrating 
the droplets formed by 40 μM Hsf1 IDR in pH 7.2, pH 5.5, and pH 4.0. (E) CD spectra of Hsf1 IDR 
at pH 4.0 and 7.2. (F) ANS fluorescence spectra mixed with IDR at varying pH 4.0, 4.5, 5.0, 6.5, 7.2.  
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4.3.4 Intermolecular Interaction between LZ4 Drives LLPS of Hsf1 

To clarify which region in the IDR is involved in the interaction in more detail, 

the IDR was divided into four fragments, regulatory domain-1 (RegD-1) (Hsf1 209-294), 

RegD-2 (Hsf1 284-370), LZ4 (Hsf1 367-446), and C-terminal transactivation domain 

(CTAD) (Hsf1 437-529), and NMR measurements were performed at different protein 

concentrations. Notably, I performed NMR experiments at pH 6.5 because the formation 

of phase-separated droplets significantly reduces the NMR signal intensity, making it 

difficult to track the NMR signal. NMR results showed that the intensity of some signals 

derived from RegD-1, RegD-2, and CTAD were decreased (Figure 4.5A, B, D). This 

signal intensity reduction suggests that these residues are involved in intermolecular 

interactions. However, the number of signals was small, suggesting that the 

intermolecular interactions between RegD-1, RegD-2, and CTAD are weak. On the other 

hand, the chemical shifts of LZ4-derived signals were most significantly perturbed in a 

concentration-dependent manner (Figure 4.5C), indicating that LZ4 has the largest 

contribution to the intermolecular interactions. The directions of the concentration-

dependent chemical shift perturbations of LZ4 roughly coincided with those resulting 

from the lowering pH to 4.0 (Figure 4.5C), indicating that LZ4 forms secondary structure 

at bound state. Thus, concentration-dependent analysis by NMR reveals that secondary 

structural formation in the LZ4 region promotes intermolecular interactions.  
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To evaluate the effect of the LZ4-mediated intermolecular interaction on phase 

separation, turbidity assay was performed with IDR and IDR ΔLZ4. The turbidity of IDR 

solution increased from around 15℃ at pH 4.0, but that of IDR ΔLZ4 solution remained 

near zero (Figure 4.6A). The CD spectra of IDR ΔLZ4 at pH 4.0 showed a minimum 

ellipticity at 200 nm, with the absence of characteristic bands in the 210-230 nm region, 

Figure 4.5 The Hsf1 IDR self-assembles via LZ4 domain 
(A-D) 1H-15N HSQC spectra of Hsf1 209-294 (A), 284-379 (B), 367-446 (C), and 
437-529 (D).  
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showing that IDR ΔLZ4 almost lost the ability of pH-induced secondary structure 

formation (Figure 4.6B). Therefore, it is showed that the secondary structure formation 

of LZ4 drives the intermolecular interactions and LLPS of Hsf1. 

 

4.3.5 PPIase Promotes the Droplet Formation of Hsf1 

As described above, Hsf1 undergoes LLPS via the formation of LZ4 secondary 

structure and hydrophobic clusters at acidic pH. Here, I hypothesized that the PPIase also 

regulates LLPS of Hsf1 because PPIase assists the protein folding by catalyzing the 

proline isomerization in the hydrophobic region of the substrate protein, as revealed in 

Chapter II. Then, we tested that whether FKBP52, a PPIase that has been shown to 

interact with Hsf1 in vivo 16, promotes the LLPS of Hsf1. In this experiment, I formed 

Hsf1 droplets by adding 10% (w/v) ficoll 400, a crowding agent. Previous reports on other 

IDRs of protein demonstrating that LLPS was enhanced by the excluded volume effect 

of the molecular crowders17. It was showed that the increase of turbidity is enhanced by 

the addition of 1 equivalent FKBP52 (Figure 4.7A). Furthermore, an increase in the 

number of Hsf1 droplets by the addition of FKBP52 was observed by fluorescence 

microscopy (Figure 4.7B). Here, to clarify whether this enhancement of droplet formation 

by FKBP52 is dependent on its PPIase activity, I compared the structure of the PPIase 

Figure 6 LZ4 is responsible for LLPS and conformational changes of Hsf1 
(A) Turbidity of 10 μM IDR and IDR ΔLZ4 in pH 4.0 buffer. Data were plotted as mean ± s.d., 
with n = 3 independent experiments. (B) CD spectra of IDR ΔLZ4 at pH 4.0 and 7.2. 
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domain of FKBP52 (FKBP52PPD) and TFPPD, and designed FKBP52 I87P mutant in 

which proline replaced I87 of FKBP52, corresponding to I195, the active center of TFPPD 

(Figure 4.7C). Turbidity measurements showed that the increase in turbidity of Hsf1 was 

suppressed by the addition of FKBP52 I87P mutant compared to that before addition 

(Figure 4.7A), indicating that the PPIase activity of FKBP52 promotes phase separation 

of Hsf1. To evaluate whether FKBP52 could interact with LZ4 and promote its folding, I 

conducted NMR interaction analysis using FKBP52 and 15N Hsf1 367-446 containing 

LZ4. Then, the chemical shift of 15N Hsf1 367-446 derived NMR signal were perturbed 

by the addition of FKBP52, showing that FKBP52 could interacts with Hsf1 LZ4 (Figure 

7D). Thus, it was suggested that FKBP52 interacts with LZ4 and catalyzes proline 

cis/trans isomerization to promote folding and phase separation of Hsf1.  
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Figure 4.7 FKBP52 promotes the LLPS of Hsf1 
(A) Turbidity of 10 μM Hsf1 oligomer in 25 mM HEPES (pH 7.2) 150 mM KCl 10 mM DTT 
10% ficoll400. (B, C) Representative images of fluorescence demonstrating the droplets formed 
by 20 μM Hsf1 with 0.1 eq Hsf1-GFP in 25 mM HEPES (pH 7.2) 150 mM KCl 10 mM DTT 
with 1 eq FKBP52 (B) and without FKBP52 (C). Scale bar, 20 μm. (D) Comparison of the 
structure of TFPPD (PDB ID: 1w26) with that of human FKBP52PPD (PDB ID: 6RCY). TFPPD 
and FKBP52PPD are colored gray and blue, respectively. (E) 1H-15N HSQC spectra of Hsf1 367-
446  in the absence (blue) and presence (red) of 2 eq FKBP52. 
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4.4. Discussion  

The present study revealed that LLPS of Hsf1 was driven by synergetic effect of 

the acidification and heat (Figure 4.1, 4.2, 4.3A, B). The elevated temperatures lead to a 

temporary drop in the pH of cells8, and it has been shown in experiments with yeast that 

an increase in temperature causes a decrease in intracellular pH, which in turn induces 

expression of chaperones10. While the pH in normal cells is around 7.2-7.4, the pH in 

tumor cells is known to decrease to around 5.5 in malignant cases. Cellular observations 

using patient specimens have reported that more nSBs are observed in tumor cells than in 

normal cells18, which may be a result of enhanced phase separation of Hsf1 due to the 

decrease in pH. 

Turbidity assay showed that phase separation of Hsf1 proceeds with the oligomer 

as the nucleus (Figure 4.3C). While the IDR alone undergoes phase separation at pH 4.0 

(Figure 4.4D, 4.6A), the full length of Hsf1 forms droples at above pH 6.0 (Figure 4.2B). 

The local concentration of IDR will be increased by oligomerization, which may promote 

the interaction between oligomers. TDP-43 and p53, which has phase-separating 

properties, also have oligomerization domain19,20, then the regulation of phase separation 

through changes in oligomeric state may be a common mechanism in droplet formation. 

Although the interaction of each IDR molecule is weak21, it is possible that the enough 

stability in the complex is achieved to undergo phase separation by oligomerization. 

CD and NMR measurements showed that the acidification and heat induced the 

secondary structural formation of IDR, especially in LZ4 region (Figure 4.4E, F, 4.5, and 

4.6). And turbidity assay shows that the intermolecular interaction between LZ4 is the 

main driving force for Hsf1 phase separation (Figure 4.6A). The large negative net charge 

of IDR (pI 4.2) is neutralized at acidic pH, and the overall hydrophobicity of a protein 

will increase with increasing temperature 22. Although the LZ4 forms a helix with LZ1-3 

at monomeric state and unfolds at oligomeric state at neutral pH, the LZ4 drives the 

intermolecular interaction with other Hsf1 molecules by the secondary structure 
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formation at acidic pH (Figure 4.4E, 4.6B). Therefore, the dehydration from the LZ4 

region may promote secondary structure formation and hydrophobic interactions between 

LZ4. Since most phase-separating proteins have IDR, interactions between IDRs are 

supposed to drive phase separation, but several reports have proposed the importance of 

secondary structural formation in phase separation. TDP-43 has regions in the IDR that 

forms α-helix, and the interactions between these α-helix promote phase separation19. 

