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Proteins must adopt a well-defined three-dimensional structure to perform their assigned

functions precisely. These specific structures of proteins are often stabilized by weak chemical
interactions such as hydrogen bonding and van der Waals interactions, which are supersensitive
to the exposure of cells to altered oxidative or other stressful conditions in the intra- or
extracellular environments. Therefore, proteins exposed to stressful environments are sensitive

to protein misfolding, leading to the formation of soluble/ insoluble toxic protein aggregates.

To keep this in check, a class of proteins known as molecular chaperones assists in the correct
folding of cellular proteins involving non-covalent interactions within the polypeptide chain of
a protein. Chaperones, however, are not part of the protein’s final structure (Hartl et. al.2011).
They prevent protein misfolding/aggregation and facilitate the clearance of misfolded or excess
proteins from the intracellular environment by inducing proteasomal and autophagic pathways
(Hartl et. al.2002). Cells are exposed to stressful conditions, both environmental and intrinsic,
that disturb the homeostasis of their proteome; which necessitates an increased supply of
chaperones through the induction of a stress response pathway termed heat shock response

(HSR).
Heat Shock Response

Heat Shock Response (HSR), a transcriptional program, is orchestrated when a cell is exposed
to stress (such as an elevated temperature). The major regulator of HSR 1s a ~57 kDa protein
termed heat shock factor 1 (HSF1). HSF1, evolutionarily conserved from yeast to mammals,
plays a major role in maintaining protein homeostasis by keeping proteotoxic stress in check.
Other stress-responsive transcription factors may also participate in the HSR, however
(Whitesell et. al. 2009, Mahat et. al.2016, Solis et. al.2016). HSF1 specifically keeps the cell’s
protein homeostasis status under surveillance, and an increase in levels of misfolded proteins
in the cell causes its activation. A wide variety of stressful conditions lead to cellular protein
misfolding and thus cause activation of HSF1 (Mabhat et. al.2016, Solis et. al.2016, Ananthan
et. al.1986) (Fig. 1.1). Upon activation, HSF1 binds with the Heat Shock Elements (HSEs)
present in the promoters of its target genes (Sorger et. al.1987, Xiao et. al.1988). These target
genes include (but are not limited to) general chaperones, inducible Heat Shock Protein (Hsp)
-70 and -90. Elevation of the levels of cytosolic Hsp70 and Hsp90, in turn, negatively regulates
HSF1 activity (Akerfelt et. al.2010). Thus, the HSF1 activation-deactivation cycle consists of

a negative feedback loop. HSF1 activation increases the concentration of cellular chaperones
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that take care of proteotoxic stress; these chaperones also in turn participate in the deactivation

of HSF1, thereby attenuating the HSR (Satyal and Morimoto 1998).

‘ Heat shock response -

Environmental Stress Intrinsic
Heat/cold P— Cell differentiation
Qodbase | Metabolic imbalance

| Heavy metals

Inflammation
Pathogens
Toxins s Mechanical strain
| ROS | ROS

Figure 1.1: Conditions that can activate the Heat Shock Response (adapted from
Kmiecik et. al. 2021)

Heat Shock Factor 1 carries distinct functional domains:

Human HSF1, a 529 amino acid long protein, consists of multiple functional domains as

follows (Fig. 1.2):

1. DNA Binding Domain (DBD): Trimeric/ oligomeric HSF1 interacts with its cognate
HSE through this domain at the N-terminus (amino acid range 1-123). It is highly
conserved among heat shock factors and the only domain whose structure has been
elucidated. It is a member of the winged helix-turn-helix family (Jaeger et. al.2014,
Neudegger et. al.2016).

2. Trimerization/ Oligomerization Domain: This domain, located C-terminal to the
DBD, contains three a-helical leucine zippers (LZ1-3) [amino acid range 130-203]. It
is also known as Heptad Repeat (HR)-A & -B (HR-A/B). This domain is involved in
trimer/ oligomer formation via hydrophobic contacts with trimerization domains from
other monomers, thus giving rise to a triple-stranded coiled-coil structure (Gomez-
Pastor et. al.2018, Masser et. al.2020).

3. Regulatory Domain (RD): Located C-terminal to the trimerization domain, RD is
rich in serine and threonine residues in all eukaryotes (amino acid range 204-383).
These residues undergo phosphorylation and participate in the regulation of the

protein’s activity (Gomez-Pastor et. al.2018, Masser et. al.2020).
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4. Leucine Zipper 4 (LZ4) domain: Also known as HR-C, this fourth LZ domain is C-
terminal to RD (amino acid range 384-409). In unstressed conditions, it interacts with
LZ1-3 (intramolecular interaction) and prevents the trimerization/ oligomerization of
HSF1 (Gomez-Pastor et. al.2018, Masser et. al.2020).

5. Transactivation Domain (TAD): The C-terminal TAD (amino acid range 410-529)
consists of two subdomains: AD1 and AD2. While AD1 has an a-helical structure,
AD2 carries a high percentage of helix breaker glycine and proline residues and thus
remains unstructured (Gomez-Pastor et. al.2018, Masser et. al.2020).

Cells Express Different Heat Shock Factors:

The human genome encodes 6 HSFs: HSF1, HSF2, HSF4, HSF5, HSFX and HSFY. The first
three members possess the amino-terminal winged helix-turn-helix DBD and the
oligomerization domain. The domain organizations and functions of the other isoforms
remain elusive (Gomez-Pastor et. al.2018; Akerfelt et. al.2010). HSF2 is involved in early
development. It is expressed abundantly in the testis. HSF4 plays a key role in the
development of the eye lens and helps to maintain it (Gomez-Pastor et. al.2018; Akerfelt et.

al.2010; Anckar et. al.2011).

HR-A HR-B HR-C
vsF1 (| 713 | RD [Lzs+ [ _AD
16 120130 203 384 409 529
s [ —
8 112 119 92 360 33%5 536
HSF2 ! 392 518
usrsp [ | | [ ]
19 123130 203 i 296,320 395 492
HSF4a + — i
44 29 462
e N |
592
nsrx [
423
s
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HSFY2 + i —
171 203
HSFY3 i
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Figure 1.2: Domain organization of different HSF isoforms (adapted from Gomez-

Pastor et. al.2018)

The DNA-binding domain (DBD) of HSF1:

Both the crystal structure of K. lactis (yeast) HSF DBD-DNA complex and the NMR
structure of Drosophila HSF DBD showed the presence of a winged helix-turn-helix
structural motif comprising of 3 a-helices and a 4-stranded B-sheet. In the K. lactis DBD
structure, the nature of the flexible loop of the wing domain and the C-terminal helix

remained unresolved.

Figure 1.3: Crystal structure of human HSF1-DBD with HSE-DNA (PDB: 5D5U). The
two HSF1-DBD chains are shown in red and brown. The two strands of the double-stranded

DNA molecule are shown in green and purple.

Two independent teams solved the crystal structures of human HSF1- and HSF2-DBD in
complex with DNA (Neudegger et. al.2016; Jaeger et. al.2016). These human proteins were
also shown to be a part of the winged helix-turn-helix DNA binding domain family. The

structurally unresolved portions mentioned above were also characterized in these two
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studies. In both structures, it was shown that the DBD core sits atop the DNA double helix,
while the C-terminal helix points downward to the opposite side of the DNA. This suggests
that the trimerization domain embraces the DNA double helix and extends downwards. These
structures also show the presence of a large solvent-exposed surface on HSF1-DBD, which

could be a potential hub for protein-protein interactions.

The Heat Shock Element (HSE), the HSF1 recognition element on its target gene promoter
consists of three inverted pentameric repeats of 5’-nGAAn-3’. It was identified to be the
regulatory upstream promoter element of the fruit fly 4sp70 gene (Pelham 1982). The HSF-
DBD of fruit fly binds with the 5’-nGA An-3’ motif in a stoichiometric ratio of 1:1. HSF1 in a
homotrimeric form binds with the evolutionarily conserved HSE (Akerfelt et. al.2010, Jaeger
et. al.2014, Kim et. al.1994). Interestingly, HSF1 and HSF2 can also hetero-oligomerize to
attain DNA binding competence (Jaeger et. al.2016, Sandqvist et. al.2009). It is possible that
both the type and stoichiometric ratio of the HSF isoforms within the hetero-oligomer could
regulate the genomic occupancy of HSF1. As revealed by the crystal structure of the HSF1-
DBD-HSE complex, DBD’s Arg71 residue interacts with the guanine nucleotide of the 5°-
nGAAn-3’ repeat of HSE via hydrogen bonding (Gomez-Pastor et. al.2018, Neudegger et.
al.2016). This amino acid residue is conserved among the HSFs (Neudegger et. al.2016,
Jaeger et. al.2016, Harrison et. al.1994, Vuister et. al.1994). It is essential for the sequence-
specific interaction of HSF1 with the HSE (Neudegger et. al.2016, Jaeger et. al.2016).
Mutation of Arg71 to Ala severely compromises the DNA binding ability of HSF1 (Inouye et.
al.2003, Ostling et. al.2007). Three lysine residues at positions 62, 80, and 118 make
important interactions with the negatively charged phosphate backbone of the HSE-
containing DNA (Neudegger et. al.2016). Lys80 acetylation is controlled by the histone
acetyltransferase GCN5 and p300 along with the histone deacetylase SIRT1; they dictate
HSF1-HSE binding and thereby regulate the biological activity of HSF1 (Westerheide et.
al.2009, Zelin et. al.2015, Zelin et. al.2012, Raychaudhuri et. al.2014). Purified recombinant
HSF1-DBD and HSF2-DBD can bind the same HSE sequence with comparable affinity
(Jaeger et. al.2016, Jaeger et. al.2014). However, the genome-wide occupancy of these two
proteins is quite different (Jaeger et. al.2016, Akerfelt et. al.2008, Vihervaara et. al.2013).
This discrepancy suggests the existence of crucial regulatory mechanisms for the recruitment

of HSF1 to specific loci in the genome and the differential regulation of HSF isoforms.

In contrast to the majority of winged helix-turn-helix DBDs, the wing domains of HSF1 and

HSF2 DBDs do not directly contact the HSE-containing DNA (Gomez-Pastor et. al.2018).

17



Although the DNA binding interface of HSF1 is known to be conserved, the wing domain
(which is exposed to the solvent) differs among the HSF isoforms and is thereby involved in
their differential regulation. A chimeric HSF1 protein bearing the wing domain of HSF2 was
expressed in Mouse Embryonic Fibroblast (MEF) cells, where this protein showed faulty
binding with promoter HSE and defect in driving heat-induced gene expression only in some
of the HSF1 targets. This observation that switching the wing domain of HSF1 (using
recombinant DNA technology) caused a defect in the expression of only some of the HSF1
target genes shows that the wing domain is capable of locus-specific regulation of HSF

1soforms.

The wing domain was shown to be involved in the differential regulation of the HSF isoforms
via direct protein-protein interactions (Fujimoto et. al.2012). The protein complex known as
RPA (Replication Protein A) consists of three subunits: RPA-1, -2 and -3. Only the RPA1
subunit interacts specifically with the EQG motif (residue no. 85 to 87) in the wing domain of
HSF1-DBD during HSR. This helps recruit HSF1 to the Asp70 promoter (Fujimoto et.
al.2012). Mutation of the glycine residue to alanine or serine abrogates the HSF1-RPA1
interaction. Neither of these two mutations shows any fault in the in vitro DNA binding
(Fujimoto et. al.2012). As the wing domains are not conserved among HSF isoforms, RPA1
interacts with HSF1 and not with HSF2. A HSF2 derivative bearing the EQG motif binds
RPA1, which shows that this motif is both essential and adequate for this interaction

(Fujimoto et. al.2012).

In summary, although the DNA binding interfaces of various HSF-DBDs are well conserved,
the wing domain and the top solvent-exposed surface of DBDs are not so. This could play a
key role in HSF1 regulation at specific genomic loci and in the differential regulation of
various HSF isoforms (Gomez-Pastor et. al.2018, Jaeger et. al.2016, Neudegger et. al.2016,
and Fujimoto et. al.2012).

HSF2

Solvent-exposed wing
Lys82
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Figure 1.4: The crystal structure of HSF2-DBD (PDB: SD8K) showing a fully resolved
‘wing domain’ with the Lys82 residue (which undergoes sumoylation) marked. It is
evident that the wing domain does not contact the DNA backbone. Of note, the structure of
the entire wing domain of HSF1 remains unresolved, although the resolved parts revealed

conformational similarity with the HSF2 wing domain (adapted from Gomez-Pastor et.

al.2018).

The HSF1 Activation Cycle:

Under normal stress-free conditions, mammalian HSF1 stays in an inactive monomeric form
in the cytoplasm. This monomeric form is maintained in two ways: (1) by an intramolecular
interaction between LZ1-3 and LZ4, and (2) by intermolecular interactions with the multi-
chaperone complex comprised of Hsp40/70/90 and the molecular chaperonin TRiC (Akerfelt
et. al.2010, Anckar et. al.2011, Li et. al.2017, Neef et. al.2014).

Both intrinsic and extrinsic factors can regulate the initial activation step of HSF1 (Gomez-
Pastor et. al.2018, Akerfelt et. al.2010, Joutsen et. al.2019). Purified monomeric HSF1
undergoes homo-oligomerization under thermal and oxidative stress rapidly (Ahn et.

al.2003). A temperature rise has been shown to disrupt the intramolecular LZ1-3-LZ4
interaction (Hentze et. al.2016). In a healthy cell, HSF1 stays in an inactive state in a complex
with molecular chaperones. According to the chaperone titration model, stress cues cause the
accumulation of misfolded and aggregated proteins within the cell, which titrates away the
repressive multichaperone from monomeric HSF1. The monomeric HSF1 protein, thus
liberated, can now oligomerize (Shi et. al. 1998, Gomez-Pastor et. al.2018, Akerfelt et.
al.2010, L1 et. al.2017). HSF1 oligomerizes via its oligomerization domain and attains a
DNA-binding competent form; this enables it to bind HSE cooperatively with high affinity. In
an in vitro system, the homo-oligomeric HSF1 binds HSE with a significantly higher affinity
compared to its DBD, wild-type monomeric HSF1, or the constitutively monomeric
derivative of HSF1 (where the oligomerization domain is deleted). This oligomerization step
also exposes the bipartite nuclear localization signal lying adjacent to the oligomerization

domain to facilitate its nuclear import (Gomez-Pastor et. al.2018).

RPA helps recruit HSF1 to the HSEs of its target genes in the nucleus, causing either gene
induction or repression (Gomez-Pastor et. al.2018, Santagata et. al.2013, Fujimoto et.

al.2012). During the larval development of C. elegans, however, the transcription factor E2F
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helps in the recruitment of HSF1 by binding a GC-rich motif upstream of the degenerate
HSEs and orchestrates a transcriptional program required for the early development of the
animal (Li et. al.2016). RNA polymerase II is preloaded to the promoter-proximal region by
the HSF1-RPA complex bound to the promoter. The said complex also causes the recruitment
of the histone chaperone FACT (FAcilitates Chromatin Transcription), which aids in the
relaxation of the local chromatin for robust induction of the HSR (Fujimoto et. al.2012). The
pericentromeric protein shugoshin 2 (SGO2) helps in the recruitment of RNA polymerase 11
by specifically binding the free RNA polymerase II with a hypo-phosphorylated CTD.
SGO2’s recruitment to the promoter-bound HSF1 occurs via the phosphorylation of the
Ser326 residue of HSF1 (Takii et. al.2019). RNA polymerase II needs the conserved
coactivator mediator complex for activating transcription (Anandhakumar et. al.2016). The
fruit fly HSF makes direct contact with the TRAP80 scaffold subunit (or Med14) and thereby
recruits the mediator complex to the Asp70 promoter (Akerfelt et. al.2010, Park et. al.2001).
Similarly, yeast HSF was found to interact with the central Med 14 scaffold subunit, thus
recruiting mediator complexes of multiple subspecies (Anandhakumar et. al.2016). The
scaffold protein ATF1 is recruited to the promoter-bound HSF1 during the HSR by direct
physical interaction with the HSF1-DBD (Takii et. al. 2015). This interaction ceases to exist
when the Leu25 residue of HSF1-DBD is mutated to either Ala or Gly. But, the L25V
mutation does not affect this interaction. In the crystal structure of HSF1-DBD, it is revealed
that Leu25 is surrounded by other hydrophobic residues such as Leu21, 1le34, Trp36, Phe43,
and Phe104. Possibly, when Leu25 is mutated to a less hydrophobic amino acid residue, the
HSFI1-ATF1 interaction gets perturbed because (1) either the HSF1-DBD structural integrity
is adversely affected or (2) the position of the al helix harboring this residue is altered. The
HSFI1-ATF1 complex serves to create an HSF1 transcription complex on the promoter of
target genes by recruiting the following factors: (1) BRG1, a chromatin remodeling factor, (2)
p300, a histone acetyltransferase, and (3) the CREB binding protein CBP. BRG1 facilitates
transcription by RNA polymerase II through the 4sp70 gene as necessary during acute HSR.
The other two factors mentioned above (p300 and CBP) help in the attenuation phase of the
HSR by acetylation of the Lys80 residue of HSF1, which adversely affects the DNA binding
ability of HSF1 (Takii et. al.2015).

The activity of HSF1 is also known to be regulated by phosphorylation and proteasome-
mediated degradation. Studies on Huntington’s disease and melanoma have demonstrated that

the two protein kinases CK2 and GSK3f phosphorylate the HSF1 Ser303/307
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phosphodegron. Recognition of this phosphodegron by Fbxw7 in the Skp, Cullin, F-box
containing (SCF) E3 ligase complex results in the proteasome-mediated clearance of nuclear

HSF1 (Kourtis et. al.2015, Gomez-Pastor et. al.2017).

HSF1 transactivation activity was shown to be repressed by molecular chaperones like Hsp70
and -90 in a negative feedback loop as explained by the chaperone titration model (Shi et.
al.1998, Gomez-Pastor et. al.2018, Akerfelt et. al.2010, Joutsen et. al.2019). The canonical
model for HSF1 attenuation states the role of Hsp70, Hsp90, and the multi-chaperone
complex in binding with the HSF1 homo-oligomer, removing it from the DNA and
converting it back to the inactive monomeric form (Gomez-Pastor et. al.2018, Akerfelt et.
al.2010, Joutsen et. al.2019, Anckar et. al.2011, Zou et. al.1998, Guo et. al.2001). The
increase in the level of molecular chaperones in the cells because of the HSR prevents the
further activation of any monomeric HSF1 (Akerfelt et. al.2010, Joutsen et. al.2019, Anckar
et. al.2011, Kijima et. al.2018). The activity of HSF1 is repressed by the binding of Hsp70
and its co-chaperone Hsp40 with the protein’s Transactivation domain (Shi et. al.1998,
Krakowiak et. al.2018, Peffer et. al.2019). Hsp70 in yeast is known to make bipartite
interactions with both the N-terminal and C-terminal AD of yeast HSF (Krakowiak et.
al.2018, Peffer et. al.2019, Zheng et. al.2016). Survival of yeast cells under stressful
conditions is very much dependent on this HSF-Hsp70 interaction, as demonstrated by a
severely compromised thermotolerance of yeast at 30°C upon genetic ablation of both Hsp70

binding sites of yeast HSF (Peffer et. al.2019).

