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LIST OF ABBREVIATIONS

17-AAG — 17-N-allylamino-17-demethoxygeldanamycin

17-DMAG - 17-dimethylaminoethylamino-17-demethoxygeldanamycin

ADP — adenosine diphosphate

ANS — 1-anilinonaphthalene-8-sulfonic acid

ATP — adenosine triphosphate

CypD — cyclophilin D

DMSO - dimethyl sulfoxide

DSC - differential scanning calorimetry

ECs, — half maximal effective concentration

eNOS — endothelial nitric oxide synthase

FTSA — fluorescence thermal shift assay

GA — geldanamycin

Glsg — half maximal growth inhibition

HEPES — 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HSE — heat shock element

HSP — heat shock protein

HSp90N — N-terminal domain of Hsp90 (and accordingly Hsp90aN,
Hsp90BN)

IC5o —half maximal inhibitory concentration

intr — intrinsic

IR — infrared

ITC — isothermal titration calorimetry

MS — mass spectrometry

n.d. — no data

NMR — nuclear magnetic resonance

obs — observed

PDB — Protein Data Bank

r.m.s.d. — root-mean-square deviation
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RD — radicicol

Tris — tris(hydroxymethyl)aminomethane



INTRODUCTION

Despite many advances in modern medicine, severe diseases are still
pretty common. For instance, statistically every second person will suffer from
some type of cancer during his life [1], and quite a lot of these cases will be
incurable. Due to its adaptability and persistence, traditional approaches to
anticancer drug design often prove unsatisfactory: while the drug molecule
inhibits one seemingly vital protein, the cancer cell finds different paths to
circumvent this and proliferate. Consequently often combination therapies are
being suggested with drugs inhibiting different oncogenic targets.

The heat shock protein 90 (Hsp90) is a chaperone that, while catering
only for a limited clientele, manages to impact a significant fraction of
proteome. This is achieved through chaperoning proteins that are hubs of many
biological networks such as transcriptional factors and kinases [2]. Molecular
mechanisms of the 6 hallmarks of cancer cells all involve Hsp90 clients [3].
Moreover, cancer cells tend to depend heavily on chaperones to maintain their
mutated proteins and preserve proteostasis. Therefore successfully drugging
Hsp90 might be the strike at the heart of oncogenic processes that is needed for
the development of effective anticancer therapy. Furthermore, accumulated
data suggests that inhibiting Hsp90 might be employed in fighting various
other illnesses, including protozoan and neurodegenerative diseases.

While there are several synthetic Hsp90 inhibitors in development and in
clinical trials, no Hsp90 targeting agent is currently available on the market.
Most of the investigated Hsp90 inhibitors exhibited various side-effects that
restrict their usage. As most of these traits do not seem to be caused by the
Hsp90 inhibition itself, there is a high demand of new, efficacious Hsp90
inhibitors.

A series of potential Hsp90 inhibitors, aryl-dihydroxyphenyl-thiadiazoles
(hereafter referred to as ICPD), has been synthesised at Vilnius University.

They offer us a chance not only to develop a potential new chemical entity but
9



also to expand on the thermodynamic drug design. Historically, drug
development has been structure-based optimisation of binding contacts;
however, such approaches do not offer deeper understanding of the driving
forces underlying the molecular interactions [4]. Thermodynamic analysis
contributes significantly to revealing the bigger picture of the binding process.

Thermodynamic studies are capable of not only quantifying the tightness
of binding but also dissecting it into enthalpic and entropic contributions,
which essentially tells us about the nature of the driving forces of the binding
process. Generally enthalpic contribution to the ligand affinity is more difficult
to improve than the entropic contribution, as artificial engineering of
non-covalent polar contacts is significantly less straightforward than addition
of hydrophobic groups [5; 6].

Currently one of the biggest challenges in molecular biophysics is
understanding the emerging correlation of thermodynamic and structural data
[7]. 1t has to be noted that the thermodynamic data observed directly during
experiments does not always correlate well with the structural data. Therefore
intrinsic parameters have to be calculated by eliminating contribution of
various events that accompany binding. These intrinsic parameters serve as a
conceptual tool for analysis of the binding energetics from structural and
chemical contexts [8]. However, at this stage such studies still have to be
conducted in a case-by-case scenario, in order to map the differences in
intrinsic binding energetics that accompany minor changes in chemical

structure.

The goal of this study:
To explore the structure-thermodynamics relationship for ICPD

compounds binding to human Hsp90.

Objectives:
1. To evaluate the affinity of ICPD compounds to recombinant human
Hsp90.
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2. To investigate events that might be coupled with the binding of ICPD
compounds to Hsp90.

3. To analyse the thermodynamic mechanism of ICPD compounds
binding to recombinant human Hsp90 by determining the intrinsic
thermodynamic parameters.

4. To establish the links between each ICPD compound structure and its

thermodynamic characteristics of binding to Hsp90.

Scientific novelty and practical value of the study:

In the present study we demonstrate a series of novel Hsp90 inhibitors
that can potentially be developed into drugs against certain types of cancer (as
suggested by cell growth inhibition assays) and certain other diseases. These
compounds contain a unique thiadiazole ring in addition to a moiety, derived
from natural Hsp90 inhibitor radicicol. We provide a detailed thermodynamic
characterisation of these inhibitors binding to recombinant human Hsp90. In
this study isothermal titration calorimetry is employed in conjunction with
protein denaturation profile analysis techniques in order to dissect the
thermodynamic mechanism of the protein—ligand binding event. We show for
the first time that protonation of hydroxyl residue in resorcinol-based Hsp90
inhibitors is essential for binding. The mostly enthalpy-driven binding of three
of our compounds makes them excellent candidates for further lead
development. Based on our studies, these compounds have been patented both
in Europe and the USA.

The major findings presented for defence in this thesis:

1. ICPD compounds are tight nanomolar binders of both human Hsp90a
and Hsp90p isoforms. Affinity of ICPD compounds to Hsp90a is 4 to 6 times
higher than to Hsp90p.

2. Protonation of hydroxyl group in ICPD compounds is essential for
binding to Hsp90.
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3. Intrinsically, binding of ICPD26, ICPD34, and ICPD47 to Hsp90 is
driven mostly (~84 %) by enthalpy which makes them suitable candidates for
further drug development.

4. Chlorine in the ICPD compounds increases enthalpic contribution to
the intrinsic binding affinity, as opposed to ethyl group in ICPD62 which
promotes the entropic factor, signifying the ability of chlorine to form
additional interactions of non-hydrophobic nature.

5. Small alkoxy substituent on the non-resorcinol benzene ring in the
ICPD compounds has only negligible effect on the intrinsic binding

parameters.
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1. LITERATURE OVERVIEW

1.1. Introduction to chaperones

Mammalian cells typically express over 10,000 different protein species.
Synthesised in ribosomes as linear chains of up to several thousand amino
acids, they need to fold into their native state in order to function. While
smaller proteins can easily fold spontaneously in diluted solutions over certain
period of time, it is now firmly established that in the cellular environment,
with cytosolic protein concentrations reaching 300400 gxL™, many proteins
require molecular chaperones in order to fold efficiently and on a biologically
relevant timescale [9]. Along with the ubiquitin-proteasome and the autophagy
systems that control the timely removal of irreversibly impaired proteins,
chaperones are vital in ensuring proteostasis by aiding de novo folding and
refolding of the proteins. Proteostasis disorders result in numerous diseases
such as neurodegeneration, type 2 diabetes, and cancer.

In general, molecular chaperone is defined as a protein that interacts with,
stabilises, or helps another protein to acquire its functionally active
conformation, without being present in its final structure [10]. There are
several different families of chaperones, most of them known as heat-shock
proteins (HSPs) due to their upregulation in cells under stress. They are
classified into structurally unrelated classes according to their molecular
weight: Hsp40, Hsp60, Hsp70, Hsp90, Hspl00, and the small Hsps. Hsp70,
together with Hsp40, and Hsp60 participate in early folding of the protein
while Hspl00 aids protein disassembly. Hsp90 works in between, usually
mediates proper function of signalling pathways, and can sometimes be a part
of the active final protein complex [11].

A protein that is being aided by a chaperone is called that chaperone’s
client. In general, chaperones do not have specific substrates — for instance,

Hsp70/Hsp40 machinery binds to any nascent peptide. However, Hsp90
13



interacts only with specific client proteins. Both Hsp70 and Hsp90 require a
multicomponent system in order to function. In case of Hsp90, other
components (co-chaperones) can regulate its selectivity towards certain clients.
Moreover, Hsp90—<client complexes are frequently stable enough to allow

their purification using techniques such as imunoprecipitation.