Moreover, the droplet of Fused in sarcoma (FUS) or hnRNPA2 were proposed to be 

stabilized by intermolecular interaction between cross-beta structure in IDR2324. Although 

there are few reports of secondary structure changes in phase-separated proteins, 

interestingly, the contribution of the structural formation in the phase separation of 

polymers exhibiting LCST is well studied in the field of polymer chemistry25. Then the 

secondary structural formation in IDR to facilitate intermolecular interactions may be a 

common mechanism to phase-separating proteins, not limited to Hsf1. In summary, 

acidification-induced LZ4 folding and binding drives the LLPS of Hsf1 (Figure 4.8).  

One of the PPIases, FKBP52, was found to promote phase separation of Hsf1 

(Figure 4.7, 4.8). This finding suggests that molecular chaperones, such as PPIase, not 

only assist in protein folding, but also promote the LLPS of Hsf1 and strengthen the 

transcriptional level of chaperones. I propose that this cycle in which chaperones, whose 

transcriptional upregulated by Hsf1, promote LLPS of Hsf1 would have the advantage of 

raising the stress response level of the Hsf1-chaperone system under stressed condition. 

Interestingly, Hsf1 droplets are more abundant in tumor cells than in normal cells18, and 

FKBP52 is also upregulated in tumor cells26. Furthermore, elevated expression of 

FKBP52 in cancer cells is associated with poor prognosis in that cancer patient27. 

Therefore, it is possible that the enhancement of cytoprotective function by this cycle in 

Hsf1-chaperone system contributes to the malignant transformation of cancer, and it will 

be important to elucidate the mechanism of interaction between chaperones and Hsf1 

from the viewpoint of disease therapy. 
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Figure 4.8 Proposed model of acidification-induced droplet formation of Hsf1 
LLPS of Hsf1 is induced at acidic pH. pH-dependent LZ4 folding and binding drives the LLPS. 
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CHAPTER V 

Oxidative Hyperoligomerization Drives Phase Transition of 
Heat Shock Factor 1 



 

112 

  



 

113 

Abstract 

The assembly of Hsf1 proceeds depending on the length and intensity of the stress, 

and Hsf1 becomes a gel-like droplet with reduced internal-mobility under excessive stress. 

It has been reported that cells with such gel-like Hsf1 droplets are reduced transcriptional 

level of chaperones and a higher tendency to apoptosis. The phase transition of Hsf1 to 

gel-like droplet is regarded as a reaction that mediates Hsf1 function from cytoprotection 

to cell death, but the mechanism of phase transition remains unclear. In this chapter, I 

found that Hsf1 undergoes phase transition into gel-like droplets in response to oxidative 

conditions. The mechanism for formation and oxidative phase transition of the Hsf1 

liquid droplets were investigated by observation of the internal architecture of the Hsf1 

droplets by holotomography imaging, corroborated by molecular dynamics simulation 

and biophysical/biochemical experiments. These data showed that oxidative condition is 

sensed by the disulfide-bond–mediated hyperoligomerization of Hsf1, leading to 

formation of core particles in the heterogeneous architecture of the droplet. Collectively, 

the presented data demonstrate how Hsf1 undergoes oxidative phase transition by sensing 

redox conditions to potentially drive the cell fate decision. 
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5.1. Introduction 

In Chapter IV, I revealed that Hsf1 forms liquid droplets via liquid-liquid phase 

separation under acidic condition. Conversely, under prolonged stress, Hsf1 foci and 

nSBs undergo decreased fluidity and liquid-to-gel–like phase transition 1, which has been 

linked to down-regulation of chaperones and mediate apoptosis. In stressed conditions, 

including heat, pH change, and oxidation, cells are subjected to either survival via 

increased expression of stress response proteins or cell death signaling2. Such cell fate 

decision is a strategy for homeostasis in higher organisms, and the liquid-to-gel–like 

phase transition of Hsf1 may be the key response in cell fate decision. Nevertheless, the 

mechanism of phase transition of Hsf1 droplet in response to stress remain to be 

elucidated. 

In this chapter, I demonstrated that purified Hsf1 undergoes phase transition into 

gel-like condensates in the oxidative conditions. Moreover, the internal architecture of 

the Hsf1 droplets were visualized by holotomography (HT) imaging that is a label-free 

microscopic method to reconstitute images from three-dimensional refractive index (RI) 

tomogram3. HT on Hsf1 droplet at oxidative condition showed inhomogeneous 

distribution of the protein, forming core particles. Further biochemical and biophysical 

experiments suggested that the core particles consist of hyper-oligomerized Hsf1 

mediated by disulfide bonds among conserved Cys residues. This oxidative 

hyperoligomerization of Hsf1 was also formed in the cell treated in the oxidative 

condition. The data demonstrate the ability of Hsf1 to sense redox conditions in the 

cytosol and nucleus. Although cytosol and nucleus are regulated in the reductive 

condition, several reports have shown that the continuous stress induce oxidation of the 

cytosol4–6, highlighting the importance of redox-dependent hyperoligomerization and 

phase transition of Hsf1 to sense duration and extent of the stress.  
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5.2. Materials and methods 

Expression and purification of protein samples 

Hsf1 CS mutant (C36S/C103S/C153S/C373S/C378S) was then constructed 

through site-directed mutagenesis using the PrimeSTAR Mutagenesis Basal Kit (Cat. No. 

R046A, Takara Bio, Shiga, Japan). The expression and purification of Hsf1, Hsf1 CS 

mutant, and Hsf1-GFP are described in Chapter III. 

 

Confocal microscopy  

To prepare Hsf1 droplets, 45 μM Hsf1 and 5 µM Hsf1-GFP were incubated in the 

presence/absence of 10 mM DTT and 10% (w/v) ficoll 400 (Cat. No. 16006-92, Nacalai 

Tesque, Kyoto, Japan), dextran 200 (Cat. No. 10927-12, Nacalai Tesque), or PEG 8000 

(Cat. No. HR2-515, Hampton Research, Journey Aliso Viejo, CA, USA). Fluorescence 

images of the Hsf1 droplets were obtained using a confocal microscope (FV1200, 

Olympus, Tokyo, Japan) equipped with a UPLSAPO 40X2 objective lens (NA 0.95). 

 

Fluorescence recovery after photobleaching 

FRAP experiments was performed in in vitro droplets formed by Hsf1, that were 

mixed with Hsf1-GFP, using the 473 nm laser line of a confocal microscope (FV1200, 

Olympus) that was equipped with a UPLSAPO 40X2 objective lens (NA 0.95). For each 

droplet, either the whole droplet or a specific spot (diameter of 5 μm) was bleached at 

80% transmission (50 mW laser power) for 2–10 s, after which post-bleach time-lapse 

images were collected (0.5 s frame rate, 180 frames). The resulting images were analyzed 

as follows: A 5 µm diameter region of interest (ROI) was placed on the bleached whole 

droplet or the bleached spot. Fluorescence intensity of the ROI was then calculated using 

FV10-ASW (Olympus). The post-irradiation fluorescence intensity was then normalized, 

using the difference between the intensity before irradiation and the intensity of the first 

frame immediately after irradiation as one. Finally, the recovery of the post-irradiation 
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fluorescence intensity was analyzed using Prism 5 (GraphPad Software, San Diego, CA, 

USA). 

 

SEC-MALS experiments 

SEC-MALS method is described in Chapter II Bio SEC-5, 1000Å gel filtration 

column (Cat. No. AG5190-2536, Agilent Technologies, Santa Clara, CA, USA) was 

connected to an SEC-MALS system.  