Several studies have shown that Hsp90 interacts with both the oligomerization and regulatory
domains of HSF1 and represses its activity (Zou et. al.1998, Guo et. al.2001, Kijima et.
al.2018, Shi et. al.1998). The molecular mechanism of Hsp70 and Hsp90 mediated
attenuation and repression of HSF1 transactivation in mammalian cells is, however, still
debatable. Small molecule-mediated inhibition of Hsp90 has been demonstrated to activate
HSF1; it prolongs both the promoter occupancy and target gene expression of the protein. But
the question remains as to the cause of the observations: is it enhancement of proteotoxic
stress upon Hsp90 inhibition, the inability of Hsp90 to attenuate HSF1, or both (Zou et.
al.1998, Guo et. al.2001, Kijima et. al.2018)? Some studies have emerged recently to refute
this model. An in vitro HDX-MS study has demonstrated the inability of Hsp90 alone to
disassemble HSF1 homo-oligomer and weaken its DNA binding activity (Hentze et. al.2016).
The same study demonstrated HSF1 homo-trimerization to be an irreversible process; this

further raised doubt on the ability of Hsp90 to disassemble homo-oligomeric HSF1 back to its
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inactive monomeric form (Hentze et. al.2016). There is, however, a possibility that in an in
vitro system, the multimer to monomer transition of HSF1 requires the complete multi-
chaperone complex. Further, numerous studies have implicated nuclear HSF1 degradation
mechanisms in dictating the activity of HSF1 (Kourtis et. al.2015, Gomez-Pastor et. al.2017,
Kim et. al.2016).
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Figure 1.5: The various post-translational modifications occurring in HSF1 and HSF2.
For each protein, the amino acid residues undergoing PTMs and their positions are shown,

along with the nature of the modification (adapted from Roos-Mattjus and Sistonen, 2022).

Post-translational Modifications (PTMs) of HSF1:

HSF1 undergoes mainly three types of PTMs: phosphorylation, acetylation, and sumoylation,
which modulate the activity and stability of the protein by various mechanisms (Gomez-

Pastor et. al.2018).
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HSF1 undergoes extensive phosphorylation at multiple sites: AMPK-mediated
phosphorylation of the Ser121 residue in the DBD was shown to negatively regulate the
protein’s activity (Dai et. al.2015). Depending on cell types and pathological conditions, the
Ser303/307 residues in the regulatory domain could be phosphorylated by protein kinases
ERK1, CK2, and GSK3p; the phosphorylated residues play a key role in the stability of
nuclear HSF1 by serving as a phosphodegron (Gomez-Pastor et. al. 2018, Joutsen et. al. 2019,
Li et. al. 2017). Ser326 phosphorylation serves as a hallmark of HSF1 activation in acute
stress including cancer. This residue is phosphorylated by MEK1 kinase (Tang et. al. 2015).
However, the molecular mechanism of the impact of this phosphorylation on HSF1 activity is
not fully understood. Although phosphorylation has a major impact on HSF1 activity, a
derivative of HSF1 where all the phosphorylation sites in the regulatory domain were
mutated was able to function in a mammalian cell line albeit with a lower activation
threshold. Under acute thermal stress, it translocated to the nucleus and bound the Asp70
promoter (Budzynski et. al.2015). In yeast also, a derivative of HSF where all the Ser and Thr
residues were mutated to Ala performed the necessary functions of HSF, supported cell
growth, and imparted modest heat tolerance even at 37°C (Zheng et. al.2016). Thus,

phosphorylation may not be essential for the performance of the core HSF1 functions.

Acetylation of Lys80 residue dictates the DNA binding activity of HSF1. This acetylation
masks the positive charge on the Lys residue to weaken its ionic interaction with the
negatively charged DNA sugar-phosphate backbone, thereby impairing the HSF1-HSE
interaction. This modification is under the control of histone acetyltransferases p300 and
GCNS and the histone deacetylases SIRT1, HDAC7, and HDAC9 (Westerheide et. al.2009,
Zelin et. al.2015, Raychaudhuri et. al.2014). Similarly, p300-mediated acetylation of the
Lys116 and Lys118 in the DBD compromises HSF1 DNA binding activity. The regulatory
domain can also undergo acetylation and thereby regulate the protein’s stability. The p300-
mediated acetylation of Lys 208 and Lys298 can protect HSF1 from ubiquitination and
subsequent proteasomal degradation (Raychaudhuri et. al.2014).

Phosphorylation-dependent sumoylation on Lys298 residue suppresses the activity of HSF1
(Gomez-Pastor et. al.2018): Ser303 phosphorylation of HSF1 is essential for its Lys298
sumoylation (Hietakangas et. al.2003). Differential sumoylation of the DBDs of various
HSFs has been reported. In HSF2-DBD, the Lys82 residue is sumoylated, impairing its DNA
binding activity, but the equivalent Lys residue in HSF1-DBD does not get sumoylated
(Jaeger et. al.2016).

23



ACTIVATION
. HSP7C
o RESS MEDIATED
INHIBITION PHARMACOLOGICAL REPRESSION
PTM ACTIVATORS
V
1

= W

Figure 1.6: Schematic representation of the HSR (adapted from Dayalan Naidu et.
al.2017). A variety of stressors cause the release of monomeric HSF1 from the
multichaperone complex. Disruption of the intramolecular interaction between the LZ1-3 and
LZ4 domains facilitates trimerization of HSF1. Hyperphosphorylation and nuclear
translocation are followed by HSF1 binding to the heat shock elements located in the
promoters of its target genes. During the attenuation phase of the heat shock response, Hsp70
binds the C-terminal transactivation domain of HSF1, thereby inhibiting its function. HSF1
also gets dephosphorylated and moves out of the nucleus to the cytosol, where it again

becomes a part of the multichaperone complex.

HSF1 and neurodegenerative diseases

Apart from the stress response, Heat Shock Factors play important roles in brain development
including the migration of neurons and the formation and maintenance of synapses.
Moreover, neurons exposed to chronic and acute proteotoxic stress are protected by HSFs
(Gomez-Pastor et. al. 2018). Loss in the activity of HSF1 is associated with multiple
neurodegenerative diseases involving the accumulation of toxic protein aggregates (Anckar
et. al.2011). Expansion of the polyglutamine encoding regions in the Huntingtin gene causes

the accumulation of mutant Huntingtin protein aggregates in the central nervous system,
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leading to Huntington’s disease (Gomez-Pastor et. al. 2017). In this case, a decrease in HSF1
protein level caused by abnormal degradation of HSF1 has been observed. A dramatic
increase in the expressions of Casein Kinase 2a’ (catalytic subunit of Casein Kinase 2) and
Fbxw7 was associated with enhanced degradation of HSF1 (Gomez-Pastor et. al.2017). Also,
the accumulation of a-synuclein aggregates in a Parkinson’s disease model induces the E3
ligase Nedd4-mediated HSF1 degradation (Kim et. al.2016). In Alzheimer’s disease patients,
a lowered abundance of HSF1 was found in neural-derived plasma exosomes when compared

to that from control individuals with normal cognitive abilities (Goetzl et. al.2015).

Small molecules that can activate HSF1 to restore protein quality control in individuals

suffering from neurodegenerative diseases are under different stages of studies.

A multitude of both exogenous and endogenous small molecules are reported to activate
HSF1 (West et. al.2012). Most of these molecules indirectly boost the transcriptional activity
of HSF1. The discussion elaborated below gives an account of endogenous metabolites and
plant-derived compounds purified from medicinal and edible plants. Several synthetic
compounds were reported to activate HSF1. Studies on the chemical properties of these
molecules have offered valuable insights into the pathways of HSR activation. Sulthydryl
reactivity, a property shared among multiple HSF1 activators, modulates the functioning of
HSF1 as well as some of its regulators such as Hsp90, SIRT1, and its upstream regulatory
kinases (Dinkova-Kostova 2012).

Endogenous activators of HSF1:

Endogenously generated electrophilic oxidized and nitrated lipids and o, B-unsaturated
aldehydes have been shown to boost the transcriptional activity of HSF1. 4-hydroxy-2-
nonenal, acrolein, nitro-oleic acid and 15-deoxy-A'?* *-prostaglandin J2 fall under these
categories. 4-hydroxy-2-nonenal has been implicated in the accumulation of HSF1 in the
nucleus, upregulation of Hsp70 and Hsp40, and HSE-dependent expression of luciferase
reporter in colon cancer cells. HSF1 silencing achieved by siRNA was shown to terminate
these gene inductions (Jacobs et. al.2007). Nitro-oleic acid, known to exert cytoprotective
effects, induced HSR in human endothelial cells (Kansanen et. al.2009). Acrolein, a product
of lipid peroxidation, was demonstrated to boost the expression of Hsp70 and Hsp40 in the
human lung cancer cell line A549 (Thompson et. al.2008). 15d-PGJ2 by facilitating the HSE
binding of HSF1 led to robust induction of Hsp70 in the heart of male Wistar rats under
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ischemia—reperfusion injury (Zingarelli et. al.2004). 17B-estradiol at elevated levels can
activate HSF1-mediated Hsp70 expression (Hamilton et. al.2004, Hou et. al.2010). It is
worthy of mention here that in contrast to all the other endogenous activators discussed
above; 17B-estradiol is not an electrophilic compound. However, it is known to be
metabolically converted to 2-hydroxy and 4-hydroxy estradiol, both of which are
electrophilic and could be responsible for HSR induction (Zhu et. al.1998).

Hydrogen peroxide (H>O2) was shown to directly activate the HSF1-driven HSR. Notably,
HSF1 itself senses H2O». The activation of mouse HSF1 by H»O; is driven by the formation
of an intermolecular (between different subunits in the trimeric/ multimeric structure)
disulfide bridge between the Cys residues 35 and 105 (Ahn et. al.2003). In human HSF1, the
corresponding Cys residues at positions 36 and 103 also form an intermolecular disulfide
bridge facilitating multimerization and subsequent DNA binding of the protein (Lu et.
al.2008). Two aromatic amino acid residues, Trp37 and Phe104, have been shown to undergo
intermolecular interaction and facilitate the approach of the two Cys residues (36 and 103) to
form a multimeric structure (Lu et. al.2009). However, an intramolecular disulfide bridge
formation involving the three Cys residues 153, 373, and 378 was shown to block multimer
formation and DNA binding of HSF1 (Lu et al. 2008). Nitric oxide (NO), an important
signaling molecule, has been implicated in HSF1 activation and Hsp70 upregulation in the
vascular smooth muscle cells (Xu et. al. 1997). Notably, the ATPase activity of human
Hsp90a was shown to be blocked upon S-nitrosylation of the protein’s Cys 597 residue
(Martinez-Ruiz et. al.2005). Mutation of this residue to Asn and Asp (both of which mimic S-
nitrosylation) caused a loss of the protein’s activity (Retzlaff et. al.2009). Probably, NO-
mediated HSF1 activation is caused by inhibition of Hsp90 activity.

Electrophilic and reactive oxygen species, formed in various physiological and pathological
processes, can activate HSF1. This explains the activation of HSF1 in atherosclerotic lesions.
Cytokine-mediated stimulation and mechanical stretching of smooth muscle cells are
implicated in hyper-phosphorylation and nuclear localization of HSF1 and consequent
upregulation of Hsp70 (Metzler et al. 2003). Vascular endothelial cells in culture, upon
stimulation by glycated low-density lipoproteins (LDL) and oxidized very low-density
lipoproteins (VLDL) activate HSF1. This results in the generation of plasminogen activator
inhibitor-1 (Zhao et. al.2007, Zhao et. al.2008). Here, induction of NADPH oxidase generates
superoxide, which then ultimately activates HSF1 (Sangle et. al. 2010, Zhao et. al. 2013).
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Figure 1.7: Endogenous small molecule activators of HSF1 (adapted from Dayalan

Naidu et. al. 2017)

Plant-derived activators of HSF1:

The human cervical cancer cell line HeLa was stably transfected with a construct harboring
the luciferase coding sequence under the 4sp70 promoter. This reporter cell line was
employed in the screening of bioactive small molecules for the identification of HSF1
activators. The study revealed the phytochemical celastrol to be an activator of the HSR
(Westerheide et. al.2004). This compound, obtained from the Chinese medicinal plant
Tripterygium wilfordii, 1s a quinone methide triterpenoid. Celastrol was also shown to
stimulate the 4sp70 promoter-reporter construct in MCF7 and BT474 (breast cancer), H157
(non-small cell lung carcinoma), and SH-SY5Y (neuroblastoma) cells. The similarity in the
magnitude of HSR activation by heat shock exposure (42°C) and celastrol treatment was
observed (Westerheide et. al.2004). It has been suggested that celastrol-mediated inhibition of
Hsp90 causes the dissociation of HSF1 from the protein complex (Salminen et. al.2010,

Hieronymus et. al.2006).

Gedunin, a tetranortriterpenoid purified from the Neem tree (4zadirachta indica), has been

reported to activate HSF1 through functional inhibition of Hsp90. However, it has lower

27



potency compared to celastrol (Hieronymus et. al.2006, Brandt et. al.2008). Four compounds
structurally similar to gedunin, namely deoxygedunin, deacetoxy-7-oxogedunin,
deacetylgedunin, and sappanone A, have been shown to activate HSF1 and drive HSF1-
mediated Hsp70 upregulation. They were found to rescue cells from MG-132 (proteasomal
inhibitor) induced cell death. Cytoprotective effects of these compounds were lost upon
knockdown of HSF1. In two mammalian cell-based models of Huntington’s disease, these
compounds were proven to boost cellular survival (Zhang et. al.2009). Gedunin has been
demonstrated to interact directly with p23 (a co-chaperone of Hsp90), thereby causing the
inactivation of the Hsp90 machinery and consequent destabilization of steroid receptors

(Patwardhan et. al.2013).

Withaferin A, a withanolide isolated from the plant Withania somnifera was identified as an
activator of HSF1 upon screening of more than 80,000 natural and synthetic compounds
using cell-based enhanced green fluorescent protein (EGFP) reporter assay (Santagata et.
al.2012). Withaferin A is also known to cause activation of HSF1 by inhibition of the
functioning of Hsp90 (Yu et. al.2010, Grover et. al.2011). This same screen brought to light
multiple natural compounds that are inducers of the HSR, apart from confirming the HSR-
inducing activities of celastrol, gedunin, and withaferin A. Among these active compounds
are the limonoids such as anthothecol, cedrelone, and 7-desacetoxy-6,7-dehydrogedunin, and
the fungal compound dehydrocurvularin (Santagata et. al.2012). Notably, a common feature
of these compounds is the presence of a, B-unsaturated carbonyl group, which accentuates the

importance of electrophilicity for the induction of HSR.

The polyphenolic compound curcumin isolated from Curcuma longa is reported to upregulate
Hsps in multiple cell cultures and in vivo models (Kanitkar et al. 2008, Calabrese et. al.
2003). This compound also mediates this function through functional inhibition of the Hsp90.
Curcumin disrupts the interaction of the Hsp90-p23 complex with its client p210 BCR/ABL,
which results in degradation of the kinase in CML cells; suggesting Hsp90 inhibition as a
possible mechanism for curcumin-mediated HSF1 activation (Wu et. al.2006). Numerous
clinical trials are registered to assess curcumin in different pathological conditions, including

several forms of cancer and neurodegenerative diseases (www.clinicaltrials.gov).

The phenolic compound coniferyl aldehyde was isolated from the traditional medicinal plant

Eucommia ulmoides. It enhances the stability of HSF1 protein as well as stimulates the
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activities of MAPKs ERK1/2, JNK1, and p38. It induces HSF1 Ser326 phosphorylation
correlating with the upregulation of Hsp70 and Hsp27. It offered HSF1-dependent protection

against damaging ionizing radiations or taxol in cell and mouse models (Kim et. al.2015).

The aromatic chalcone derivative (£)-4, 2°, 4’-trihydroxy-3’-[(6E)-2-hydroxy-7-methyl-3-
methylene-6-octenyl] chalcone was purified from the areal parts of the edible plant Angelica
keiskei Koidzumi (Umbelliferae). It can stimulate HSF1-mediated transcription in the human

lung cancer cell line NCI-H460 (Kil et. al.2015).

Sulforaphane, an isothiocyanate abundant in cruciferous vegetables such as broccoli was
shown to cause accumulation of HSF1 in the nucleus and subsequent increase in the
expression of Hsps in many cell lines and animal model following a single oral dose (Hu et.

al.2006, Gan et. al.2010, Sharma et. al.2010).

Phenethyl isothiocyanate, isolated from the plant Nasturtium officinale, also upregulates the
expression of Hsps in both cell culture and animal model (Dayalan Naidu et al. 2016, Hu et
al. 2006). It was shown to inhibit Hsp90, stimulate the activity of p38 MAPK, and
phosphorylate HSF1 Ser326 residue to enhance the HSF1 target gene expression (Dayalan
Naidu et. al.2016).

Mounting experimental evidence suggests that to activate HSF1, the isothiocyanates target

Hsp90. These evidences are as follows:

e When sulforaphane and the known Hsp90 inhibitor 17AAG (17-allylamino 17-
demethoxygeldanamycin) were treated together, the latter’s anticancer potential was
found to be increased in pancreatic cancer (Li et. al.2011).

e The interaction of Hsp90 and its co-chaperone Cdc37 was found to be abrogated upon
sulforaphane treatment (Li et. al.2011).

e Mutant p53, Rafl and Cdk4, the ‘client’ proteins of Hsp90, were synergistically
downregulated by 17AAG and sulforaphane treatment (Li et. al.2011).

e Covalent modification of Hsp90 was observed both in cells and in a purified system
by a sulfoxythiocarbamate derivative of sulforaphane (Ahn et. al.2010, Zhang et.
al.2011, Zhang et. al.2014).
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e Treatment with phenethyl isothiocyanate diminished the content of Hsp90-bound
HSF1 in cells (Dayalan Naidu et. al.2016).

e Compromised activity of HDAC caused by sulforaphane has been implicated in the
altered acetylation and consequent diminution of Hsp90 activity (Myzak et. al.2004,
Myzak et. al.2006, Myzak et. al.2006, Pledgie-Tracy et. al.2007, and Gibbs et.
al.2009). It has been observed that the de-activation of HDACG6 causes acetylation and
consequent abrogation of Hsp90’s chaperone function (Bali et. al.2005). Also,
hyperacetylation of Hsp90 was caused by the sulforaphane-mediated decrease in
HDACS6 activity (Gibbs et. al.2009).