1.2. Hsp90

The main focus of Hsp90 research is on the two major human
cytoplasmic isoforms — the more significant inducible Hsp90o and less
substantial constitutive Hsp90p. These proteins, as their name suggests, weigh
approximately 90 kDa, operate mostly in cytosol, although are also located in
the nucleus. Hsp90 homologs are also found in the endoplasmic reticulum
(glucose related protein, Grp94) and mitochondria (TNF receptor associated
protein 1, TRAPL).

The number of cytosolic Hsp90 isoforms is variable throughout
organisms. Most simple eukaryotes possess only a single form of cytosolic
Hsp90 (e.g., Drosophila sp. [12], Caenorhabditis elegans [13], most yeast
species). Therefore Saccharomyces cerevisiae, a yeast species that has 2
cytosolic isoforms (constitutive Hsc82 and heat-inducible Hsp82) [14], is
widely employed in Hsp90 research. Hsp90 is fairly conserved among various
species. For instance, S. cerevisiae Hsc82 is 62 % identical and 79 % similar to
human Hsp90p.

1.2.1. Hsp90 isoforms

Human Hsp90a and Hsp90fB are incredibly cognate: Hsp90a is 86 %
identical to Hsp90p and similar by 93% [15; 16] (Figure 1.1). Nevertheless, the
nucleotide sequence of their genes diverge by a significantly higher degree,
with most of the differences being located in the non-coding regions [17].
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The fundamental difference between the human Hsp90 isoforms is that
Hsp90p is expressed constitutively, or in other words acts as a housekeeper
protein, whereas Hsp90a expression is only induced at times of stress. This is
owing to the tight regulation of transcription of the Asp90a gene by means of
5’ upstream promoter sequences that include so-called heat shock elements
(HSE; highly conserved eukaryotic nucleotide sequence, characteristic to
promoters of heat-inducible genes) [18; 19]. In case of elevated temperature or
other type of stress, a HSF protein binds to the HSE and promotes transcription
of Hsps. Several such elements exist also in 2sp90p gene [20]. Unusually high
constant ssp90o. expression correlates with tumour progression [21], altered
cell cycle regulation [22], or flawed growth factor-mediated tyrosine kinases’
signalling pathway [23].
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Figure 1.1. Amino acid sequence comparison of human Hsp90oa and 3
isoforms. Domain arrangement is depicted in different colours: blue — N-domain,
yellow — charged linker, green — M-domain, and red — C-domain.
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In the endoplasmic reticulum there is the Grp94/Grp78 chaperone system,
an analogue of the cytosolic Hsp90/Hsp70 system. It is highly selective client-
wise [24] and is attributed such functions as control over Ca®* balance, host
defence, proteotoxic stress response, and cell adhesion. TRAP1 (also referred
to as Hsp75) is another chaperone from Hsp90 family, localised predominantly
in mitochondrial matrix. It is only 34% identical, 60% similar to Hsp90a [25]
and more akin to the bacterial Hsp90 homolog than the human Hsp90. This
chaperone is expressed constantly, though on low level (except for tumour
cells) [26] but can be upregulated in response to various environmental stresses
[27]. TRAP1 is involved in maintenance of mitochondrial integrity, organelle-
compartmentalised protein folding, transcriptional responses to proteotoxic

stress, and acquisition of resistance to drugs (such as cisplatin) [28].

1.2.2. Structure of Hsp90

A typical protein belonging to the Hsp90 family consists of 3 main
domains: N-terminal (N), C-terminal (C) and the Middle (M) domains (Figure
1.2). Usually a flexible charged linker connects N-terminal and Middle
domains. The N-domain is responsible for the ATP binding and hydrolysis
[29]. The ATPase active centre is distinctly conserved in Hsp90 throughout
evolution; however, moderate differences between species may lead to
development of a species-selective Hsp90 inhibitor series [30]. The nucleotide
binding pocket adopts Bergerat fold, which is characteristic to GHKL
(bacterial girase, Hsp90, histidine kinase, MutL) superfamily, but differs from
ATP binding sites of other kinases or chaperones of the Hsp70 family [31]. A
handful of amino acids, namely, L34, N37, D79, N92, L98, G121, and F124,
are directly involved in interaction with ATP. For ATP hydrolysis to occur,
E33 is also required [29]. The ATPase is activated as the M-domain interacts
with the y phosphate of the ATP molecule [32]. Besides, client proteins have

been reported to bind to the M-domain on multiple occasions. The key function
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of C-domain is dimerization, which is essential step in the Hsp90’s chaperone
cycle. Moreover, C-domain contains a tetratricopeptide (TPR) receptor site,
favoured by several co-chaperones that are vital for normal cellular Hsp90
function. This domain can also bind to partially folded protein in an ATP-
independent manner [33]. Putative allosteric nucleotide binding sites are
suggested in the C-domain [34].

Crystal structures of full length Hsp90 are available for chaperones from
Escherichia coli (2I0P, 210Q) [35], yeast S. cerevisiae (2CG9, 2CGE) [36]
and the dog endoplasmic reticulum (201U, 201V) [37].

Hsp90a

Hsp90pB

yeast Hsp90

TRAP1

Grpoa
ATPase, clientand dimerization,

co-chaperone co-chaperone clientand
binding binding co-chaperone
binding

Figure 1.2. Domain structure of Hsp90. Comparison of the domain structures
of human Hsp90o, Hsp90p, yeast Hsp90, human Trapl, and Grp94. N-terminal
domain (also known as ATPase domain, with ATP molecule shown as purple) is
marked blue both in the sequence representation and structure of full-length yeast
Hsc82 (PDB ID 2CG9), as well as in Figure 1.1. Flexible charged linker is depicted
in yellow, M-domain (middle) — green, C-domain (dimerisation) — red, and
localisation signals in grey. Based on [20; 34].

1.2.3. Clients and functions of Hsp90

To date over 300 proteins that interact with Hsp90 are identified. Full list

of known Hsp90 interacting proteins can be found at Picard Lab website [38]

and online database Hsp90Int [39], and a recent review [40]. However, not all

of the identified interacting proteins are clients; for instance, some are co-
17



chaperones. Searches for proteins that depend on Hsp90 by specifically
inhibiting Hsp90 yield not only Hsp90 clients but also proteins that are
dependent on the Hsp90 clients. Therefore in order to prove a protein to be an
Hsp90 client, two requirements must be met: the protein must physically
interact with Hsp90 and inhibition of Hsp90 must impair its activity. It should
be noted that all currently described Hsp90 clients depend on Hsp90 even at
permissive temperatures. Coupled with the distinct overexpression of Hsp90 at
elevated temperatures, this suggests that the range of Hsp90 substrates might
increase significantly at elevated temperatures [41].

Interestingly, despite Hsp90 reputation of having a limited clientele
compared to other classes of chaperones, which bind to nascent polypeptide
chains, approximately a fifth of yeast proteome is influenced by Hsp90
function [42]. This is achieved through chaperoning proteins that are hubs of
many biological networks [2], namely, transcriptional factors [43-45] and
Kinases [46-48]. These proteins are involved in various signalling pathways
and thus collectively influence a multitude of vital cellular processes. Among
transcriptional factors, the steroid hormone receptors (SHRs) are the best
studied class of Hsp90 model substrates. They require Hsp90 assistance mainly
for constant maintenance of their activity [49]. Tumour suppressor protein p53,
which is mutated in many forms of cancer [50] is also reported to interact with
Hsp90 [51; 52]. Various types of kinases are also reported to associate with
Hsp90. In fact, Hsp90 was first discovered as a co-precipitant of protein
tyrosine kinase v-Src [53]. v-Src is the key player in transforming normal avian
or mammalian cells into malignant cancer cells in case of Rous sarcoma virus.
It has a much higher kinase activity and higher affinity towards Hsp90 than its
cellular counterpart, c-Src [54], which is involved in cell control of cell growth
and architecture, even though sequence differences between c-Src and v-Src
are minor [55]. Notably, Hsp90 is necessary for maturation of c-Src and some
other kinases, such as p56, but not its activity [56], while it is vice versa in case

of SHRs. Besides the discussed regulatory proteins, Hsp90 is involved with a
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great variety of other proteins, from telomerase to myosin. There is no obvious
sequence or structural homology between Hsp90 clients. Different clients
might bind to different sites of Hsp90 as each of the three Hsp90 domains have
been implicated in client binding [57].

