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MOLECULAR DOCKING STUDY ON THE DNA BINDING DOMAIN OF
MASTER REGULATOR OF THE MAMMALIAN HSR PROTEIN

SUMMARY

Heat shock factor 1 (HSF1) is the primary regulator of heat shock response (HSR) in
mammalian cancer cells and have been described as a family of transcription factors
which are activated with stress conditions. Upon stress, HSF1 upregulates the heat
shock proteins (HSP) that help misfolded proteins to refold for the cell functions. One
of the heat shock proteins, HSP90, acts as chaperon in cancer cells as well and supports
the proliferation and repair of cancer cells. For years, many efforts have been devoted
to studies for finding molecules that inhibit these chaperon proteins but at the same
time present drug properties, act compatibly with the physiological conditions with the
lessened side effects. For this reason, in recent years, drug design studies have mainly
concentrated on inhibiting proteins that trigger the process or production of HSP90.
As a result of HSF1-HSE complex, formed by HSF1 and the promoter part of DNA,
which is called Heat Shock Element, the unwanted heat-shock proteins are synthesized
in the cancer cells. HSF1 protein has emerged as a potential target and in recent years
shown as a target for specifically breast, pancreas and prostate cancers.

In the last decade, in silico drug design has been an integral part of drug development
processes. Likewise, in this project, it was planned to design molecules that inhibit
HSF1 protein via in silico methods. Herein, our target was to search for inhibitors via
in silico methods and bring forward candidate lead molecules to literature. The starting
point for the determination of the docking protocol was to calculate the docking scores
of the ligands with the most effective ICso value and to ensure qualitative agreement
by comparing the binding energies calculated with the experimental 1Cso values. This
also enabled us to recognize the residues involved in the binding.

The candidate inhibitor structures of the library formed by virtual screening were
studied by the receptor (selected flexible residues) - flexible ligand docking procedure.
The candidate molecules with the best binding scores were refined by the MM-GBSA
method. The molecular dynamic simulation was further performed for nine selected
compounds. From the results, we propose candidate lead molecules that can effectively
act in cancer cells, especially in breast, pancreas and prostate cancers.
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BAS DUZENLEYiCi MEMELI HSR PROTEINiN DNA BAGLANMA
BOLGESI UZERINE MOLEKULER KENETLENME CALISMASI

OZET

Is1 sok faktorii 1 (HSF1), kanser hiicrelerinde 1s1 sok tepkisinin (HSR) bir ana
diizenleyicisidir ve stres kosullart ile aktif olan transkripsiyon faktdrlerinin ailesinin
bir {iyesi olarak tanimlanmistir. Stres iizerine HSF1, yanlis katlanmis proteinlerin
hiicre fonksiyonlari i¢in yeniden katlanmasina yardimci olan 1s1 soku proteinlerini
(HSP) diizenler. Saperon proteinlerinden olan HSP90 kanserli hiicrelerde de saperon
gorevi yapmakta ve iiremesi istenilmeyen kanserli hiicrelerin onarilmasini ve
cogalmasini desteklemektedir. Uzun yillar bu saperon gorevi goren proteinleri inhibe
eden, ila¢ olabilme oOzelliklerini tasiyabilen, yan etkileri en aza indirgenmis ve
fizyolojik kosullara uyumlu yapilar elde edilememistir. Bu nedenle, son yillarda ilag
tasarimi c¢aligmalar1 HSP90’1 inhibe etmek yerine HSP90’in {iretimini ya da
calismasini tetikleyen proteinler lizerine yogunlagmistir. HSF1 proteininin DNA nin
HSE (1s1 sok elementi) adli promotor kismi ile HSF1-HSE kompleksi olusturmasi
sonucu kanser hiicresinde bulunmasini istemedigimiz 1s1 sok proteinleri sentezlenir.
Bu nedenle, HSP90’1n ¢aligmasini saglayan HSF1 proteini potansiyel bir hedef olarak
tanimlanmis olup son yillarda 6zellikle meme, pankreas ve prostat gibi kanser
trlerinin tedavisinde hedef olarak gosterilmektedir.

Bilgisayar destekli ila¢ tasarimi Ozellikle son 10 yilda ilag gelistirme siireglerinin
ayrilmaz bir pargast olmustur. Bu proje kapsaminda HSF1 proteinini inhibe edebilecek
olast molekiillerin ¢esitli in silico yontemler kullanilarak tasarlanmasi
planlanmaktadir. Burada, HSF1 proteininin aktif bolge dinamiklerinin daha detaylh
incelenmesi, in silico yontemlerle inhibitorlerinin modellenmesi ve aday 6nci
yapilarin literatiire kazandirilmasit hedeflenmektedir. Kenetlenme protokoliiniin
belirlenmesi i¢in baslangi¢ noktas: ise en etkin IC50 degerine sahip molekiillerin
kenetlenme skorlarinin hesaplanmasi ve deneysel IC50 degerleri ile hesaplanan
baglanma enerjilerinin karsilastirilarak kalitatif uyumun saglanmasi olacaktir. Bu
sekilde baglanma sirasinda rol oynayan rezidiilerinde tanimlanmasi da
gerceklestirilecektir.

Devaminda olusturulan inhibitor aday kiitiiphanesindeki yapilarin, reseptor (se¢ilmis
hareketli rezidiler) esnek-ligand prensibi ile kenetlenmesi ¢alisildi. Son olarak en iyi
skorlama degerine sahip ila¢ adaylar1 icin MM-GBSA yo6ntemi ile baglanma enerjileri
rafine edildi. Molekiiler dinamik simiilasyon ayrica secilen dokuz bilesik igin
gerceklestirildi. Boylelikle, 6zellikle meme, pankreas ve prostat gibi ¢esitli kanser
tiirlerinin tedavisinde kullanilabilecek ila¢ dnciisii molekiiller onerilmistir.
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1. INTRODUCTION

Based on World Health Organization research results, every one in six deaths is
happening by the cause of cancer. The report with the number of 9.6 million deaths in
2018, cancer has been the second crucial reason of death (World Health Organization).
Eighteen years ago, Darnell (2002) mentioned the activity of some of the transcription
factors that increased during human cancer cell processes (Darnel, 2002). He
suggested that transcription factors might promising targets for cancer therapy.
However, transcription factors were described to be "undruggable” targets (Lambert
et al, 2018). Recently, it is known that transcription factors can be inhibited by
blocking their protein-protein interaction domains or their DNA binding sites to
prevent transcription process directly. Lately, inhibitors which are found to block these
domains are in clinical trials or being decided to use for cancer treatments. Some of
the inhibitors are investigated to take the transcription factor to their degradation
(Naidu, 2017). Today, exploring new inhibitors are simplified by computational
chemistry which is rapidly developing with new technologies. In addition, due to
enhanced knowledge in protein and a variety of small-molecule databases, it is
possible to have more efficient ways of drug designing for transcription factors
(Lambert et al, 2018).

One of the significant transcription factors in the human cancer cell is Heat Shock
Factor 1 (HSF1), which is the master regulator of heat shock responses. HSF1 supports
cancer cell survival, proliferation and transformations. High level of HSF1 is found in
many types of cancer cell lines. These cancer cells were observed mostly in breast,
colon and lung tumours taken from human patients (Mendillo et al, 2012). These
studies showed that HSF1 is a promising cancer therapeutic target. Therefore,
researchers were exploring new inhibitors to target HSF1 to block its active domains
for transcription processes. There were many inhibitors investigated, but not all of
them could pass the clinical trials. The inhibitor has to be water-soluble, and should

not be poisonous if it accumulates in the body. Studies in the literature have shown



that the most efficient results are obtained from structures that inhibit HSF1 by directly
interacting to DNA-binding domain (Sharma and Seo, 2018).

As stated above, the design of new inhibitors is still needed, and studies in this area

are of great importance.

In this study, an in-silico analysis was performed to find inhibitors for the HSF1
protein, which has been stated as a promising candidate against various cancers. To
this end, a virtual screening protocol was applied to select inhibitor candidates with
tailored properties. The virtual screening was followed via different branches which
involved a library formed from ZINC and PubChem databases. The libraries included
small molecules, leading compounds, and FDA approved drugs. In one hand, small-
molecule ligands were investigated; on the other hand, repurposing of drugs was
examined. The structures that showed high binding to HSF1 via docking studies were
further analyzed for their protein-ligand binding energies from MD simulations. The
inhibitor candidates obtained from this study are expected to have potentials for
preventing the binding of HSF1 to HSE, thereby preventing the growth and
reproduction of cancer cells from the formation of chaperones produced by binding.
The leading molecules that will be proposed will contribute to the studies in the field
of cancer drugs.



2. LITERATURE REVIEW

2.1 History of Heat Shock Proteins

Temperature effect in cells was first revealed by Ritossa in 1962. He proved that
change in the temperature was affecting the fruit flies or in another word Drosophila
melanogaster. One of his colleagues increased the temperature by accident, and
Ritossa found a new pattern of puffs in these fruit flies. The active site which is "puffs”,
on the salivary gland chromosomes of Drosophila melanogaster was found for
transcription. In some cases, the loss of puffs was occurring, and on the other hand,
puffs were existing in other places (Ritossa, 1996; Aufricht, 2005). Ten years later,
this reaction against the stress in the cell was investigated at the protein level by
Tissiéres et al, (1974) and heat shock proteins were explored. Proteins could be finally
observed in details by radioactively labelled amino acids. In their research, it is
observed that, under stress conditions, the normal protein level was decreasing while
the number of a new type of proteins was increasing. In fact, these new proteins that
appeared against stress were named after the heat, which was the first found stress,
heat shock proteins (HSP). A stress condition for a cell can be defined as extreme of
high temperature, high concentration of ions, radiation, cellular energy depletion and
toxic substances. Most of these stress conditions are inducers of HSP. However, they
can cause denaturation of a normal protein (Aufricht, 2005). In 1997, Gething reported
that heat shock proteins can be classified according to their molecular weight, i.e.
hsp110, hsp100, hsp90, hsp70, hsp60, hsp40, hsplO, and small HSP families. In
Gething’s study, seven extra families and undescribed 12 genes/proteins were

observed.

Ellis and Van der Vies (1991) described stress proteins a family of 'molecular
chaperones' as essential components for protein maturation. Therefore, these heat
shock proteins are upregulated in the cell under stress conditions. Additionally, under
normal conditions, heat shock proteins are interacting with other proteins which are

not folded. Substantially, the viral thing about HSPs is that the interaction between



HSP and non-folded protein is temporary, and when the target protein is finally in its
properly folded state, HSP is also released for the next round of interactions. However,
when the cell goes under metabolic stress, the target protein and HSP can make a stable

complex and remain as a complex (Beckmann et al, 1992).