 

Holotomography imaging 

Three-dimensional (3D) quantitative phase imaging and its corresponding 

fluorescence live BM2 cell images were obtained using a commercial holotomography 

instrument (HT-2H, Tomocube Inc, Daejeon, Korea), which is based on Mach–Zehnder 

interferometry, equipped with a digital micromirror device. The coherent monochromatic 

laser (λ =  532 nm) was divided into two paths, a reference, and a sample beam, 

respectively, using a 2  ×  2 single-mode fiber coupler. Visualization of 3D RI maps was 

then performed using a commercial software (TomoStudio, Tomocube Inc.). The RI 

reference buffer was 25 mM HEPES/KOH (pH 7.2), 150 mM KCl, and 5% (w/v) ficoll 

400, 200 μL. Moreover, 75 µM Hsf1 that was incubated in the presence/absence of 10 

mM DTT and 5% (w/v) ficoll 400 was added to 50 µL of the RI reference buffer, after 

which RI images of Hsf1 droplets were measured. To determine the mean RI of the Hsf1 

droplets, the images of the slices in the xy-plane at the center of the droplet were initially 

exported, with the RI ranging from 1.349–1.402 as a gray gradient color image. In order 

to quantify the RI inside the Hsf1 droplets, 3−8 μm droplets were selected and the mean 

RI of each droplet was then determined to generate a scatter plot. Finally, the exported 

image was analyzed using the ImageJ software (National Institutes of Health, Bethesda, 

MD), and its gradients were numerically converted to 256 steps. The mean RI of each 
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droplet was also determined using Prism 5 (GraphPad Software). Data were analyzed 

using Welch’s t test. 

 

Gel-based analysis of Hsf1 redox states under oxidative or reductive conditions 

Hsf1 (50 µM) was incubated with a reaction buffer, containing 25 mM HEPES-

KOH (pH 7.2) and 150 mM KCl in the absence or presence of 10 mM DTT at 20°C for 

1 h. To prepare NEM quenched samples, a 12 µL aliquot was collected from the reaction 

mix, after which 48 µL of 90 mM NEM (Cat. No. 15512-24, Nacalai Tesque) were added 

to quench the reaction. Additionally, 60 µL of Laemmli 4 × sodium dodecyl sulfate 

(SDS)-sample buffer7 were added to these samples (total volume: 120 µL). Samples were 

then separated by SDS-PAGE using 8% bis-tris gels (Cat. No. NW00080BOX, Thermo 

Fisher Scientific, Waltham, MA, USA). To prepare reducing samples, a 12 µL sample 

aliquot, 48 µL distilled water, and 60 µL SDS-sample buffer, containing 5% (v/v) β-

mercaptoethanol (Cat. No. 15512-24, Nacalai Tesque) were mixed to reduce and denature 

the samples. 

 

Gel-based analysis of Hsf1 oligomeric states in redox buffers 

Redox buffers were prepared by mixing reduced glutathione (GSH, Cat. No. 

17050-14, Nacalai Tesque) and oxidized glutathione (GSSG, Cat. No. 06440-31, Nacalai 

Tesque) in the following final concentration ratios: 9.8 mM GSH and 0.1 mM GSSG 

(100:1), 6.0 mM GSH and 2.0 mM GSSG (3:1), or 0.2 mM GSH and 4.9 mM GSSG 

(1:25). Hsf1 (5 µM) was incubated at 37˚C 1 h with reaction buffer containing 50 mM 

Tris-HCl (pH 8.0), 150 mM KCl in the absence/presence of 10 mM DTT, or in the 

presence of a redox buffer. A 40 µL aliquot was taken from reaction mix and 10 µL of 40 

mM NEM (Nacalai Tesque) was added to quench the reaction. In addition, 50 µL of 

Laemmli 4 × SDS-sample buffer7  was added to these samples (total volume: 100 µL), 

and they were separated by SDS-PAGE using 8% bis-tris gels (Thermo Fisher Scientific). 
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Cell culture 

HAP1 cells were cultured and maintained in Iscove's modified Dulbecco's 

medium containing L-Gln and HEPES (Cat. No. 11506-05, Nacalai Tesque) and 10% 

fetal bovine serum (FBS, Cat. No. S-FBS-NL-015, Serana, Brandenburg, Germany). 

 

Immunofluorescence under various stressed conditions 

To analyze the formation of Hsf1 foci in HAP1 cells, the cells were seeded on 

coverslips (Cat. No. C018001, Matsunami Glass Ind., Osaka, Japan) pre-treated with ε-

poly-L-lysine coating solution (Cat. No. SPL01, Cosmo Bio Co., Tokyo, Japan). After a 

1-day incubation, the cells were treated with fresh cell culture medium (37°C control) or 

pre-warmed cell culture medium at 43°C (heat shock) for 1 h on a water bath of the 

respective temperature, with cell culture medium in the absence/presence of 0.5, 1.0 mM 

H2O2, 1.0, 3.0 mM TBH for 1 h, or with cell culture medium containing 0.1% (v/v) 

DMSO in the absence/presence of 2 µM MG132 (Cat. No. CS-0471, ChemScene, 

Monmouth Junction, NJ, USA) or 2 µg/mL tunicamycin (Cat. No. 202-08241, Fujifilm 

Wako Pure Chemical, Osaka, Japan) for 2 h. The treated cells were washed twice with 

phosphate-buffered saline (PBS, 10 mM Na2HPO4, 1.76 mM KH2PO4, 137 mM NaCl, 

2.7 mM KCl) at room temperature (RT) and fixed with 4%-paraformaldehyde phosphate 

buffer solution (Cat. No. 09154-58, Nacalai Tesque) for 15 min at RT. The fixed cells 

were washed four times with PBS at RT, permeabilized with PBS containing 0.1% 

TritonX-100 (Cat. No. 12967-32, Nacalai Tesque) for 15 min, and blocked with PBS 

containing 2% FBS for 1 h at RT. The cells were then incubated at 4°C with the 

corresponding antibodies against Hsf1 (Cat No. 4356, Cell Signaling Technology, 

Danvers, MA, USA, 1:500) and HSP70 (Cat No. sc-24, Santa Cruz Biotechnology, Santa 

Cruz, CA, USA, 1:200) diluted in PBS containing 2% FBS overnight. Following the 

incubation, the samples were washed thrice with PBS at RT. The cells were then 

incubated at 4°C for 1 h with CF488A-conjugated donkey anti-rabbit IgG (Cat No. 20015-
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1, Biotium, Hayward, CA, USA, 1:2000) and CF568-conjugated goat anti-mouse IgG 

(Cat No. 20101-1, Biotium, 1:2000) antibodies diluted in PBS containing 2% FBS as 

secondary antibodies. Finally, the nuclei of the cells were stained with DAPI solution 

(Cat. No. 19178-91, Nacalai Tesque, 1:10000). The fluorescent images were obtained 

using a confocal microscope (FV1200, Olympus) equipped with a 60× silicon oil-

immersion objective lens (UPLSAPO60XS2, Olympus, NA 1.30). 

 

Immunoblotting under oxidative conditions 

To investigate Hsf1 oligomerization under oxidative stress, HAP1 cells (5.0 × 104 

cells) were plated on a 6-well plate. After a 3-day incubation, the cells were treated with 

cell culture medium in the absence/presence of 0.5, 1.0 mM H2O2, or 1.0, 3.0 mM TBH 

(Cat. No. 026-13451, Fujifilm Wako Pure Chemical). The treated cells were incubated 

for an additional 1 h and then washed twice with PBS at 37°C, following which they were 

acid quenched with ice-cold 10%(w/v) TCA (Cat. No. 34637-14, Nacalai Tesque) on ice8. 

The harvested cells were centrifuged at 15,000 ×g for 2 min at 4°C. The precipitants were 

washed and sonicated twice in ice-cold acetone with Bioruptor UCD-300 (Tosho Denki, 

Yokohama, Japan) before being dissolved in SDS-sample buffer containing NEM (2% 

(w/v) SDS, 100 mM Tris-HCl (pH 6.8), 50 mM NEM). The samples were separated by 

SDS-PAGE using 6% tris-glycine gels (Cat. No. XP00060BOX, Thermo Fisher 

Scientific), transferred to PVDF membranes (Cat. No. IPVH07850, Merck Millipore, 

Darmstadt, Germany) using eBlot L1 (GenScript, Piscataway, NJ, USA), and blotted with 

anti-Hsf1 antibody (Cat. No. 4356, Cell Signaling Technology, 1:1000) diluted in Signal 

Enhancer HIKARI Solution A (Cat. No. 02270-81, Nacalai Tesque) and secondary anti-

rabbit antibody (Cat. No. 711-035-152, Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA, 1:10000) diluted in Signal Enhancer HIKARI Solution B. 