/ Hsp90a

growth promotion regulation of cell early embryonim
growth and division development
. differentiation
cell cycle regulation cytoskeletal
maintenance of cell stabilization

) membrane structure
stress-induced

cytoprotection resistance to
K osmostress long-term cell

Hsp90p adaptation /

Figure 1.3. Cellular functions attributed to Hsp90a isoform (light grey), to
Hsp90p (darker grey), or to both of them (white).

signal transduction

In the light of its numerous clientele, Hsp90 is considered to be
responsible for a variety of biological functions: cell cycle regulation,
maintenance of plasma membrane integrity and resistance to osmotic stress.
There is no definite boundary between the functions of a and B forms on
account of their structural similarity and consequent sharing of clientele.
Therefore the defined differences in function (Figure 1.3) relies mostly on
Hsp90a being more of an emergency service while Hsp90B plays a
housekeeper’s role.

An interesting example of intricate Hsp90 function is accumulation of
cryptic genetic mutations under normal conditions and their release under
stressful conditions. Inhibition of this chaperone significantly increases

morphological variation in Drosophila [58] and upregulates transposon
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expression [59]. It seems that Hsp90 stabilises the variation in phenotype by

chaperoning Argonaute proteins [60] and thus supressing transposon activity.

1.2.4. Conformational cycle of Hsp90

Hsp90 activity as a chaperone generally must be complemented with its
ATPase activity [61; 62]. Both these functions intertwine in a complex Hsp90
conformational cycle (Figure 1.4). The necessary conformational changes can
be accelerated or halted by co-chaperones. Even in vitro, where Hsp90 is not
inhibited by certain co-chaperones, the rate-limiting step of the slow Hsp90
ATPase activity (1 ATP per 20 min by human Hsp90 [63]) is the structural
change, as opposed to the ATP turnover [64; 65].

open ATP-bound
N-domain ATP
Charged linker ':m @
M-domain —_—
C-domain Rooo

|2

|®
|®

closed I, 4

Figure 1.4. Conformational cycle of Hsp90. (1) Open Hsp90 rapidly binds
ATP. (2) ATP lids slowly fall into place, forming first intermediate state, I;.
(3) Dimerization of N-domains results in formation of second intermediate state, I».
(4) M-domain repositions in order to interact with N-domain; Hsp90 reaches the fully
closed conformation. (5) ATP is hydrolysed and Hsp90 returns to the open
conformation. Adapted from [66].
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Hsp90 is a flexible dimer. When not bound to ATP, it adapts an open
conformation, resembling a “V” shape (Figure 1.4). Upon ATP binding, first
minor conformational changes occur as so-called ATP lids (flexible a-spirals)
close over the bound nucleotide [67] (Figure 1.4, steps 1 and 2). At this stage a
client protein can be introduced to the chaperone. The closure of ATP lids
enables dimerization of the N-domains [68], which occurs in a fashion
characteristic to the GHKL family (step 3). These conformational changes
induce further rearrangements in the entire Hsp90, resulting in intercrossed
M-domains [36; 67] that can interact with the y-phosphate of the bound ATP
(step 4). The resulting shape is a compact dimer, referred to as closed state
(Figure 1.2). Finally, the ATP hydrolysis ensues and the unfolded client, as
well as ADP, detach from Hsp90, which hence returns to the open state (step
5). Although the cycle was uncovered using Hsp90 from yeast (Hsp82), its
relevance was confirmed for human Hsp90 [69], as well as Grp94 [37] and
TRAP1 [70]. Therefore the described ATPase mechanism seems to be
universally conserved in Hsp90 family. It has been suggested that Hsp90p
moves through its conformational cycle slower than the a isoform and thus
stays bound to the client protein for longer periods of time, though rates of

ATP hydrolysis are comparable at least in vitro [69].

1.2.5. Regulation of Hsp90 activity

Hsp90 chaperoning is controlled in cells by a number of factors, mainly

co-chaperones and post-translational modifications.

Co-chaperones

Almost every step in the Hsp90 conformational cycle can be regulated by
co-chaperones. Co-chaperones may be loosely defined as proteins that

participate in the function of chaperones [71]. They can deliver (or mediate
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delivery of) client proteins and coordinate the chaperone cycle in a way that
promotes dissociation of the client protein (usually by influencing ATPase
activity). Most co-chaperones bind to Hsp90 with submicromolar affinities
[72]. The evolution and abundance of such co-chaperones in complex
organisms might attest for the expansion of the range of biological processes
that require Hsp90 [71]. Here only a handful of plentiful Hsp90 co-chaperones

Client kinase
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’ = / (“Q
‘ &

are presented.

Early Complex

Figure 1.5. Co-chaperones regulate the Hsp90 chaperone cycle for kinases.
Co-chaperones Hop and the kinase-specific Cdc37 are involved in recruiting early
complex, comprised of the client kinase and Hsp70/Hsp40, to Hsp90. Hop and
Hsp70/Hsp40 are expelled with the aid of co-chaperones protein phosphatase PP5 and
Ahal. Later on, ATP is bound and Cdc37 can be released. Taken from [66].

Since Hsp90 can bind clients only in open conformation, the
co-chaperones involved in client delivery tend to bind to the open Hsp90 and
Inhibit its transition to the intermediate conformations (Figure 1.5) in order to
buy some time for binding of the client [73]. One of the most well-studied such

co-chaperones is Hop (Stil in yeast). Hop binds to the open conformation of
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Hsp90—ATP mainly via a MEEVD motif in the extreme C-terminus of Hsp90
[74]. It not only stabilises the open conformation, but also serves as a docking
site for Hsp70 bound to clients [75]. Hop participates in maturation of SHRs
[72]; kinase folding is usually also aided by a co-chaperone p50 (Cdc37)
(Figure 1.5). p50 binds to the ATP lids themselves, thus jamming Hsp90 in the
open state. Additionally, it suspends the ATP hydrolysis via interactions with a
catalytic amino acid residue [76].

Hsp90—Hop—Hsp70—-client complex is recognised by PPlase or Ahal
and PP5. Together with the nucleotide, these co-chaperones efficiently expel
Hop [68]. This results in dissociation of empty Hsp70, leaving the client bound
to Hsp90. Increasing ATP hydrolysis rate more than tenfold, Ahal is the most
effective known Hsp90 ATPase activator [77]. It binds to the N- and M-
domains of Hsp90 and facilitates the chaperone’s transition to the |, state [78].
Ahal is especially critical to the activation of several specific clients such as
v-Src and glucocorticoid receptor [79]. At least in case of SHRs, Ahal is
displaced by p23 (Shal). p23 stabilises the closed 2 conformational state of
Hsp90 [80] and thus delays the ATP turnover [36].

Post-translational modifications

Post-translational covalent modifications regulate Hsp90 interactions not
only with its clients but with the co-chaperones as well. Hsp90 can be
phosphorylated, S-nitrosylated, acetylated, ubiquitinated, or, in rare cases,
oxidised. The modification sites are spread through all the length of Hsp90.

Hsp90 is considered a phosphoprotein in general. The steady-state
number and locations of bound phosphoryl groups depend on cellular
environment and species of the organism [81; 82]. Phosphorylation can affect
the conformational cycle of Hsp90 by influencing formation of the active sites,
inter-domain communication, and general flexibility [83; 84]. Kinases can

subject Hsp90 to degradation, adjust its affinity towards co-chaperones or
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certain clients [85]. Interestingly, most of kinases that phosphorylate Hsp90 are
also Hsp90 clients [66].

Another frequent modification of Hsp90 is acetylation. This process is
dynamic and tightly regulated. Generally upon acetylation the affinity of
Hsp90 towards specific clients is decreased or completely terminated [86]. For
instance, unless HDACG6 reverses the p300-mediated acetylation of Hsp90,
function of several Hsp90 clients, including glucocorticoid and androgen
receptors, is compromised [87; 88]. Furthermore, specific targeting of either
HDACG6 or its target Hsp90 can result in Treg-dependent suppression of
autoimmunity and transplant rejection [89].