Resveratrol, a stilbene, was reported to activate HSF1 by stabilizing its binding with the HSE
and delaying the attenuation phase of HSR (Westerheide et. al.2009). It stimulates the SIRT1
deacetylase to facilitate the maintenance of HSF1 in a deacetylated state, and enhance its
DNA binding capability (Sinclair et. al.2014). However, the effect of other plant-derived
SIRT1 activators such as fisetin and butein on the activation of HSF1 remains unknown

(Wood et. al.2004).

Azadiradione, a limonoid purified from Azadirachta indica was demonstrated to ameliorate
protein aggregation-associated diseases in fruit fly and mouse models (Nelson et. al. 2016,
Singh et. al. 2018). A series of results indicate that AZD functions through a unique

mechanism.

Interestingly, treatment of cell lines and living organisms with the above-discussed
phytochemicals often exhibits non-linear dose responses. Indeed, the enhancement of a
biological activity at low concentrations of a compound and inhibition of the same activity at
high concentrations is well-known, which generates a J-shaped or an inverted U-shaped dose-
response curve. This phenomenon is known as hormesis (Calabrese et. al.2015, Calabrese et.
al.2010). Oral administration of phytochemicals like curcumin has been shown to cause mild
cellular stress characterized by the generation of free radicals, ion fluxes, and an increase in
energy demand (Calabrese et. al.2008, Mancuso et. al.2007). Subsequently, adaptive stress
response pathways, such as the HSR, are activated, which boost cellular survival. This
hormetic response, once activated, can offer protection against more severe stresses, thereby

dampening their lethality.
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Svynthetic molecules that activate HSF1:

Neef and colleagues developed a humanized yeast-based high throughput screen; lacking
sensitivity to proteotoxic stress and inhibition of Hsp90 (which are known activators of
HSF1) (Neef et. al.2010). This screen identified two potent HSF1 activators from a library of
more than 10,000 compounds. These molecules, named HSF1A and HSF1C, are benzyl
pyrazole derivatives, the former being more potent than the latter. Treatment of HSF1A in
HeLa and wild-type MEF cell lines was shown to boost the expression of 4sp70 via
activation of HSF1. This effect was, however, not observed in the 4sf1-/- MEF cell line,
strongly indicative of HSF1-dependency of the effect. The HSR-inducing activity of this
compound was shown to be unaffected by DTT pre-incubation, unlike the electrophilic
molecules that activate HSF1. A later study evidenced that HSF1A exhibited this function by
directly inhibiting TRiC/CCT, a chaperonin complex that negatively regulates HSF1 (Neef et.
al.2014).

Screening of ~900,000 compounds by a cell-based reporter assay yielded ~200 HSR-inducing
small molecules (Calamini et. al.2012). Many of the active compounds were electrophilic.
Compound A1 (a cyclohexanone derivative) harbors the a, -unsaturated carbonyl group,
which is electrophilic. It is structurally similar to bis (benzylidene) acetone and its derivative
bis (2-hydroxy benzylidene) acetone, the HSR-inducing potency of the latter far exceeding
that of the former (Zhang et. al.2011). As there is a strong correlation between HSR-inducing
potential and sulfhydryl reactivity, bis (benzylidene) acetone exhibits slow reactivity towards
the thiol groups of glutathione and DTT (Dinkova-Kostova et. al.2001) and is thus a very
poor inducer of HSR (Zhang et. al.2011). Its hydroxylated derivative, however, strongly
activates HSF1 (Zhang et. al.2011). TBE-31, another electrophilic compound, has been
shown to react strongly as well as reversibly with thiol groups (Dinkova-Kostova et. al.2010).
It upregulates Hsp70 at high nanomolar concentrations in wild-type MEF cells, not in Asf1-/-
MEF cells (Zhang et. al.2011).
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The electrophilic synthetic compound STCA (sulfoxythiocarbamate alkyne) can form adducts
with the thiol groups of the following Cys residues of recombinant Hsp90 at positions 412,
564, and 589/ 590. It has been shown to boost the HSF1-dependent upregulation of a
luciferase reporter gene, as also of the endogenous Asp70 gene in various cell lines like HeLa,
MCF7, and MEF (Ahn et. al.2010, Zhang et. al.2014). Two thiol-reactive compounds, namely
pyrrolidinedithiocarbamate and 1,2-dithiole-3-thione, boost the HSF1-dependent upregulation
of the Asp70 gene (Kim et. al.2001, Andringa et. al.2007). Pro-electrophilic diphenols, upon
oxidation, yield electrophilic metabolites that induce the HSR via HSF1 activation (Satoh et.
al.2011).
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Figure 1.9: Synthetic small molecule activators of HSF1 (adapted from Dayalan Naidu
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HSF1 and Cancer

HSF1 has been shown to play multiple roles in the cellular processes associated with
tumorigenesis, e.g., changes in the tumor microenvironment, genome repair, etc (Wang et.
al.2020). HSF1 is also involved in the cell death pathways, such as apoptosis, autophagy, and
ferroptosis (Toma-Jonik et. al.2019, Dokladny et. al.2015, and Sun et. al.2015). In contrast to
non-transformed cells, cancer cells have higher levels of HSF1 in general (Wang et. al.2020,
Chen et. al.2021). Activation of HSF1 in the tumor stroma indicates a poor prognosis

(Scherz-Shouval et. al.2014).

Along with the Hsp-dependent pathway, other oncogenic pathways such as RAS-MAPK and
PI3K-Akt-mTOR are also linked with HSF1 (Home et. al.2015). Moreover, Hsp90 is known
to bind and stabilize many proteins crucial to tumor cell survival (Whitesell et. al.2005). In
addition, loss of HSF1 activity has been implicated in the repression of aneuploidy and the
diminution of cellular proliferation in several types of cancer (Carpenter et. al.2019). Thus,
pharmacological inhibition of HSF1 is a promising approach for anticancer therapy (Dong et.

al.2019).

Inhibitors of HSF1:

Although HSF1 has been successfully inhibited in vitro and animal models, limitations in the
clinical use of each inhibitor exist. HSF1 is essential for cancer cells. It is also necessary for
normal cells when they are exposed to stressful conditions. So, care should be taken to ensure
that inhibition of HSF1 in cancer cells does not cause toxicity to normal cells. This could be
achieved by making derivatives of the existing compounds via alteration of their functional
groups, as well as by the purification of novel compounds from natural sources. Novel

compounds could also be synthesized in the laboratory (Velayutham et. al.2018).

It is a daunting task to develop HSF1 inhibitors, given the dearth of potential “druggable”
sites on its tertiary structure (Velayutham et. al.2018, Cheeseman et. al.2017). Moreover, the
pathway of activation of this protein is quite a complex one, involving multichaperone
complexes and PTMs. Nevertheless, some synthetic and natural source-derived inhibitors of
HSF1 have been developed. The molecular basis of action of some of these compounds is not

yet fully understood (McConnell et. al.2015, Zhang et. al.2016).
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KRIBBI11: The compound KRIBB11 has been demonstrated to inhibit the activity of HSF1
by blocking the binding of pTEFb (positive transcription elongation factor b) with the Asp70
promoter region, thereby weakening the ability of HSF1 to induce the transcription of stress
response genes (Dong et. al.2019, Yoon et. al.2011). When model animals were administered
with this compound, HSF1 inhibition was achieved, demonstrated by a diminution in Hsp70
levels and a reduction in tumor mass and volume (Yoon et. al.2011). KRIBB11 blocked the
lymphatic metastasis of bladder cancer cells considerably and was shown to have little
toxicity (Huang et. al.2022). A combinatorial treatment of KRIBB11 and danusertib, an
Aurora Kinase inhibitor, exerted a significant anti-cancer effect on liver cancer both in vitro
and in vivo. The combination treatment with these two drugs triggered apoptotic death of
cancer cells, activated the UPR, and thereby inhibited tumor growth (Shen et. al.2021).
Another study however showed that this compound alone did not significantly affect the
expression, phosphorylation, or nuclear translocation of HSF1 suggesting that it is not a

direct inhibitor of HSF1 (Brown et. al.2021).

Schizandrin-A: A natural product known as deoxyschizandrin or schizandrin A (Sch-A)

purified from the plant Schisandra chinensis exhibited HSF1 inhibitory activity. This
compound interacts directly with HSF1 and induces conformational changes at the site of
binding. This leads to cell cycle arrest and apoptosis in human colorectal cancer cell lines.
Sch-A was shown to repress the HSR which is induced by heat shock. Sch-A treatment
achieved downregulation of the expression of HSF1 target genes like Hsp70, Hsp90, and
Hsp27 under both normal and heat shock conditions (Chen et. al.2020, Szopa et. al.2017).

Quercetin: The flavonoid quercetin is a dietary antioxidant present in onion, tea, apple,
berry, and many other foods. It has numerous health benefits. It has been reported to inhibit
the interaction of HSF1 with HSE on the promoters of HSF1 target genes (Sarkar et. al.2022).
Following combination therapy, quercetin reduced the accumulation of Hsp70 in tumors and
caused the induction of cellular apoptosis by the HSF1 pathway. In an in vivo study, quercetin
in combination with radiofrequency ablation was shown to activate caspase 3, leading to

apoptosis and a diminution in the expression of Hsp70 (Yang et. al.2016).

Triptolide: Isolated from Tripterygium wilfordii, triptolide is also an inhibitor of HSF1.
Treatment with this compound has been shown to induce apoptosis in cultured and primary

chronic lymphocytic leukemia (CLL) cells. Treatment with triptolide causes inhibition of
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HSF1 which results in the decrease of Hsp90 levels. The cytosolic complex consisting of
HSF1, p97 (a segregase having ATPase activity), Hsp90, and HDAC6 (Histone deacetylase 6-
which deacetylates Hsp90) falls apart. As a result, inhibition of HSF1 leads to acetylation of
Hsp90, compromising its function as a molecular chaperone, which manifests as the anti-

cancer activity of triptolide (Ganguly et. al.2015).

Triazole nucleoside: This compound causes downregulation of HSF1 as well as various

chaperones including Hsp27, Hsp70, and Hsp90 in prostate cancer. It also decreases the

expression of androgen receptor (AR) and causes cell cycle arrest (Xia et. al.2015).

PGPIPN: This is a hexapeptide that is derived from the amino acid residues 63-68 of bovine
B-casein (Meisel 2005). It was shown to sensitize ovarian cancer cells to cisplatin by
targeting the HSF1/Hsp70 signaling pathway. The expression levels of HSF1, Hsp70, and
MDR1 (Multi Drug Resistance 1) were found to be reduced by this peptide. PGPIPN and

cisplatin possibly act in synergy against ovarian cancer (Guo et. al.2021).

DTHIB: The synthetic compound, Direct Targeted HSF1 Inhibitor (DTHIB a.k.a. SISU-102),
was shown to interact directly with the HSF1-DBD. The compound selectively bound HSF1
and facilitated the degradation of multimeric, active HSF1 in the nucleus, thereby causing
inhibition of the protein’s functions and decreasing the abundance of the multichaperone
complex. When compared with enzalutamide, the ability of DTHIB to reduce cell viability
and cause inhibition of AR signaling and PSA (prostate-specific antigen) expression was
found to be considerably higher in prostate cancer. Moreover, DTHIB has been demonstrated
to inhibit tumor growth by causing a diminution of cell proliferation. Side effects like
behavioral changes and body weight loss were not recorded in mouse models (Dong et. al.
2020). In an in vivo model of acute myeloid leukemia (AML), DTHIB has been shown to
repress the self-renewal of leukemia stem cells without aftecting normal hematopoietic stem
or progenitor cells (Dong et. al. 2022). DTHIB was found in this study to block the
expression of HSF1 target genes like Hsp90 and compromise the mitochondrial oxidative

phosphorylation by downregulating succinate dehydrogenase C (SDHC) (Dong et. al. 2022).

CCT251236 and CCT361814: The synthetic compound CCT251236 exhibited significant

HSF1 inhibition and anticancer activity in a preclinical model of ovarian cancer (Cheeseman
et. al.2017). A derivative of this compound, CCT361814, was demonstrated to block the heat
shock pathway in multiple myeloma cells, as evidenced by a dose-dependent decrease in

Hsp72 and Hsp27, and exhibit significant anti-myeloma activity (Menezes et. al.2017).
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CCT361814 has shown promise and entered a phase I clinical trial for advanced solid tumors

(Diane Marsolini 2022, Workman et. al.2022).

Table: HSK1 inhibitors

Name of the Source Biological Type of cancer References
HSF1 activities
inhibitor
Quercetin Citrus fruits, Induction of Liver and breast Yang et. al.2016
apple, onion, apoptosis
tea, red wine,
etc.
Triptolide Tripterygium a. Induction of a. Chronic a. Ganguly
wilfordii apoptosis in Lymphocyti et.
a dose- ¢ Leukemia al.2015
dependent b. Pancreatic b. Banerjee
manner c. Liverand et.

b. Downregul multiple al.2013
ation of myeloma c. Sangwan
proliferativ et.

e pathway al.2015,

c. Induction of Heimber
cell death ger et.

al.2013

2,4-Bis (4- Gastrodiaelata | Arrests cell growth | Lung Yoon et. al.2014
hydroxybenzyl & induces
) phenol apoptosis
Cantharidin Meloidae sp. Achieves HSF1- Colon, lung, Kim et. al.2013

dependent prostate, breast

inhibition of Hsp70

and BAG3, causes

downregulation of
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anti-apoptotic Bcl-

2 family
Rohinitib Plants of genus | Causes Leukemia Iwasaki et.
Aglaia downregulation of al.2016,
(Meliaceae) genes upregulated Santagata et.
by HSF1 & de- al.2013
repression of genes
suppressed by
HSF1; lowers
cellular glucose
uptake and lactate
generation
SNS-032 Sulphur Cyclin Dependent | Leukemia Chen et. al.2009,
compounds Kinase (CDK) Wu et. al.2012,
inhibitor; causes Rye et. al.2016
repression of
Hsp70 expression
4,6- Aromatic Inhibits HSF1 Osteosarcoma Rye et. al.2016
disubstituted heterocyclic indirectly
pyrimidines compound
KNK-437 Benzylidene Causes inhibition Colon, breast, Whitesell et.
lactam of the pro-survival | squamous cell al.2009,
compound Akt/HSF1 pathway | carcinoma Oommen et.
in breast cancer; al.2012, Sharma
suppresses HSF1- et. al.2018

driven transcription
and causes
apoptosis; causes
inhibition of
acquired

thermotolerance
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CCT361814 Bisamide Directly inhibits Multiple myeloma, | Menezes et.
HSF1 and induces | solid tumor (under | al.2017, Diane
apoptosis phase I clinical Marsolini 2022,
trial) Workman et.
al.2022
DTHIB Causes degradation | Prostate, leukemia | Dong et. al.2020,
of nuclear HSF1 Dong et. al.2022
selectively
KRIBB11 Pyridinediamin | Causes growth Lung, multiple Lee et. al.2021,
e arrest and myeloma Yoon et. al.2011,
apoptosis Sharma et.
al.2018, Kang et.
al.2017, Fok et.
al.2018
Ihsrk 115 Thiazole Binds HSF1-DBD; | Breast, multiple Sharma et.
acrylamide intervenes in the myeloma al.2018, Vilaboa
assembly of ATF1 et. al.2017
containing complex
and thereby blocks
HSF1
transcriptional
activity
Dorsomorphin Blocks Colon, prostate Li et. al.2019
accumulation of
HSF1 in the
nucleus
PW3405 Anthraquinone | Blocks HeLa cell line Zhang et.
phosphorylation of | (cervical cancer) al.2016, Sharma
HSF1 et. al.2018
CCT251236 Bisamide Blocks HSF1 Ovarian Cheeseman et.
transcription al.2017
NZ28 Emetine Blocks translation | Prostate, lung, Zaarur et.
of Hsp mRNA,; breast, myeloma al.2006,
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blocks HSF1
activation resulting
in compromised
cell migration and

invasion

Schilling et.
al.2015

Triptolide Quercetin

Rohinitib DTHIB

KRIBB11

Figure 1.10: Structures of some HSF1 inhibitors [1]
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Background of the present study

As discussed earlier, individuals suffering from neurodegenerative diseases such as
Parkinson’s disease and Alzheimer’s disease carry an impaired HSR, resulting in the
accumulation of toxic protein aggregates in distinct regions of their brains. These aggregates
ultimately cause the death of the neurons (neurodegeneration). Small molecule-mediated
forcible activation of HSF1/ HSR to activate the cellular protein quality control system is a
promising approach to treating such diseases. The small molecule activators of HSF1
described previously were shown to boost the protein’s activity indirectly. Our laboratory,
however, reported a phytochemical named Azadiradione (AZD), which was found to activate

HSF1 uniquely (Nelson et. al. 2016).

AZD, purified from the seeds of Azadirachta indica (Neem), activates HSF1 by direct
interaction to facilitate the protein’s DNA binding. Notably, it is the only compound reported
so far to have this unique mode of action. In addition to not affecting the cellular oxidative
status, AZD showed little effect on the activities of cellular Hsp90 and 26S proteasome unlike
various small molecule HSF1 activators reported thus far, which are believed to be toxic for
cells. AZD has already been shown to clear toxic polyglutamine protein aggregates in cellular
and fruit fly models (Nelson et. al. 2016). AZD could effectively restore protein quality
control in a mouse model of Huntington’s disease and improve disease pathology (Singh et.
al. 2018).

Intriguingly, AZD has been shown to activate HSF1 in the absence of proteotoxic stress, at a
concentration non-toxic for cells (Nelson et. al. 2016). Therefore, an in-depth study on how
AZD accomplishes this task is critical to advance the understanding of HSF1 biology as well

as for designing efficient small molecule activators of HSF1 in the future.