Chemiluminescent signals were visualized using Chemi-Lumi One Ultra (Cat. No. 

11644-24, Nacalai Tesque) and scanned using the ImageQuant LAS 4000 Mini (Fujifilm, 
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Tokyo, Japan) and Amersham ImageQuant 800 (Cytiva). Total protein concentration was 

measured by CBB staining (Appendix Figure. S2). Signal intensities were analyzed using 

ImageJ/Fiji9 and Microsoft Excel. Signal intensities of chemiluminescence were 

normalized by the signal intensity of CBB staining for total proteins. The Relative signal 

intensities corresponding to higher-order oligomeric Hsf1 were calculated by comparison 

with the control lane of each membrane. Data were processed by analysis of variance 

(ANOVA), followed by Tukey–Kramer test. 
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5.3. Results 

5.3.1 Redox-dependent Formation of Hsf1 Droplets in Cell 

It was previously shown that the formation of Hsf1 droplets progress in correlation 

to the duration and intensity of the stress1, but the mechanism of phase transition has not 

been fully elucidated. To evaluate Hsf1 droplet formation under various types of stress, I 

observed Hsf1 in the cultured HAP1 cells treated with heat shock (HS), oxidant H2O2 or 

tert-butyl hydroperoxide (TBH), proteasome inhibitor MG132, and endoplasmic 

reticulum (ER) stress inducer tunicamycin (TM) (Figure 5.1A). In microscopic 

observation, foci in the nucleus were observed after HS, indicating that HS induced Hsf1 

droplet formation (Figure 5.1A), as seen in the previous works10–13. In addition, H2O2, 

TBH, and MG132 also induced nSB formation for a subset of the cells (Figure 5.1A). 

Because change in Hsf1 localization modulates chaperone expression, localization of 

HSP70 chaperone was monitored (Figure 5.1A). The data showed that HSP70 migrated 

to the nucleus after HS (Figure 1.1A). After H2O2 and TBH treatment, a subset of the 

cells showed HSP70 migrated to the nucleus and formed foci (Figure 5.1A). Furthermore, 

the production of reactive oxygen species (ROS) is enhanced in cells stressed by HS and 

MG132, and the intracellular environment becomes more oxidative4–6. These results 

suggest that oxidative stress can also induce Hsf1 droplet formation.  

To evaluate the assembly state of Hsf1 in an oxidizing environment, the 

oligomerization of Hsf1 was further evaluated in redox conditions that correspond to 

intracellular environments (Figure 5.1B, C). The redox conditions, in particular, were set 

by varying ratios of reduced glutathione (GSH) and oxidized glutathione (GSSG). In the 

relatively oxidative condition, with a GSH:GSSG ratio of 3:1 (corresponding to the ER 

environment)14, the fraction of higher-order oligomers increased while the fraction of 

monomers decreased (Figure 5.1B, C) compared with the fractions in the relatively 

reducing condition with a ratio of 100:1 (corresponding to the cytosolic environment)14. 

The trend of increasing fraction of the disulfide-bonded Hsf1 higher-order oligomers was 
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even more robust in more oxidative conditions, with a ratio of 1:25. To examine the redox 

sensing by Hsf1 in cells, Hsf1 oligomerization was assessed using immunoblotting in 

HAP1 cells treated with the oxidants H2O2 or TBH. Under unstressed conditions (none), 

most Hsf1 existed as a monomer (Figure 5.1D). In the cells treated with oxidants showed 

more content of higher-order oligomers of Hsf1, and the amount of its higher-order 

oligomers increased significantly in a dose-dependent manner of the oxidants (Figure 

5.1D-F). Based on the fact that the redox conditions in the cytosol vary depending on the 

external or local conditions15–17, these data indicate that Hsf1 can sense the redox 

environment in the cell by modulating the abundance of the disulfide-linked oligomers.  
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5.3.2 Droplet Formation of Hsf1 under Crowding Condition 

I have shown that the formation of nSBs and changes in the association state of 

Hsf1 occur in response to the redox environment. Next, I further investigated the effect 

of redox environment to Hsf1 droplet in vitro. I demonstrated the acidification-induced 

phase separation of Hsf1 in chapter IV, but in this chapter, I examined the droplet 

formation under adding of the crowding agents because the exchange reaction of disulfide 

bonds between cysteine residues are unlikely to occur at acidic pH in vitro. Notably, the 

enzymes such as PDI could promote the exchange reaction at acidic pH in cell. Enhanced 

LLPS droplet formation under crowding conditions observed for Hsf1 was consistent 

with previous reports on other low-complexity proteins demonstrating that LLPS was 

enhanced by the excluded volume effect of the molecular crowders18–21. To verify 

whether Hsf1 forms liquid-like droplets, purified Hsf1 solutions under crowding 

conditions were observed under a microscope. It was observed that the addition of a 

molecular crowder ficoll 400 to Hsf1 solution makes it turbid, which was associated with 

the droplet formation following microscopic observation (Figure 5.2A). Differential 

interference contrast microscopy images revealed that droplets having round, globular 

shape were formed in the solution. The incorporation of Hsf1 in the droplet was verified 

Figure 5.1 Redox dependent Hsf1 droplet formation and oligomerization of Hsf1 in cell 
(A) Confocal immunofluorescence images showing the subcellular localization and foci formation 
of Hsf1 in HAP1 cells (scale bar, 10 μm). Cells were co-stained with an antibody to HSP70 and 
with DAPI. Cells were treated with various stress conditions: 43°C heat shock for 1 h, 1.0 mM 
H2O2 for 1 h, 3.0 mM TBH for 1 h, 2 µM MG132 or 2 µg/mL tunicamycin (TM) for 2 h. (B) 
Oligomeric states of Hsf1 in redox buffers, 5 µM Hsf1 were incubated without reductant 
(−Reductant), with 10 mM DTT (+Reductant), or in the presence of redox buffers (GSH : GSSG 
= 100 : 1, 3 : 1, 1 : 25) at 37˚C. Samples were quenched by addition of NEM, and samples were 
separated by SDS-PAGE using an 8% gel. (C) Quantification of the relative band intensities of 
the higher-order oligomer forms of Hsf1 compared to the band intensity of -Reductant lane (white 
bar graphs) and the monomer forms of Hsf1 compared to the band intensity of +Reductant lane 
(black bar graphs) in C. Error bars correspond to the means ± s.d. of three independent 
experiments. (D) Oligomeric states of intracellular Hsf1 under oxidative stress. HAP1 cells were 
treated with a oxidant (H2O2 or TBH). Cell lysates were separated with SDS-PAGE and visualized 
with anti-Hsf1 antibody. (E, F) Quantification of the relative signal intensities of the higher-order 
oligomer forms of Hsf1 compared to the signal intensity of none in D. Error bars correspond to 
the means ± s.d. of four independent experiments. Data were analyzed for statistical significance 
using the Tukey-Kramer test. *, p < 0.05, **, p < 0.01. 
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by confocal microscopy of the droplets formed in the presence of 0.1 equivalent Hsf1-

green fluorescent protein (GFP), showing GFP-derived fluorescence in the droplets 

(Figure 5.2A). The time-lapse imaging of the droplets using a confocal microscope 

demonstrated that the droplets fused with each other in approximately 1–2 min (Figure 

5.2B), indicating that the internal mobility of Hsf1 droplets enables the rearrangement of 

Hsf1 molecules. The mobility of Hsf1 molecule in the droplet was also examined using 

fluorescence recovery after photobleaching (FRAP) analysis (Figure 5.2C)22, where a 

small segment of the droplet was bleached and the degree of the fluorescence recovery 

was monitored. Approximately 25% of signal intensity was recovered within 140 sec 

(Figure 5.2C). The collected data indicated that Hsf1 droplets are formed via LLPS and 

are characterized by adequate mobility to fuse with each other under reductive conditions 

(Figure 5.2B, C). Importantly, it was confirmed that the addition of other crowding agents, 

including polyethylene glycol (PEG) 8000 and dextran 200, also results in the formation 

of Hsf1 droplets (Figure 5.2A). Thus, the data show that Hsf1 has the ability to form 