Endothelial nitric oxide synthase (eNOS) requires association with Hsp90
for synthesis of NO. At high enough concentration of NO, S-nitrosylation of
Hsp90a C597 occurs. This prevents dimerisation of Hsp90 N-domains and thus
diminishes its ability to stimulate eNOS [90; 91]. Since S-nitrosylation is easily
reversible [92], NO concentration is kept at a certain level.

Hsp90 function can be disrupted by ubiquitination of its lysines [93] or
oxidisation of cysteines in the C-domain [94]. A more detailed overview of the
complex and yet not thoroughly investigated post-translational modification

system of Hsp90 can be found in several recent reviews [85; 95; 96].

1.3. Hsp90 in therapy

At first glance, Hsp90 is an unlikely drug target for treatment of any
disease. First of all, this protein is pivotal to every living cell. It is highly
conserved and constantly expressed so its cytosolic isoforms may constitute
~2% of the proteome in cytosol [34; 97]. It is a chaperone with several
hundreds of documented interacting putative clients [38] and is involved in
over a dozen cellular pathways and processes. Deletion of the protein is
embryonic lethal. Moreover, there are no acknowledged disease-linked
polymorphisms [98]. Considering that nowadays pharmacology aims at a
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single-targeted drug that would impede a selected process and affect no other,
drugging a target that is in a way responsible for many vital cellular processes
Is rather unusual. However, at least in the case of cancer, striking at the hub of
key pathways could be the only secure way to win this battle. The majority of
problems with anticancer therapy come from the flexibility of cancer cells: as
the drugs block one way of their survival and prevalence, the cancer cells can
rely on other means. Therefore Hsp90 might be an excellent cancer target as it
suppresses most of the pathways of survival and proliferation of the cancer
cells. Furthermore, in the recent years Hsp90 was noted as a putative target in

other diseases, primarily neurodegenerative disorders.

1.3.1. Hsp90 in cancer

Due to wunrestrained growth cancer cells are characterised by
unfavourable environment for normal protein function. In general, expression
of chaperones increases in cancer cells at least several times [21; 99]. In case
of breast cancer, overexpression of Hsp70 and Hsp90 correlates with poor
prognosis [100; 101]. The excessive Hsp90 is needed to chaperone a multitude
of rapidly synthesised proteins and especially to aid the mutated proteins
involved in carcinogenesis.

The specificity of Hsp90 as a druggable anticancer target lies in both its
aberrant function and the overuse of Hsp90 as well as its clients in cancer cells
[102]. Hsp90 in tumour cells binds tighter to its inhibitors as well as ATP and
co-chaperones [103; 104]. This phenomenon might be contributed to putatively
altered post-translational modification state of Hsp90 [105]. Moreover, Hsp90
inhibitors tend to accumulate in cancer cells more effectively as compared to
normal tissue [106]. Furthermore, while most of the abnormal proteins and
cellular pathways vary greatly between different types of cancer, Hsp90 is

required for their folding, stability, or activity in most cases [107; 108].
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Characteristics of a cancer cell

Phenotype Hsp90 client

1. Uncontrolled MET, ERB-B2,

proliferation KIT, EGFR, SRC,
RAF, VEGFR,
AKT, Her2, MEK,
Ber-Abl

2. Impaired survivin, cMET,

apoptosis BCR-ABL, RIP,

mutant p53, SRC,
Apaf-1, IGF-1R,
AKT
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Figure 1.6. Hsp90 clients are involved in all hallmark processes of cancer: 1)
uncontrolled proliferation, 2) inhibition of apoptosis, 3) resistance to antigrowth
singals, 4) metastasis, 5) angiogenesis, and 6) immortalization. Based on [3; 109;
110].

There are 6 hallmarks of cancer cells discerned in literature [111]: self-
sufficiency in growth signals, insensitivity to anti-growth signals, evading
apoptosis, sustained angiogenesis, tissue invasion and metastasis, and limitless
replicative potential. Basically, this means that cancer cells proliferate
uncontrollably and indefinitely, as well as has means of spreading. As it is
evident from Figure 1.6, there are Hsp90 clients involved in all these main
processes of carcinogenesis. Moreover, Hsp90 also allows cancer cells to
tolerate otherwise lethal mutations by stabilising mutant proteins [112].
Usually anticancer drugs target specific proteins involved in one of these
processes, but there is none discovered to be able to unhinge all 6 of them
simultaneously [113].

The basis for one of these hallmarks, the “immortality” of cancer cells, is

the use of telomerase. Normally, fully differentiated cells cant replicate due to
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loss of significant part of their telomeres [114] and only the highly proliferative
cell types such as germ and somatic stem cells express telomerase to maintain
their replication [115]. Almost 9 out of 10 malignant tumours display
telomerase activity [116]. Hsp90 is required for assembly of functional
telomerase and is a part of the functional human telomerase complex [117]. In
some cases of cancer, Hsp90 is also exploited to enhance the telomerase

expression [118].
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Figure 1.7. The role of Hsp90 in preventing apoptosis in cancer cells. (A) In
normal cells under high stress conditions, CypD-based mitochondrial channels adapt
a more permeable conformation and release cytochrome c into the cytosol, thus
initiating apoptosis. (B) In cancer cells, these channels are being kept in the less
permeable conformation by Hsp90 and TRAPL. Adapted from [119; 120].

A potentially immortal cell must obstruct apoptosis. Normally
mitochondrial channels that contain cyclophilin D (CypD) are in low
permeability conformation, allowing only little transport between matrix and
cytosol [121]. But in a normal cell under considerable stress these channels
assume high permeability conformation and thus let the pro-apoptotic proteins
spill out of mitochondria into the cytosol [122] (Figure 1.7A). To circumvent
this, both TRAP1 and Hsp90 are present in mitochondria of cancer cells [123].
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These chaperones interact with each other and bind to CypD, preventing the
channel from changing conformation to a more permeable and thus preventing
apoptosis [123] (Figure 1.7B).

Another major trait of cancerogenesis is metastasis. Although only less
than 1 in 10 000 of metastasizing cells manage to survive and set up in a new
place [124], it is sufficient for establishment of discrete tumours throughout
cancer patient’s body. As most human cells are firmly linked to each other and
to extracellular matrix by special proteins, a metastasizing cell must first
detach from the tumour [125]. For this reason cancer cells are often
characterised by lack of functional adhesion proteins [126]. Moreover, cancer
cells employ Hsp90a secretion, which normally occurs in case of injury or
other stress in order to promote cell motility and thus microphage access [127;
128], to allow weaker bonds with environment and thus metastasise more
easily [129; 130]. Therefore even membrane impermeable Hsp90 inhibitors
reduce metastasizing significantly [131; 132]. The disengaged cell has to reach
bloodstream or lymphatic system. Tumours are capable of promoting
angiogenesis, the forming of new blood vessels [133]. But even if a normal cell
entered bloodstream, its nucleus would be prohibited from developing the cell
while it is unattached via a certain system, characteristic to all cells. Cancer
cells cheat this system by keeping a certain protein active, in such a way
deceiving nucleus and continuing to grow [134].

Hsp90 involvement in cancer progression is not limited to the few here
briefly described strategies. Overall, appeal of Hsp90 as anticancer drug target
is not restricted only to theoretical approach, but is also evidenced by multiple
Hsp90 inhibitors in Phase I-111 clinical trials [135].

1.3.2. Hsp90 and neurodegenerative diseases

In recent years Hsp90 inhibitors have received attention as a possible
treatment for neurodegenerative diseases. These diseases arise from CNS cell
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death which is usually caused by cytotoxic accumulation of misfolded proteins
[136]. This could be detained or even reversed by molecular chaperones. Thus
the application of Hsp90 inhibitors in therapy of neurodegenerative diseases is
rather exceptional: in this case Hsp90 is inhibited in order to increase
expression of Hsp70 and other chaperones [137]. The general idea behind this
strategy is as follows (Figure 1.8A). In cells client-free Hsp90 is bound to
HSF-1. As the cell undergoes stress and more Hsp90 is required by its clients,
Hsp90—HSF-1 complex dissipates. Free HSF-1 trimerises and is
phosphorylated on its way to nucleus [138]. Such fully active HSF-1 trimer
activates transcription from most of hsp genes, including hsp70 [139]. In
abundance ubiquitous Hsp70 is able to counteract aggregates in cells [137]. In
addition, Hsp90 is reputed to stabilise even pathogenic protein mutants and
hence allow formation of aggregates [140]. One of the major advantages of
such neurodegenerative diseases therapy is that it potentially requires only low
doses of certain Hsp90 inhibitors as there is no need to fully drug the
chaperone [141].