Hightower (1980) suggested that under stress conditions when the protein denaturation
started, a stress response also started. Following Hightower’s works, denatured
proteins were injected to cells to observe the activation of stress responses. (Ananthan
et al, 1986).

Tumour cells produce more heat shock proteins than the normal cells (Jaattel4 et al,
1999). This research showed that tumour cells need heat shock proteins to live longer
(Westerheide et al, 2005). Some type of passive cancer vaccines was produced based
on this reason with the logic of enhanced immune response. Cancer vaccines which
are not used for killing tumour cells are specific active immunotherapy agents that use
purified peptides and other antigens in the cell. HSP-based cancer vaccines have been
used in many phases in cancer therapy, and still, many of them are being tested in
clinical trials. These vaccines were made of purified peptides and then injected to
patients with fibrosarcoma, hepatoma, colon cancer, melanoma, lung cancer,

lymphoma and prostate cancer (Wang H. H. et al, 2006; ClinicalTrials.gov).

Today, researchers are investigating to find new inhibitors for HSP90, HSP70, HSP40
types of heat shock proteins. Heat shock proteins ATP-binding pockets are good
targets for inhibitors which are used for cancer therapy. These proteins are upregulated
by heat shock factors (HSF) in the cell (Askar et al, 2007; Oztiirk et al, 2009).

HSP90, which is one of the heat shock proteins, is located in the cytoplasm and
endoplasmic reticulum in the cell. HSP90 regulates the folding, activation and status
of HSF1 proteins. Heat shock factors act as transcription factors in protein synthesis
that takes place inside the cell. These factors bind to the genes necessary for the
synthesis of chaperone-function proteins such as HSP90 and HSP70. These genes are
in the promoter part of DNA called HSE (heat shock element). Transcription factors
play an essential role in the realization of mMRNA synthesis, followed by protein
synthesis. HSF1, weighing 57 kDa, is inactive in the cytoplasm when it is bound to the
HSP90 protein, it becomes free as a monomer as a result of stress, such as temperature

or pressure, and turns into a trimer structure. In humans, when the temperature of the



cells rises to 41-42°C, heat shock proteins in the cell are stimulated. With the
increasing temperature, released active HSF1 helps transcription in the cell nucleus to
synthesize heat-shock proteins. HSF1 is a primary regulator of heat shock proteins
(Naidu and Dinkova-Kostova, 2017).
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Figure 2.1: Cancer cell survival under stress. Upon stress, HSF1 is released from
multichaperone complex of HSP90. Active HSP90 as chaperon machinery can fold
the proteins which are unfolded or misfolded in the cells. Monomer and inactive
HSF1 goes through post-translational modifications and becomes active homotrimer
HSF1. After relocation, active HSF1 binds to HSE promoter on the DNA in the
nucleus and upregulates heat shock proteins. In the end of upregulation, HSF1
repression and relocation to the cytoplasm, respectively goes on and terminates the
cycle with binding to HSP90 multichaperone complex again.

As a result of HSF1 forming the HSF1-HSE complex with this part of DNA, mRNA
synthesis is performed, and the synthesis of heat shock proteins is completed from
there. These chaperones produced by the binding of HSF1 to HSE are proteins that are



not wanted in the cancer cell (J&atteld, 1999). These proteins cause proliferation and
repair of the proteins in cancer cells. If an inhibitor can inhibit the HSF1-HSE
relationship, heat shock protein production in the cancer cell may also be stopped.
(Figure 2.1) (Sharma & Seo, 2018).

2.2. HSF Family Members

Four types of heat shock proteins were identified as the family members that are HSF1,
HSF2, HSF3, HSF4, HSF5, HSFX and HSFY (Schuetz et al, 1991; Nakai et al, 1997;
Nakai et al, 1995; Xu et al, 2012). Helix-turn-helix DNA binding domain is the only
common thing between all HSF family members (Xu et al, 2012). While HSF1, HSF2
and HSF4 have been analyzed in mammals, HSF3 was determined in the avian species.
During unstressed conditions, HSF1 is a monomer while HSF2 is a dimer protein.
Under stress, HSF2 helps the upregulation of the heat shock genes like tandem satellite
I11 DNA repeats (Sandqvist et al, 2009; Ostling et al, 2007).
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Figure 2.2: Schematic diagram of human heat shock factor family members. The
domains which are the functional parts of the proteins are shown as follows: DNA-
binding domain (DBD), the leucine zippers oligomerization domains (LZ1-3 and
LZ4), the regulatory domain (RD) and the transactivation domain (AD).

HSF1 and HSF2 have connections from their coiled-coil domains close by DNA
binding domains (Jaeger et al.,2016). HSF4 has a crucial role in the development of
human cataracts (Fujimoto et al. 2004). Lastly, HSF3 is the fundamental transcription
factor in the chickens (Kawazoe et al., 1999). From all heat shock factor members,
HSF1 is the most studied one. While HSFX is named after finding it only on the X



chromosome, for the same reason, HSFY was found on the Y chromosome (Figure
2.2).

2.3. Structure and Function of HSF1

In general, it is known that under normal conditions, HSF1 is a monomeric
phosphoprotein which is a complex structure with molecular chaperones such as
Hsp70, Hsp90 etc. At the same time, HSF1 transcriptional activity and DNA binding
capability are suppressed by these chaperones. Upon stress, HSF1 is released to the
cytoplasm as an inactive monomer. Inactive HSF1 goes through many post-
translational modifications (PTM), relocates to the nucleus and becomes active trimer
structure (Naidu and Kostova, 2017).
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Figure 2.3: The repressive modifications on HSF1 can be seen on K80, S121, T172,
K298, S303, S307 and S363 residues (red) and activating modifications shown above
on S230, S326 and S419 residues (green). Also, the enzymes of these modifications
are shown after residue names. The binding between the leucine zipper (LZ) domains
LZ1-3 and LZ4 of HSF1 is disrupted, and the regulatory domain (RD) becomes
hyperphosphorylated. C-terminal transactivation domain (AD) of HSF1 can inhibit
its function (Figure is taken from Naidu and Kostova, 2017).

Acetylation, Sumoylation and Phosphorylations are some of the main PTMs of HSF1.
Some of the protein kinases cause the activation or repression modifications on HSF1
specific residues. At standard temperature, negatively regulated HSF1 structure has
intramolecular interactions between Leucine zippers which are the LZ1-3 domain and
the LZ4 domain. Upon heat shock, homotrimer structure of HSF1 is formed by
intermolecular interactions from LZ1-3 domain, while intramolecular interactions
disappear (Rabindran, 1993; Farkas, 1998; Liu, 1999). The Sumoylation occurs at

Lysine 298 residue on HSF1, which will be transcriptionally incapable after the



modification. A similar situation happens on the acetylation modification at Lysine 80
residue, and it interferes the transcription activity of HSF1 (Figure 2.3).

The Phosphorylation of HSF1 mostly appears on the Regulatory domain (RD) which
is in the between LZ1-3 and LZ4 domains and known to be on serine residues. Even
under unstressed conditions, lack of RD domain enables HSF1 to be active for the
transcriptions. Most of the phosphorylation modifications on RD domain makes HSF1
transcriptionally inactive. Only phosphorylation modifications on Serine 230 and
Serine 326 residues increase the activation of HSF1 by the specific enzymes such as

DAXX and start the heat shock gene expression. (Naidu and Kostova, 2017).

E HSF1

Figure 2.4: Crystal structure of HSF1-HSE complex. a) The binding site of HSF1 to
HSE is shown as pink colour and by the surface application. b) The active site of the
protein is shown as pink colours and labelled with residue names (PDB: 5D5U). c)
HSF11 protein regions are shown as residue numbers (Neudegger et al, 2016).
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C-terminal transactivation domain (AD) has less information than the other domains
on HSF1 in the literature. It has two main domains which are TAD1 and TAD2.
Mutation of TAD1 reduces the activation of HSF1. The domains, TAD1 and TAD2
are rich with hydrophobic amino acids and acidic residues, respectively. DBD domain
of HSF1 is highly stable N-terminal DNA binding region. Also, this domain recognizes
the most important sequences of DNA which is on the HSE promotor (Naidu and
Kostova, 2017).

Neudegger et al. (2004) investigated the crystal structure of HSF1 in complex with
DNA. They showed the interactions and the possible hydrogen bonds between HSF1
and DNA. The stabilization of DBD domain is under control by Phel04, Leull2 and



Ile115 residues with hydrophobic interactions and hydrogen bond between Met75 and
Lys118 residues. Active HSF1 interacts with the pentameric sequence of tail-to-tail
heat shock element (HSE) which is described as ggTTCtaGAAcc (Capital letters are
HSF1 recognition bases). Residues which interact with HSE promoter site of DNA are
Ser68, Arg71, GIn72, Asn74, Met75 and Tyr76. In the promoter, two thymine bases
have van der Waals interactions with the side chains of Ser68, Arg71 and GIn72.
Acetylation on lysine residues Lys80, Lys116 and Lys118 changes the transcriptional
activity of HSF1 to interact with DNA backbone by removing the positive charges
(Neudegger et al, 2016).

HSF1 has mainly regulator and transactive regions that bind to DNA to oligomerize.
Only the region of HSF1 that binds to DNA takes part in transcription. This part has a
crystal structure and is shown in Figure 2.4c. As can be seen in Figure 2.4c, the number
of amino acids in the crystal structure between 16 and 123 are in the region of the DNA
binding domain. Upon inhibition of this region, HSF1-HSE complex will not be
formed, and the synthesis of the proteins in cancer cells will be stopped. For these
reasons, HSF1 has been an effective target in cancer treatments such as breast,
pancreas and prostate cancers. Literature data have shown that HSF1 is a better target
and inhibition protein than HSP9O0 to fight against cancer (Sharma and Seo, 2018; Li
etal, 2017).

Cantharidin (CLA) (Kim et al, 2013) and Rohinitib (RHT) (Santagata et al, 2013;
Iwasaki et al, 2016) molecules were already known from traditional Chinese medicine.
Although they are inhibitors of HSF1, both of them has low ligand efficiencies. In
order to enhance the ligand efficiency, hybrid ligands of CLA and RHT were suggested
by Agarwal et al. (2015) and those hybrid ligands were produced randomly and by
changing the parts which do not have pharmacophoric elements of CLA and RHT.
Hybrid ligands had better affinity than CLA and RHT. Homology modelling and
structural validation of protein were studied before docking calculations. From all the
suggested ligands, RC15 was found to have the best docking score and the ligand
efficiency. Ligands specifically had hydrogen bonds with Ser68 and GIn72 residues.
In addition to high ligand efficiencies, they were tested for ADME/Tox features as
well. The molecular dynamic simulation was also carried out to find the active site
which could interact with HSE promoter. Using different methods, Agarwal et al.