LLPS droplet in a crowding environment. Moreover, a higher concentration of Hsf1 

decreased the critical concentration of the crowder for droplet formation (Figure 5.2D), 

indicating that an increase in the Hsf1 concentration in the crowding environment can 

trigger droplet formation. Given the fact that Hsf1 is translocated to the nucleus in the 

stressed condition, an increase in the local concentration of Hsf1 can trigger droplet 

formation in cell.  
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Figure 5.2 Droplet formation of Hsf1 under crowding condition 
(A) Representative images of differential interference contrast and fluorescence demonstrating the 
droplets formed by 45 μM Hsf1 with 0.1 eq Hsf1-GFP in the presence of 10% (w/v) ficoll 400, dextran 
200, or PEG 8000. Scale bar, 40 μm. (B) Time-lapse fluorescence microscopy demonstrating fusion 
dynamics of Hsf1-GFP droplets. (C) FRAP of a small segment of the droplets is used to evaluate the 
internal mobility of Hsf1 droplets. The bleached event occurs at 0 sec. The post-irradiation 
fluorescence intensity was normalized by the difference in the intensity before irradiation and the 
intensity of the first frame immediately after irradiation as one and recovery of the post-irradiation 
fluorescence intensity was analyzed. Data were plotted as mean ± s.d., with n =  7 independent 
experiments. (D) Phase diagram of Hsf1 LLPS (Hsf1 concentration versus ficoll 400 concentration). 
A representative example of LLPS, containing Hsf1 40 μM, ficoll 400 15% (w/v), and a representative 
example of no LLPS, containing Hsf1 2 μM, ficoll 400 2% (w/v) are presented. 
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5.3.3 Redox-dependent Phase Transition of Hsf1 Droplets in vitro 

To evaluate the effect of oxidative conditions on the Hsf1 droplets, the shape and 

fluidity of the droplets under reductive and oxidative conditions were examined in vitro. 

The Hsf1 droplets were observed to be distorted in the absence of the reducing agent 

(Figure 5.3A, C, D). These distorted shapes are a characteristic property of LLPS droplets 

modified from mobile to immobile gel-like states23, indicating that Hsf1 droplets undergo 

phase transition in oxidative conditions. Furthermore, the shape distortion of Hsf1 

droplets was monitored in the presence of H2O2 (Figure 5.3E). FRAP studies were also 

performed to investigate the internal mobility of Hsf1 droplets under oxidative and 

reductive conditions. These studies revealed that the degree of fluorescence recovery of 

Hsf1 droplets in oxidative conditions was lower compared with that under reductive 

conditions, demonstrating the decreased internal mobility of Hsf1 molecules in the 

droplet in oxidative conditions (Figure 5.3B). Based on the above findings regarding the 

shape and internal mobility of the droplets, I concluded that Hsf1 droplets undergo phase 

transition from liquid to a gel-like state in oxidative conditions. 
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Although it is recognized that Hsf1 senses heat stress directly24–26, the redox 

sensing by Hsf1 is poorly understood. Redox conditions can be sensed by Cys residues 

that are able to form intermolecular or intramolecular disulfide bonds. Hsf1 contains five 

cysteine residues, which are highly conserved in mammals (Figure 5.4), and 

intermolecular disulfide bond formation in stress response has been reported24,25, 

suggesting that these five cysteine residues could sense the redox conditions. To evaluate 

the effect of disulfide bond formation on the properties of Hsf1 droplets, the Hsf1 CS 

mutant wherein all five Cys residues were replaced with Ser residues was prepared and 

subjected to microscopic observation. Accordingly, Hsf1 CS mutant droplet shapes 

remained spherical, even under oxidative conditions (Figure 5.3B, D-F), indicating that 

the Cys residues of Hsf1 can be critical in sensing redox environments. 

Figure 5.3 Redox-dependent phase transition of Hsf1 droplet 
(A) Differential interference contrast images of Hsf1 droplets and Hsf1 CS mutant droplets in the 
presence of 10% (w/v) ficoll 400. The left panels correspond to 10 mM DTT (+ Reductant) 
incubations and the right panels correspond to samples in absence of reductant (− Reductant). Scale 
bar, 40 μm. (B) FRAP data demonstrating the decreased fluidity of Hsf1 droplet under oxidative 
conditions. The bleached event occurs at 0 sec. Data are plotted as means ± s.d., with n =  7 
independent experiments. (C, D) Differential interference contrast images of Hsf1 droplets and 
Hsf1 CS mutant droplets in the presence of 10% (w/v) dextran 200 (C) or PEG 8000 (D). Left and 
right panels represent the images of Hsf1 in the presence (+ Reductant) and absence (− Reductant) 
of 10 mM DTT, respectively. Hsf1 droplets have a round globular shape under reductive conditions 
and a distorted gel-like shape under oxidative conditions. On the other hand, the droplets of Hsf1 
CS mutant have a round globular shape in all conditions. (E) Differential interference contrast 
images of Hsf1 droplets and Hsf1 CS mutant droplets in the presence of 10 mM H2O2. As a 
crowder, 10% (w/v) ficoll 400 (left panels), 10% (w/v) dextran 200 (center panels), and 10% (w/v) 
PEG 8000 (right panels) were used for droplet formation. Hsf1 droplets have a distorted gel-like 
shape, while Hsf1 CS mutant droplets have a round globular. Scale bar, 40 μm. 
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A C36 C103 C153 C373 C378

RegD LZ4 CTADDBD LZ1-3

B
Human 1 M D L P V G P G A A G P S N V P A F L T K L W T L V S D P D T D A L I C W S P S G N S F H V F D Q G Q F A K E V L P K Y
Rhesus monkey 1 M D L P V G P G A A G P S N V P A F L T K L W T L V S D P D T D A L I C W S P S G N S F H V F D Q G Q F A K E V L P K Y
Mouse 1 M D L A V G P G A A G P S N V P A F L T K L W T L V S D P D T D A L I C W S P S G N S F H V F D Q G Q F A K E V L P K Y
Domestic dog 1 M D L P V G P G A A G P S N V P A F L T K L W T L V S D P D T D A L I C W S P S G N S F H V F D Q G Q F A K E V L P K Y
Bovine 1 M D L P V G P G A A G P S N V P A F L T K L W T L V S D P D T D A L I C W S P S G N S F H V L D Q G Q F A K E V L P K Y

Human 61 F K H N N M A S F V R Q L N M Y G F R K V V H I E Q G G L V K P E R D D T E F Q H P C F L R G Q E Q L L E N I K R K V T
Rhesus monkey 61 F K H N N M A S F V R Q L N M Y G F R K V V H I E Q G G L V K P E R D D T E F Q H P C F L R G Q E Q L L E N I K R K V T
Mouse 61 F K H N N M A S F V R Q L N M Y G F R K V V H I E Q G G L V K P E R D D T E F Q H P C F L R G Q E Q L L E N I K R K V T
Domestic dog 61 F K H N N M A S F V R Q L N M Y G F R K V V H I E Q G G L V K P E R D D T E F Q H P C F L R G Q E Q L L E N I K R K V T
Bovine 61 F K H S N M A S F V R Q L N M Y G F R K V V H I E Q G G L V K P E R D D T E F Q H P C F L R G Q E Q L L E N I K R K V T

Human 121 S V S T L K S E D I K I R Q D S V T K L L T D V Q L M K G K Q E C M D S K L L A M K H E N E A L W R E V A S L R Q K H A
Rhesus monkey 121 S V S T L K S E D I K I R Q D S V T K L L T D V Q L M K G K Q E C M D S K L L A M K H E N E A L W R E V A S L R Q K H A
Mouse 121 S V S T L K S E D I K I R Q D S V T R L L T D V Q L M K G K Q E C M D S K L L A M K H E N E A L W R E V A S L R Q K H A
Domestic dog 121 S V S T L K N E D I K I R Q D S V T K L L T D V Q L M K G K Q E S M D S K L L A M K H E N E A L W R E V A S L R Q K H A
Bovine 121 S V S T L R S E D I K I R Q D S V T K L L T D V Q L M K G K Q E S M D S K L L A M K H E N E A L W R E V A S L R Q K H A

Human 181 Q Q Q K V V N K L I Q F L I S L V Q S N R I L G V K R K I P L M L N D S G S A H S M P K Y S R Q F S L E H V H G S G P Y
Rhesus monkey 181 Q Q Q K V V N K L I Q F L I S L V Q S N R I L G V K R K I P L M L N D S G S A H S M P K Y G R Q F S L E H V H G S G P Y
Mouse 181 Q Q Q K V V N K L I Q F L I S L V Q S N R I L G V K R K I P L M L S D S N S A H S V P K Y G R Q Y S L E H V H G P G P Y
Domestic dog 181 Q Q Q K V V N K L I Q F L I S L V Q S N R I L G V K R K I P L M L N D G S S A H S M P K Y G R Q Y S L E H I H G S G P Y
Bovine 181 Q Q Q K V V N K L I Q F L I S L V Q S N R I L G V K R K I P L M L N D G G P A H P M P K Y G R Q Y S L E H I H G P G P Y