Figure 1.13: Structure of AZD
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The present study has the following objectives:

1. To obtain AZD from Neem seeds in pure form.
2. To purify human HSF1 protein and its mutant derivatives.
3. To study the underlying molecular basis of the interaction of AZD with human HSF1

by various biochemical and biophysical approaches.
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CHAPTER 2

MATERIALS AND METHODS
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Materials:

Bacterial strain used for protein expression: E. coli BL21 (DE3). This strain harbours the A

prophage DE3. This prophage carries the T7 RNA polymerase gene which is under
transcriptional control of the lacUVS5 promoter and laclq. IPTG (Isopropyl B-D-1-
thiogalactopyranoside) induces the expression of T7 RNA polymerase. The pET15b plasmid
transformed in this strain harbours an expression system directed by the T7 promoter. Thus,
expression of the heterologous protein occurs only after IPTG-induced expression of T7 RNA
polymerase. This strain lacks the lon protease and OmpT (outer membrane protease), which

minimizes the degradation of the overexpressed heterologous protein (Studier et.al. 1986).

T7
expression
vector

Figure 2.1: The E. coli BL21 (DE3) strain for overexpressing heterologous proteins

(Source: https:// www.thermofisher.com/in/en/home/life-science/cloning/cloning-learning-

center/invitrogen-school-of-molecular-biology/molecular-cloning/transformation/competent-

cell-selection-applications.html)

Bacterial strain used for cloning: E. coli DH50.

Plasmid used for protein expression: pET15b

Reagents used:

1. Organic solvents: Hexane, dichloromethane, ethyl acetate, methanol, glacial acetic
acid, absolute ethanol (molecular biology grade), dimethyl sulfoxide (cell culture
grade), acetonitrile (HPLC grade)

2. Silica gel (230-400 mesh), silica-coated TLC plates
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Salts: Sodium chloride, calcium chloride, Sodium Dodecyl Sulfate, Ammonium
Persulfate

Buffers: HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], Tris [2-Amino-
2-(hydroxymethyl)-1,3-propanediol] base, Tricine

Luria-Bertani medium

Agar

Ampicillin

IPTG (Isopropyl B-D-1-thiogalactopyranoside)

Imidazole

. Lysozyme (3x crystallized)
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.

PMSF (Phenylmethanesulfonyl fluoride)

Ni-NTA (Nickel-Nitrilotriacetic acid) agarose beads
Dialysis membrane (MW cutoff: 10-12 kDa)

Glycerol

TEMED (N,N,N',N'-Tetramethyl ethylenediamine)
Acrylamide and bisacrylamide

Glycine

Coomassie Brilliant Blue G250 and R250

Bromophenol Blue

Prestained protein ladder

6-aminohexanoic acid

Protein molecular weight standards (for Size Exclusion Chromatography)
Bradford reagent

Synthetic DNA oligonucleotides (FAM labelled and unlabelled)
ANS (8-Anilinonaphthalene-1-sulfonic acid)

ThT (Thioflavin T)

Restriction Enzymes (Ndel and Xhol)

T4 DNA ligase

Q5 DNA polymerase

Deoxynucleoside triphosphates (ANTPS)

Plasmid purification kit (miniprep) and gel extraction kit
Agarose

Ethidium bromide

Sodium hydroxide pellets
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35. Hydrochloric acid (37%)
36. EDTA (Ethylenediaminetetraacetic acid)

37. Ultrapure water

Primers used for cloning: The DNA sequences encoding HSF1-DBD (aa residues 1-123),
HSF1-ARD-LZ4-TAD (aa residues 1-203), HSF1-ALZ4-TAD (aa residues 1-383) and HSF1-

ATAD (aa residues 1-409) were PCR amplified from the coding sequence of full-length human

HSF1. For this, the following primers were used:

Common forward primer:

5’-AGACATATGATGGATCTGCCGGTGGGTC-3’

HSF1-DBD reverse primer:

5’-AGACTCGAGTTAACTCACAGAGGTGACTTTGCGTTTG-3’

HSF1-ARD-LZ4-TAD reverse primer:

5’-AGACTCGAGTTACAGAATACGATTGCTCTGCACCAGC-3’

HSF1-ALZA4-TAD reverse primer:

5’-AGACTCGAGTTATTCATTTTTATCCAGACACGCAACAGACAGGC-3’

HSF1-ATAD reverse primer:

5’-AGACTCGAGTTACACACTAAAGCCGTGGCTCGACAG-3’

Methods:

Purification of Azadiradione

Azadiradione (AZD) was purified using the procedure described elsewhere with some
modifications (Nelson et. al. 2016). Briefly, powdered seeds of Azadirachta indica (Neem),
purchased from the local market, were soaked in methanol for about 7 days at room temperature
with agitation at regular intervals to ensure proper solubilization of the compounds present in

the seed. The methanolic extract of Neem seed, obtained after filtration through a Whatman
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filter paper, was concentrated using a vacuum rotary evaporator set at 55°C. The concentrated
extract thus obtained was mixed with silica gel (230-400 mesh) and exposed overnight to
solvents of increasing polarity sequentially: hexane, dichloromethane (DCM), and ethyl
acetate, for elution of the compounds present in the methanolic extract. The respective eluents
were filtered off and dried to obtain hexane, DCM, and ethyl acetate fractions. Thin-layer
chromatography (TLC) was carried out to identify the fraction with major AZD content by
comparing it with previously purified AZD in our laboratory (control). TLC was done using a
solvent system consisting of hexane and ethyl acetate mixed in the volume ratio 4:1. The DCM
fraction, thus identified as the fraction with major AZD content, was mixed with silica gel (230-
400 mesh) to prepare a slurry, which was then packed onto a glass column (length: 25 cm,
diameter: 4 cm) having silica gel of the same mesh size. After an initial hexane wash, the
contents of the DCM fraction were eluted with a solvent system having hexane and ethyl
acetate in the volume ratio of 4:1 under gravity flow. About 100 ml fractions were collected.
The TLC profile of each fraction was checked to pool the fractions containing the major amount
of relatively pure AZD. The pooled fractions were dried as described above. The column
purification was repeated with the pooled fractions to obtain AZD with maximum purity. To
confirm the purity, analytical HPLC was performed with the AZD preparations using a C-18
column (dimension: 4.6 mm x 250 mm) and a mobile phase having 60% acetonitrile and 40%
water. 20 pl of the sample was injected into the column. The flow rate of the mobile phase was
maintained at Iml/min. The identity of the purified compound was confirmed by performing
NMR spectroscopy ('H, *C, and DEPT-135) of the preparations and comparing the NMR
spectra with that of pure AZD from published literature.

Workflow of AZD purification

Powdered seeds of Azadirachta indica (5 kg)

!

Soaked in methanol and filtered to obtain methanolic extract

'
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Methanolic extract fractionated using Hexane, Dichloromethane, and Ethyl Acetate

!

AZD obtained mostly in DCM fraction (as per TLC analysis)

!

DCM fraction concentrated and packed in silica gel column (230-400 mesh). Mobile phase

Hexane: EtOAc :: 4:1 passed through column and fractions collected

!

Fractions containing relatively pure AZD (tested by TLC profile) pooled together,
concentrated, and dried. Column purification was repeated with the pooled fractions to obtain

AZD of high purity.

J

HPLC profile and NMR spectra of AZD preparations were checked and compared with
published literature.

Protein expression and purification

The codon-optimized DNA fragments encoding human HSF1 wild type and its mutants HSF1-
ALZ1-3 and HSF1-LZ4m cloned in pET15b expression vector at Ndel/Xhol restriction sites

were kind gifts from Prof. Dennis J. Thiele (Sisu Pharma). The C-terminal truncation

49



derivatives, HSF1-DBD (amino acid residues 1-123), HSF1-ALZ4-TAD (amino acid residues
1-383), and HSF1-ATAD (amino acid residues 1-409) were constructed similarly in pET15b

vector, amplified from the codon-optimized Asf1 sequence.

The above-mentioned constructs were transformed into E. coli strain BL21 (DE3) to
overexpress the proteins in secondary cultures (ODgoo~0.5) using 0.5 mM IPTG for 2-3 h at
28°C.

The cell pellets obtained by centrifugation of the cultures were resuspended in an ice-cold Lysis
Buffer [S0 mM HEPES-NaOH (pH 7.4), 300 mM NaCl, 25 mM imidazole (pH 8), 10% (v/v)
glycerol,1 mM PMSF and 0.4 mg/ml lysozyme] for 30 min followed by sonication for 5 min
in an ice-bath sonicator (30-sec bursts with 60-sec gaps). The crude lysate thus obtained was
immediately centrifuged at 12000 rpm for 30 min at 4°C to collect the supernatant in a fresh
tube. HSF1 protein is highly sensitive to proteases, so the following steps were performed in a
cold room using ice-cold buffers. The cleared lysate was mixed with 2 ml of Ni-NTA agarose
beads per liter of culture (pre-equilibrated in Lysis Buffer) and incubated in a rotary shaker for
2 h. This suspension was transferred to a column to collect the flowthrough under gravity. The
settled beads in the column after washing once with 5% bead volume of Wash Buffer [SO mM
HEPES-NaOH (pH 7.4), 300 mM NaCl, 30 mM imidazole (pH 8), 10% (v/v) glycerol] were
eluted with an Elution Buffer [SO mM HEPES-NaOH (pH 7.4), 300 mM NaCl, 250 mM
imidazole (pH 8), 10% (v/v) glycerol] in small fractions. The protein-containing fractions
collected were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue R250 gel
staining. The fractions containing higher concentrations of desired protein (monitored by
analyzing a small aliquot of each fraction) with minimal degradation products were pooled
together and dialyzed overnight against Dialysis Buffer [25 mM HEPES-NaOH (pH 7.4), 150
mM NaCl, and 10% (v/v) glycerol].

Size Exclusion Chromatography of Affinity Purified Proteins

The oligomeric status of the affinity-purified proteins was determined by Size Exclusion
Chromatography (SEC) using a Superdex200 Increase 10/300 GL column (GE Healthcare),

pre-calibrated with standard molecular weight markers for SEC (purchased from Sigma
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Aldrich) run in AKTA system. A standard curve was obtained by plotting these markers' log [
Molecular weight] versus Elution Volumes. The column was run at a flow rate of 0.5 ml/min
with Dialysis Buffer [25 mM HEPES-NaOH (pH 7.4), 150 mM NacCl, and 10% (v/v) glycerol]
as the mobile phase. The elution profile of each protein preparation was monitored by
associated absorbance at 280 nm. The protein concentrations of each (200 ul) fraction were
estimated by Bradford assay for subsequent analysis of an aliquot by Blue Native PAGE. The
fractions were finally flash-frozen in liquid nitrogen and stored at -80°C for further studies

(Hentze et.al. 2016).

Blue Native PAGE

Blue Native PAGE was performed with various molecular species separated by SEC following
the protocol described by Wittig et al. (2006) with some modifications. Briefly, protein samples
were mixed with 10X Sample Buffer [Glycerol 50% (v/v), Coomassie Brilliant Blue G250
solution 0.2%, and Cathode Buffer-B 10% (v/v) *] and resolved in a 7% polyacrylamide native
gel using Cathode Buffer-B [50 mM Tricine; 7.5 mM Imidazole (pH 7)] in the upper tank and
Anode Buffer [25 mM Imidazole (pH 7)] in the lower tank at 4°C for 2-4 h. The gel was run at
a constant current (15 mA) except at 100 V in the beginning for allowing the samples to enter
the gel. It was monitored that the voltage did not exceed 500V for a gel dimension of 0.16 X
14 x 14 cm that was used. Protein bands were readily visible in the gel due to the Coomassie

G250 dye in the sample buffer.

*Cathode Buffer-B 10% (v/v) is composed of Iml Cathode Buffer-B in a total volume of 10ml
Sample Buffer (10X)

Fluorescence Polarization Assay (FP Assay)

To study the interaction of human HSF1 and its derivatives with the cognate heat shock element
(HSE), the DNA sequence 5’-CCTGGAATATTCCCGAACTGGC-3’ containing three inverted
5’-nGAAn-3’ repeats (three-site HSE or 3X-HSE; also referred to as the canonical HSE or
cHSE) was tagged with fluorescein amide (FAM) at its 5” end (Jaeger et. al.2014). For obtaining

a double-stranded DNA probe, the tagged sequence and its untagged complementary sequence
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were annealed by heating them together at equimolar concentrations in an annealing buffer (5x
annealing buffer composition: 50 mM Tris pH 8, 0.5 mM EDTA, 0.75 M NaCl) at 95°C in a

heat block for 5 min followed by slow cooling to room temperature.

1 nM of the probe was titrated with increasing concentrations of HSF1 and its various
derivatives in the absence and presence of AZD (10 uM). Fluorescence polarization was
measured at 25°C in a quartz cuvette using an excitation wavelength of 495 nm and an emission
wavelength of 517 nm. For this, the fluorescence intensities at 517 nm were measured for each
sample in the following four orientations of the excitation and emission polarizers: HH, HV,
VH, VV (in each case, the first and second letters indicate the relative positions of the excitation
and emission polarizer, respectively; H: Horizontal, V: Vertical). Fluorescence Polarization (P)

was calculated for each sample using the following equation (Lakowicz 2006):

_IVV—G.IVH
" IVV + G.IVH

IHV

Here, G (Grati tion factor) =———
ere, G (Grating correction factor) THH

Binding curves for all HSF1 derivatives were obtained by plotting milli-polarization (mP)
values obtained with increasing protein concentrations and dissociation constant (Kq) values
determined for all protein-DNA interactions using one site-specific binding fit in GraphPad

Prism 5.

The interaction of monomeric HSF1 with mutant HSE (mHSE) in the presence and absence of

AZD was studied similarly. The sequence for mHSE is:
5’-CCTGGCGTAGTCCCCGCCTGGC-3".

(The underlined bases shown have been mutated in the mHSE sequence.)
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Figure 2.2: Principle of fluorescence polarization assay

(adapted from https://www.bmglabtech.com/en/fluorescence-polarization/)
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Excitation polarizer
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Figure 2.3: Schematic representation of the sample compartment and polarizers in a

spectrofluorometer measuring fluorescence polarization (the ‘L’ format).

Source: https://www.horiba.com/int/scientific/applications/biotechnology-

biomedical/pages/fluorescence-anisotropy-studies/
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Dynamic Light Scattering (DLS) Assay

To compare the oligomeric status of human HSF1 and its derivatives in the presence and
absence of AZD, dynamic light scattering assays were performed using Zetasizer Nano S
(Malvern Instruments, Malvern, UK). The protein samples in the dialysis buffer [25 mM
HEPES-NaOH (pH 7.4), 150 mM NaCl, and 10% (v/v) glycerol] were passed through a 0.22
um syringe filter to remove any particulate matter before performing the assays. Samples
(protein: ligand molar ratio set as 1:5) were incubated for 10 min at 25°C and scanned for DLS.
Each data was taken as an average of 10 scan results. The hydrodynamic radius (Ru) was

calculated by the instrument’s software using the Stokes-Einstein equation:

Ru= kT
f 6mtnD

where k is Boltzmann’s constant, T is absolute temperature, 1) is the medium’s viscosity, and D

is the translational diffusion coefficient of the particle (Roy et. al. 2022).
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light

Detector
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Figure 2.4: Diagram representing the experimental setup of DLS

(adapted from Leong et. al. 2018)

Protein Intrinsic Fluorescence Spectroscopy

The interaction of AZD with HSF1-WT monomer, HSF1-CM, and HSF1-DBD was studied in
the absence of HSE using the intrinsic fluorescence of these proteins. The studies were

conducted in the previously mentioned dialysis buffer [25 mM HEPES-NaOH (pH 7.4), 150
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mM NaCl, and 10% (v/v) glycerol]. 2 uM of each protein was incubated with increasing
concentrations (0-10 uM) of AZD in separate microfuge tubes at 4°C. DMSO was kept at 2%
(v/v) for each reaction mixture. Next, the protein-AZD mixtures were excited at 280 nm, and
the emission spectra were recorded from 300 to 400 nm at 25°C keeping the excitation and
emission slit widths at 5 nm. The fluorescence spectrum of AZD in the buffer was subtracted
from the protein spectra. The fluorescence intensity values at the maximum emission
wavelength (Amax) for each concentration of AZD were noted for each of these proteins. These
values were then plotted against AZD concentrations to obtain binding isotherms. Data were
analyzed in GraphPad Prism 5 using nonlinear regression with a ‘one site-specific binding’

model to obtain the Kq values (Seal et.al. 2023).

Analysis of HSE-AZD interactions by fluorescence spectroscopy

The interaction of AZD with canonical three-site HSE and mutant HSE was studied in the
dialysis buffer [25 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, and 10% (v/v) glycerol]. 10
nM 5’-FAM labeled double-stranded HSE (oligonucleotides) mentioned previously was
incubated with varying concentrations (0-10 uM) of AZD in separate microfuge tubes at 4°C,
maintaining DMSO concentration at 2% (v/v). Fluorescence emission spectra of the HSE-AZD
mixtures were recorded at 25°C from 505-560 nm upon excitation at 495 nm setting the
excitation and emission slit widths at 5 nm. The fluorescence intensity values at 520 nm (Amax)
at each concentration of AZD were noted for each of the oligonucleotides. These values were
then plotted against increasing AZD concentrations to obtain binding isotherms. The
equilibrium dissociation constant (Kq) values were obtained by analyzing the data in GraphPad
Prism 5 using nonlinear regression with a ‘one site-specific binding” model (Jaeger et. al. 2014,

Seal et. al. 2023).

Cold competition assay for analyzing the interaction of canonical three-site HSE (double-

stranded) with AZD

Four reactions were set up at 4°C in dialysis buffer as follows:

a. 10 nM FAM-labelled 3X-HSE + DMSO (vehicle)
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b. 10 nM FAM-labelled 3X-HSE + 10 uM AZD
c. 10 nM FAM-labelled 3X-HSE + 10 nM cold 3X-HSE + 10 uM AZD
d. 10 nM FAM-labelled 3X-HSE + 100 nM cold 3X-HSE + 10 uM AZD

DMSO concentration was maintained at 2% (v/v) in all the reaction mixtures. Following
incubation, the fluorescence intensities of these reaction mixtures were recorded at 25°C with
emission in the range of 505-560 nm following excitation at 495 nm. The fluorescence
intensities recorded at 520 nm for all the samples were plotted in a bar graph using GraphPad

Prism 5 and compared.

The fluorescence polarization (FP) of FAM-labeled 3X-HSE was analyzed under identical
conditions as elaborated above. Here, FP values of the samples at 520 nm were recorded after

excitation at 495 nm, and these were plotted and compared in a bar graph.