(2015) have made theoretically active site estimation from cantharidin, rohinitib and



their hybrid ligands. The active site defined by Agarval et al. includes the amino acids
of Alal7, Phe61, His63, Asn65, Ser68, Arg71 and GIn72, it is shown in Figure 2.4
(a,b) (Agarwal et al, 2015).

In stress conditions, HSF1 is known to have many different types of complexes with
different proteins. Some of these proteins are CHIP (Dai et al, 2003), DAXX
(Boellmann et al, 2004) and ATF1 (Takii et al, 2015). ATF1, which affects the DNA-
binding domain of HSF1, makes the crucial transcription complex with HSF1 to
regulate heat-induced genes. Therefore, inhibiting ATF1-HSF1 interaction domain can
change the HSF1 interaction with DNA. ATF1-HSF1 interaction domain, which has
been experimentally found by Vilaboa et al. (2017) and called cavity A, contains
amino acids Val70, Lys80, Thr97 and Phe99. After eliminating many inhibitor
candidates, they came up with InsF115 inhibitor, which is with the lowest 1C50 value
(0.7 +/- 0.1 M) and the best docking pose. However, their docking result did not have
any formal hydrogen bonds. Experimentally, they found out that I4sr1115 molecule
can strongly bind HSF1 DNA domain but with unknown affinity and it could kill the
cancer cells. Based on their results, IusF115 prevents the formation of the ATF1-HSF1
complex, which is a fundamental structure for heat-induced genes transcription. The
results showed that even though Inse115 inhibitor is not interfering with HSF1
oligomerization and does not reduce HSF1 binding to its chromatin, it is the only
inhibitor found to bind directly to HSF1 with substantial shreds of evidence (Vilaboa
et al, 2017; Takii et al, 2015).

2.4. Small Molecule Inhibitors of HSF1

To date, many inhibitors have been experimentally synthesized and recommended to
inhibit HSF1 and prevent it from being active (Sharma and Seo, 2018). Quercetin is a
class of natural inhibitors from the family of flavonoids. In the work of Nagai et al.
(2004), quercetin obtained from natural flavonoids synthesized from plants, prevents
the binding of HSF1 to the target DNA and stops the operation of heat shock gene
transcription (Nagai et al, 1995). Although quercetin is an effective inhibitor, there are
side effects and low water solubility (Miles et al, 2014). QC12 inhibitor has been tried,
but no further progress has been made after 1% phase trials (Mulholland et al, 2001).
Stresgenin B and CL-43 have been studied as an inhibitor for heat shock proteins.
Although Stresgenin B is similar to quercetin in its biological activity, the inhibition

of heat shock factors with CL-43 is more effective, and its water solubility is high.
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Stresgenin B is from the chemical class of carboxamide (Akagawa et al, 1999).
Another structure is from the diterpene epoxide family called Triptolide which inhibits
molecular chaperones and causes the death of pancreatic cancer cells. Since triptolide,
like quercetin, has low solubility in water, it had to be converted into a water-soluble
molecule to prevent it from being toxic (Phillips et al, 2007). As a result of these
studies, an inhibitor called Minnelide was found. (Chugh et al, 2012). This inhibitor
has been shown to be highly effective and is currently being used after FDA approval
in the treatment of pancreatic cancer. Fisetin, another inhibitor, prevents the binding
of HSF1 to HSE and stops the upregulation of the chaperon proteins (Kim et al, 2015).
Since Fisetin is a very reactive molecule, it was thought to have many side effects as
a medicine, but the tests were continued as it has an anti-cancer effect. This molecule,
a drug candidate, is in the 2nd stage of clinical tests. Another inhibitor was found to
be 2,4-bis (4-hydroxybenzyl) phenol which could cause HSF1 protein to degrade by
suppressing the heat shock proteins and stimulating phosphorylation in S326 residue.
As a result, HSP27 and HSP72 protein amount decreased (Yoon et al, 2014).

Hybrid ligands of Cantharidin (CLA) and Rohinitib (RHT) were previously
mentioned. Rohinitib was produced from the natural compound Rocaglamide A
(RocA) which is a member of flavaglines. Even though it is known that RHT prevents
the binding of HSF1 to its regulatory genes and the upregulation of HSPs does not
happen, RHT inhibition of HSF1 has no clear information about direct binding to
HSF1 (Santagata et al, 2013; Iwasaki et al, 2016). CLA is a terpenoid identified as an

inhibitor of HSF1 and used as a traditional medicine in China (Figure 2.5).

In colon cancer cells, the level of Hsp27, Hsp70 and BAG3 were decreased by
cantharidin inhibitor (Kim et al, 2013). BEZ235 has been characterized as an inhibitor,
which is known as reducing tumour growth, and it is orally available. Similar to
rohinitib, the mechanism between HSF1 and inhibitor BEZ235 is unknown (Maira et
al, 2008). SNS-032 is found in the same analyses of BEZ235 inhibitor. SNS-032 is an

effective inhibitor for tumour cells, and its Phase | is completed in the clinical trials.

Furthermore, 4,6-Disubstituted Pyrimidines and SNS-032 are also known inhibitors of
cyclin-dependent kinases (CDK), and their mechanisms with HSF1 are still unknown
as well (Rye et al, 2016; Chen et al, 2009). KNK437 is another HSF1 inhibitor which

is a benzylidene lactam. Even though its mechanism with HSF1 is unknown, it
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suppresses breast cancer cell lines (Oommen and Prise, 2012). The same unknown

situation is valid for dorsomorphin, which is also an inhibitor of HSF1 (Li et al, 2019).
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Figure 2.5: Some of the small molecule inhibitors of HSF1.
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Other HSF1 inhibitors NZ28, emunin, PW3405, VM1 and KRIBB11 are small
molecules which were found to inhibit the 'HSF1 pathway' from large databases
(Zaarur et al, 2006; Yoon et al, 2011; Zhang and Zhang, 2016). The specificity of
HSF1 was the biggest concern for these compounds. Nitropyridine compound named
KRIBB11 has been observed to stop the cancer cells spreading. Unlike others,
KRIBB11 was the first inhibitor that binds HSF1 directly as a target. However, the
compound is in the class of reverse transcriptase inhibitors because of its lack of
specificity (Yoon et al, 2011).

The last known inhibitor is Schisandrin A (Sch A) which is a significant bioactive
dibenzocyclooctadiene ligand. It was used to cure any types of diseases in traditional
Chinese medicine, mostly for chronic asthma. Lately, the antitumor molecular
mechanism of SchA was investigated on human breast and ovarian cancer cells. After
all, it has been reported that Sch A is inhibiting colorectal cancer cells by targeting the
DBD domain of HSF1 directly. Even though Sch A has a low water solubility,

researchers are working on its drug properties (Chen et al, 2020).

The clinical test results passed by the inhibitors were obtained from the
ClinicalTrials.gov database, and the inhibitor binding information was obtained from
the ChEMBL database.

2.5. Small Molecule Activators of HSF1

There are various types of HSF1 activators depending on the functions in the cell.
Activators of HSF1 is essential for upregulation of HSPs and for the function of HSF1
in the cell (Figure 2.6). HSF1-mediated transcription can change with most of the
activators, such as 4-Hydroxy-2-nonenal which was used on colon cancer cell lines
and conclusion of the experiments indicated the accumulation of HSF1 in the nucleus
(Jacobs et al, 2007). Also, other activators of HSF1, which is called 10-nitro-
octadecenoic acid, have been shown to activate the HSRs in the cell (Kansanen et al,
2009). When the heart of male Wistar rats was exposed with 15d-PGJ2, upregulation
of Hsp70 and DNA-binding activity of HSF1 was fully enhanced (Zingarelli et al.
2004). In addition, similar transcriptional activation of HSF1 happens in the presence
of 17B-estradiol (Hamilton et al, 2004; Hou et al, 2010).
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Figure 2.6: Some of the small molecule activators of HSF1.

HSF1 activation can happen during some type of physiological processes in the body.
Reactive oxygens can induce the HSF1l-mediated transcriptions by causing the
hyperphosphorylation of HSF1, relocation to nucleus and upregulation of Hsp70
(Metzler et al, 2003).

Another way of activating HSF1 is going through inhibiting HSP90 chaperones. In
this case, dissociated HSF1 can go under the process of activation. The other activators
of HSF1, abundant with carbonyl functional groups; withaferin A, celastrol and
gedunin have the common function which is inhibiting HSP90, then stimulating HSF1
to be released in the cytoplasm. These activators are also inducers of heat shock
responses (HSR) (Santagata et al, 2012; Yu et al, 2010; Grover et al, 2011).
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3. THEORY

3.1 Molecular Docking

Docking is the study of estimating the conformation of the ligand structure and their
orientation during binding, mostly to the active site of the target protein, from time to
time, to the allosteric binding sites. Three-dimensional structures of both the target
structure and the ligands are needed for docking. If the target structure is a protein, its
3D structure can be obtained from the RCSB protein database (Research Collaboratory
for Structural Bioinformatics Protein Databank), X-Ray, or illuminated by NMR
method in PDB format (The Protein Data Bank, 2000). The reliability and image
quality of the resulting three-dimensional structure depends on the resolution of the X-
ray structure (Irving et al, 2001). Basically, molecular interlocking programs use
repetitive search algorithms until the confirmation of the ligand converges to minimum
energy. Subsequently, an affinity scoring function, in AG [kcal/mol], is used to rank
candidate poses (Pagadala et al, 2017). The structure of the protein during the docking
process can be defined as rigid or flexible. In standard virtual placement studies,
flexible ligands are placed on a fixed (rigid) receptor. Fixed receptor-flexible ligand
clamping produces a large number of clamped conformations with surface
complementarity, thereby calculating affinity values and reordering structures
(Jackson et al, 1998; Moon and Howe, 1991; Rotstein and Murcko, 1993a, b; Nishibata
and Itai, 1993). Over the years, the side chain flexibility found to play a crucial role in
ligand-receptor complexes. These elasticities allow the side chains of the residues in
the binding site of the receptor to vary according to the orientation of the ligand. To
find good docking poses, the search algorithms are used, and energy was estimated by
different types of scoring functions. Efficiency and selectivity are the most important
properties for these scoring functions (Teodoro et al, 2001). Efficiency is vital for the
time of the docking process, and selectivity is crucial for the good docking poses.
Nowadays, the efficiency of the docking results depends on the speed of computers

and their costs.
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3.2 Docking Methodology

The most popular docking methodology is rigid protein-flexible ligands. Recently,
researchers are developing flexible docking protocols with flexible protein and flexible
ligands. Flexible docking is a proper search only for few numbers of compounds for
specific conditions like certain pH and solvation. Because of these limits, before
starting to run a docking program, it is important to know that the program depends on
the amount of the compounds from the database and the type of computer hardware
(Hernéndez-Santoyo et al, 2013; Teodoro et al, 2001). It is essential to see the result

of a docking procedure with atomic representation for all interactions (Figure 3.1).