Human 241 S A P S P A Y S S S S L Y A P D A V A S S G P I I S D I T E L A P A S P M A S P G G S I D E R P L S S S P L V R V K E E
Rhesus monkey 241 S A P S P A Y S S S S L Y A P D S V A N S G P I I S D I T E L A P A S P V A S P G G S I D E R P L S S S P L V R V K E E
Mouse 241 S A P S P A Y S S S S L Y S S D A V T S S G P I I S D I T E L A P T S P L A S P G R S I D E R P L S S S T L V R V K Q E
Domestic dog 241 S A P S P A Y S S S S L Y S P D A V A S S G P I I S D I T E L A P S S P L A S P G G S V D E R P L S S S P V V R V K E E
Bovine 241 P A P S P A Y S G S S L Y S P D A V T S S G P I I S D I T E L A P G S P V A S S G G S V D E R P L S S S P L V R V K E E

Human 301 P P S P P Q S P R V E E A S P G R P S S V - D T L L S P T A L I D S I L R E S E P A P A S V T A L - T D A R G H T D T E
Rhesus monkey 301 P P S P P Q S P R V E E A S P G R P S S V - D T L L S P T A L I D S I L R E S E P T P A S A T A L - T D A R G H T D T E
Mouse 301 P P S P P H S P R V L E A S P G R P S S M - D T P L S P T A F I D S I L R E S E P T P A A S N T A P M D T T G - - - - -
Domestic dog 301 P P S P P R S P R V E E A S P G H Q S S V V E I P L S P T A L I D S I L R E S E P A P A A P T T P - L - - - - - T D A G
Bovine 301 P P S P P Q S P R A E G A S P G R P S S M V E T P L S P T T L I D S I L R E S E P T P V A S T T P - L - - - - - V D T G

Human 359 G R P - - P S P P P T S T P E K C L S V A C L D K - - - - - - - - - - - - - - - - - - - - - - - - - - - N E L S D H L D
Rhesus monkey 359 G R P - - P S P P P T S T P E K C L S V A C L D K - - - - - - - - - - - - - - - - - - - - - - - - - - - N E L S D H L D
Mouse 355 - A - Q A P A L P T P S T P E K C L S V A C L D K - - - - - - - - - - - - - - - - - - - - - - - - - - - N E L S D H L D
Domestic dog 355 G R R P S P S P P P A P A P E K C L S V A C L D N L A R A P Q M S G V A R L F P C P S S L H G R V Q P G T E L S D H L D
Bovine 355 G R P P S P - - L P A S A P E K C L S V A C L D K - - - - - - - - - - - - - - - - - - - - - - - - - - - T E L S D H L D

Human 390 A M D S N L D N L Q T M L S S H G F S V D T S A L L D L F S P S V T V P D M S L P D L D S S L A S I Q E L L S P Q E P P
Rhesus monkey 390 A M D S N L D N L Q T M L S S H G F S V D T S A L L D L F S P S V T V P D M S L P D L D S S L A S I Q E L L S P Q E P S
Mouse 386 A M D S N L D N L Q T M L T S H G F S V D T S A L L D L F S P S V T M P D M S L P D L D S S L A S I Q E L L S P Q E P P
Domestic dog 415 A M D S N L D N L Q T M L T S H G F S V D T S A L L D L F S P S V T V P D M S L P D L D S S L A S I Q E L L S P Q E P P
Bovine 386 A M D S N L D N L Q T M L T S H G F S V D T S T L L D L F S P S V T V P D M S L P D L D S S L A S I Q E L L S P Q E P P

Human 450 R P P E A E N S S P D S G K Q L V H Y T A Q P L F L L D P G S V D T G S N D L P V L F E L G E G S Y F S E G D G F A E D
Rhesus monkey 450 R P P E A E N S S P D S G K Q L V H Y T A Q P L F L L D P G S V D T G S S D L P V L F E L G E G S Y F S E G D G F A E D
Mouse 446 R P I E A E N S N P D S G K Q L V H Y T A Q P L F L L D P D A V D T G S S E L P V L F E L G E S S Y F S E G D D Y T D D
Domestic dog 475 R P L E A E N S S P D S G K Q L V H Y T A Q P L F L V D P G S V D M G S S D L P V L F E L G E G S Y F S E G D D Y T D D
Bovine 446 R P L E A E K S S P D S G K Q L V H Y T A Q P L L L L D P G S V D V G S S D L P V L F E L G E G S Y F S E G D D Y S D D

Human 510 P T I S L L T G S E P P K A K D P T V S
Rhesus monkey 510 P T I S L L T G S E P P K A K D P T V S
Mouse 506 P T I S L L T G T E P H K A K D P T V S
Domestic dog 506 P T I S L L T G S E P P K A K D P T V S
Bovine 535 P T I S L L T G S E P P K A K D P T V S

Figure 5.4 Conservation of the amino acid residues of Hsf1 
(A) Domain organization and location of cysteine residues in Hsf1. (B) Multiple sequence alignment 
for Hsf1 from a variety of organisms, human (Homo sapiens, Q00613), rhesus monkey (Macaca 
mulatta, A0A5K1U5D2), mouse (Mus musculus, P38532), domestic dog (Canis lupus familiaris, 
F1PDU7), and bovine (Bos taurus, Q08DJ8). Cysteine residues are highlighted in black. 
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5.3.4 Oxidative Environments Promote Accumulation of Highly Condensed 

Structures inside the Hsf1 Droplets 

As presented above, it was discovered that Hsf1 droplets undergo a redox-

dependent phase transition. To uncover the mechanism of phase transition, HT imaging, 

an approach that can visualize the internal structure of the droplet based on the refractive 

index (RI), was exploited27. Hsf1 droplets that were formed after addition of ficoll 400 

were observed under a HT microscope (Figure 5.5). As observed in confocal microscopy 

(Figure 5.3), HT imaging also showed that the shape of Hsf1 droplets was round and 

globular under reductive conditions and distorted under oxidative conditions (Figure 

5.5A). In addition, quantitative evaluation of RI values was performed to investigate the 

distribution of Hsf1 molecules inside the droplet. RI mapping of the droplets 

demonstrated that RI values were not uniform, but the regions with higher RI values were 

sporadically scattered in the droplets. This distribution pattern of RI values implies the 

heterogeneous distribution of Hsf1 molecules in the droplet (Figure 5.5B). Regions with 

higher RI values are expected to contain higher concentrations of Hsf1, suggesting the 

presence of “core particles” in the droplets. Interestingly, comparison between RI 

mapping under reductive and oxidative conditions indicated that droplets under oxidative 

conditions have higher content of the core particles compared to those in reductive 

conditions (Figure 5.5B). The scatter plot of the mean RI values for each droplet revealed 

that droplets at under oxidative conditions contain significantly higher mean RI values 

compared to those under reductive conditions (Figure 5.5C), indicating that droplets 

under oxidative conditions have higher average Hsf1 concentrations. Importantly, the 

higher density and content of core particles in the oxidative droplets can be key features 

in understanding the mechanism of their phase transition. The presented data thus suggest 

that the tighter packing of Hsf1 molecules forming core particles leads to gel-like droplet 

properties.  
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5.3.5 Enhanced Oligomerization of Hsf1 through Disulfide Bonds 

HT imaging revealed that Hsf1 droplets under oxidative conditions are 

characterized by enhanced formation of the core particles with higher density. To unveil 

the mechanism of the enhanced formation of the core particles under oxidative conditions, 