8-Anilinonaphthalene-1-sulfonic acid (ANS) Binding Assay

For ANS binding experiments, proteins (2 pM) were incubated with varying concentrations of
AZD (0-10 uM) for 30 minutes at 4°C in the dark with DMSO maintained at 2% (v/v) in each
reaction mixture. The assay was conducted in the previously mentioned Dialysis Buffer [25
mM HEPES-NaOH (pH 7.4), 150 mM NaCl, and 10% (v/v) glycerol]. Next, 8-
Anilinonaphthalene-1-sulfonic acid (ANS) solution prepared in dialysis buffer was added at a
final concentration of 40 uM (20-fold molar excess of proteins) to the reaction mixtures,
followed by a further incubation of 30 minutes in the dark at 4°C. After this, the emission
spectra of the reactions were recorded in the range from 420 to 600 nm at 25°C following
excitation at 390 nm (Sonawane et. al. 2021). Both the excitation and emission slit widths were
set at 5 nm. The fluorescence intensity values at the maximum emission wavelength (Amax) for

each protein were plotted against the AZD concentrations.
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Figure 2.5: The structure of ANS

Thioflavin T (ThT) Binding Assay

Proteins (2 pM) were incubated with increasing concentrations of AZD (0-10 uM) in dialysis
buffer for 30 minutes in the dark at 4°C. DMSO was maintained in all the reaction mixtures at
2% (v/v). ThT stock solution was prepared in dialysis buffer [25 mM HEPES-NaOH (pH 7.4),
150 mM NaCl, and 10% (v/v) glycerol] and was added at a final concentration of 4 uM to the
reaction mixtures (molar ratio of Protein: ThT was 1:2) followed by a further incubation of 30
minutes in the dark at 4°C. After this, the emission spectra of the reactions were recorded in
the range from 450 to 600 nm at 25°C following excitation at 440 nm (Zaman et. al. 2016).
Appropriate blanks were also prepared by incubating AZD at varying concentrations with 4
puM ThT in dialysis buffer, and their emission spectra were subtracted from the sample spectra.

The fluorescence intensity values at Amaxwere plotted against AZD concentrations.

CHz CI-
N CHs
I~
H,C S CHj4

Figure 2.6: The Structure of Thioflavin T

Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) was attempted to determine the thermodynamic
parameters pertaining to the human HSF1-AZD interaction. A VP-ITC microcalorimeter

(Microcal, Northampton, MA) was used for this purpose. The protein (10 pM) in Dialysis
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Buffer [25 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, and 10% (v/v) glycerol] was put in
the reaction cell. AZD in Dialysis Buffer (at 100 uM concentration) was placed in the syringe.
2% DMSO (v/v) was maintained in both the solutions (in the reaction cell and syringe). The
titration was done at 25°C. 10 pl of the AZD solution was injected into the reaction cell 25
times at 2 min intervals with constant stirring of the reaction mixture at 310 rpm. The heat of
dilution of AZD in the buffer was subtracted from the titration data. Microcal Origin 7.0
(OriginLab Corporation, Northampton, MA) software was used for analyzing the data by the
one-site binding model (Sinha et.al. 2021).

Statistical analyses

The results are presented as mean = SD. Data analyses were done using one-way ANOVA
(while comparing more than two groups) and two-tailed unpaired t-test (while comparing two

groups) in GraphPad Prism 5 software. Results were statistically significant at P < 0.05.
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Purification of Azadiradione (AZD)

Azadiradione (approx. 800 mg) was purified from (5 kg) Neem seed powder as described in
‘Materials and Methods’. The purity of the compound was verified by analysing the sample
employing TLC followed by analytical HPLC. The preparation was close to 95% pure. The
identity of the compound/ preparation was further confirmed by Nuclear Magnetic Resonance

(NMR) spectroscopy (1H-NMR, 13C-NMR, and DEPT135-NMR) [Figs 3.1-3.5].

RS 8— AzD

Figure 3.1: Thin Layer Chromatography (TLC) profile of an AZD preparation. TLC
was performed using silica gel coated TLC plates (Merck) with mobile phase Hexane: Ethyl
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AZD preparation. The analysis involved a C-18 column with a mixture of acetonitrile (60%)
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Figure 3.2

and water (40%) as the mobile phase. The AZD retention time of 9.56 min is indicated by an

arrow.
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Figure 3.4: 13C-NMR spectrum of AZD.

Figure 3.5: DEPT-135 NMR spectrum of AZD.

Purification of human HSF1 protein and its mutant derivatives from overexpressing E.

coli strain using Ni-NTA agarose beads

To perform in vitro binding assays of AZD with different derivatives of human HSF1 protein,

the following HSF1 mutants were generated (Fig.3.6):

1. HSF1-ALZ1-3, in which the oligomerization domain of HSF1 has been deleted. This
protein stays in a constitutively monomeric form (Jaeger et.al. 2014).

2. HSF1-LZ4Amutant (LZ4m), in which three residues (L391M, L395P, and L398P) in the
C-terminal leucine zipper domain (LZ4) of HSF1 have been mutated to disrupt the
interaction of the first Leucine Zipper domain LZ1-3 (a.k.a. the oligomerization
domain) with LZ4. This protein stays in a constitutively trimeric/ oligomeric form
(Jaeger et. al. 2014).

3. HSF1-DNA Binding Domain or HSF1-DBD consists of residues 1-123 of HSF1.
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4. HSF1-ALZ4-TAD consists of the DBD, oligomerization, and the regulatory domain of
HSF1.

5. HSF1-ATAD consists of the DBD, oligomerization, regulatory, and the LZ4 domain of
HSF1.

We have also made several attempts to purify a truncation derivative of HSF1 consisting of the
DBD and oligomerization domain (amino acid residues 1-203), but this derivative precipitated
out of solution due to aggregation during dialysis, presumably due to its high level of

hydrophobicity in the solution exposed regions. Hence, it could not be used in the present study.

1 123 203 383 409 529

DBD L71-3 RD LZ4 TAD
I (50 [ J  HSF1-WT
———— - - ) I ] HSF1-ALZ1-3 (or CM)
I (50 s e ] HSF1-LZ4 mutant (or CT)
™ - HSF1-ATAD
Y- - - == == === === =mmm == HSF1 ALZ4-TAD
N e R R R HSF1-DBD

Figure 3.6: Human HSF1 protein (full length, 529 aa) and its derivatives used in the
present study. Amino acid residue numbers marking the domain boundaries are indicated.
[CM: Constitutive Monomer; CT: Constitutive Trimer; TAD: Transactivation Domain; DBD:
DNA-Binding Domain; LZ: Leucine Zipper]

The above-mentioned derivatives along with the wild-type HSF1 were purified as described in
the ‘Materials and Methods’ section. SDS-PAGE profiles of all the derivatives showed a single

major band with minimal degradation.
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Eluted fractions

Figure 3.7: Coomassie-stained 10% SDS-polyacrylamide gels representing the purified
HSF1-WT protein. HSF1-WT protein (calculated MW ~57 kDa) with significant cleavage
(left) and minimal cleavage after proper standardization of the purification protocol (right). 20
ul aliquot from each fraction (~200 pul) was loaded into the gel. Arrows on the top indicate the

order of fraction collection. (* The arrow indicates the intact HSF1-WT band.)
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Figure 3.8: Coomassie-stained 10% SDS polyacrylamide gels representing the purified
HSF1-ALZ1-3 (marked 1) and HSF1-LZ4m (marked 2). The calculated molecular weights
(MWs) of HSF1-ALZ1-3 and HSF1-LZ4m are ~50 kDa and ~57 kDa, respectively. 20 pl
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aliquot from each fraction (~200 pul) was loaded into the gel. Arrows on the top indicate the

order of fraction collection.

Eluted fractions

17 kDa

HSF1-DBD

11 kDa

Figure 3.9: Coomassie-stained SDS-polyacrylamide gel (15%) representing the purified
HSF1-DBD. Calculated MW is ~14 kDa. 20 ul aliquot from each fraction (~200 pl) was

loaded into the gel. The arrow on the top indicates the order of fraction collection.
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HSF1-ATAD

Figure 3.10: Coomassie-stained 10% SDS-polyacrylamide gel representing the purified
HSF1-ATAD. The calculated MW is ~44.6 kDa. 20 ul aliquot from each fraction (~200 pl)

was loaded into the gel. The arrow on the top indicates the order of fraction collection.

65



N
S
QO

S
@
r§\- ) Eluted fractions Eluted fractions

<

63 kDa
48 kDa

35kDa

25kDa

Figure 3.11: Coomassie-stained SDS-polyacrylamide gels (15%) representing the purified
HSF1-ARD-LZ4-TAD (marked 1) and HSF1-ALZ4-TAD (marked 2). The calculated
molecular weights of HSF1-ARD-LZ4-TAD and HSF1-ALZ4-TAD are ~23.14 kDa and ~41.81
kDa; respectively. HSF1-ARD-LZ4-TAD precipitated out of solution during dialysis, and
hence could not be included in the present study. 20 ul aliquot from each fraction (~200 pl)

was loaded into the gel. Arrows on the top indicate the order of fraction collection.

Isolation of monomer and olisomer of HSF1 by Size Exclusion Chromatography of the

Affinity Purified Proteins

HSF1-WT purified from overexpressing E. coli strain has been reported to be a mixture of
multiple molecular species (Jaeger et. al. 2014; Hentze et. al. 2016). Therefore, the proteins
after Ni-NTA column purification were subjected to size exclusion chromatography (SEC) for
further purification of different possible oligomeric species for each of these preparations as
described in ‘Materials & Methods.” The SEC profile of HSF1-WT revealed two prominent
peaks: a taller peak (Peak 1) eluting at 8.77 ml and a smaller one at 12.44 ml (Peak 3). In
addition, a small hump eluting at 10.59 ml was denoted as Peak 2. To determine the identity of
these two peaks, we compared the SEC profiles of HSF1-ALZ1-3 and HSF1-LZ4m with that
of the wild-type protein. HSF1-ALZ1-3, which remains in a constitutively monomeric (CM)
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state, shows a major peak eluting at 11.86 ml, which is close to the elution volume (EV) of
Peak 3 of HSF1-WT. On the other hand, HSF1-LZ4m (constitutive trimer, CT) shows a major
peak at 8.52 ml, close to the EV of Peak 1 in HSF1-WT. When fractions containing all these
peaks were analysed by blue native PAGE, Peak 3 of HSF1-WT (12.44 ml) and the major peak
of HSF1-ALZ1-3 (11.86 ml) were found to have similar electrophoretic mobilities, the band
position of the latter being slightly lower (as it is a deletion mutant, having residues 138-198
deleted). Peak 1 of HSF1-WT (8.77 ml) and the major peak of HSF1-LZ4m (8.52 ml) also

showed very similar electrophoretic mobilities (Figs.3.12-3.15).

When heat shock was applied to fractions containing Peak 3 of HSF1-WT and run on a native
gel, its band almost disappeared and a new band appeared higher up in the gel corresponding
to the band position of Peakl of HSFI1-WT. Upon treating the heat-shocked sample with 10
mM DTT, the original band position was restored to some extent, corresponding to the non-
heat-shocked sample. Heat shock treatment of the major peak of HSF1-ALZ1-3 caused no shift
in its band position (Fig. 3.16). Taken together, it may be concluded that Peak 3 of HSF1-WT
corresponds to the monomeric species, which upon heat shock treatment oligomerizes, and a
shift in the band position is observed. DTT treatment post heat shock has been reported to cause
monomerization of oligomeric HSF1 by disruption of an inter-subunit disulfide bond (Lu et al.
2008). This agrees with our observation. HSF1-ALZ1-3, the oligomerization domain-deficient
mutant failed to oligomerize upon heat shock, thus no change in its band position was found.
The Peak 1 of HSF1-WT corresponds to the trimeric/ higher oligomeric species which accounts

for its similarity with the major peak of HSF1-LZ4m.
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Figure 3.12: SEC profile of HSF1-WT preparation. The red and purple arrows indicate the

trimeric/ oligomeric and monomeric species, respectively.
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Figure 3.13: SEC profile of HSF1-Constitutive Monomer (CM) preparation. The purple
arrow indicates the peak corresponding to HSF1-CM.
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Figure 3.14: SEC profile of HSF1-Constitutive Trimer (CT) preparation. The red arrow
indicates the peak corresponding to HSF1-CT.
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Figure 3.15: Resolution of molecular species of HSF1 derivatives obtained by SEC
(shown in figures 3.12-3.14) using Blue Native PAGE (7%). The black arrow indicates the
band position of the HSF1-WT monomer, the purple arrow indicates the band position of
HSF1-CM, and the red arrow indicates the position of the trimeric/ oligomeric species of both

HSF1-WT and -CT.
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Figure 3.16: Analysis of SEC purified HSF1-WT monomer by Blue Native PAGE to
confirm the purification of the HSF1-WT monomer as indicated by the black arrow.

HSF1-CM is indicated by the purple arrow and HSF1-WT trimer/ oligomer by the red arrow.

The SEC profile of HSF1-DBD revealed the existence of a major peak (EV: 17.03 ml) along
with a shorter peak at a lower EV (Fig. 3.17). We calculated the molecular weight of the major
peak by putting its EV in the SEC MW standard curve as described in ‘Materials and Methods’
to be 17.78 kDa. This agrees well with the actual molecular weight of His¢-tagged DBD (~16
kDa). Thus, the major peak was identified as HSF1-DBD, and the shorter peak probably
consisted of protein aggregates/ impurities. The Molecular weights of the other proteins used
in this study could not be calculated similarly owing to the presence of intrinsically disordered

regions (IDRs) in them (Iakoucheva et.al. 2001).
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Figure 3.17: SEC profile of HSF1-DBD preparation. The arrow indicates the peak
corresponding to HSF1-DBD.
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Figure 3.18: SEC standard curve obtained by resolving the indicated purified MW
standards in the Superdex200 Increase 10/300 GL column. Log (MW) versus elution
volumes were plotted. The molecular weight of Hises-tagged HSF1-DBD was calculated from

this curve.

The SEC profile of HSF1-ALZ4-TAD eluted as a major peak at EV of 8.59 ml. This derivative
is expected to remain in a multimeric form constitutively due to the absence of the LZ4 domain,
which inhibits multimer formation. The observed EV, in this case, is in good agreement with

the EVs of the trimeric/ oligomeric form of HSF1-WT and HSF1-LZ4m (Fig. 3.19).

For HSF1-ATAD, the SEC profile revealed a predominance of multimeric species (EV: 8.03
ml) followed by a very small quantity of monomeric species eluted at 13.57 ml. Attempts to
concentrate this monomeric species resulted in its aggregation. For this reason, we used this
derivative directly after the affinity purification for further studies without subjecting it to SEC
(Fig. 3.20).
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Figure 3.19: SEC profile of HSF1-ALZ4-TAD preparation. The major peak indicated by

the green arrow corresponds to the protein.
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Figure 3.20: SEC profile of HSF1-ATAD preparation. The major peak indicated by the
blue arrow corresponds to the multimeric species of the protein. The peak indicated by the

yellow arrow possibly corresponds to the monomeric species.
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Monomeric HSF1 forms homomultimer upon incubation with AZD and binds the heat

shock element with high affinity

To understand the effect of AZD on the interaction of monomeric wild-type HSF1 with
canonical heat shock element (HSE), we used Fluorescence Polarization Assay (FP Assay) to

determine the affinity of their interaction both in the presence and absence of the compound.

When a fluorophore is excited with polarized light, it emits light having the same plane of
polarization. If there is rotation of the fluorophore between excitation and emission, the plane
of polarization of the emitted light will also rotate with it, resulting in depolarization of the
emitted light. The rotational diffusion of a fluorophore can, therefore, be studied using
fluorescence polarization. In our case, the fluorophore is a Fluorescein Amide (FAM) moiety
covalently attached to the 5’ end of one of the annealed complementary oligonucleotide strands
of canonical HSE (23 bp) (Fig. 3.21). When no protein is bound to the HSE, the fluorophore
enjoys a high rate of rotational diffusion, and as a result polarization of emitted light is low for
unbound DNA. As more and more protein binds with HSE in the solution, it restricts the rate
of rotational diffusion of the fluorophore, increasing the polarization of emitted light. By
measuring the increase in polarization upon titration of protein to a fixed concentration of
fluorophore-tagged DNA, a binding curve is obtained and the dissociation constant (Kq) value

of the interaction can be determined from the curve.

The interaction of monomeric HSF1 with canonical HSE in the absence of AZD yielded a mean
Kq value of 56.74 nM. When 10 uM AZD was present in the reaction mixture, the mean Kqg
value dramatically reduced to 7.8 nM (Fig. 3.21). A decrease in the K4 value indicates an
increase in the binding affinity. Thus, AZD was found to increase the binding affinity of
monomeric HSF1 with HSE by ~7.1-fold. To understand if this increase in binding affinity was
due to the formation of a trimeric/ higher HSF1 oligomeric structure, we performed a Dynamic
Light Scattering (DLS) assay. The addition of AZD to monomeric HSF1 in the absence of HSE
was found to increase the hydrodynamic radius of the protein appreciably. Thus, AZD causes
multimerization of HSF1-WT monomer here in the absence of proteotoxic stress, increasing

its binding affinity for HSE considerably.

73



HSF1-WT monomer (without AZD) HSF1-WT monomer (with AZD)

10+ 10+
[ ]
84 84 .
L ]
e & 6 *
o
£ E
4 4-
) Ky: 57 £10 nM , Ky:7.843nM
0 T T T 1 0
0 100 200 300 400 0 50 100 150
[Protein] nM [Protein] nM
FAM-5"-CCTGGAATATTCCCGAACTGGC-3°
80+ ann Size Distribution by Number
40
60+ o P
s §°
5 404 E (s"\
» S 2 A
x 3 | \
2 / \
20- Z10 [\
|\
é , (E—— i _—
0.1 1 10 100 1000 10000
&o &0 Size (d.nm)

Figure 3.21: AZD increases the binding affinity of HSF1-WT monomer to FAM-labelled

canonical HSE as determined by Fluorescence Polarization Assay.

Upper panel: Binding curve obtained by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD. Kq4 values were obtained

using GraphPad Prism 5 software.

FAM (fluorescein amide) labelled canonical HSE nucleotide sequence is shown with 5°--GAA-

-3’ units underlined.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): The effect of AZD on the oligomeric status of HSF1-WT monomer (in the
absence of HSE) studied by Dynamic Light Scattering (DLS) Assay. The peak drawn in red
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indicates the size distribution of the protein without AZD. The peak drawn in green (with a
greater hydrodynamic radius) indicates the protein’s size distribution in the presence of the

compound.