3.2.1 Search algorithms

The search algorithms which are used to find suitable poses of the receptor-ligand
complex are basically divided into three: Shape Matching, Systematic Search and

Stochastic Algorithms.
3.2.1.1 Shape matching

This method matches the ligand to the binding site of the protein with a proper shape
similarity. Here, protein and ligands are studied as pharmacophores, and the distance

between each of these pharmacophores are measured (Meng et al, 2011).

Docking programs which use shape matching algorithm are DOCK, LigandFit,
MDock, Surflex, etc.

3.2.1.2 Systematic search

The systematic search algorithm aims to scan all possible binding conformations of
the ligand. The most used is the systematic rotation of all rotatable ties at specified
intervals. However, due to the scanning of many conformations, it needs intensive use
of computer time, e.g. Glide and FRED (Kitchen et al, 2004). Most of the time,
systematic searches are tried to be solved by introducing certain restrictions. The
second method, followed by systematic search algorithms, is fragmentation in which,
that is, the ligand is pieced into the receptor region and recombined with covalent
bonds after scanning all possible conformations with these fragments (Leach and
Kuntz, 1992). DOCK program uses this algorithm for searching (Ewing et al, 2001,

Allen et al, 2015). The last method used in the systematic search is conformational
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ensemble methods. In this method, docking programs like OMEGA generates ligand
conformations to find out ligand flexibility. Afterwards, binding modes of the ligands

are arranged based on their binding energies (Roy et al, 2015).
3.2.1.3 Stochastic algorithms or random search

There are several types of docking programs which use stochastic algorithms: Monte
Carlo (MC) methods, Evolutionary algorithms (EAs), Swarm optimization (SO)

methods.

Metropolis Monte Carlo is a method looking for structures with global minimum
energy. It generates random changes in ligand conformation, thermodynamically
investigates different states, and selects energy-appropriate states to form protein-
ligand complexes with better binding energy. Simulated Annealing (Kirkpatrick et al,
1983; Goodsell and Olson, 1990; Yue, 1990), on the other hand, is a technique that
aims to achieve the global minimum by scanning the conformations at the minimum
energy potential by increasing the temperature and then decreasing it while using the

Monte Carlo algorithm.

Evolutionary Algorithms, on the other hand, are newer methods than Monte Carlo and
Simulated Annealing methods (Morris et al, 2000; Thomsen, 2003). A candidate
solution population represented by artificial "genes™ has the ability to simultaneously
explore the search area and combine existing ones to create new solutions. Thus, more
confirmations are scanned at the same time compared to other methods. The AutoDock
program uses the local search method called Lamarckian Genetic algorithm (Morris et
al, 1998), which is an extension of the genetic algorithm but has improved performance
compared to the traditional genetic algorithm. The binding energies of the search
algorithms should be estimated and ranked by the scoring functions, and the best
binding pose should be determined as a result of this evaluation. Scoring functions
basically include electrostatic and van der Waals interactions to evaluate the binding
mode of molecules (Sotriffer et al, 2002).

Particle Swarm Optimization method was an inspiration from the social behaviour of
birds when they fly and found by Dr. Eberhart and Dr. Kennedy in 1995. There is a
particle which flies in the search area and a swarm which is the behaviour of flying
birds. Therefore, a ligand movement is based on this particle in a search space as a

population of individuals.
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3.2.2 Scoring functions

Scoring functions are mathematical functions which can estimate the interactions in
the binding pose of the docked complex. Most known interactions that can be
calculated in the scoring functions are hydrogen bonding, electrostatic interaction, van
der Waals interaction, desolvation effect and loss of torsional entropy upon binding.
The scoring functions can be basically grouped into four different types (Huang et al,
2010): Force field/Physics-based (GOLD, AutoDock, DOCK), Empirical (FlexX,
ChemScore, SCORE, SCORE 1&2, GLIDE), Knowledge-based potential (PMF,
DrugScore, SMoG, ASP, DSX), Descriptor-based (LigScore, SFCscore,RFScore,
PHONEIX, ID-Score).

3.2.2.1 Force field/physics-based

Force field-based scoring functions consider non-bond terms of the molecular
mechanical force field, i.e. estimate the energy of interaction between protein and
ligand. Terms used for force field-based scoring represent electrostatic and van der
Waals interactions. The electrostatic terms are predicted by Coulomb formulation, and

the term van der Waals are predicted by the Lennard-Jones potential function.

DOCK and AutoDock programs basically calculate scoring functions using Amber
force field parameters. (Kuntz et al, 1982; Wang et al, 2004). The scoring function

consists of the terms electrostatic and VDW, as shown by equation 3.1.

g ﬂ _ ﬂ qi4dj
E - ZLZ] (Tiljz riéj + g(Tij)Tij) (31)

While rij represents the distance between the protein atom i and the ligand atom j, Aj
and Bj; are VDW parameters and g, and g are atomic charges. Here, the effect of the
solvent is indirectly by adding a simple distance-dependent dielectric constant &(rijj) to

the term Coulomb.

Autodock 4.0 program has been using a new semiempirical free energy FF as its
scoring function (Huey et al, 2007). An old version of this FF energy function was
used by Autodock 3.0. However, new FF free energy has two critical advantages over

AutoDock 3.0 FF, i.e., a) thermodynamic model of the process is developed by adding
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new intramolecular terms, b) it consists all atom types which call favourable and

unfavourable energies, this can be defined a full desolvation model as well.

In AutoDock 4.0, the free energy of binding is calculated with the equation below:

AG = (Vbound V nbound) + (Vbound \Y nbound) + Vbound
Vunbound + ASconf) (32)

The new FF scoring function consists of six pair-wise evaluations of V and missing
part of the conformational entropy (ASconf). L and P represent 'ligand' and 'protein’

respectively.

AutoDock Vina is an advanced docking program, developed after AutoDock software.
Compare to AutoDock 4, Vina is running faster, and the results of Vina have higher
accuracy. Vina is better for docking big databases. Vina scoring function is
investigated to perform with the equation as follows:

¢ = Yigj iy (rig) (3.3)

The summation is for all the atom pairs that might change relative to each other but
generally eliminating atoms which are separated by three sequential covalent bonds.
In this equation, for each atom i, ti is referred and set of symmetric interaction
functions, ftitj is described with interatomic distance rij. Here, the total amount of

intermolecular and intramolecular additions is defined as 'c'
C = Cinter T Cintra (3-4)

An optimization algorithm is defined in the following section to investigate a global

minimum of 'c' along with other low-scoring conformations.

From the lowest-scoring conformation, the predicted free energy of binding is then
calculated and defined as follows.

Here, g function can be inconsistent fully enhancing nonlinear function. Also, the other
low-scoring conformations are described as 's' values in the throughput. However, to

keep the ranking under control, using 'Cintra’ OF the best binding score is given as:

51 = g(C1 - Cintral) = g(cinterl) (35)
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Substantially, all these functions are being used as a parameter for the remaining of
the code. The large scale of stochastic global optimization was studied, such as genetic
algorithms, particle swarm optimization, and simulated annealing to accelerate the
optimization. Ultimately, Iterated Local Search global optimizer, which includes the
mutation and local optimization, was used. Broyden-Fletcher-Gordfarb-Shanno
(BFGS) method was used for the local optimization by Trott and Olson in 2010. This
method is a quasi-Newton method which uses the scoring function result and its

gradient to speed up the optimization (Trott and Olson, 2010)
3.2.2.2 Empirical

The binding affinity of the receptor-ligand complex is obtained from the regression
analysis of X-ray structural information using previously defined and known binding
energies. Compared to power field scoring, empirical scoring functions are much faster
due to simple energy terms (Béhm, 1994, 1998; Sotriffer et al, 2008).

Glide uses many steps to find out the best positions for docking poses. These docking
poses occur with the position of a ligand relative to the receptor. In the field of the
receptor, ligands are minimized for the best poses by exhaustive conformational search

of Monte Carlo procedures.

Glide docking is using the empirical scoring function, which is based on ChemScore

2.5 function (Eldridge et al,18). The scoring function is shown as follows:

AGbind = CO + Clipo Zf(rlr) + Chbond Z g(AT')h(ACZ) + Cmetal Zf(rlm) +
Crothrotb (3-6)

The second term is described as lipophilic term, and the third one is for hydrogen bond
interactions between ligand and receptor. Functions of f and g are for distances and

angles.

Glide 2.5 has two forms of calculations; GlideScore 2.5 SP which is for the calculation
of big databases, can calculate the binding energy even if receptor-ligand glide pose
has some problems, and GlideScore 2.5 XP which is mostly for lead optimization, has
more significant violation in the physical chemistry principles to calculate even worse
structures. After all, GlideScore 2.5 recreates the function of ChemScore as it is shown

below:
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AGbind = Clipo—lipo Z f(rlr) + Chbond—neut—neut Z g(Ar)h(Aa) +
Chbond—neut—charged X g(4r)h(4a) + Chbond—charged—charged X g(4r)h(4a) +

Cmax—metal—ion Zf(rlm) + Crothrotb + Cpolar—phoprolar—phob + CcoulEcoul +

Cyaw Evaw + solvation terms (3.7)

The terms from ChemScore, which are lipophilic-lipophilic and hydrogen-bonding
terms were used, and the difference between donor and acceptors were added. The
metal-ligand interactions took into account with the addition of coefficient to -2.0
kcal/mol. The other term was considered the polar site in the hydrophobic region. One
of the major terms in this equation is the addition of Coulomb and vdW interaction
energies which are reduced for specific atoms. The other main term is the solvation
model which is important to be included in the calculations. GlideScore 2.5 is using
explicit water for specific cases, and it has the ‘water scoring' technology that is giving
many advantages to the program (Friesner et al, 2004)

3.2.2.3 Knowledge-based potential

It is based on a statistical analysis of binary interactions observed for the receptor-
ligand. Energy functions are improving with structural information which has been
found from the experiments (Muegge and Martin, 1999). Sum of pair-wise statistical

potentials between protein and ligand is giving as scoring function, and it is as follows:
Binding Score = Y'¢ Z?mtwij () (3.8)

Here, wijj is pair-wise potential and calculated using Boltzmann formula:

w;;(r) = —kBTln[gl-j(r)] = —kgTIn [p”m] (3.9

P;j
Here, kg is the Boltzmann constant, while T is the temperature of the system. The
number density of protein-ligand atom pair which is described as p(r) at distance r, and

in the reference state pair density is p*. Also, (p(r))/(p*) is calculated for free energies

using radial distribution theory.
3.2.2.4 Descriptor-based
Descriptor-based scoring functions are similar to the previously found empirical

scoring function even though they have fundamental differences. For many biological
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structure properties, Quantitative structure-activity relationship (QSAR) method,
which has descriptors has been used. Descriptors in QSAR method comes from some
symbols of chemical data which can be applied to work on interactions of protein-

ligand.