SEC-MALS was exploited to investigate the oligomeric state of Hsf1 molecules in 

solution under reductive and oxidative conditions (Figure 5.6A–C). The Hsf1 solution in 

the absence of the crowding reagent was subjected to SEC-MALS. Under reduced 

B
+ Reductant - Reductant

RI

1.35

1.36

1.37

1.38

C
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**

+ Reductant

- Reductant
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Figure 5.5 Observation of internal state of Hsf1 droplets using a holographic tomography 
microscope 
(A) 3D RI images of Hsf1 droplets. Left and right panel correspond to the RI images of Hsf1 droplets 
in the presence or absence of 10 mM DTT (+, − Reductant), respectively. The areas with RI above 
1.353 are colored in yellow. (B) Quantitative analysis of tomographic images, measuring the mean RI 
of the Hsf1 droplets in the presence of 10 mM DTT (+ Reductant) and in the absence of reductant (− 
Reductant). (C) A scatter plot of mean RI of Hsf1 droplet in the presence or absence of 10 mM DTT 
(+, − Reductant) with N = 16 (+ Reductant) and 10 (− Reductant). Each plot presents the mean RI of 
the average of the individual droplets. **, p < 0.01, statistical significance among mean RI values in 
the absence or presence of the reductant. 
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conditions, the elution profile of Hsf1 in the gel filtration chromatography was highly 

symmetric (Figure 5.5A). The median molar mass of Hsf1 at an injection concentration 

of 50 μM was measured to be 379 kDa, corresponding to approximately a 7-mer (Figure 

5.6A, D). On the other hand, under oxidative conditions, the elution peak turned 

asymmetric, and the median molar mass increased to 540 kDa, corresponding to 

approximately a 9-mer (Figure 5.6B, D). Furthermore, the data demonstrated that the 

majority of Hsf1 was found as larger oligomers up to approximately a 16-mer under 

oxidative conditions. Hsf1 CS mutants under oxidative conditions did not form such 

higher-order oligomers and their median molar mass was 308 kDa, corresponding to 

approximately a 5-mer (Figure 5.6C, D). To verify that this higher-order oligomer was 

formed through intermolecular disulfide bonds between Hsf1 molecules, sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed. N-

ethylmaleimide (NEM) quenched non-reducing SDS-PAGE revealed that disulfide-

bonded higher-order oligomers (higher than 460 kDa) were detected only for wild type 

Hsf1 prepared under oxidative conditions (Figure 5.6E). The data thus suggest that Hsf1 

under oxidative conditions forms larger oligomers mediated by disulfide bonds that 

consequently form the core particles in the droplets. 
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Figure 5.6 Oxidative oligomerization of Hsf1 
(A, B) SEC-MALS of Hsf1 in the presence (A) or absence (B) of 10 mM DTT. SEC-MALS 
experiments were performed using a range of injection concentrations: 10 μM (light gray), 20 μM 
(dark gray), and 50 μM (black). (C) SEC-MALS of Hsf1 CS mutant in the absence of the reductant. 
SEC-MALS experiments were performed with a range of injection concentration: 10 μM (light gray), 
20 μM (dark gray), and 50 μM (black). (D) A box and whisker plot of Hsf1 molar mass at various 
conditions. (E) SDS-PAGE used for evaluation of the redox states of Hsf1. Hsf1 was incubated in the 
absence or presence of DTT. Samples were quenched by a large excess of NEM (NEM quenched) or 
by SDS-sample buffer containing a reductant (reducing), and samples were then separated by SDS-
PAGE. Reductant (−/+) corresponds to the Hsf1 in the presence or absence of DTT, respectively. 
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5.4. Discussion 

The phase transition to gel-like state of Hsf1 droplet is a critical event in cell fate 

decision. However, due to the scarcity of in vitro studies, the exact mechanism of phase 

transition remained uncovered. The data showed that Hsf1 droplet were formed in the 

cultured cells in response to oxidative stress (Figure 5.1A). Interestingly, microscopic 

observations and FRAP measurements demonstrated that the fluidity of the Hsf1 droplets 

was modified in redox conditions, causing the droplets to undergo phase transition from 

fluid to a gel-like state under oxidative conditions in vitro (Figure 5.3A, B). This 

observation indicates the mechanism of phase transition of Hsf1 droplets under 

continuous stress1 where cytosol becomes oxidative due to excessive ROS generation4–6. 

Since phase transition of hsf1 droplets leads to apoptosis1, the present study’s data suggest 

that oxidative phase transition of Hsf1 is a key factor responding to continuous stress for 

the regulation of apoptosis. 

Importantly, the investigation of the internal architecture of the Hsf1 droplet by 

HT imaging unveiled the phase transition mechanism (Figure 5.5E). RI imaging 

demonstrated that Hsf1 molecules were heterogeneously distributed in the droplet, 

forming core particles with higher density. Furthermore, the data showed that oxidative 

conditions induced the formation of core particles, therefore leading to more condensed 

droplets (Figure 5.5B, C). Moreover, SEC-MALS data showed that under oxidative 

conditions Hsf1 molecules formed larger disulfide-linked oligomers (Figure 5.6B, D, E). 

The oligomers observed in the SEC-MALS experiments represent the tight oligomeric 

units that weakly interact with each other when they drive droplet formation (Figure 5.7). 

Larger oligomeric units are expected to have a higher affinity to other oligomeric units, 

resulting in higher Hsf1 density to form core particles and consequently, reduced mobility 

of the Hsf1 molecules in the droplet (Figure 5.7). Indeed, SDS-PAGE data showed that 

the Cys residues in Hsf1 directly sense changes in the redox environment and modulate 

the population of the disulfide-linked oligomers of Hsf1 and their intracellular population 
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also change in response to oxidative stress (Figure 5.1B-F), suggesting that Hsf1 responds 

to the redox environment change in the cell by modulating disulfide-bonded oligomers. 

The formation of intermolecular disulfide bonds in cells by heat treatment supports this 

hypothesis significantly25. Additionally, because the Cys residues in Hsf1 have been 

reported to form intramolecular as well as intermolecular disulfide bonds24,25, the 

compaction of a Hsf1 molecule by intramolecular disulfide bonds can also accelerate 

oligomerization. Taken together, a mechanism of Hsf1 phase transition is proposed as 

follows: In oxidative conditions, the synergistic effect of the intermolecular and 

intramolecular disulfide bonds of Hsf1 tighten the interactions between the Hsf1 

oligomers to promote the formation of core particles (Figure 5.7). The increased core 

particle formation ultimately results in higher density and lower fluidity within the droplet. 

This mechanism of redox condition-dependent phase transition of Hsf1 droplets can 

explain the phase transition of Hsf1 droplets under continuous stress and potentially 

mediates the cell fate decision. 

Furthermore, the data obtained in this study revealed that Hsf1 oligomers are 

larger than those described in the previous schemes28–30. The conventional models 

describe that Hsf1 exists as a monomer in the cytoplasm under normal conditions, while 

stressed conditions induce trimerization, leading to its translocation in the nucleus28,30–32. 

Alternatively, several previous studies using electrophoresis and gel filtration column 

chromatography indicated that Hsf1 forms a larger oligomer than trimer25,33,34. In the 

present study, the quantitative analysis of oligomers in solution using SEC-MALS 

demonstrated that Hsf1 forms oligomers with a median mass of a 7-mer in reductive 

conditions and a median mass of a 9-mer in oxidative conditions, with up to 

approximately a 16-mer in oxidative conditions. In the oxidative conditions, such 

“hyperoligomerization” can be particularly important in driving the phase transition of 

the Hsf1 droplets. 

Since nSBs comprise RNA polymerase II and bromodomain-containing protein 
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4 (BRD4), the redox-dependent phase transition of Hsf1 is expected to perturb the activity 

of these components. Both RNA polymerase II and BRD4 are involved in the 

transcription of the satellite III RNA35,36 and assembly of other nSB components as well 

as the associated DNA/RNA metabolism, biosynthesis, stress response, and cell cycle37,38. 

Hsf1 may affect the regulation of these cellular events through redox-dependent phase 

transition, modulating the intracellular stress response system and thus cell fate decision. 