AZD increases the binding affinity of constitutively monomeric HSK1 for heat shock

element

The oligomerization domain of HSF1 (LZ1-3) is essential for the heat shock-induced
trimerization/ multimerization of the protein by forming a triple-stranded coiled-coil structure.
An internal deletion construct lacking this domain (HSF1-ALZ1-3) has been shown not to
oligomerize upon heat shock treatment (Fig. 3.16). We wished to study the effect of AZD on
this construct and compare it with that on wild-type monomeric HSF1. As expected, HSF1-
ALZ1-3 bound canonical HSE sequence with very low affinity having a mean Kgq value of
490.92 nM (Fig. 3.22). However, to our astonishment, in the presence of 10 uM AZD, the
binding affinity was dramatically increased, yielding a mean Kq value of 6.35 nM (Fig. 3.22).
Thus, as previously reported, HSF1-ALZ1-3 binds the canonical HSE with a much lower
affinity compared to the HSF1-WT monomer in the absence of AZD (Jaeger et.al. 2014).
Intriguingly, the affinity of HSF1-ALZ1-3 and HSE interaction becomes comparable to that of
HSF1-WT monomer-HSE interaction in the presence of AZD (Figs. 3.21 and 3.22).

Consistently, in the DLS study, the hydrodynamic radius of HSF1-ALZI-3 increased
considerably upon incubation with AZD in the absence of HSE, like the HSF1-WT monomer
(Fig. 3.21). These results point to the idea that the absence of the oligomerization domain does
not affect AZD-induced multimerization and DNA binding of HSF1, which is in stark contrast
to heat shock-induced activation. Additional studies will clarify the molecular basis of this

finding.
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Figure 3.22: AZD facilitates the binding of HSF1-CM to the FAM-labelled canonical HSE

as determined by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD. The Kq values were

obtained using GraphPad Prism 5 software.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): The effect of AZD on the oligomeric status of HSF1-CM (in the absence
of HSE) studied by DLS Assay. The peak drawn in red indicates the size distribution of the
protein without AZD. The peak drawn in green (with a greater hydrodynamic radius) indicates

the protein’s size distribution in the presence of the compound.
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Azadiradione interrupts the binding of trimeric/multimeric HSKF1 with heat shock

element

One of the key steps in the activation of HSF1 is its trimerization/ multimerization upon
exposure to stressful conditions, which increases the affinity of HSF1 protein for the HSE
sequences present in the promoters of its target genes (Dayalan Naidu et. al. 2017). We wished
to study the effect of AZD on the interaction of the trimeric/ multimeric form of HSF1-WT
protein (obtained by SEC) with canonical HSE. FP assay determined the mean Kgq of this
interaction in the absence of AZD to be 17.45 nM. In the presence of 10 uM AZD, the mean
Kavalue of this interaction increased to 112.59 nM. Thus, AZD causes a decrease in the binding
affinity of HSF1-WT trimer/ oligomer for the HSE sequence by ~6.4-fold (Fig. 3.23). Notably,
AZD increased the affinity of HSF1-WT monomer from 56.74 nM to 7.8 nM (7.1 -fold) (Fig.
3.21).

Next, we studied the effect of AZD on the interaction of HSF1-LZ4mutant with canonical HSE
sequence. As mentioned earlier, this mutant remains in a constitutively trimeric/ oligomeric
form and shares the same SEC elution profile with the HSF1-WT trimer/ oligomer (Figs. 3.12
and 3.14). Without AZD, this interaction yielded a mean Kq4 value of 25.06 nM. However, in
the presence of 10 uM AZD, the mean K4 value increased to 114.12 nM. Thus, like HSF1-WT
trimer/ oligomer, AZD was found to compromise the binding of HSF1-LZ4mutant with

canonical HSE, decreasing the binding affinity by ~4.5-fold (Fig. 3.24).

To check whether this decrease in HSE binding affinity is caused by a disruption of the
oligomeric structures by AZD, we performed a DLS assay. Interestingly, DLS studies have
revealed a small increase in the hydrodynamic radii of these two forms of HSF1 upon
incubation with AZD. This could indicate a destabilization of the proteins upon AZD binding
(Ishtikhar et. al. 2016), which accounts for their decrease in binding affinity with canonical

HSE.
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Figure 3.23: AZD disrupts the binding of HSF1-WT trimer and FAM labelled canonical

HSE as revealed by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD. The Kq4 values were

obtained using GraphPad Prism 5 software.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): Effect of AZD on the oligomeric status of HSF1-WT Trimer/ oligomer (in
the absence of HSE) studied by DLS Assay. The peak drawn in red indicates the size
distribution of the protein without AZD. The peak drawn in green (with a greater hydrodynamic

radius) indicates the protein’s size distribution in the presence of the compound.
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Figure 3.24: AZD disrupts the binding of HSF1-CT and FAM labelled canonical HSE as

revealed by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD. The Kq4 values were

obtained using GraphPad Prism 5 software.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): Effect of AZD on the oligomeric status of HSF1-CT (in the absence of
HSE) obtained by DLS Assay. The peak drawn in red indicates the size distribution of the
protein without AZD. The peak drawn in green (with a greater hydrodynamic radius) indicates

the protein’s size distribution in the presence of the compound.
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The DNA Binding Domain of HSF1 plays a significant role in the AZD-induced binding
of HSF1 to heat shock element

We have prepared C-terminal truncation derivatives of HSF1 to gain insight into the domain(s)
involved in AZD-induced binding of HSF1 to HSE. HSF1-ATAD was shown to bind canonical
HSE sequence with a mean Ky value of 58.68 nM, which was increased to 202 nM in the
presence of 10 uM AZD. DLS study showed a small increase in the hydrodynamic radius of
HSF1-ATAD upon incubation with AZD in the absence of HSE (Fig. 3.25). This result suggests

destabilization of the protein structure upon AZD binding, contributing to the reduction in HSE

binding affinity.
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Figure 3.25: AZD disrupts the binding of HSF1-ATAD and FAM labelled canonical HSE

as revealed by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD as indicated. The Kq values

were obtained using GraphPad Prism 5 software.

Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.
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Lower panel (right): Effect of AZD on the oligomeric status of HSF1-ATAD (in the absence of
HSE) studied by DLS Assay. The peak drawn in red indicates the size distribution of the protein
without AZD. The peak drawn in green (with a greater hydrodynamic radius) indicates the

protein’s size distribution in the presence of the compound.

HSF1-ALZ4-TAD, consisting of DBD, LZ1-3, and RD, is expected to remain in a multimeric
state, as it lacks the autoinhibitory LZ4 domain (which can bind with LZ1-3 and prevent
multimer formation). We found this protein to bind canonical HSE with a mean Kq value of
22.56 nM in the absence of AZD. The binding affinity increased by a small margin (mean Kq
value of 12.92 nM) in the presence of 10 uM AZD. DLS study indicated a slight increase in
the protein’s hydrodynamic radius upon AZD exposure. As this protein’s affinity for canonical
HSE underwent only a small change upon exposure to AZD (when compared to the other

proteins used in this study), it was not studied further (Fig. 3.26).
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Figure 3.26: AZD stimulates the binding of HSF1-ALZ4-TAD and FAM-labelled

canonical HSE as revealed by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD as indicated. Kq values

were obtained using GraphPad Prism 5 software.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): Effect of AZD on the oligomeric status of HSF1-ALZ4-TAD (in the
absence of HSE) studied by DLS Assay. The peak drawn in red indicates the size distribution
of the protein without AZD. The peak drawn in green (with a greater hydrodynamic radius)

indicates the protein’s size distribution in the presence of the compound.

The DNA Binding Domain of HSF1, situated at Its N-terminus, helps the protein bind with its
cognate HSE. The binding strength of purified DBD with HSE is expected to be low owing to
the absence of the oligomerization domain. Although certain residues have been shown to
mediate DBD-DBD contacts in the crystal structure of the DBD-HSE complex (Neudegger et.
al. 2016), these are thought to be insufficient for maintaining a stable trimeric/ multimeric
structure. Indeed, HSF1-DBD was found to bind canonical HSE with a very low affinity (mean
Kq4: 314.56 nM) in the absence of AZD. The presence of 10 uM AZD however increased the
binding affinity by ~4-fold (mean Ka: 86.51 nM). This suggested the formation of a multimeric
structure comprising HSF1-DBD subunits stabilized by AZD, which bound HSE with high
affinity. Indeed, our DLS study demonstrated the formation of a multimeric structure upon
incubation of HSF1-DBD with AZD in the absence of HSE (Fig. 3.27). Understanding how
AZD achieved this feat and its implications in the activation of full-length HSF1 protein

requires further studies.
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Figure 3.27: AZD enhances the binding of HSF1-DBD and FAM-labelled canonical HSE

as revealed by Fluorescence Polarization Assay.

Upper panel: Binding curve derived by plotting the millipolarization values corresponding to
protein concentrations (in nM) in the absence and presence of AZD as indicated. Kq values

were obtained using GraphPad Prism 5 software.
Lower panel (left): Bar graph representing the Kq values in the presence and absence of AZD.

Lower panel (right): Effect of AZD on the oligomeric status of HSF1-DBD (in the absence of
HSE) studied by DLS assay. The peak drawn in red indicates the size distribution of the protein
without AZD. The peak drawn in green (with a greater hydrodynamic radius) indicates the

protein’s size distribution in the presence of the compound.
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AZD interacts with HSE-DNA in the absence of protein

Nelson et. al. (2016) analysed the possible interactions of HSE and HSF1-DBD by docking
AZD in the crystal structure published by Neudegger et. al. (2016), which has indicated the
binding of AZD at the protein-DNA interface, contacting both HSE and HSF1-DBD. In the
crystal structure, however, a two-site HSE was used (Neudegger et. al. 2016). Here, we were
interested in studying the interaction of canonical three-site HSE with AZD in vitro in the
absence of protein by fluorescence spectroscopy. Upon titration of FAM-labelled HSE (10 nM)
with increasing concentrations of AZD, the fluorescence intensity at 520 nm was found to
increase in a concentration-dependent manner, ultimately reaching saturation (Aex 495 nm).
Fluorescence of AZD in the buffer was negligible in this range. The mean Kq4 value of this
interaction was 1.35 pM. This suggested that AZD interacts with the DNA molecule occupying
specific binding site(s), and gradually increasing the concentration of AZD saturates these

site(s) (Fig. 3.28).

Interaction of FAM-labeled 3X-HSE with AZD

60-
> — OuMAZD
a — 2uMAZD
E 404 4uM AZD
° 6uM AZD
§ , — 8uMAZD
§ 20- — 10uM AZD
S
3
[T
c L} L] 1
520 540 560
Wavelength (nm) A

Interaction of FAM- labeled 3X-HSE with AZD
200+

150 hd

1004

(2]
o

Kd: 1.355 * 0.21 yM

Normalized Fl. Intensity

o

5 10 15
[AZD] uM B

o

84



Figure 3.28: AZD alters the fluorescence spectra of FAM-labelled heat shock element
containing DNA (HSE-DNA).

A. Fluorescence spectra of FAM-labelled 3X-HSE (10 nM) recorded at various
concentrations of AZD (0-10 uM) upon excitation at 495 nm.

B: Binding curve derived by plotting normalized fluorescence emission intensity (at 520

nm) obtained at corresponding AZD concentrations.

To further investigate this interaction, we performed a competition assay using unlabelled
(cold) canonical three-site HSE having a sequence identical to that of the labelled probe.
Incubation of labelled HSE (10 nM) with 10 uM AZD caused a significant increase in its
fluorescence intensity at 520 nm, compared to that of the vehicle (DMSO)-exposed labelled
HSE, as expected. However, when the labelled probe-AZD mixture was incubated with cold
probe (10 nM), the fluorescence intensity diminished. A further decrease in fluorescence
intensity was observed when 100 nM cold probe was present in the reaction mixture (Fig. 3.29).
Thus, a dose-dependent decrease in fluorescence intensity of the labelled HSE-AZD mixture
was observed when equimolar and a ten-fold molar excess of the cold probe were added to the
reaction mixture. This suggested that AZD present in the reaction mixture gets distributed

between the binding site(s) on the labelled and cold probes.

The same cold competition assay was also performed by measuring the fluorescence
polarization (FP) of FAM-labelled HSE at 520 nm. FP increased considerably upon incubation
of labelled HSE with AZD compared to the DMSO-incubated condition. However, increasing
concentrations of the cold probe in the reaction mixture caused a significant decrease in FP in
a dose-dependent manner (Fig. 3.30). Thus, the result obtained was in good agreement with

that of the fluorescence intensity study.
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Competition of FAM 3X-HSE & AZD binding with cold 3X-HSE
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Figure 3.29: AZD alters the fluorescence spectra of FAM-labelled heat shock element
containing DNA (HSE-DNA).

A: Alteration in the fluorescence emission spectrum of labelled HSE-AZD mixture upon
incubation with unlabelled HSE (Cold Probe, CP). Two different concentrations of CP were

used in this experiment.

B: Bar graph representing the change in fluorescence emission intensity at 520 nm upon the

interaction of FAM labelled 3X-HSE with AZD in the absence and presence of CP.
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Figure 3.30: Bar graph depicting the change in fluorescence polarization of FAM labelled
3X-HSE upon its interaction with AZD in the presence and absence of CP. Two different

concentrations of CP were used in this experiment as indicated.

We were curious to study the binding affinity of mutant HSE (mHSE) with AZD in the absence
of protein and compare it with the affinity of canonical HSE-AZD binding (mHSE has the same
length as that of canonical HSE with key bases mutated, which weakens its interaction with
HSF1). The sequences of canonical and mutant HSEs are given below for comparison (the

underlined bases in mHSE have been mutated):

Canonical HSE: 5’-CCTGGAATATTCCCGAACTGGC-3’

Mutant HSE: 5’-CCTGGCGTAGTCCCCGCCTGGC-3’
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Interestingly, AZD bound mHSE with an affinity comparable to the canonical HSE-AZD
interaction, having a mean Kgq value of 1.18 uM (Fig. 3. 31). The mean Kq value of canonical
HSE-AZD interaction is 1.35 uM. This indicated a similar mode of binding of AZD with the

two DNA molecules, which is independent of their nucleotide sequences.

If AZD has a similar mode of binding with the canonical and mutant HSE sequences, does it
cause an increase in the binding affinity of mHSE with monomeric HSF1? We have shown
AZD to induce multimerization of monomeric HSF1, but even trimeric/ multimeric HSF1 is
reported to bind mHSE with an extremely low affinity (Jaeger et.al. 2014). Thus, stimulation
of the monomeric HSF1-mHSE binding by AZD would indicate an AZD-induced structural
alteration of the DNA molecule. To address this question, we performed an FP assay to monitor
the binding of monomeric HSF1 with FAM-labelled mHSE in the presence and absence of
AZD. In the absence of AZD, the protein-DNA interaction was extremely weak, as expected
(mean Kqvalue: 1170 nM). But in the presence of 10 uM AZD, the binding affinity dramatically
increased with a mean Kq value of 84.77 nM (Fig. 3.33). Thus, AZD indeed increases the
binding affinity of monomeric HSF1 with mHSE considerably, although this affinity remains
lower than that of the AZD-induced interaction of monomeric HSF1 with canonical HSE (for

which, the mean Kq value is 7.8 nM) (Fig. 3.32).

Interaction of FAM- labeled mHSE with AZD

80-
2 — OuM
@ — 2uM
g 601 4MM
= U
<
© — 6uM
© 404 8UM
5 il
L 204
(@]
=]
T

0

520 540 560
Wavelength (nm)

88
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Figure 3.31: AZD alters the fluorescence spectra of FAM-labelled mutant heat shock
element (mHSE)-containing DNA.

A: Fluorescence spectra of FAM-labelled mutant HSE (10 nM) recorded at various

concentrations of AZD upon excitation at 495 nm.

B: Binding curve obtained by plotting normalized fluorescence emission intensity at 520 nm

at various AZD concentrations.

Comparison of Binding Affinities of 3X-HSE and mHSE with AZD
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Figure 3.32: Bar graph comparing the binding affinities (Ka values) of 3X (canonical)-
HSE and mHSE with AZD. No significant difference was observed.
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Figure 3.33: Effect of AZD on the binding of monomeric HSF1 to mHSE monitored by
FP assay.

Upper panel: Binding curves were obtained by plotting the millipolarization values at different
concentrations of the protein (in nM) in the presence and absence of AZD. Kq4 values were

obtained using GraphPad Prism 5 software.

Lower panel: Bar graph representing the Kq4 values as indicated in the presence and absence of

AZD.
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Azadiradione alters the surface hydrophobicity of HSF1 and its derivatives as revealed

by 1-Anilinonaphthalene-8-sulfonic acid (ANS) fluorescence analysis

1-Anilinonaphthalene-8-sulfonic acid (ANS) is routinely used as an extrinsic fluorescent probe
for detecting the presence of exposed hydrophobic patches and cavities on proteins (Sonawane
et.al. 2021). The formation of protein aggregates is known to be caused by increased exposure
of hydrophobic patches on their surfaces. Therefore, an increase in the ANS fluorescence
quantum yield under certain treatment conditions in solution suggests a greater number of ANS

incorporation on the surface of proteins.

As our DLS results suggested an AZD-induced structural perturbation of the trimeric/
oligomeric forms of HSF1 and the HSF1-ATAD, we were interested in testing the presence of
protein aggregates in these proteins upon their incubation with increasing concentrations of
AZD using ANS as the probe. Indeed, the ANS fluorescence intensity increased considerably
when HSF1-CT was exposed to increasing concentrations of AZD, with a concomitant blue

shift of the spectral emission maxima (Fig. 3.34).
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Figure 3.34: AZD increases the fluorescence quantum yield of ANS upon incubation with

oligomeric HSF1-CT.

A: ANS fluorescence emission spectra of HSF1-CT exposed to various concentrations of AZD

(0-10 uM) obtained at 25°C.
B: ANS fluorescence intensities of HSF1-CT at 490 nm with increasing concentrations of AZD.

C: Changes in ANS fluorescence emission maxima (Amax) of HSF1-CT at varying AZD

concentrations.

Similarly, HSF1-ATAD, upon incubation with increasing concentrations of AZD, exhibited a
significant increase in the ANS fluorescence quantum yield along with a shift of the emission
maxima to a lower wavelength (Fig.3.35). These results indicated the AZD-induced formation

of aggregates by these two proteins.
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Figure 3.35: AZD increases the fluorescence quantum yield of ANS upon incubation with

HSF1-ATAD

A: ANS fluorescence emission spectra of HSF1-ATAD exposed to various concentrations of

AZD as indicated obtained at 25°C.