3.3 MM-GBSA

Molecular Mechanics Generalized Born Surface Area (MM-GBSA) method is used
for the determination of the binding free energy (AGuing) Of the ligand and receptor

complexes by the following sum (Lyne et al, 2006):
AG == AEMM + AGSOL + AGSA (310)

Here, AEwmwm is the difference in the minimized energies between the Nmt—inhibitor
complex and the sum of the energies of the unliganded Nmt and inhibitor. AGsovv IS
the difference in the GBSA solvation energy of the protein—inhibitor complex and the
sum of the solvation energies for the unliganded Nmt and inhibitor. AGsa is the
difference in surface area energies for the complex and the sum of the surface area
energies for the unliganded Nmt and inhibitor.
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4, METHODOLOGY

Several crystal structures of the HSF1 are available at the Protein Data Bank; however,
only one of them had a complex structure with HSE, which is the promoter part of
DNA. The crystal structure of human HSF1 complexed with HSE was selected for the
molecular docking studies (PDB: 5D5U). The X-ray diffraction structure of the protein
has a resolution of 2.91A (Neudegger et al, 2016).

First, the protein was prepared for the drug discovery approach. The protein
preparation was performed using Protein Preparation Wizard of Maestro package of
Schrodinger 2020-2. The crystal structure was corrected, and hydrogen atoms were
automatically added to the protein, and water molecules which were only two and not
located in the binding site of the protein were removed, using Protein Preparation
Wizard. Missing sidechains and missing loops were filled by Prime module. The
energy was minimized using the OPLS-2005 force field (Schrodinger Release 2020-
2, Protein Preparation Wizard). The prediction of pKa was performed through Propka
at pH 7.0 (Li et al, 2005; Bas et al, 2008)

AutoDock Vina 1.1.2 and Glide HTVS (High-Throughput Virtual Screening) were
used for the docking studies. Four different libraries were prepared based on the

classification of the candidate structures (Figure 4.1).

The first library of molecules was prepared from ZINC15 Tranches databases,
molecules with the properties of molecular weight up to 300 Da, standard reactivity,
purchasable from stocks, at pH 7.4, neutral charge, and LogP up to 3.5. The number

of molecules with these criteria were 104.522.

The second library was consist of 1379 compounds which were all FDA approved.

The compounds were downloaded from ZINC15 database.

The third library of ligands from the PubChem databases was made from 3 different
classes. First, of them was leading compounds which were selected from literature:
Ronhinitib (RHT), Cantharidin (CLA) and (E)-ethyl 4-oxo-4-(thiazol-2-yl amino)but-
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2-enoat (1001). From leading compounds of RHT, 109 compounds; from CLA, 310
compounds; from 1001, 444 compounds were downloaded from PubChem database
(Kim et al, 2019).

The last library of ligands which prepared from ZINC15 (Sterling and Irwin, 2015)
contains 114555 compounds that are tested in vivo and 1114461 compounds tested
with cells (Library 4). The compounds in Library 4 were only docked with Glide
Docking HTVS which includes Glide XP (extra precision) and SP (standard precision)

Scores.

Following the preparation of the first three libraries of ligands, the ligands were
optimized with B3LYP/6-31G* level of methodology (Jain et al, 2004).

AutoDock Vina 1.1.2 was used for the docking studies of the first three libraries to
find out binding poses and binding energies of ligands to the receptor (Sastry et al,
2013). The docking protocol was set based on the compounds with experimental IC50
values (Table 5.1). The rotatable bonds of ligand were assembled, non-polar hydrogens
were merged, and Gasteiger charges were added as implemented in AutoDock Tools
1.5.6. Ligand and protein files were saved as PDBQT file format (Morris et al, 2009).
The grid-box sized 20 x 20 x 20 points and centred by Gly72 residue with a spacing
of 1.0 A. At the beginning of calculations, all ligands were docked to the rigid receptor.
However, after having binding scores with low affinities because of the structure of
the binding pocket, we decided to take some residues flexible in the receptor. Side
chains of Phe61, His63, Ser68, Arg71, GIn72, and Tyr76 residues were taken flexible,
and the structure was saved as PDBQT file format with implementations in AutoDock
Tools 1.5.6. Selecting side chains flexible in the binding pocket of the target protein
creates a more realistic interaction environment, and that is why flexible docking
improves AutoDock Vina docking score accuracy (Rui et al, 2011). AutoDock Vina
gives the docking scores as free binding energy (AG). All interactions between ligand
and receptor were visualized using PYMOL software (Schrodinger, 2010) and

Discovery Studio Visualizer for 2D diagrams (Biovia, 2017).

Glide HTVS was used for the docking studies of the last library to find out binding
poses and binding energies of ligands to the receptor (Friesner et al, 2004). After
preparation of the protein, a grid box generation was made for the binding site

definition using Receptor Grid Generation of Maestro. Residue GIn72 was chosen to
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3D crystal structure of HSF1-HSE
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PROTEIN DATA BAN

Chemical compound databases:

ZINC15 Pub@hem

AutoDock VINA 1.1.2

Glide HTVS, Maestro 12.0

LIBRARY 1 LIBRARY 2
ZINC15 Tranches FDA Approved
databases MW up to drugs, per

300 molecules DrugBank from
(Reactivity:Standard | | ZINC135

, Purchasability: In Databases
stock, Ph:Mid (7.4), (1379 comp.)
Charge=0, LogP=-

1..35,

(104,522 comp.)

LIBRARY 3
Leading
compounds from
PubChem
Databases:

1001 (444 comp.)
CLA (310 comp.)
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Molecular dynamics simulations
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Maestro 12.0)
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ClinicalTrials.gov[ 2NN

Figure 4.1: Flow-chart of the methodology.

be the centre of the grid box. The ligands only from library 4 were prepared by LigPrep

module using the pH value of 7.0 +/- 2.0. Ligands from library 4 were docked with the
protein using Glide HTVS (Schrodinger Release 2020-2, LigPrep)
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Molecular Mechanics Generalized Born Surface Area (Prime/MM-GBSA)
calculations were complete with receptor-ligand complex structures taken from the
results AutoDock VINA and Glide docking to predict the binding mode and free
energies. Receptor—ligand complex poses were optimized in Prime (Schrédinger
Release 2020-2, PrimeX).

The molecular dynamic simulation was carried out for the apo form of the protein and
the ligand-HSF1 complexes by Desmond simulation package of Schrédinger LLC
(Schrodinger Release 2020-2, Desmond Molecular Dynamics System). Relax model
system is one option to select before starting the simulation to prepare the system
minimization. The NPT type of system was chosen with a temperature of 300 K and
pressure 1 bar. The simulation lengths were 100 ns for the native protein and the other
nine complexes of HSF1 with energy recording interval 100 ps. The long-range
electrostatic interactions were found by the Particle Mesh Ewald method (Pierro et al,
2015). The cutoff radius in Columb interactions was chosen 9.0 A, and SPC (single
point charge) modes were used for water molecules characterization (Berendsen et al,
1981).

Characterization of ADME/Tox paramaters, prediction of druglike properties and
pharmacokinetic properties of selected compounds (Table 5.6) were made using the
SwissADME database (Daina et al, 2014).
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S. RESULT AND DISCUSSION

Crystal structure of human HSF1 complexed with HSE DNA (Neudegger et al, 2016)
was used for the docking studies (PDB:5D5U). The target area for potential inhibitors
was chosen as the binding site HSE promoter to HSF1. As reported by Neudegger et
al. (2016), there is a distinct region with probable interactions between the HSE and
the HSF1 shown in Figure 2.4.(b). In a molecular docking study the residues Phe61,
His63, Ser68, Arg71, GIn72 and Tyr76 were reported to be significant for HSF1-HSE
interactions (Agarwal et al, 2015). For the validation and the determination of the
docking protocol, the known inhibitors of HSF1 with ICso values were taken from the
research of Vilaboa et al, 2017. We decided on the docking protocol by comparing the

rankings of the binding scores we found with the experimental I1Cso values.

b)
GLN ARG
B:72 B:71
2.59 2.44 2776
He- - LS76ER
a0 B:68
4.69 2.77
SERN.27%
5.38 B:68
HIS
B:63

Bl Conventional Hydrogen Bond Pr-Sulfur
Pi-Donor Hydrogen Bond B Pi-Pi T-shoped

Figure 5.1: The binding site of HSF1 protein with 1115. a) Hydrogen bond
interaction between the HSF1 and side chains of Ser68, Arg71, and GIn72. b) All
interactions can be seen between 1115 and HSF1 with an interaction diagram.

In all Figures, the amino acid residues of HSF1 coloured as grey (carbon), blue
(nitrogen), red (oxygen), and white (hydrogen). Moreover, intermolecular hydrogen

bonds in HSF1 are shown by green dashed lines.
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Table 5.1: Molecular docking and MM-GBSA protocol estimation of chosen
molecules with 1C50 values.

Compound | 1C50 values Structures AGautobockviNA — AGPrime MM-GBSA
(UM) (kcal/mol) (kcal/mol)

1115 0.7+/-0.1 20w -1.5 -57.50

1058 48 +/-0.4 a2 -6.6 -45.93

1011 7.0 -6.0 -34.03

T/Q\N)J\%W o~

1001 17.8 +/- 2.6 o8 -5.6 -39.93
[»\N)WO\/”“

1054 20.2 C% -6.6 -44.13
/SS\N)V\”/O\/%

1013 25.0 A -5.6 -36.88
HSC/[)\N)V\[(O\/(

In Table 5.1. results of binding energies from AutoDock Vina and Prime MM-GBSA
are given. The interactions between HSF1 and the compound 1115, which has the best
IC50 value and Vina score is shown in Figure 5.1. This compound had hydrogen bonds
with the region of the HSF1 protein involving side chain of GIn72, Arg71 and His63

residues.
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5.1 Molecular Docking

After determination of the Vina docking protocol, libraries were prepared from Zinc
(Sterling and Irwin, 2015) and PubChem (Kim et al, 2019) as discussed in the
methodology.