Alzheimer’s disease is the most common neurodegenerative disorder,
affecting more than 10% among aged 65 years and older [142]. It manifests as
memory loss, speech, and reasoning disorders. In a common disease scenario,
Tau proteins dissociate from cytoskeleton and aggregate [143] (Figure 1.8B).
Deprived of stabilizing Tau proteins, the microtubules, which are vital to signal
transmission in neurons, begin to collapse. As these processes originate from
Tau hyper-phosphorylation, mediated by Hsp90 client kinases [144; 145],
treatment with Hsp90 inhibitors should work both directly (by lowering levels
of phosphorylation) and indirectly (by upregulating other Hsps that can reduce
aggregates). Successful results have been achieved in mouse models [146] and
human neuron culture [141]. Alas, the described process is only one of many
causes of Alzheimer’s disease. Induced Hsp70 can aid in several other disease-
linked aggregation cases (Figure 1.8C), but whether it can cope with all other

aggregates, attributed to Alzheimer’s disease, remains to be determined.
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Figure 1.8. Mechanism of Alzheimer’s disease progression under usual
circumstances (solid arrows) and amelioration upon increased Hsp expression, caused
by Hsp90 inhibition (dashed arrows). (A) HSF1 is a transcription factor that induces
expression of HSPs in its trimer state. A fraction of Hsp90 prevents HSF1 from
trimerising; however, when more Hsp90 is required — due to stressful protein
conditions or inhibition,— more of HSF1 is released and thus the HSP expression is
increased. (B) Abnormal activation of kinases CDK5 and GSK3p, both clients of
Hsp90, results in increased phosphorylation of Tau. Hyperphosphorylated Tau loses
its affinity to microtubules and no longer stabilises them, causing them to
disassemble. Hsp90 inhibition not only restricts the hyperphosphorylation, but also
increases expression of Hsp70 and Hsp40, chaperones that can increase the solubility
and affinity to microtubules of Tau or commit the damaged Tau to proteasomal
degradation. (C) Proteolysis of APP protein can result in peptides that are prone to
aggregation (dark grey). Hsp70 and Hsp40 can disassemble these aggregates as well.
Based on [147; 148].

Another widely known neurodegenerative disease is Parkinson’s disease,
manifesting in movement disorders. The disease develops as a-synuclein, a
protein interacting with microtubules, is being significantly overexpressed in
neurons, involved in transmission of motor signals. Hsp90 aids a-synuclein in

oligomerisation, which finally leads to formation of Lewy bodies that cause
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neuron death [149; 150]. Induced by Hsp90 inhibitors, overexpression of
Hsp70 can prevent the accumulation of Lewy bodies in Drosophila, yeast
model, and mice [151]. Parkinson’s disease can be caused by mutations of
several other proteins, including LRKK2 [152]. If toxic LRKK2 mutant was
not stabilised by Hsp90, the protein would be simply degraded [152; 153].
Therefore in case of Parkinson’s disease Hsp90 inhibitors would also achieve
the goal via both direct and indirect pathways.

Overall, Hsp90 inhibitors seem to be a promising but yet clinically
untested cure for neurodegenerative diseases, mainly by actuating
overexpression of other Hsps that can dissolve protein aggregates. Their
applications in other neurodegenerative diseases are addressed in several
reviews [109; 147].

1.3.3. Hsp90 and infections

Contrarily to other discussed diseases, protozoan infections might be
approached by targeting not human but protozoan Hsp90. Hsp90 is especially
important for triggering important stage transitions during life cycles of such
intracellular protozoan parasites like Plasmodium [154], Trypanosoma,
Leishmania [49], and Toxoplasma [155]. Plasmodium falciparum causes the
most serious form of malaria. Its Hsp90 differs from human Hsp90 by 40% of
amino acid sequence [156]. The major difference is 30 amino acid long stretch
of protozoan Hsp90 linker region adjoining the ATP binding domain, which
might be the reason for the 6-fold higher ATPase activity of Plasmodium
Hsp90 compared to human Hsp90 [156]. For this reason P. falciparum Hsp90
IS more sensitive to Hsp90 inhibitors than the human homolog. As Hsp90
active centre is highly conservative among the Protozoa, its inhibitors might
prove broad-spectre anti-protozoan drugs [157]. As the resistance to current
specific anti-protozoan drugs advances [30], inhibitors of protozoan Hsp90

might receive much more attention in the coming years.
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Hsp90 inhibitors might also be employed in treatment of lethal fungal
diseases. Current fungicides are either toxic or their activity spectrum is
limited, or their resistance has already emerged. Moreover, most of the few
existing antifungal drugs display fungistatic but not fungicidal activities.
Therefore sooner or later in a drug-suppressed fungal culture a spontaneous
mutation occurs, producing a drug-resistant strain [158]. However, if the
antifungal agent is coupled with a Hsp90 inhibitor, the efficacy of the drug is
enhanced greatly as Hsp90 inhibitors prevent emergence of drug resistance
and thus the fungicidal activity of the drug can manifest [159; 160].

Many human viruses tend to employ the cytosolic human Hsp90 for their
protein folding, stabilization, or activation. Among these Hsp90-dependent
pathogens are influenza A virus, poliovirus, and hepatitis C virus. Hsp90
inhibition has been proven a quite successful antiviral strategy in tissue culture
in cases of various viruses [161]. Administration of Hsp90 inhibitors to
animals infected with poliovirus or hepatitis C virus mitigated viral replication,
with little toxicity to the infected host [162; 163].

Since chemotherapy often results in overall exhaustion which might lead
to infections, the ability to not only effectively cure cancer but also combat

various infections is very appealing.

1.3.4. Hsp90 and other diseases

Rheumatoid arthritis is a prevalent autoimmune inflammatory disease,
characterised by aberrant infiltration of various cells into the joint synovial
tissue. It often leads to disability and sometimes even mortality [164].
Rheumatoid arthritis can be compared to cancer due to abnormal cytokine and
receptor signalling, angiogenesis, and cell invasion [165]. As with most here
described diseases, there are no fully effective cure for rheumatoid arthritis to
date [166]. Experimental data suggests that treatment with Hsp90 inhibitors
interrupts several signalling pathways, induces Hsp70 expression and
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suppresses angiogenesis [165]. As the cell loses active Hsp90 clients, the
cytokine production decreases significantly. Hsp90 inhibitors have proven
themselves in rat arthritis models [165] and were shown to be able to aid in
cases of other inflammatory diseases [167].

In case of severe hereditary disease cystic fibrosis, activity of all mucus-
producing glands is compromised. Majority of such patients possess a mutated
protein CFTR, an ion channel, involved in CI” transport through membrane of
epithelial cells [168]. Interestingly, although the CFTR mutant retains its
activity, Hsp90 recognises it as an incorrect folding version of its client, and
targets it for degradation. Was Hsp90 inhibited, degradation of mutant CFTR
should be prevented and it could perform its biological function [169].

Potential clinical role for Hsp90 inhibitors has also been demonstrated in
cases of cardiac diseases [170], diabetes mellitus [171], and reversible

contraceptive for men [172].

1.4. Hsp90 inhibitors

Given the potential of Hsp90 inhibitors to treat such critical and
widespread illnesses as cancer and neurodegenerative diseases, a number of
researches are being conducted to discover a potent and non-toxic Hsp90
inhibitor. Several of such compounds have already entered clinical trials [135].
There are several strategies of blocking Hsp90 activity (Figure 1.9), the most
popular being the obstruction of ATP binding to the N-domain. Others focus
on disrupting co-chaperone or client interactions with Hsp90. The latter, as
well as yet unexploited interference with post-translational modifications of
Hsp90, could potentially be much more specific as it would prevent Hsp90-
mediated maintenance of individual clients in contrast to impeding any
function of Hsp90 [107]. Moreover, a couple of compounds impeding Hsp90
dimerization have been identified [173; 174].
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Figure 1.9. Multiple ways to impede activity of Hsp90.
1.4.1. Hsp90 inhibitors targeting the ATP binding site in N-domain

Antibiotic activity and growth-inhibitory effect on cancer culture of an
asamycin compound geldanamycin (GA), naturally produced by Streptomyces
hygroscopicus, has been known since 1970 [175] but only in mid-1990s Hsp90
has been identified as GA’s molecular target [54]. GA competes with ATP for
binding to the nucleotide binding site in N-domain [176], disrupts formation of
the closed Hsp90 complex (see 1.2.4) [177] and thus prevents full chaperone
cycling. Shortly, the same mechanism has been assigned to radicicol (RD), a
natural product isolated from fungus Monocillium nordinii and Monosporium
bonorden in 1953 [178]. Though invaluable to determining Hsp90 interactome
and establishment of Hsp90 as anticancer target [179-181], these natural
inhibitors proved too unstable, toxic, and not soluble enough for clinical
development [182; 183].