B: Changes in ANS fluorescence intensity of HSF1-ATAD at 490 nm with increasing

concentrations of AZD as indicated.

C: Changes in ANS fluorescence emission maxima (Amax) of HSF1-ATAD as a function of

varying AZD concentrations.

The HSF1-WT trimer (isolated by SEC), however, showed an opposite effect. Exposure of this
protein to increasing concentrations of AZD caused a diminution in the ANS fluorescence
quantum yield with a simultaneous shift of the emission maxima to a higher wavelength (red
shift). This indicates that the AZD-induced structural destabilization of the HSF1-WT trimer

as found in our DLS studies is not caused by the formation of protein aggregates (Fig. 3.36).
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Figure 3.36: AZD reduced the fluorescence quantum yield of ANS upon incubation with
HSF1-WT trimer

A: ANS fluorescence emission spectra of HSF1-WT trimer at various concentrations of AZD

as indicated obtained at 25°C.

B: ANS fluorescence intensity of HSF1-WT trimer at 490 nm with increasing concentrations

of AZD as indicated.

C: ANS fluorescence emission maxima (Amax) of HSF1-WT trimer as a function of varying

AZD concentrations as indicated.

Further, we were interested in studying the effect of AZD on the surface hydrophobicity of the
monomeric forms of HSF1 (AZD increases HSE binding affinities in these cases). Interestingly,
incubation of the monomeric form of HSF1-WT protein with increasing concentrations of AZD
revealed an initial increase of the ANS fluorescence quantum yield at lower AZD
concentrations, followed by its decrease at higher concentrations (Fig. 3.37). At the highest
AZD concentration tested (10 uM), the ANS fluorescence intensity was close to that of the
vehicle (DMSO) exposed protein. The ANS spectral emission maxima exhibited an initial blue
shift at lower AZD concentrations, followed by a slight red shift at higher concentrations (Fig.
3.37). In the case of HSF1-CM, a similar pattern was observed: an initial increase in the ANS
fluorescence intensity at lower AZD concentrations was followed by its reduction at higher
AZD concentrations. The ANS fluorescence intensity recorded for the 10 uM AZD-exposed
protein was close to that of the vehicle-exposed protein. The ANS spectral emission maxima,
in this case, exhibited a blue shift at low AZD concentrations, followed by a return to its initial
value at higher AZD concentrations (Fig. 3.38). Exposure of HSF1-DBD to increasing
concentrations of AZD caused an initial rise in the ANS fluorescence intensity, which was
followed by its decline at higher AZD concentrations. Incidentally, the ANS quantum yield at
the highest AZD concentrations was lower than that of the control. However, changes in the
ANS spectral emission maxima with the increase in AZD concentrations, in this case, were

found to be erratic, the reason for which is presently not clear (Fig. 3.39).
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Figure 3.37: AZD exhibited a distinct effect on the fluorescence quantum yield of ANS

upon incubation with HSF1-WT monomer.

A: ANS fluorescence emission spectra of HSF1-WT monomer at various concentrations of

AZD as indicated, obtained at 25°C.

B: ANS fluorescence intensity of HSF1-WT monomer at 490 nm with increasing

concentrations of AZD as indicated.

C: ANS fluorescence emission maxima (Amax) of HSF1-WT monomer as a function of varying

AZD concentrations as indicated.
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Figure 3.38: AZD alters the fluorescence quantum yield of ANS upon incubation with
HSF1-CM

A: ANS fluorescence emission spectra of HSF1-CM at various concentrations of AZD as

indicated obtained at 25°C.

B: ANS fluorescence intensity of HSF1-CM at 490 nm with increasing concentrations of AZD

as indicated.

C: ANS fluorescence emission maxima (Amax) of HSF1-CM as a function of varying AZD

concentrations as indicated.
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Figure 3.39: AZD exhibited a distinct effect on the fluorescence quantum yield of ANS
upon incubation with HSF1-DBD.

A: ANS fluorescence emission spectra of HSF1-DBD at various concentrations of AZD as

indicated obtained at 25°C.

B: ANS fluorescence intensity of HSF1-DBD at 508 nm with increasing concentrations of AZD

as indicated.

C: ANS fluorescence emission maxima (Amax) of HSF1-DBD as a function of varying AZD

concentrations as indicated.
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Azadiradione interacts with monomeric forms of HSF1 in the absence of DNA

The interaction of AZD (10 uM) with HSF1-WT monomer, HSF1-CM, and HSF1-DBD caused
multimerization and stabilization of these proteins and increased their binding affinities for
HSE (Figs. 3.21, 3.22 and 3.27). Thus, we were interested to know the binding affinities of
these proteins for AZD in the absence of HSE. For this purpose, intrinsic fluorescence spectra
of 0-10 uM AZD-equilibrated WT monomer, CM, and DBD were individually recorded as
mentioned in ‘Materials and Methods’. As revealed by the spectra, there was an increase in the
intrinsic fluorescence intensity of all the proteins (obtained by excitation of the tryptophan and
tyrosine residues) upon their interaction with AZD. The fluorescence intensity for all the
proteins increased considerably from 0 to 2 uM AZD, after which saturation in fluorescence
enhancement was observed from 2 to 10 uM (Figs. 3.40, 3.41 and 3.42). AZD showed
negligible fluorescence emission under the conditions tested. The mean Kq4 values for all the

above interactions were quite close to each other.
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Figure 3.40: AZD interacts with HSF1-WT monomer as determined by protein intrinsic

fluorescence assay.

A: Intrinsic fluorescence emission spectra of HSF1-WT monomer obtained after incubation

with increasing concentrations of AZD as indicated.

B: Binding curve obtained by plotting normalized fluorescence emission intensity (at Amax=

335 nm) versus AZD concentration.
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Figure 3.41: AZD interacts with HSF1-CM as determined by protein intrinsic

fluorescence assay.

A: Intrinsic fluorescence emission spectra of HSF1-CM obtained after incubation with

increasing concentrations of AZD as indicated.

B: Binding curve obtained by plotting normalized fluorescence emission intensity (at Amax=

330 nm) versus AZD concentration as indicated.
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Figure 3.42: AZD interacts with HSF1-DBD as determined by protein intrinsic

fluorescence assay.

A: Intrinsic fluorescence emission spectra of HSF1-DBD obtained after incubation with

increasing concentrations of AZD as indicated.
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B: Binding curve obtained by plotting normalized fluorescence emission intensity (at Amax=

326 nm) versus AZD concentration.

Azadiradione-induced structural perturbation of HSF1-CT and HSF1-ATAD was probed

by Thioflavin T fluorescence assay

Our DLS studies and ANS fluorescence assays have indicated the formation of protein
aggregates upon treatment of HSF1-CT and HSF1-ATAD with AZD (Figs. 3.24, 3.25, 3.34,
3.35). We were interested in investigating the nature of these protein aggregates. For this
purpose, we have studied the interaction of Thioflavin T (ThT), an extrinsic fluorescent dye,
with these proteins in the absence and presence of AZD. ThT exhibits a substantial
enhancement in its fluorescence intensity upon incubation with characteristic cross-f3 sheet
structures and is thus a suitable probe to characterize amyloid aggregates (Hawe et. al. 2008).
When the above-mentioned proteins were exposed to increasing concentrations of AZD and
subsequently incubated with ThT, a considerable increase in the ThT fluorescence (at 485 nm)
was observed (Figs. 3.43 and 3.44). Thus, exposure to AZD was shown to induce the formation

of amyloid aggregates of HSF1-CT and HSF1-ATAD in a concentration-dependent manner.
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Figure 3.43: AZD increases cross-f§ sheet structures of HSF1-CT as probed by ThT

fluorescence analysis.
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A: Fluorescence emission spectra of ThT obtained upon binding with HSF1-CT exposed to

various AZD concentrations as indicated.

B. Depiction of the change in ThT fluorescence emission intensity (at Amax= 485 nm) with
varying AZD concentration by plotting normalized fluorescence emission intensity versus

AZD concentration.
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Figure 3.44: AZD increases cross-p sheet structures of HSF1-ATAD as probed by ThT

fluorescence analysis.

A: Fluorescence emission spectra of ThT obtained upon binding with HSF1-ATAD exposed to

various AZD concentrations as indicated.

B. Depiction of the change in ThT fluorescence emission intensity (at Amax= 485 nm) with
varying AZD concentration by plotting normalized fluorescence emission intensity versus

AZD concentration.

Isothermal Titration Calorimetry (ITC) for determining the thermodynamic parameters

of HSF1-AZD interaction

We attempted ITC as described in the ‘Materials and Methods’ section to determine the
thermodynamic parameters pertaining to the interaction of HSF1-WT monomer with AZD. As

shown in Fig. 3.45, the thermogram obtained did not show significant heat change. Moreover,

101



the spikes obtained with the corresponding injections of the ligand (AZD) into the reaction cell
did not follow a definite pattern. It was noted that to obtain a reliable thermogram showing
significant heat change, a relatively higher concentration of protein (~10 pM) with ligand
concentration at 10-fold molar excess of that of the protein is required (Sinha et.al. 2021). In
our case, the AZD stock solution (dissolved in DMSO) was diluted in the Dialysis Buffer to
obtain a 100 uM AZD working solution. AZD, a compound with medium-range polarity
(having both hydrophobic and hydrophilic properties), was phased out upon its dilution in
Dialysis Buffer, yielding a turbid solution. This presumably interfered with the interaction of

AZD with HSF1, producing inconsistent and inconclusive results.
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Figure 3.45: Analysis of the interaction of monomeric WI-HSF1 with AZD by Isothermal
Titration Calorimetry (ITC). The upper panel shows the heat change involved upon each
injection of the ligand into the reaction cell. The lower panel shows an analysis of the result by

a one-site binding model using the machine’s software.

102



CHAPTER 4

DISCUSSION
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The present study explores the underlying basis of the functional enhancement of HSF1

activity by the phytochemical Azadiradione (AZD), a limonoid of MW 450.57 Da. AZD was
identified by Nelson and colleagues as the only known direct activator of HSF1 to date (Nelson
et. al. 2016). It was shown to interact directly with purified human HSF1 protein by an intrinsic
tryptophan fluorescence assay (Nelson et. al. 2016). This interaction increased the ability of
the purified protein to bind its cognate recognition element, the heat shock element (HSE).
AZD also increased the affinity of the HSE-interacting cellular extract that contains HSF1 as
shown by gel-shift assay (Nelson et. al. 2016). These findings were in good agreement with the
studies on cell lines, Drosophila, and mouse models of neurodegenerative diseases, where AZD
was found to enhance the activity of HSF1 as monitored by the increasing levels of its target
gene products, such as molecular chaperones, thereby restoring the cellular protein
homeostasis. Notably, HSF1 activation by AZD does not involve the generation of ROS
(Nelson et. al. 2016, Singh et. al. 2018). AZD, interestingly, has been reported to serve as an
antioxidant (Sakib et. al. 2023).

AZD was found to enhance the binding affinity of the monomeric form of wild-type HSF1
(obtained by size exclusion chromatography) for the canonical three-site HSE sequence
appreciably in the absence of any stressful condition as determined by fluorescence
polarization assay. This was shown to be mediated by the AZD-induced monomer to trimer/
multimer transition of the protein in the complete absence of HSE-DNA, as revealed by our
DLS study (Fig. 3.21). This indicates that HSE binding plays no role in assisting the
multimerization of HSF1-WT monomer by AZD; the fully formed trimer/ multimer binds HSE
with high affinity. During our in vifro studies on protein-DNA interaction by fluorescence
polarization (FP) assay, the labelled DNA was first added to the buffer, followed by the protein
at various concentrations. AZD was the last component to be added, wherever necessary, before
excitation of the reaction mixtures at 495 nm. Indeed, in unstressed cells, HSF1 remains as
inactive monomers in the cytosol, and it is only after multimerization (induced by stress cues
or AZD exposure) that they move to the nucleus to engage with the promoters of their target
genes. The results of our in vitro studies are consistent with the spatiotemporal separation of

HSF1 trimerization and HSE binding in the cells.

Most intriguing was our observation that AZD increased the binding affinity of the
constitutively monomeric (CM) form of HSF1 for the canonical HSE sequence by ~75-fold
[Kq4 value decreased from 490.99 + 99.74 nM to 6.485 £ 2.77 nM] (Fig. 3.22). This derivative
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of HSF1 completely lacks the oligomerization domain, which is known to be indispensable for
the stress-induced multimerization of HSF1 (Figs. 3.6, 3.8, 3.13). AZD, however, was shown
to cause multimerization of this protein efficiently in the absence of HSE; and the multimeric
protein bound HSE with an affinity comparable to that of the multimerized monomeric wild-
type HSF1 [Figs 3.21 & 3.22: (6.485 £ 2.77 nM vs. 7.8 £ 3 nM)]. Based on the published
literature on the stress-induced multimerization mechanism of HSF1, this result was
completely unanticipated and reveals a unique mechanism of HSFI multimerization. A
question thus naturally arises as to the point(s) of contact of the individual subunits in the

multimeric form of HSF1-CM that hold the complex together.

The DNA binding domain (DBD) of HSF1 located at the protein’s N-terminus is the only
structurally characterized domain of HSF1 (Fig. 3.6) (Neudegger et.al. 2016, Feng et.al. 2021).
Based on our observations described above, we were curious to study the interaction of purified
DBD with AZD, as this domain is responsible for the binding of HSF1 with HSE. The DBD
was found to exist predominantly in the monomeric form in solution in the absence of HSE, as
suggested by a low hydrodynamic radius (Rn) in our DLS studies (Figs. 3.9, 3.17, 3.27).
However, a dramatic monomer to multimer shift occurred upon incubation of the protein with
AZD, suggested by a substantial increase in Ry (Fig. 3.27). Interestingly, DBD was shown to
bind HSE in the presence of AZD with a ~4-fold higher affinity compared to the control
condition (Kq4value with AZD: 86.5 + 11 nM; Kq value without AZD: 314.56 + 91.9 nM). AZD
seems to hold the individual DBD subunits in a multimeric complex, which binds HSE with a
higher affinity (Fig. 3.27). The binding affinity, however, is low compared to those of the AZD-
induced multimeric forms of HSF1-WT monomer (Kq4: 7.8 + 3 nM) and HSF1-CM (Kq: 6.485
+ 2.77 nM). Thus, the oligomerization domain may be dispensable for AZD-induced
multimerization; however, the interaction of AZD with DBD may induce conformational

changes in other domains of the protein, which enhances its binding affinity for HSE.

Our studies on the binding affinities of HSF1-WT monomer, HSF1-CM, and HSF1-DBD with
AZD (in the absence of HSE) by protein intrinsic fluorescence spectroscopy revealed very
close K4 values (Figs. 3.40-3.42). The Kq4 values for the binding of AZD with HSF1-WT
monomer, HSF1-CM, and HSF1-DBD are 0.55 = 0.2 uM, 0.578 + 0.23 uM and 0.564 + 0.37
uM respectively. These results are consistent with the idea that the DBD is the predominant

site for the binding of AZD in HSF1.
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Matthias Mayer’s group has proposed the ‘dimer activation model’ to explain the stress-
induced activation of HSF1 (Hentze et. al. 2016). In unstressed conditions, the LZ4 and LZ1-
3 domains interact with each other to stabilize HSF1 protein in a monomeric form (Fig. 3.6).
However, on account of the larger size of the LZ1-3 domain (75 amino acid residues) compared
to the LZ4 domain (42 amino acid residues), monomeric HSF1 can form transient dimers via
intermolecular interaction with the free region of LZ1-3 not involved in the intramolecular
interaction. The intramolecular interaction tends to destabilize this intermolecular interaction,
resulting in rapid dissociation of such dimers and a predominance of the monomeric form of
the protein. Interestingly, the intermolecular LZ1-3-LZ1-3 interaction could also destabilize
the intramolecular LZ1-3-LZ4 interaction. When the concentration of HSF1 is high, the
chances of association of a third HSF1 monomer with the transient dimer are enhanced. This
loosens the binding of LZ4 with LZ1-3, resulting in the formation of a stable trimeric structure
via the LZ1-3 domains of the individual subunits. At low HSF1 concentration, an elevation of
temperature would lead to the unfolding of LZ4 (and probably of LZ1-3 as well), leading to
their detachment from each other. This would promote stabilization of the transient dimers and

subsequent HSF1 trimerization.

Our studies have shown a specific interaction of AZD with HSF1-DBD and AZD-induced
formation of DBD multimers. Thus, AZD possibly stabilizes the transient dimer described
above by interacting with the DBDs in the dimeric structure. According to the ‘dimer activation
model’, this stabilization could favour the destabilization of the intramolecular LZ1-3-LZ4
interaction of the individual monomers and give enough opportunity for the association of a
third monomer with the AZD-stabilized transient dimer at low protein concentration and low
temperature. This results in the displacement of LZ4 from LZ1-3 and the formation of a stable

trimeric structure via the LZ1-3 domains (Fig. 4.1).
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Figure 4.1: A plausible mechanism of the AZD-induced activation of monomeric HSF1.

(1) In the monomeric HSF1, LZ1-3 and LZ4 remain associated via an intramolecular
interaction. (2) Two such monomers may transiently associate with each other to form a
temporary dimeric structure, which tends to revert to the monomeric state. (3) When AZD
contacts the DBDs in the transient dimer, the dimer gets stabilized and hence cannot revert to
the monomeric state. (4) AZD-mediated stabilization of the transient dimer destabilizes the
intramolecular LZ1-3-LZ4 interactions of the individual monomers (shown by red arrows). (5)
This facilitates the association of a 3™ HSF1 monomer to the dimeric structure, resulting in the
dissociation of LZ4 from LZ1-3 and the formation of an active trimeric HSF1, with AZD bound
to the DBDs.

In our studies, the LZ1-3 domain plays no role in the recognition of AZD, as the binding affinity
of ALZ1-3 mutant with AZD is comparable to that of WT monomer. Also, AZD forms a stable
multimeric structure with the ALZ1-3 derivative i.e., HSF1-CM, which binds HSE with a very
high affinity (Fig. 3.22). HSF1-ALZ1-3 is, however, non-existent in human cells, and we
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sought to leverage the knowledge obtained from its study to gain insights into the activation
mechanism of the WT monomer. Our results indicate that the AZD-induced HSF1-WT homo-
trimeric/ -multimeric structure is stabilized in two ways: (a) by the inter-subunit LZ1-3
mediated interactions and (b) by AZD-mediated inter-subunit DBD-DBD interactions. AZD
seems to orient the individual DBDs so that the trimeric/ multimeric structure can bind the HSE

with maximum efficiency. Future studies are necessary to confirm this idea.