5.1.1 Library 1: ZINC15 tranches databases

A virtual screening on ZINC Tranches databases was performed by AutoDock Vina
with flexible residues. Selected best 100 compounds in this library had the range of
the binding energies from -9.9 to -8.7 kcal/mol. The docking free energies of the best

compounds are given in Table 5.2.

a) b)

PHE
B:61
444 4.00 ASN LEU
4.98 B:65 B:57
3.33 3.62
0
0 2.28 ARG
B:71
2.13.-H
BLY652 # O B Conventional Hydrogen Bond
[—] carbon Hydrogen Bond
[ pi-pi Stacked
HIS [ Alkyl
B:63 1 pi-Alkyl

Figure 5.2: The binding site of HSF1 with compound 1(Zinc No:
ZINC000004097653) a) Hydrogen bond interaction between the compound 1 and the
Lys62, Arg71 residues. b) All interactions can be seen between the compound 1 and
HSF1 with an interaction diagram.

The compound 1 (Zinc No: ZINC000409047067) from Table 5.2, has a strong
hydrogen bond with Arg71 and Lys62 with a high docking score of -9.9 kcal/mol. It
also makes a n—n stacked interaction with the aromatic side chain of Phe61 and His63.

Also it has a m-alkyl interaction with Leu57 residue (Figure 5.2).

The compound 2 (Zinc No: ZINC000005530788) has a strong hydrogen bond with
side chain of Lys62 with a docking score of -9.5 kcal/mol. It also makes a n—r stacked
interaction with the aromatic side chain of Phe61 and a m-alkyl interaction with Lys62

residue. It also has =-cation interaction with Arg71 (Figure 5.3).
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Table 5.2: The compounds with the highest docking scores from LIBRARY 1.

No. ZINC code Structures AGAutoDockVINA
(kcal/mol)
1 ZINC000409047067 -9.9
AL
Z
2 ZINC000005530788 W -9.5
3 ZINC000100903270 9.5
4 | ZINC000242473299 7_/ 95
5 | ZINC000004097653 i 9.4
6 | ZINC001506396874 -9.4
\N:N
7 | ZINC000000897013 v -9.3
8 ZINC000002033971 O O 9.3
L,
9 ZINC000004622635 ﬁ/m%/” 9.3
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Figure 5.3: The binding site of HSF1 with compound 2 (Zinc No:
ZINC000005530788) a) Hydrogen bond interaction between the compound 2 and the
side chain of Lys21. b) All interactions can be seen between the compound 2 and
HSF1 with an interaction diagram.

a
) PHE
B:61 ARG
Q\ ; B:71
5.25 ,
p2s -
463
5.37
H 3.66
PHE
B:18 LEU
B:57

Figure 5.4: The binding site of HSF1 with compound 3 (Zinc No:
ZINC000100903270) a) Hydrophobic interactions between the compound 3 and
HSF1 b) All interactions can be seen between the compound 3 and HSF1 with an

interaction diagram.

There is no hydrogen bond between the compound 3 (Zinc No: ZINC000100903270)
and HSF1. However, there is strong hydropobic interactions with a docking score of -
9.5 kcal/mol (Figure 5.4).
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Figure 5.5: The binding site of HSF1 with compound 4 (Zinc No:
ZINC000242473299) a) Hydrophobic interactions between the compound 4 and the
HSF1. b) All interactions can be seen between the compound 4 and HSF1 with an
interaction diagram.

a) b) PHE
4.783.98 'B:61

o
w
[+2]
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2.63 B:65
LEU

HIS
B:63

B Conventional Hydrogen Bond [l Pi-Pi Stacked
[ carbon Hydrogen Bond ] Alkyl
[ Pi-Donor Hydrogen Bond [ Pi-Alkyl

Figure 5.6: The binding site of HSF1 with compound 5 (Zinc No:
ZINC000004097653) a) Hydrogen bond interaction between the compound 5 and the
side chain of His63. b) All interactions can be seen between the compound 5 and
HSF1 with an interaction diagram.

There is no hydrogen bond between the compound 4 (Zinc No: ZINC000242473299)
and HSF1. However, there is strong hydropobic interactions with a docking score of -
9.5 kcal/mol (Figure 5.5).

The compound 5 (Zinc No: ZINC000004097653) has a strong hydrogen bond with No
of His63 and a high docking score of -9.4 kcal/mol. It also makes a n—n stacked
interaction with the aromatic side chain of Phe61 and a w-alkyl interaction with Leu57

residue (Figure 5.6).

In this library, even though compounds are with good binding scores, their interactions

with HSF1 is mostly limited to hydrophobic interactions. These compounds are rather
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small molecules and they do not have high binding affinities to HSF1-DNA domain .
We further prepare a new Library based on FDA Approved Drugs.

5.1.2 Library 2: FDA approved drugs -repurposing of drugs

A virtual screening on ZINC FDA approved drug databases were studied for a possible
repurposing of existing drugs. The docking study was carried out by AutoDock Vina
with flexible residues. The binding energies of the eliminated best 196 compounds are
from -10.7 to -8.6 kcal/mol in this library. The docking free energies of the best
compounds are given in Table 5.3. All drug properties were checked from Drugs.com

database.

Drug tetracycline (compound 10) has the best binding score with HSF1 protein in our
results. Tetracycline has hydrogen bonds with His63, Arg71 and Arg117 in the binding
pocket of HSF1. Also, it has n-alkyl interactions with the residues of Phe61, Lys21
and Alal7 (Figure 5.7). Tetracyclic is an antibiotic that is used for the treatment of

many types of infections.

HIS ARG
= b) B:63 ARG 8:117
7.

M ARG-117 286 igh260 2.42
5

o 4.86

PHE
B:61 B

I Conventional Hydrogen Bond [ Pi-Alkyl
[ Alkyl

Figure 5.7: The binding site of HSF1 protein with Tetracycline (compound 10). a)
Hydrogen bond interaction between compound 10 and the side chain of His63,
Arg71, and Argl17. b) All interactions can be seen between the compound 10 and
HSF1 with an interaction diagram.

The next compound is Midostaurin (compound 11) which is hydrogen-bonded by the
guanidino group of Arg71, as well as stacking (n—n) interaction between its aromatic
group and Phe61 residue to stabilize the binding (Figure 5.8). Midostaurin is a cancer

therapy medicine used to prevent the proliferation of cancer cells in the body.

Aromasin is one of the important drugs in our FDA-approved drugs category. This

compound is a known medicine for the treatment of breast cancer. For Aromasin
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(compound 12), it is obtained that, it makes a hydrogen bond with the side chain of
Ser68 residue. Moreover, the compound has alkyl interactions with Phe61, Lys62 and
His63 (Figure 5.9).

-y b)

a) F‘

4.30

B Pi-Pi Stacked E %E
B Conventional Hydrogen Bond .

Figure 5.8: The binding site of HSF1 protein with Midostaurin (compound 11). a)
Hydrogen bond interaction between compound 11 and the side chain of Phe61, and
Arg71. b) All interactions can be seen between the compound 11 and HSF1 with an

interaction diagram.

b) 0
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5.00
Q 4.92
w5 PHE
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Figure 5.9: The binding site of HSF1 protein with Aromasin (compound 12). a)
Hydrogen bond interaction between compound 12 and the side chain of Ser68. b) All
interactions can be seen between the compound 12 and HSF1 with an interaction
diagram.
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Table 5.3: The compounds with the highest docking scores from LIBRARY 2.

No. Drug Name Structures AGAutoDockVINA
(kcal/mol)

10 Tetracycline
Brand names: Ala-Tet,
Brodspec, Panmycin,
Sumycin, Tetracap, Tetracon
(antibiotic)

-10.7

11 Midostaurin
Brand name: Rydapt
(medicine to prevent the
proliferation of a cancer cell)

-10.7

12 Aromasin
Brand name: Aromasin
(medicine for the treatment
of breast cancer)

-10.2

13 Simeprevir
Brand name: Olysio
(It is used for the treatment of
hepatitis C infections)

-10.1

14 Erismodegib
Brand name: Odomzo
(It is used for the treatment of
basal cell carcinoma which is
a type of skin cancer)

-10.1

15 Conivaptan
Brand name: Vaprisol
(It is used for decreasing a
level of hormone)

16 Emend : : -9.7
Brand name: Emend X@X
(medicine to prevent nausea o,

and vomiting related to cancer

chemotherapy) Oj\

-9.8

17 Irinotecan -9.6

Brand name: Onivyde N

(medicine for the treatment of
pancreatic cancer)
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Table 5.3 (continued): The compounds with the highest docking scores from
LIBRARY 2.

No. Drug Name Structures AGautoDockVINA
(kcal/mol)

-9.6

18 Dolutegravir

Brand name: Tivicay ° NN
(used with other medicines to mn

treat HIV)

19 Dihydroergotamine
Brand name: D.H.E. 45
(medicine to treat migraine
headaches.)

20 Tipranavir
Brand name: Aptivus
(Tipranavir is an antiviral
medicine that is also used for
the treatment of HIV)

21 Nilotinib 7 -9.5
Brand name: Tasigna
(It is used to treat Philadelphia ' /)\:QY

chromosome-positive chronic \QX
myeloid leukaemia)

22 Zafirlukast " -94
Brand name: Accolate \ O y
(It is used to treat asthma) " O P
) AN

Simeprevir is another significant drug which is used for the treatment for hepatitis C
virus. Simeprevir (compound 13) makes a hydrogen bond with GIn72, which is a
crucial interaction for the binding mode of HSF1. This compound has additional n-
sigma interactions with the aromatic group of Phe61 and alkyl interactions with the
side chains of Prol16, Lys62, Lys116 and Arg117 residues (Figure 5.10).

Erismodegib (compound 14) which was already used in the treatment of advanced
basal cell carcinoma (BCC) has hydrogen bonds with Phel8 and Tyr76 residues.
Additionally, the compound binding mode is stabilized with surrounding residues. It
has stacking (m—m) interaction with Phe61, alkyl interactions with Prol6, Alal7,
Lys116, Val119, and interestingly halogen interaction between its fluorine group and
Asn65 residue (Figure 5.11).
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Figure 5.10: The binding site of HSF1 protein with Simeprevir (compound 13). a)
Hydrogen bond interaction between compound 13 and the side chain of GIn72. b) All
interactions can be seen between the compound 13 and HSF1 with an interaction
diagram.
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Figure 5.11: The binding site of HSF1 protein with Erismodegib (compound 14). a)
Hydrogen bond interaction between compound 14 and Phel8, Tyr76 residues. b) All
interactions can be seen between the compound 14 and HSF1 with an interaction
diagram.