First semisynthetic Hsp90 inhibitors were derivatives of GA, 17-allyl-
amino-17-demethoxygeldanamycin (17-AAG) and 17-dimethylaminoethyl-
amino-17-demethoxygeldanamycin  (17-DMAG) (Figure 1.10). Both
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Figure 1.10. Chemical structures of various selected Hsp90 inhibitors.

compounds retained the antitumor properties of GA while exhibiting a more
favourable and acceptable safety profile. The best accepted formulation of
17-AAG is tanespimycin, which has exhibited the most impressive clinical
activity to date in its Phase I/1I/111 clinical trials (Table 1.1) [184]. The most
common side-effects (such as nausea and headache) were readily managed
with supportive medications. However, further development of 17-AAG was
suspended in 2008 for nonclinical reasons [185]. Although it invoked several
complete responses in Phase | clinical trials [186; 187], 17-DMAG also
exhibited ocular toxicity even in minor doses and proved to be overall more
toxic than tanespimycin [185]. Currently the soluble hydroquinone form of
17-AAG, retaspimycin (also known as IP1-504), is being tested in Phase IlI
clinical trials (Table 1.1) [188]. However, one of the limitations of 17-AAG is
its requirement for benzoquinone reduction mediated by NQO1/FT-diaphorase,

which provides an opportunity for drug resistance acquisition [189; 190]. The
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exhibited toxicities are partly assigned to the chemical reactivity of this

benzoquinone group and not a direct consequence of Hsp90 inhibition [191].

Table 1.1. Hsp90 inhibitors in clinical trials (AML — acute lymphoblastic
leukaemia; NSCLC — non-small-cell lung cancer; GIST — gastrointestinal stromal
tumour; CML — chronic myeloid leukaemia; CLL — chronic lympocytic leukaemia)
Based on [107; 185; 192].

| Combination therapy | Phase | Tumour responses reported

Geldanamycin analogues
Tanespimycin | -, I/11/111 | HER2+ breast cancer,
(17-AAG) Bortezomib myeloma

Gemcitabine

Paclitaxel

Sorafenib
Alvespimycin | - I AML, myeloma, prostate,
(17-DMAG) Paclitaxel Transtuzumab breast, ovarian cancer
Retaspimycin | - I/1I/IN1 | NSCLC, GIST, breast
(IP1-504) Transtuzumab cancer
IP1-493 - I -
Radicicol derivatives
Ganetespib - I/1I/111 | rectal cancer, myeloma,
(STA-9090) Docetaxel NSCLC, CML, AML

Plerixafor

Transtuzumab
NVP-AUY922 | - 11 HER2+ breast cancer,
(VER52296) Bortezomib/dexamethasone NSCLC

Capecitabine

Cetuximab

Docetaxel

Erlotinib hydrochl.

Transtuzumab
HSP990 - I -
AT-13387 - 11 GIST

Abiraterone

Crizotinib
KW-2478 Bortezomib 111 -
Purine derivatives
BI1B021 - 171 CLL, HER2+ breast cancer
(CNF 2024) Aromasin
Debio 0932 - 11 -
(CUDC-305)
PU-H71 - 111 -
Other compounds
SNX-5422 |- K | -
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Although RD is devoid of in vivo activity due to its rapid degradation, its
resorcinol core is the key element of a variety of synthetic Hsp90 inhibitors
[193] (Figure 1.10). These can be classified into triazole, isoxazole, and other
derivatives [185]. For instance, NVP-AUY922 is being evaluated in Phase | and
Il trials (Table 1.1), both as single-agent and in combination with other
biologic agents. Ganetespib has already reached Phase Il trials (Table 1.1)
with clinical responses being reported in cases of a variety of cancers [185;
194]. While nausea and vomiting seem to be fairly common side-effect of
Hsp90 inhibitors, the diversity and inconsistency of other significant side-
effects allows assumption that such toxicities are compound-dependant and not
a direct result of Hsp90 inhibition.

Crystallography studies revealed that ATP (or ADP) bound to Hsp90
adopts a unique bent shape that is not observed in high-affinity ATP-binding
sites of kinases or in other chaperones [191], thus providing a chance for
selectivity. Both GA and RD take on an analogous bent shape once bound to
Hsp90. This feature was also exploited developing the first series of synthetic
small-molecule Hsp90 inhibitors that were based on a purine scaffold [195].
These compounds demonstrate insensitivity to multidrug resistance, high
aqueous solubility, and oral bioavailability [196; 197]. Several compounds of
this inhibitor series have entered Phase Il clinical trials (Table 1.1).

Overall clinical experience with Hsp90 inhibitors that bind to the ATP
binding site in the N-domain of the chaperone is promising; however, single
compound studies appear to have limited efficiency in most cases. Fortunately,
it also suggests that these inhibitors might prove to be even more potent when
administered together with other specific molecular inhibitors, especially
targeting oncoproteins that are Hsp90 clients [107; 185]. Due to ability to trace
the position of certain Hsp90 inhibitors and their lack of significant toxicity,

these compounds are ideal agents for combinatorial treatments [198].
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1.4.2. Alternative approaches for targeting cytosolic Hsp90

Alternative sites for Hsp90 inhibition include a non-ATP-binding region
of the N-domain, the charged linker, and a putative nucleotide-binding site in
the C-domain [181]. The latter can be targeted by the coumarin antibiotics,
such as novobiocin [199], but they exhibit much higher affinity for topo-
isomerase Il than Hsp90 [200]. This has been partially improved in two
novobiocin derivatives, F-4 and KU135 [201; 202]. C-domain inhibitors tend
to induce Hsp genes transcription less than GA derivatives [202; 203].
C-domain of Hsp90 is also targeted by CTPR390+, rationally designed to
mimic TPR motif and thus impairing Hsp90-Hsp70 interaction [204].

A natural macrocyclic product Sansalvamide A binds between N- and M-
domains and thus allosterically inhibits the interactions of Hsp90 with a variety
of necessary regulatory co-chaperones [205]. Another natural compound,
celastrol, is unique Hsp90 inhibitor as it interferes with interactions between
Hsp90 and its co-chaperone Cdc37 and thereby destabilises several Hsp90
clients while not affecting others [206].

Several widely-known anticancer agents such as taxol [207] and cisplatin
[208] are also reputed to bind to Hsp90 and thus inhibit the chaperone among
many other cellular macromolecular targets. However, all these drugs display
only modest selectivity for cancer over normal cells [107], in contrast to the

Hsp90 inhibitors that target its ATPase activity.

1.4.3. Targeting mitochondrial Hsp90

Survivin, abundant in cancer cells while absent in normal cells, inhibits
apoptosis and in such a way plays a pivotal role in tumorigenesis [209]. As it
requires constant stabilization by Hsp90, Plescia et al. engineered a cell-
permeable peptidomimetic shepherdin to interact with the binding interface
between survivin and Hsp90 [210]. However, its remarkable ability to induce
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cancer cell death cannot be caused by survivin degradation on its own [209]. It
also affects levels of several other proteins while not promoting transcription
of Hsp genes [210]. Apparently, the same built-in sequence required for
penetration of cell membrane, allows shepherdin to cross into the matrix of
mitochondria where it can inhibit Hsp90, whose mitochondrial localization is
characteristic to tumour cells, and possibly TRAP1 [123]. As these chaperones
interact with CypD in mitochondria of cancer cells and thus prevents apoptosis
(see 1.3.1), their inhibition leads to swift tumour cell death [123; 210; 211].
Another class of antagonists to target mitochondrial pool of Hsp90 is
Gamitrinibs [212]. They were constructed by joining a lipophilic cationic
moiety to 17-AAG backbone via a linker sequence [212]. As shepherdin, these
compounds induce apoptosis in cancer cells while eliciting minimal effects on
normal cells and not inducing overexpression of Hsp70 [209; 212]. The study
of Gamitrinibs opens new opportunities for both established and yet being
designed Hsp90 inhibitors as it shows that certain sequences can be added to

an existing Hsp90 antagonist in order to target the mitochondrial Hsp90 pool.