Another interesting aspect of our study is the revelation of an opposite effect of AZD on the
pre-assembled homo-trimeric/ -oligomeric forms of HSF1. Both the trimeric/ oligomeric forms
of HSF1: WT trimer/ oligomer (obtained by SEC of affinity-purified HSF1-WT protein) and
the constitutively trimeric/ oligomeric mutant form of HSF1 (HSF1-CT) bound the HSE with
lowered affinity in the presence of AZD in comparison to the compound’s absence [Figs. 3.23,
3.24,3.21: Kqg of HSF1-WT trimer/ multimer and HSF-CT without AZD was 17.45 £ 15.35 nM
and 25 + 16.2 nM, respectively compared to 7.8 £ 3 nM for HSF1-WT monomer with AZD].
DLS analyses with these proteins in the absence of HSE revealed a slight increase in their
hydrodynamic radii in the presence of AZD compared to the control conditions. This could be
attributed to a partial destabilization of the HSF1 proteins’ structure upon incubation with AZD
(Figs. 3.23 & 3.24). Thus, AZD-induced structural destabilization of the proteins might be the
reason for the decrease in their HSE-binding affinities. Our results suggest that the pre-
assembled HSF1 homotrimer/ -multimer present in the cytoplasm/ nucleus is functionally
inhibited by AZD, in contrast to the AZD-mediated functional activation of the monomeric

form of HSF1.

It is well known that cancer cells need a constant supply of molecular chaperones to maintain
proteostasis for supporting their survival, rapid proliferation, and metastasis, resulting in poor
prognosis. HSF1 does not start the oncogenic transformation, but tumours become excessively
dependent on HSF1 as their exposure to increasingly toxic microenvironments necessitates an
enhanced level of molecular chaperones for maintaining protein homeostasis. Proteostatic
imbalance in cancer cells keeps HSF1 in a constitutively active form, which ensures a sustained
production of chaperones. This phenomenon is known as ‘non-oncogenic addiction’(Dai et. al.
2007). Several proteins known to be critical in driving tumorigenesis, such as mutated or
overexpressed kinases as well as transcription factors, are known to interact with the chaperone
HSP90, which ensures their proper functioning (Alarcon et. al. 2012). Moreover, HSF1 has
been shown to drive a unique cancer-specific transcriptional program exclusively in cancer

cells which is distinct from the normal HSR (Mendillo et. al. 2012). This program targets
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additional genes pertaining to core cellular functions that cater to the needs of such cells. As
such, HSF1 inhibition has become a promising strategy in anticancer drug discovery, although
transcription factors are not considered good drug targets. HSF1-targeting drugs are not
expected to affect the survival of normal cells, since HSF1-target genes are supposed to be non-
essential for their growth and survival under stress-free conditions. Indeed, Asf1-/- mice are
viable under controlled laboratory conditions, and display a lower incidence of tumours (Dai

et. al. 2007).

Several HSF1 inhibitors have been reported in the literature as direct interactors of HSF1.
DTHIB, a synthetic compound, has been reported to interact with HSF1-DBD in vitro directly,
but unlike AZD, it does not increase its affinity for HSE. Furthermore, DTHIB does not affect
the HSE binding activity of homotrimeric HSF1 in vitro. It exerts its anticancer activity by
causing E3 ligase-mediated selective degradation of nuclear HSF1 (Dong et. al. 2020). Another
compound, Insr1115, also interacts with DBD and interferes with ATF1-containing complex
assembly, thereby blocking HSF1°s transcriptional activity (Vilaboa et. al. 2017). Peptide 14
(which mimics a discrete region of the LZ4 domain) interacts with the LZ1-3 domain and
suppresses the DNA binding of HSF1 without altering its multimeric structure (Ran et. al.
2018). The inhibitory effect of AZD, however, seems to be directed only at the pre-assembled
homomultimeric forms of HSF1, which is a possible intermediate in its activation pathway in
the cell, and cancer cells supposedly carry abundant HSF1 activation pathway intermediates.
In contrast, AZD’s interaction with the monomeric forms of HSF1 (WT monomer, HSF1-CM,
and DBD) stimulated their HSE-binding activities. Thus, AZD could be used as a double-edged
sword: the same compound could have applications in the treatment of both neurodegenerative
diseases (Singh et. al. 2018) and cancer. Indeed, the anticancer activity of AZD has been
reported in the triple-negative breast cancer cell line MDA-MB 231, although the role of HSF1
has not been explored in this study (El-Senduny et. al. 2021).

How does the same compound enhance the activity of the monomeric forms of HSF1 and
compromise the activity of its multimeric forms? The results of our DLS studies on the
multimeric forms of full-length HSF1 rule out the possibility of dissociation of the multimeric
structure into individual monomers; rather, it suggests the occurrence of such a conformational
change of the homo-multimers which decreases their affinity for HSE. The hydrodynamic radii
of the multimers were increased by AZD (Figs. 3.23, 3.24). To further explore the cause behind
AZD-induced inhibition of multimeric HSF1, we studied the binding of the fluorescent probe

ANS with these proteins treated with increasing concentrations of AZD. In the case of HSF1-

109



CT, an increase in AZD concentration caused a rise in the ANS fluorescence intensity signal
with a concomitant shift of the fluorescence emission maxima to shorter wavelengths
indicating a structural transition in the molecule. This indicates an AZD-induced increase in
exposure of hydrophobic patches on the protein’s surface (where ANS binds and shows
enhanced fluorescence) which could be attributed to aggregation of the protein (Fig. 3.34). The
binding of HSF1-CT with ThT at increasing concentrations of AZD was found to cause a
substantial enhancement in the ThT fluorescence intensity, which is indicative of the AZD-
induced formation of amyloid-like aggregates (Fig. 3.43). AZD was previously reported to
completely destabilize Tau aggregates and inhibit the aggregation of Tau protein (Gorantla
et.al. 2020). However, in our study, AZD exerts the opposite effect on HSF1-CT. In the case of
the HSF1-WT trimer, surprisingly, a decrease in the ANS fluorescence intensity was observed
upon incubation of the protein with increasing concentrations of AZD accompanied by a red
shift of the spectral emission maxima. It should be remembered that both hydrophobic and
electrostatic interactions have been implicated in the binding of ANS with proteins: the
negatively charged sulfonate group interacting with positively charged amino acid residues and
the aromatic rings with hydrophobic residues in an oriented manner (Hawe et. al. 2008). Thus,
it is reasonable to infer that the destabilization of the protein induced by AZD causes a loss of
complementarity of the positively charged and hydrophobic residues which is essential for the
binding of ANS. As a result, ANS binds the protein loosely via only one form of interaction
and hence gets detached easily, accounting for the decrease in quantum yield and the spectral

redshift (Figs. 3.34, 3.36).

HSFI1-ATAD, like HSF1-CT, showed a rise in the ANS quantum yield upon incubation with
increasing concentrations of AZD accompanied by a spectral blueshift (Fig. 3.35). As
mentioned earlier, the protein is essentially multimeric, and AZD was shown to decrease its
binding affinity for HSE. _AZD-induced structural reorganization/ destabilization of the
protein, as demonstrated in our DLS studies, could be attributed to the presence of an
aggregate-like structure which accounts for the ANS fluorescence enhancement. The nature of
this aggregate-like structure was shown to be amyloid-like, as demonstrated by an AZD-
induced increase in ThT fluorescence quantum yield (Fig. 3.44). Deleting the TAD from HSF1
was thus shown to render the protein susceptible to AZD-induced destabilization/

reorganization compared to the wild-type protein.

Recently, Sengupta et. al. (2023) reported that amyloid formation of the mutant as well as wild-

type forms of p53 protein in cancer tissues is correlated with the loss of DNA binding and
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transcriptional activities of this transcription factor and an increase in cancer grades.
Misfolding and/ or aggregation and subsequent amyloid formation of the p53 protein
compromise its function as a tumour suppressor. It is likely, therefore, that AZD-induced
amyloid formation in HSF1-CT and HSF1-ATAD, as demonstrated in this study, is responsible
for the observed decrease in their HSE-binding affinities. Amyloid formation of HSF1 caused
by AZD in cancer cells and the consequent loss of its DNA-binding activity could be one of
the reasons behind the demonstrated anticancer properties of AZD (El-Senduny et.al. 2021).

A transcription-independent anti-amyloid function of HSF1 has been demonstrated; HSF1
could neutralize soluble amyloid oligomers through physical interactions. As amyloids
accumulate during cell overgrowth, HSF1 protects the mitochondrial proteome by safeguarding
HSP60, a bona fide target of amyloid oligomers. This prevents HSP60 destabilization and
consequent damage of the mitochondrial proteome, thereby rescuing the cells from mitophagy
and apoptosis. This anti-amyloid action of HSF1 also protects human neurons against AB1—
42—induced toxicity in vitro (Tang et. al. 2020). Future studies will address if AZD, which

physically interacts with HSF1, can modulate this transcription-independent function of HSF1.

Studies on the interaction of ANS with HSF1-WT monomer and HSF1-CM treated with
increasing concentrations of AZD revealed a startling fact: a gradual increase in the
concentration of AZD led to an initial rise in the ANS fluorescence quantum yield followed by
a decline of the same (Figs. 3.37 & 3.38). This was accompanied by a blue shift of the ANS
spectral emission maxima at lower concentrations of AZD, followed by its redshift at higher
concentrations. This indicates an initial destabilization of the proteins’ structure (possible
aggregation) at lower AZD concentrations followed by stabilization at higher concentrations.
HSF1-DBD also showed similar behaviour, although the reason behind the changes in the ANS
spectral emission maxima, in this case, is presently not clear (Fig. 3.39). Structural stabilization
of the proteins at high AZD concentration is corroborated by the fact that 10 uM AZD (the
highest AZD concentration used in the ANS binding assays) has been shown to increase their
DNA binding ability appreciably. A similar kind of observation has been reported in a previous
study, where maximal aggregation of the protein conalbumin has been shown at lower
percentages of fluoroalcohols, while higher percentages caused an increase in the protein’s

helical propensity (Khan et. al. 2014).

Another interesting aspect of the present study is our observation of the specific and reversible

interaction of AZD with the canonical 3X-HSE (cHSE) in vitro without any protein. This
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naturally raises questions on the role of this interaction in the AZD-induced HSE recognition
by monomeric HSF1. To address this issue, we studied the binding of AZD with mHSE
sequence (to which both monomeric and oligomeric forms of HSF1 bind with extremely low
affinity as reported by Jaeger et.al. 2014) under the same conditions as that of cHSE. No
significant change was found in the binding affinities of AZD with ¢cHSE and mHSE,
suggesting a similar ligand binding mode with the two DNA sequences (Figs. 3.28, 3.31 &
3.32). The affinity of monomeric HSF1-mHSE interaction was raised appreciably in the
presence of AZD (Kqg: 84.77 = 28.37 nM) compared to the control condition (Kgq: 1172.33 +
18.61 nM). The binding affinity still, however, remained appreciably lower than that of
monomeric HSF1-cHSE interaction in the presence of AZD (Kq: 6.5 £2.77 nM) [Figs. 3.22 &
3.33]. This observation suggests that, apart from inducing multimerization of monomeric
HSF1, AZD induces such a conformational alteration in the DNA molecule which increases its
binding affinity for the multimerized protein. The fact that the binding affinity of multimerized
HSF1 with mHSE is lower than that of multimerized HSF1 with cHSE reflects the effect of
mutation of critical bases that are vital for HSF1-HSE binding.

Recently, the co-crystal structure of the DNA-bound HSF1 trimer consisting of three DBDs
has been reported (Feng et.al. 2021). This study has suggested the preferential recognition and
binding of a curved DNA molecule by HSF1. It thus seems possible that AZD induces curvature
in both the cHSE and mHSE oligonucleotides, contributing to the enhanced binding affinity of
monomeric HSF1 with these DNA oligonucleotides in the presence of AZD. Here, AZD-

induced DNA bending seems to be sequence-independent.

A winged helix-turn-helix fold was identified in both NMR and X-ray crystal structures of
DBD in heat shock factors from Kluyveromyces lactis, fruit fly, and human (Feng et. al. 2016;
Littlefield and Nelson, 1999; Vuister et. al. 1994; Xiao et. al. 2020). Strikingly, unlike many
transcription factors where the wing motif contacts the DNA, the wing motif of HSF-DBD
does not contact the DNA. Rather, it mediates protein-protein interactions; within the same
trimeric unit, the HSE-bound DBD molecules interact via this wing motif. The wing motif also
mediates interactions between the HSE-bound DBD molecules from adjacent trimeric units,
thereby facilitating a synergistic binding of DBDs to HSEs having multiple binding sites. (Feng
et. al. 2021). Moreover, upon DNA binding, the recognition helix (a3, the second helix in the
helix-turn-helix motif, formed of residues 66—75 in human HSF1-DBD) dips into the major
groove and interacts with the 5’-nGAAn-3" motif of the HSE sequence (Neudegger et. al.

2016). The sequence specificity of this interaction was demonstrated by a pair of bidentate
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hydrogen bonds established between a highly conserved arginine residue (Arg71 of human
HSF1-DBD) and the guanine in the GAA motif (Feng et. al. 2021). Our results are consistent
with the idea that AZD facilitates interactions among HSF1 monomers through this winged
helix-turn-helix fold either directly or indirectly. Additional studies will be required to better

understand this phenomenon.
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SUMMARY

The stress-inducible transcription activator, heat shock factor 1 (HSF1), helps to maintain
protein homeostasis in stress-exposed cells by upregulating the expression of proteins
responsible for the refolding and/ or degradation of misfolded/aggregated proteins. This
phenomenon is known as the cellular heat shock response (HSR) or proteotoxic stress response
(PSR). In its activation pathway, HSF1 undergoes a monomer-to-trimer/ multimer transition,
as well as several post-translational modifications before it engages with the DNA binding
sequence, called the heat shock element (HSE) located in its target gene promoters to regulate
their expression. The HSEs are inverted repeats of the 5’-nGAAn-3’ sequence. In aged
individuals and patients suffering from protein misfolding disorders, HSF1 activity is
supposedly compromised. Forceful activation of HSF1 is, therefore, thought to be a promising
strategy to ameliorate toxicity associated with protein misfolding and aggregation in

Parkinson’s, Alzheimer’s, Huntington’s, and similar diseases.

Numerous small molecule activators (having natural and synthetic origins) of HSF1 are
reported in the literature. However, none of them boost the activity of HSF1 directly. HSF1
activation is achieved by these molecules through the functional inhibition of cellular Hsp90
or the proteasome, which are essential for normal cellular functions, thereby exerting toxic
effects. In contrast, Azadiradione (AZD), a limonoid of MW 450.6 Da was isolated from the
seeds of Azadirachta indica as a direct activator of HSF1. AZD is the only direct activator of
HSF1 reported so far. This compound was shown to enhance the activity of HSF1 via direct
interaction with the protein, without significantly compromising the activities of cellular Hsp90
and the proteasome. Notably, AZD does not cause oxidative stress, rather, it has been reported
to serve as an antioxidant. It has already demonstrated promising results in fruit fly and mouse
models of neurodegenerative diseases. In this study, we aimed to understand the molecular

basis of the AZD-mediated activation of human HSF1.

We prepared various truncation derivatives of the human HSF1 protein by sequentially deleting
stretches of amino acids (domains) from its C-terminus. A trimerization domain-deficient
constitutively monomeric (CM) form of HSF1, a constitutively trimeric (CT) mutant form of
HSF1, and the wild-type (WT) HSF1, were also procured. All these proteins were isolated from

an overexpressing E. coli strain and purified by high-resolution gel filtration chromatography.
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Various biophysical methods were employed to study how AZD modulates HSF1’s binding to

its recognition sequence, the heat shock element (HSE).

Our study has brought to light a unique mechanism of AZD-mediated HSF1 activation. We
performed a fluorescence polarization (FP) assay and dynamic light scattering (DLS) to reveal
that AZD increases the binding affinity of WT monomeric HSF1 for the HSE sequence (HSE-
DNA) by inducing its oligomerization (possibly trimerization). AZD mediates this
oligomerization by interacting with the DNA Binding Domain of HSF1 (HSF1-DBD). Notably,
the DBD appears to be the predominant AZD-binding site on HSF1; HSF1-DBD undergoes
oligomerization and binds HSE with greater affinity in the presence of AZD. The trimerization/
oligomerization domain of HSF1, known to be indispensable for the protein’s stress-induced
trimerization/oligomerization and DNA binding, appears to be non-essential in AZD-induced
multimerization and HSE-DNA recognition. Interestingly, AZD decreases the DNA binding
affinity of both the WT trimeric and constitutively trimeric forms of HSF1. HSF1 with its C-
terminal Transactivation Domain deleted (HSF1-ATAD), binds HSE with reduced affinity upon
AZD exposure. 1-Anilinonaphthalene-8-sulfonic acid (ANS) and Thioflavin T (ThT)
fluorescence assays reveal that the HSF1-CT and HSF1-ATAD form aggregates upon exposure
to AZD, explaining the inhibitory effect of AZD on their binding to HSE. ANS and ThT are
routinely used as extrinsic fluorescent probes for detecting the surface-exposed hydrophobic
patches and cross-f sheet (amyloid-like) conformation in proteins, respectively. HSF1-WT
trimer, however, does not form aggregates upon AZD exposure, as revealed by ANS
fluorescence assay. These results reveal the potential of AZD as an anticancer agent, as cancer
cells heavily depend on HSF1 for their survival, proliferation, invasion, and metastasis, and
supposedly carry HSF1 in the active trimeric/ oligomeric state. AZD appears to bind the HSE
sequence specifically and reversibly in the absence of protein. AZD also interacts with the
mutant HSE [mHSE] sequence with similar affinity. Our results imply that, apart from the
AZD-induced oligomerization of monomeric HSF1, conformational alterations in the HSE-
DNA and its mutant form caused by AZD also play a role in facilitating the binding of
monomeric HSF1 with these sequences. We also analyzed our results in light of published X-
ray crystal structures of HSF1-DBD in complex with HSE to understand possible interaction
site(s) of AZD on the HSF1-HSE complex. In this structure, HSF1-DBD subunits interact with
each other through their winged helix-turn-helix folds (WHTHF). Our results are consistent
with the idea that AZD facilitates this WHTHF-mediated intermolecular interaction either

directly or indirectly, enhancing the binding affinity of HSF1 with HSE.
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