Tipranavir (compound 20) which was used for HIV positive patients has a variety of
interactions with HSF1, including hydrogen bonds with the Alal7, Phel8, Phe69,
Arg71, GIn72, Tyr76 residues. The compound has stacking (n—m) interaction with
Phe61, alkyl interactions with Prol6, Leu57 and Alall7. Likewise, it has halogen
interaction between its fluorine group and Asn65, His63 residues. Lastly, Arg71 is also

making a w-cation interaction with the aromatic group of Tipranavir (Figure 5.12).
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Figure 5.12: The binding site of HSF1 protein with Tipranavir (compound 20). a)
Hydrogen bond interaction between the compound 20 and Alal7, Phel8, Phe69,
Arg71, GIn72, Tyr76 residues. b) All interactions can be seen between the compound
20 and HSF1 with an interaction diagram.

Repurposing of drugs is the fastest way to find a potential cure for some diseases. In
this library, we found some of the medicines can be potential inhibitors for HSF1
protein. Tetracycline (is an antibiotic), Midostaurin (is used to prevent the proliferation
of a cancer cell), Aromasin (is used for the treatment of breast cancer), Simeprevir ( is
used for the treatment of hepatitis C infections), Erismodegib (is used for the treatment
of basal cell carcinoma which is a type of skin cancer), and Tipranavir (is an antiviral
medicine that is also used for the treatment of HIV) have great binding affinities with
HSF1.

5.1.3 Library 3: Leading compounds library

Virtual screening of the compounds was completed by AutoDock Vina with flexible
residues. This library was prepared with screening the three known inhibitors of HSF1,
which are CLA, RHT and 1001. However, pdb complexes of these inhibitors are not
available. Therefore, before using the inhibitors for virtual screening, their binding
modes were obtained individually (Figure 5.13). Selected best 73 compounds in this
database had the range of the binding energies between -11.2 and -8 kcal/mol. After

all, the docking free energies of the best compounds are given in Table 5.4.

Compound 23 (PubChem ID: 23281114), which was found by screening RHT ligand
from PubChem database, has hydrogen bonds with side chains of Ser68, Arg71, GIn72
residues. It also has m-cation interaction between its aromatic group and Argll7
residue, m-m stacking interaction with Phe61 and weak alkyl interaction with Lys62

residue (Figure 5.14)
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Figure 5.13: HSF1 Leading Compounds; Cantharidin, Rohinitib and (E)-ethyl 4-
0x0-4-(thiazol-2-yl amino) but-2-enoat, a) All interactions with HSF1 with an
interaction diagram, b) 2D structures, ¢) AutoDock Vina docking results and Prime
MM-GBSA binding scores, respectively.
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Figure 5.14: The binding site of HSF1 protein with compound 23 (PubChem ID:
23281114) a) Hydrogen bond interaction between the compound 23 and side chains
of Ser68, Arg71, GIn72 residues. b) All interactions can be seen between the
compound 23 and HSF1 with an interaction diagram.
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Table 5.4: The compounds with the highest docking scores from LIBRARY 3.

No. PubChem ID / Structures AGAutoDockVINA
compound database (kcal/mol)
23 | PubChem 23281114/ -11.2
(RHT compound search)
24 | PubChem 122201797/ -10.2
(CLA compound search)
25 | PubChem 126182188/ -10.1
(1001 compound search)
26 | PubChem 126182038/ -9.9
(1001 compound search)
R
27 | PubChem 126182039/ [ -9.9
(1001 compound search) ?
AR
28 | PubChem 126178230/ - -9.7
(1001 compound search) Q
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Table 5.4 (continued): The compounds with the highest docking scores from
LIBRARY 3.

No PubChem ID / Structures AGautoDockVINA
compound database (kcal/mol)
29 PubChem 126189744 -9.4

(1001 compound search) E g:
- )
30 PubChem 126180578/

i @ -9.3
(1001 compound search) O)‘v C AN
/@0 /KN
Compound 25 (PubChem ID: 126182188), which was found by screening 1001 ligand
from PubChem database, has hydrogen bonds with side chains of His63, Arg71, and

Argl17 residues. Similarly, to compound 23, it also has m-cation interaction with
Argl17 residue, n-n stacking interaction with Phe61 and alkyl interaction with Alal7,
Lys116 residue (Figure 5.15).
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Figure 5.15: The binding site of HSF1 protein with compound 25 (PubChem ID:
126182188). a) Hydrogen bond interaction between the compound 25 and side
chains of His63, Arg71, Argl17 residues. b) All interactions can be seen between the
compound 25 and HSF1 with an interaction diagram.

Compound 26 (PubChem ID: 126182038), which was also found by the screening of
1001 ligand from PubChem database, has hydrogen bonds with side chains of GIn72,

and Arg117 residues. Furthermore, it has zt-cation interaction with Argl17 residue, nt-
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n stacking interaction with Phe61 and alkyl interaction with Alal7, Leu57, Phe69,
Arg71, and Lys116 residues (Figure 5.16).
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Figure 5.16: The binding site of HSF1 protein with compound 26 (PubChem ID:
126182038). a) Hydrogen bond interaction between the compound 26 and side
chains of GIn72 and Arg117 residues. b) All interactions can be seen between the
compound 26 and HSF1 with an interaction diagram.
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Figure 5.17: The binding site of HSF1 protein with compound 28 (PubChem ID:
126178230). a) Hydrogen bond interaction between the compound 28 and side
chains of Alal7, Phel8, GIn72 and Argl117 residues. b) All interactions can be seen
between the compound 28 and HSF1 with an interaction diagram.

Compound 28 (PubChem ID: 126178230) which was found similarly to compound 26,
it has hydrogen bonds with side chains of Alal7, Phel8, GIn72 and Argl17 residues.
In addition, it has m-cation interaction with Argl17 residue, n-r stacking interaction

with Phe61 and alkyl interaction with Leu57, and Lys116 residues (Figure 5.17).
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As a result, the compounds from this library have better binding affinity than CLA,
RHT and 1001 leading compounds. Compound 23 has better binding score and
interactions than its own leading compound RHT. Similarly, compound 25 and 26 also
have better binding scores which are -10.2 kcal/mol and -9.9 kcal/mol, than 1001

compound with -5.6 kcal/mol.
5.1.4 Library 4: ZINC15 databases with molecules reported in vivo and cells

Virtual screening of ZINC15 databases for the molecules tested or reported in vivo or
in cells were completed by Glide HTVS. The best 50 compounds in vivo database had
the range of the binding energies between —7.3 and -6.1 kcal/mol. Also, 98 compounds
in the cell database had the range of the binding energies between —8.1 and —6.0

kcal/mol.

Results are shown in Table 5.5. From the virtual screening results, compound 31 had
the best docking score. Compound 31, which has a high molecular weight of 614.424
Da, is hydrogen-bonded with Phel8, Lys62, His63, Ser68, GIn72 and Tyr76 residues.
Additionally, it has n-rt stacking interaction with His63 residue. Lys21 has an attractive

charge for the compound (Figure 5.18).
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Figure 5.18: The binding site of HSF1 protein with compound 31 (Zinc ID:
ZINC000100773913) a) Hydrogen bond interaction between the compound 31 and
Phel8, Lys62, His63, Ser68, GIn72 and Tyr76 residues. b) All interactions can be
seen between the compound 31 and HSF1 with an interaction diagram.
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Table 5.5: The compounds with the highest docking scores from LIBRARY 4.

No. ZINC code Structures AGglideDocking
(kcal/mol)
31 ZINC000100773913 -9.5
32 ZINC000257466362 -8.0
33 |  ZINC000095618666 g 7.7
¢
N
34 ZINC000100829660 9 75
35 ZINC000095618667 L 75
I
36 ZINC000012493629 7.3
37 ZINC000085807436 7.3

Among the docked compounds of Library 4, Compound 31 has the highest binding
affinity with strong hydrogen bond interactions with HSF1.
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5.2 MM/GBSA Calculations

To compare the compounds that have good binding scores, we investigated MM-
GBSA calculations for re-scoring the binding energies of ligand-protein complexes.
The binding energies of these complexes are the sum of basic molecular mechanics
energy terms (bond, angle, and dihedral) and electrostatic, van der Waals interactions
are added to the terms. Also, polar and non-polar contributions to the solvation free
energies are included. The binding energies in Table 5.6, are calculated for ligands
(with best binding scores in top 10 from each library), with AutoDock Vina and Prime
MM-GBSA. The negative values of binding energies represent the favourable
interaction between the compound and receptor.

The results strongly show that the selected compounds may inhibit the HSF1 protein
before the transcription. Binding scores are sorted for the best MM-GBSA scores since

they already have similar values for Vina results (Table 5.6).

In Table 5.6, HBA, HBD, RB, and H-Bond represent the number of hydrogen bond
acceptor, hydrogen bond donor, rotatable bonds and interactions in the binding mode,

respectively.

5.3 Molecular Dynamic Simulations

The molecular dynamic simulation was carried out for the apo structure of the protein
with 100 ns to observe the side chain movement of the active side residues. The
thermodynamic properties against time (ps) were plotted to investigate the stability of
the simulation. In these plots, the system equilibration is shown as E, E_P, T, P, and
V which are the total energy (kcal/mol), barostat energy (kcal/mol), temperature (K),

pressure (atm), and volume (A3), respectively (Figure 5.19).

Root mean square deviation (RMSD) of the HSF1 protein shows that if the simulation
was equilibrated. During the simulation, conformational changes in the protein were
observed to be around 2-3A, which is perfectly acceptable for our small protein.
Backbone RMSD data did not indicate any departure from the native structure (Figure
5.20.a).
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Root mean square fluctuation (RMSF) of the protein indicates the local changes. In
Figure 5.20.b, the most fluctuated areas in the protein are shown with the peaks, which
has the amino acid residues between 84-91 possessed high flexibility. The Serl3 and
Gly87 residues had the major peaks which 3.34 A and 4.78A fluctuations. HSF1
binding site to HSE had the least fluctuated peaks which were less than 1A. After
molecular dynamic simulation (MD) of the apo-protein, the first nine compounds from
Table 5.6 (sorted according to AGmm-casa Values) were chosen for the MD calculations
to understand the interaction between ligand and receptor in detail. RMSD of the
ligand-protein complexes were demonstrated during 100ns simulations. On the left y-
axis, protein RMSD is calculated, and on the right y-axis, ligand RMSD changes are
calculated with respect to the protein and its binding pocket (Figure 5.21).