1.5. Thermodynamic approach on inhibitor design

Historically drug design has been based solely on structural approaches.
Nevertheless, thermodynamic methods have found increasing application for
drug design and development both in academic and commercial endeavours
[213; 214] as they allow understanding of the driving forces of the molecular
interactions comprising the binding reaction [4]. Being able to correlate
thermodynamic profiles with the structures would substantially benefit the
pharmaceutical industry. However, currently there is still a very long way to go
from employing structural and thermodynamic techniques simultaneously for
the same set of ligands and proteins so that the data could complement each
other to being able to predict all necessary parameters accurately from a single

experiment.
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1.5.1. Thermodynamic parameters

The thermodynamic parameters that are being determined for the binding
reactions are the Gibbs energy AG, binding constant K,, enthalpy AH, entropy
AS, and heat capacity AC,. AG and K, describe the magnitude of probability of
the binding event or, in other words, the ligand affinity towards the protein.
However, while often pursued in drug design, high affinity is not a requirement
for high selectivity and specificity [215]. The nature of the binding can be
described by the balance of AH and AS. AH is associated with the formation
and disassembly of non-covalent interactions such as hydrogen bonds. AS
describes the overall change in the degrees of freedom in the system and thus is
correlated with the hydrophobic interactions and conformational changes upon
binding. In contrast to K, (from which AG can be calculated according to
Equation (1.1)) and AH, entropy cannot be measured directly and is calculated
from these two parameters according to Equation (1.2).

AG = —RTlnK (1.1)

AG =AH —TAS (1.2)
Hydrophobic and conformational component is also associated with AC,,
which is the partial derivative of the enthalpy with respect to temperature. A
certain degree of hydrophobicity is required for the ligand to pass through the
cell membrane into the cell cytosol; on the other hand, too high hydrophobicity
leads to poorer solubility.

Binding of natural inhibitors to their targets tends to be more enthalpy-
driven than that of synthetic drugs [216]. This is probably due to the relative
ease of engineering additional hydrophobic contacts and/or making the
compound larger and more complex, as compared to designing interactions
between polar groups. The geometrical arrangement of polar groups has to be
at least near to optimal so as to compensate for the entropic loss that comes
from decreased mobility and desolvation of the polar groups [6]. Therefore

lead compounds chosen initially for further development should have higher
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enthalpy contribution to the Gibbs energy of binding [5; 6]. Moreover, it has
been shown than enthalpic compounds are more likely to be selective and tend
to hit less off-targets [217; 218].

The thermodynamic parameters obtained during the experiments are
called the observed parameters. Their values consist not only of the binding
parameters, referred to as intrinsic, but also of various potential binding-linked
events: solvent rearrangement, protonation and deprotonation, and
conformational changes in the interacting molecules. For instance, ligand
binding to a certain pocket in the protein first has to expel the water molecules
from it and to break its interactions with the solvent. While the intrinsic
thermodynamic profile is not a molecular explanation for binding in itself, it
provides the conceptual tool for analysing the energetics of binding from
structural and chemical contexts. It is essential to note that only intrinsic

parameters can be correlated to the structural data [8; 219; 220].

1.5.2. Thermodynamic techniques

Calorimetry can measure thermodynamic energetics directly and is
considered to be more reliable than the methods that indirectly determine van’t
Hoff’s enthalpy. Isothermal titration calorimetry (ITC) experiments yield the
complete binding picture, encompasing AG, AH, and AS under relevant
experimental conditions. One of the binding partners is titrated with aliquots of
the other under constant temperature and the released heat is measured.
Construction of a binding isotherm of interaction heat as a function of titrated
ligand yields AyH, K} (and therefore A,G), and binding stoichiometry, with A,S
calculated from Equation (1.2). AC, is obtained by performing measurements
at different temperatures. Direct determination of binding parameters makes
ITC an extremely powerful and useful tool; however, it can be complicated by
the binding-linked events. ITC is not a standard technique in the initial high-
throughput drug screening stages due to its relatively high requirement of
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material and time, but it has proven its usability in the later drug development
stages [4; 215].

Differential scanning calorimetry (DSC) provides the unfolding
energetics profile. It directly determines protein melting parameters: AgH,
AyC,, and melting temperature Tp,,. Ligand binding to the protein stabilises it
and increases the T, Determining K, via protein unfolding profiles enables
precise estimation of a much wider range of binding constants as compared to
ITC approach. On the other hand, it also involves a number of assumptions and
thus should be considered carefully [4; 215]. A considerably more efficient
technique exploiting the profiles of protein unfolding is the fluorescence
thermal shift assay (FTSA) [221]. It yields only T,, and K, but is significantly
less time and reagent consuming. Instead of tracking heat changes in the
system, it measures fluorescence of a solvatochromic dye molecule that reports

on unfolded protein regions.

1.5.3. Optimisation case studies

Renin is a protease involved in production of a certain potent
vasoconstrictor. Its inhibitors could be applied to treat hypertension. Combined
high-throughput screening and chemistry efforts at Pfizer, USA, vyielded
compound 1 (Figure 1.11A). Structural approach enabled design of compounds
2 and 3 (Figure 1.11A) that would occupy the adjacent unoccupied binding
pockets [222]. Thermodynamic study revealed that optimisation from
compound 1 to 2 was entropically driven while compound 3 had a significantly
larger enthalpy contribution. Despite higher affinity of the entropically
optimised compound 2, compound 3 was superior in size and lipophilic
efficiency [222]. Because of this, compound 3 was chosen for further
optimisation, leading to compound 4 (Figure 1.11A). While the enantiomer
compound 5 exhibited a bit lower inhibitory effect, its good bioavailability in
animals prompted its selection for preclinical development [6].
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Figure 1.11. (A) Optimisation of renin inhibitors. Adapted from [6; 222]. 1Cs
is the half maximal inhibitory concentration. (B) Affinity improvement of plasmepsin
Il inhibitor. Adapted from [223; 224].
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P. falciparum proteases [224]. Their main target was plasmepsin Il but they
sought to retain inhibitory properties towards the other 3 known proteases of
this parasite as well. Addition of a hydroxyl group to compound 6 yielded
compound 7 (Figure 1.11B). While compound 7 exhibited lower affinity,
thermodynamic study revealed that the binding enthalpy was improved and the
decrease in affinity was due to compensatory entropy loss. Therefore they tried
minimising the entropy loss by changing the stereochemistry of the compound

7. The result was compound 8, which retained most of the enthalpy
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contribution in compound 7 and a larger part of entropy contribution in
compound 6, resulting in overall higher affinity (Figure 1.11B). This study is a
good example how dissecting binding energetics into enthalpy and entropy

benefits rational drug design.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals

All chemicals used in this study were of the highest purity grade: ANS
(Aldrich Chemicals, > 97 %), CH;COONa (Fluka Chemie, > 99 %), DMSO
(Roth, > 99.5 %), H3PO,4 (Sigma Aldrich, 85 % solution), HCI (Alfa Aesar,
36.5-38 %), HEPES (Roth, > 99.5 %), Na,B,0,°10H,0 (Spectrum Chemical
MFG corp., > 99.5 %), Na,HPO, (Fluka Chemie, > 99 %),NasPO,*12H,0
(Roth, > 98 %), NaCl (Roth, > 99.5 %), NaH,PO4*H,O (Fisher Scientific,
99.4 %), NaOH (Alfa Aesar, > 98 %), Tris (Sigma, > 99.9 %), Tris-HCI

(Sigma, > 99 %).