 

  

Figure 5.7 The proposed phase transition mechanism of Hsf1 droplet 
Hsf1 undergoes phase transition to gel-like droplet in a redox-dependent manner. The synergistic 
effect of the Hsf1 oligomer packing by disulfide bonds and an increase in intermolecular interactions 
due to the formation of larger oligomers induced the formation of core particles, which eventually 
resulted in a higher density and lower fluidity inside the Hsf1 droplet. 
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Hsf1-chaperone system contributes to maintaining the proteostasis through 

assisting productive protein folding1. In this thesis, to elucidate the molecular mechanism 

of the Hsf1-chaperone system, I focused on two reactions that occur within this system: 

(1) substrate protein folding assistance by chaperone (Chapter II), and (2) transcriptional 

induction of chaperones via stress-sensing assembly state changes of Hsf1 (Chapter III-

V). Additionally, I showed that FKBP52, a PPIase, promotes Hsf1 assembly (Chapter IV), 

suggesting that the Hsf1-chaperone system involves (3) chaperone-mediated regulation 

of Hsf1 assembly. The results and conclusions drawn from experimental data are 

highlighted below 

 

Structural Insight into Proline cis/trans Isomerization of Unfolded Proteins 

Catalyzed by PPIase (Chapter II) 

In Chapter II, I focused on the PPIase activity to uncover the foldase mechanism 

of molecular chaperone because PPIase catalyzes the proline cis/trans isomerization that 

can be a rate-limiting step of protein folding2. The solution structure of TF chaperone, 

which has a PPIase domain (TFPPD)3, in a complex with the client protein showed that 

TFPPD recognizes the proline-aromatic motif located in the hydrophobic stretch of the 

unfolded client protein through its conserved hydrophobic cleft, which suggests that 

TFPPD preferentially accelerates the isomerization of the peptidyl-prolyl bond that is 

eventually folded into the core of the protein in its native fold. Molecular dynamics 

simulation revealed that TFPPD exploits the backbone amide group of I195 to form an 

intermolecular hydrogen bond with the carbonyl oxygen of the amino acid residue 

preceding the proline residue at the transition state, which presumably stabilizes the 

transition state and thus accelerates the isomerization. The importance of such 

intermolecular hydrogen bond formation during the catalysis was confirmed by the 

activity assay and NMR relaxation analysis. Therefore, PPIase activity of TFPPD is 

expressed by lowering the activation energy of cis/trans isomerization of proline residues 
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in the hydrophobic region by intermolecular hydrogen bonding, revealing one aspect of 

the foldase mechanism of chaperone. Moreover, this is the first study from a view of 

structural chemistry that identify the active center of FKBP-type PPIase, to which TFPPD 

belongs and which performs various functions in cell4.  

 

Stress-sensing Assembly State Changes of Hsf1 (Chapter III-V) 

As described above, chaperones express their foldase function through PPIase 

activity to assist the protein folding. Since the amount of misfolded protein increases 

during stress, the Hsf1-chaperone system takes a countermeasure by upregulating the 

amount of chaperones having foldase function to prevent the accumulation of misfolded 

protein in the cell. The regulation of Hsf1 transcriptional activity is linked to a stress 

level-dependent stepwise state changes of Hsf1, with the monomeric form being 

transcriptionally inactive, while the oligomeric and liquid droplet state promotes 

chaperone transcription5,6, and the gel-like droplet state causes a decrease in chaperone 

transcription and apoptosis7. I found that the steps of oligomerization, liquid-liquid phase 

separation (LLPS), and phase transition to gel-like droplets are caused by heat (Chapter 

III), acidification (Chapter IV), and oxidation (Chapter V), respectively. Heat-stressed 

cells often induce their acidification, and stresses such as heat and acidification are known 

to cause an oxidative condition in the intracellular environment due to the production of 

ROS8,9. Then, in the case of heat stress alone, the cell is under relatively weak stress, 

whereas as acidification and oxidative stress are added, the stress level in the cell would 

be higher. I propose that Hsf1 distinguishes the types of stress to sense intracellular stress 

levels, thereby regulating the transcriptional level of chaperones via changing its own 

assembly state.  

I further investigated how the different types of stress sensing induce the assembly 

state changes of Hsf1, then I found a relationship between local reactions such as stress 

sensing-induced LZ4 folding/unfolding and disulfide bond formation and the 
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intermolecular interactions that drive the assembly process. In Chapter III, I examined the 

oligomerization mechanism, which is the first step in the assembly state changes of Hsf1. 

I revealed that Hsf1 monomer undergoes conformational change from closed state to open 

state and this conformational change is coupling with the heat-induced unfolding of LZ4. 

The dissociation of LZ4 from LZ1-3 by the LZ4 unfolding causes the intermolecular 

interactions between LZ1-3, leading to the oligomerization of Hsf1 (Figure 6.1). In 

Chapter IV, I investigated the mechanism of LLPS, which is the next process of Hsf1 

oligomerization. LZ4 was disordered at neutral pH, while it formed a secondary structure 

and hydrophobic cluster at acidic pH. Since the full length of Hsf1 IDR formed liquid 

droplets at acidic pH, while IDR ΔLZ4 could no longer undergo LLPS, I proposed that 

intermolecular interactions between LZ4 coupling with acidification-induced LZ4 folding 

drive the LLPS of Hsf1 (Figure 6.1). Therefore, the results of chapters III and IV indicate 

that the changes in the tertiary structure and even the quaternary structure of Hsf1, are 

controlled by changes in the secondary structure of LZ4. In Chapter V, I examined the 

mechanism of the phase transition of Hsf1 droplet to less fluid gel-like droplets induced 

by oxidation. In the oxidative condition, Hsf1 forms higher-order oligomer mediated by 

the disulfide-bond, and the intermolecular interaction between such oligomers leads the 

core particle in the Hsf1 droplet (Figure 6.1). The formation of these core particles is 

supposed to reduce the internal mobility of the droplets and leads to phase transition to 

gel-like droplet. The progress of the association state changes could be described as a 

process of enhanced intermolecular interactions. I propose that Hsf1 assembly events 

proceed by increasing the number of intermolecular interaction points such as LZ1-

3/LZ1-3 interaction, LZ4/LZ4 interaction, and higher-order oligomer/higher-order 

oligomer interaction, coupling with stress-induced local reactions that are LZ4 

folding/unfolding and disulfide bonds formation. 
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Feedback Regulation in Hsf1-Chaperone System and Future Perspectives 

In this thesis, I revealed that the mechanisms of (1) substrate protein folding 

assistance by chaperone (Chapter II), and (2) transcriptional induction of chaperones via 

stress-sensing assembly state changes of Hsf1 (Chapter III-V). Furthermore, I found that 

FKBP52, a PPIase, promotes Hsf1 assembly in Chapter IV. Then, it was proposed that 

the Hsf1-chaperone system is not formed by the one-way flow of Hsf1 regulating 

transcription of chaperones and the synthesized chaperones functioning as foldases, but 

the cycle is generated by the reaction of (3) chaperone-mediated regulation of Hsf1 

assembly (Figure 6.2). In this cycle, foldase such as FKBP52 would strengthen the 

transcriptional level of chaperones by promoting the LLPS of Hsf1. This positive 

feedback reaction could contribute to enhanced stress response of Hsf1-chaperone system.  
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Figure 6.1 Proposed mechanism of Hsf1 state changes 
Hsf1 changes its state by sensing temperature, pH, and redox conditions. While heat-induced LZ4 
unfolding drives the conformational transition and oligomerization (Chapter III), acidification-induced 
LZ4 folding drives LLPS (Chapter IV). Hsf1 undergoes phase transition to gel-like droplet by 
intermolecular interaction between higher-order (HO) oligomers in the oxidative condition (Chapter 
V). Hsf1 mediates the cell fate decision by these stress-dependent state changes. 
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This study has revealed that local reactions of protein are involved not only in 

folding but also in assembly. Molecular chaperones may contribute to the maintenance of 

protein homeostasis by regulating molecular assembly through the control of local 

structure formation. Hsf1 regulates the transcription of various types of chaperones such 

as Hsp70, Hsp90, and Hsp1101. To elucidate the mechanism of the Hsf1-chaperone 

system, it is important to elucidate not only the mechanism of individual chaperones, but 

also the regulatory mechanism of Hsf1 assembly by chaperones and the feedback system 

in the Hsf1-chaperone system. Moreover, Hsf1 undergoes various post-translational 

modifications in the cell5, then the studying how these post-translational modifications 

affect Hsf1 assembly and how multivalent interactions of Hsf1 drive the assembly will be 

important for understanding the real Hsf1 dynamics. More precise elucidation of the 

mechanism of the Hsf1-chaperone system will lead to a deeper understanding of the 

intracellular proteostasis that supports the basis of life.  
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Transcriptional 
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Figure 6.2 Feedback cycle in Hsf1-chaperone system 
In the Hsf1-chaperone system, it was found that there is feedback cycle. Hsf1 regulates transcription 
of chaperones, the synthesized chaperones such as PPIase function as foldase, and chaperone enhances 
the regulation of Hsf1 assembly. 
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