Compound 29 (PubChem ID: 126189744), has hydrogen bonds with GIn72 and
hydrophobic interactions with Phe61, His63, Argll7 residues (Figure 5.22.a).
Compound 26 (PubChem ID: 126182038) has hydrogen bonds with Lys62 and
hydrophobic interactions with Phe6l residue (Figure 5.22.b). Compound 25
(PubChem ID: 126182188) has hydrogen bonds with Ser68, GIn72 and hydrophobic
interactions with Phe61 residue (Figure 5.22.c). Compound 14 (Erismodegib) has
hydrogen bonds with GIn72 and hydrophobic interactions with Phel8, His63 residues

(Figure 5.22.d). Compound 20 (Tipranavir) has hydrogen bonds with Lys62 and
hydrophobic interactions with Phe61, His63 residues (Figure 5.22.e). Compound 12
(Aromasin) has hydrogen bonds with Asn65 and hydrophobic interactions with Alal7,
Phel8, Phe61 residues (Figure 5.22.f). Compound 28 (PubChem ID: 126178230) has
hydrogen bonds with GIn72 and hydrophobic interactions with Phe61 residue (Figure
5.22.9). Compound 23 (PubChem ID: 23281114) has hydrogen bonds with GIn72 and
hydrophobic interactions with Phe6l residue (Figure 5.22.h). Compound 13
(Simeprevir) has hydrogen bonds with Alal7 and Phel8 residues (Figure 5.22.i).

These interactions were observed for half of the simulation time.

The simulation interactions diagrams in Figure 5.22 demonstrate that the most
important hydrogen bonds are occurring between the ligands and Alal7, Phel8, Phe61,
Lys62, His63, Asn65, GIn72, Ser68, Argl17 residues. Similarly, Phe61 residue also
has hydrophobic interaction most of the simulation time (Figure 5.22)
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Table 5.6: The Prime MM-GBSA and Vina flexible docking binding energies between the compounds and the HSF1 (kcal/mol).

Name of the MW HBA LogP RB LogS(ESOL)/Solubility Druglikeness H-Bonds (Residue of AGautoDockVINA AGmm-cBsa
molecules (9/mol) (ADME/Tox) Lipinski Amino Acid Group) (kcal/mol) (kcal/mol)
Violation/Bioavailability
Score
PubChem 126189744 553.0 4 8.22 9 -9.77/ Low 2 violation/ 0.17 - -9.4 -76.21
PubChem 126182038 567.1 4 8.73 9 -10.22/ Low 2 violation/ 0.15 GIn72, Arg117 -9.9 -73.80
PubChem 126182188 4735 5 6.62 8 -8.28/ Low 0 violation/ 0.55 His63, Arg71, Argl117 -10.1 -72.50
PubChem 126178230 590.7 5 8.37 11 -10.26/ Low 1 violation/ 0.55 Alal7, Phel8, GIn72, -9.7 -66.23
Argl17
Erismodegib 485.5 5 6.76 6 -6.43/ Low 0 violation/ 0.55 Phel8, Tyr76 -10.1 -60.57
Tipranavir 602.7 5 7.14 11 -7.49/ Low 1 violation/ 0.56 Alal7, Phel8, Phe69, -9.5 -58.83
Arg71, GIn72, Tyr76
Aromasin 296.4 2 3.87 0 -3.61/ High 0 violation/ 0.55 Ser68 -10.2 -58.60
PubChem 570.6 5 5.26 4 -5.89/ Moderate 2 violation/ 0.17 Arg71, Ser68, GIn72 -11.2 -57.62
23281114
Simeprevir 749.9 9 456 7 -7.14/ Low 2 violation/ 0.17 GIn72 -10.1 -57.41
Nilotinib 529.5 6 5.36 7 -6.23/ Low 1 violation/ 0.55 Tyr76 -9.5 -56.83
PubChem 126180578 576.6 5 7.85 11 -9.82/ Low 1 violation/ 0.55 Alal7, Phel8, GIn72, -9.3 -55.51
Argll7
PubChem 534.6 8 2.29 2 -4.48/ Moderate 1 violation/ 0.55 Ser68, Arg71, GIn72 -10.2 -55.00
122201797
PubChem 126182039 567.1 4 8.73 9 -10.21/ Low 2 violation/ 0.17 Lys62, GIn72, Tyr76 -9.9 -54.54
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Table 5.6 (continued): The Prime MM-GBSA and Vina flexible docking binding energies between the compounds and the HSF1 (kcal/mol).

Name of the molecules MW HBA HBD  LogP RB LogS/Solubility Druglikeness H-Bonds (Residue of Amino AGautoDockVINA AGwmm-cBsa
(9/mol) (ADME/Tox) Lipinski Acid Group) (kcal/mol) (kcal/mol)
Violation/Bioavailability Score
Irinotecan 586.7 6 1 2.78 5 -5.71/ 1 violation/ 0.55 Lys62, Arg71 -9.6 -54.32
Moderate
Zafirlukast 575.7 7 2 6.77 8 -6.93/ Low 1 violation/ 0.55 Phel8, GIn72 -9.4 -52.47
Dolutegravir 4194 6 2 1.10 3 -4.01/ 0 violation/ 0.55 Alal7, Phel8, Ser68 -9.6 -51.95
Moderate
Conivaptan 498.6 3 2 5.31 4 -6.67/ Low 1 violation/ 0.55 - -9.8 -48.97
ZINC000242473299 287.4 4 1 1.03 1 -2.57/ High 0 violation/ 0.55 - -9.5 -47.52
ZINC000002033971 2814 3 1 3.24 1 -3.60/ High 0 violation/ 0.55 Phe61 -9.3 -45.80
ZINC000100903270 284.3 5 1 2.87 2 -2.73/ High 0 violation/ 0.55 - -9.5 -45.25
ZINC000004622635 2933 5 3 3.14 2 -3.51/ High 0 violation/ 0.55 GIn72, Phe61 -9.3 -44.50
ZINC000409047067 282.3 3 2 1.87 3 -3.43/ High 0 violation/ 0.55 Lys62, Arg71 -9.9 -42.91
Dihydroergotamine 583.7 6 3 271 4 -4.88/ 1 violation/ 0.55 Arg71, GIn72 -9.6 -40.79
Moderate
Emend 534.4 5 2 5.22 8 -5.61/ 1 violation/ 0.55 Phel8, Lys21, GIn72, Tyr76 -9.7 -40.62
Moderate
Midostaurin 570.7 4 1 5.43 3 -6.60/ Low 1 violation/ 0.55 Arg71, GIn72 -10.7 -36.09
ZINC000005530788 257.3 2 0 2.69 0 -3.21/ High 0 violation/ 0.55 Lys21 -9.5 -36.09
ZINC000000897013 268.3 2 2 -0.78 1 -3.21/ High 0 violation/ 0.55 Phel8 -9.3 -35.05
Tetracycline 444.4 9 6 -3.49 2 -1.78/ High 1 violation/ 0.11 His63, Arg71, Arg117 -10.7 -25.70
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Figure 5.21: The protein and ligand a)PubChem126189744,
b)PubChem126182038,c)PubChem126182188,d)Erismodegib,
e)Tipranavir,f)Aromasin,g)PubChem126178230, h) PubChem23281114,
i)Simeprevir, RMSD plot against time for 100 ns.
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Figure 5.22: Interaction diagram between the protein and ligand
a)PubChem126189744, b)PubChem126182038, c)PubChem126182188,
d)Erismodegib, e) Tipranavir, f)Aromasin, g)PubChem126178230, h)
PubChem23281114, i)Simeprevir, for 100 ns.
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6. CONCLUSION

Recent studies have shown that HSF1 inhibition has an important role in cancer
treatments such as colon cancer, breast cancer (Mendillo et al, 2012). In this study,
inhibitors that targets the HSF1 were screened using computational chemistry
methods. To fulfill this purpose, AutoDock 4.2 software and Glide docking methods
were used. The ZINC and PubChem databases were scanned and four different
libraries were prepared for the virtual screening of the ligands to predict the binding
modes with HSF1.

The Library 1 was prepared from ZINC15 Tranches Database with compounds having
molecular weight lowerthan 300 Da. However, these compounds are rather small
molecular weight compounds and they do not have strong binding affinity to HSF1-
DNA domain. The DNA binding domain of HSF1 is more suitable for compounds
with higher molecular weight. In the Library 2, we studied for a possible repurposing
of existing drugs and identified several potential candidates of HSF1 from FDA
approved drugs database. Tetracycline, Midostaurin, Aromasin, Simeprevir,
Erismodegib, and Tipranavir are some of these medicines that demonstrated good
docking results. Experimental inhibition efficiencies must be further investigated to
determine the possible repurposing of these candidate drugs. Commercially available
compounds were also screened with the three known inhibitors of HSF1, which are
CLA, RHT and 1001 from ZINC and PubChem databases to prepare the Library 3.
Based on binding affinities and interactions, four compounds (25, 26, 28 and 29) with
the highest binding energies with Vina and Prime MM-GBSA, proposed to be potential
inhibitors for HSF1. These compounds had better binding affinities than the leading
compounds CLA, RHT and 1001. Changing flexible functional group of RHT with
more rigid cyclic groups, changed the interactions with HSF1. Lastly, compounds that
are experimentally confirmed (in vivo/in cell) were further arranged for the Library 4.

However, further research with flexible docking for these compounds is still needed.
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The significant interactions of ligands with the amino acid residues Alal7, Phel8,
Phe61, Lys62, His63, Ser68, Arg71, GIn72 and Tyr76 were found in the HSF1-HSE

binding pocket as expected.

In order to investigate the interactions of the candidate inhibitors with HSF1, 100 ns
MD runs were carried out. The molecular dynamics simulation results of HSF1-ligand
complexes revealed that critical hydrogen bond and hydrophobic interactions with
Alal7, Phel8, Lys21, Tyr60, Phe61, Lys62, His63, Asn65, GIn72, Tyr76, Ser68 and
Arg117 residues of HSF1 might contribute to its potent HSF1 inhibition. Especially,
Phe61 residue has shown hydrophobic interaction with aromatic fragments of the
ligands. These residues were reported for the interaction of HSF1 with HSE. Agarwal
et al, also pointed out similar binding interactions between HSF1 and Cantharidin-
Rohinitib based hybrid ligands (Agarwal et al, 2015).

The obtained results enabled us to propose ligands with compound numbers 12
(Aromasin), 13 (Simeprevir), 14 (Erismodegib), 20 (Tipranavir), 23 (PubChem ID:
23281114), 25 (PubChem ID: 126182188), 26 (PubChem ID: 126182038), 28
(PubChem ID: 126178230), and 29 (PubChem ID: 126189744) as potential inhibitors
of HSF1 for target-based cancer therapy
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