2.2.2. Proteins

The proteins used in this study were Hisg-tagged versions of the full-
length human Hsp90a, its N-terminal domain Hsp90aN (1-244 amino acid
residues), Hsp90pB, and Hsp90BN (1-239). They were expressed in E. coli
BL21 (DE3) and purified by means of chromatography by V. Michailoviené at
the Department of Biothermodynamics and Drug Design, Institute of
Biotechnology, Vilnius University. Their purity, as determined by
electrophoretic analysis, was > 95 %. Their molecular mass was validated by
liqguid chromatography coupled with mass spectrometry (LC-MS). Protein
concentrations were measured spectrophotometrically (e,g0(Hsp90aN) =
15,930 M cm™, g5g0(Hsp90a) = 62,395 M cm™, £,g0(Hsp90BN) = 17,420 M™*

cm™).
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2.2.3. Ligands

5-Aryl-4-(5-substituted-2,4-dihydroxyphenyl)-1,2,3-thiadiazole com-
pounds (abbreviated ICPD) were synthesised as described in [225] by Prof. Dr.
I. Cikotien¢ at the Department of Biothermodynamics and Drug Design,
Institute of Biotechnology, Vilnius University, in collaboration with Vilnius
University Faculty of Chemistry. They were validated using IR spectroscopy,
'H and '*C nuclear magnetic resonance (NMR), and MS. Their purity, as
determined using MS, is as follows: > 95 % for ICPD26, >80 % ICPD34,
> 97 % ICPD47, > 95 % ICPD62.

Solid ICPD compounds were dissolved in DMSO to the final ligand
concentration of 20 mM. These solutions were stored at room temperature, in
dark, glass containers.

17-AAG was purchased from Selleckchem (99.88 % purity) and prepared

in the same manner.

2.2.4. Buffers

Phosphate buffer: 50 mM phosphate, 100 mM NaCl. Desired pH was
reached by mixing H3PO,, Na,HPO,, NaH,PO,, and NasPO, solutions at
appropriate ratios.

Tris buffer: 50 mM Tris, 100 mM NaCl. Desired pH was reached by
mixing Tris and Tris-HCI solutions at appropriate ratios.

HEPES buffer: 50 mM HEPES, 100 mM NaCl. Desired pH was reached
by adding required amount of NaOH solution and diluting with water to reach
the final volume.

Universal buffer: 50 mM phosphate, 50 mM CH;COOH, 25 mM
Na,B40;, 100 mM NacCl. Desired pH was reached by mixing appropriate ratio

of H;PO,, Na,HPO,, NaH,PQO,, and Na3zPQO, solutions.
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2.2. Methods

2.2.1. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were conducted using
VP-ITC calorimeter (MicroCal, Inc.). Protein solutions (2-6 uM) were loaded
into its cell (active cell volume of 1.4315 ml). Ligand solutions (20—60 uM)
were loaded into the 300 pl titration syringe. Protein solution was titrated by
injecting 10 ul of ligand solution 25-30 times at 3-4 minute intervals. The
stirring speed was set to 260 rpm. Experiments were carried out at constant
temperature in 7-43 °C temperature range. The ligand solutions were prepared
in the same buffer as protein solutions, with concentration of DMSO not
exceeding 2 % (v/v; usually 1 %).

Most titration experiments were repeated at least twice. Some
experiments, such as titrations at borderlining pH values, were performed once.
Experiments at standard conditions of pH and temperatures were repeated at
least three times.

In cases of pH values in which buffer capacity of the utilised buffer is
insufficient to support the required pH value, pH-meter with a microelectrode
was used to confirm and adjust pH of the solutions being loaded into the
calorimeter.

The obtained raw ITC data was processed using ITC module in the
MicroCal Origin 5.0 software and the observed values of binding constant
(Kp_obs) and binding enthalpy (ApHops), as well as concentration correction
factor n, for the given experiment were calculated. Error of n determination is
15 % [226], in case of A,H and K, — ~10 %.

Using this software, the raw data is converted into a sigmoidal binding
isotherm. Wiseman et al. noted that the shape of such a binding isotherm
depends on K, and the concentration of the protein [227] and proposed ¢ value

(also known as Wiseman parameter) to describe this shape:
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c=nkyP;, (2.1)
where n is the number of binding sites per protein; and P, is the total protein
concentration. It is estimated that ¢ value must be between approximately 5
and 500 for an accurate ITC titration fit [228; 229]. K, is calculated from the
steepness of the ITC titration curve and a binding isotherm of higher c value is
simply too steep. In contrast, AyH can still be determined quite accurately even

in cases of higher c value but is not so precise when ¢ value is below 5.

2.2.2. Fluorescence thermal shift assay

Fluorescence thermal shift assays (FTSA,; also known as TSA, DSF, and
ThermoFluor) were performed using Corbett Rotor-Gene 6000 (Qiagen Rotor-
Gene Q) spectrofluorimeter. The prepared protein concentration was 5 or
10 uM and the ligand concentrations varied from 0 to 200 puM. FTSA
experiments were carried out in Phosphate or Universal buffer. DMSO was
added to accommodate up to 2 % of solution volume. Total solution volume
was 10 or 20 pl.

During a FTSA experiment, the intrinsic protein fluorescence or the
fluorescence of a solvatochromic dye is being monitored. In our experiments,
we used 50 uM of a fluorescent dye 8-anilino-1-naphthalenesulfonate (ANS)
to enhance the sensitivity. This concentration was chosen as Yyielding
satisfactory signal intensity while not affecting protein binding to other ligands
or protein stability. The samples were excited with 365 + 20 nm UV light and
ANS fluorescence emission was registered at 460 = 15 nm. The changes in
fluorescence yield reflect on the temperature-induced protein transition from
native (N) to unfolded (U) state. This transition can be affected by a ligand (L)

which stabilises or destabilises the protein upon binding:

I(U JF(h
U+ L; = N+ Ly = NL;, (2.2)
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The two equilibrium constants here are the protein unfolding constant, K, and

ligand binding constant, K,. They can be described as follows:

Ky = Y] _ o—AuG/RT

[N] , (2.3)
[NL] —~AGy/RT

K, = = ¢ A0

PTINL] € | (2.4

where AyG and A,G are the Gibbs energies of unfolding and binding,
respectively; L stands for free ligand; L, — ligand that is bound to the protein;
R is the universal gas constant; and T is the absolute temperature (K). During
the thermal denaturation of the protein, it gradually unfolds, exposing
previously hidden regions to the solution. ANS interacts with the hydrophobic
regions of the protein. In the hydrophobic environment the fluorescence of
ANS significantly increases as it is no longer quenched by the water [230;
231].

The protein stability curve is obtained by gradually increasing the
temperature to denature the protein and monitoring the dye fluorescence at
each temperature step. In our experiments the samples were heated from 25 to
95 °C at a rate of 1 °C/min. The unfolding of Hsp9ON proteins yielded a single
transition, confirming that the single-domain protein preparations were
homogeneous. The midpoint of the protein stability curve is referred to as the
melting temperature, T,. At this temperature half of protein molecules are
unfolded and the other half remain in their native state.

T values were determined by fitting the experimentally obtained protein
melting curves according to Equation (2.5) [232]:

Yyu — YN UN —Yu
1) = + = +
y(T) =y Wt T Auarmr 5

1+ e—A[jG/RT T

where y(T) is the observed fluorescence as a function of temperature; yy is the
fluorescence yield of the dye bound to folded protein; and yy is the
fluorescence yield of the dye bound to unfolded protein. Both yy and yy are

functions of temperature, with slopes of my and my, respectively:
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yn(T) = yn1, + mn(T — Thn), (2.6)
yu(T) = yur, +mu(T —Ty), (2.7)
The Gibbs energy of unfolding (AyG) can be expressed as in Equations
(1.1) and (1.2). The temperature dependence of both AyH and A(S is defined
by the heat capacity change (AC;). As it is assumed that AC, is temperature-
independent over the temperature range studied [233], the Gibbs energy (of
unfolding, AyG, or of binding, A,G) can be described as
T
T_R], (2.8)

where Ty is any reference temperature. At Tg = T, AyG = 0 and hence

AG = [AH(TR) + AOP(T . TR)] — T[AS(TR) + Acph’l

AyS = AyH [ T The value of AC, for Hsp90 was estimated according to the
correlation of protein AyC, with the number of residues [233]. AyH was
determined previously for Hsp90 in [234].

The equipment allows T,, determination with £ 0.5 °C accuracy but its
reproducibility within a single set of experiments is + 0.02 °C. The error values
presented in this work are the standard errors of several experiments.

In order to determine the Hsp90 binding constants for studied inhibitors,
a series of experiments with varying ligand concentrations were conducted.
Increasing concentration of the compound shifted the protein denaturation
temperature T,, increasingly upwards depending on the binding affinity. For
ligands binding to the native conformation of the protein (as in our case), the
T, dependency on the added amount of ligand can be described by Equation
(2.9) [232]:

P 1 )

Li = (Ky —1 + —
+ = (Ku )(2KU Ky’ (2.9)

where L is the total concentration of the added ligand; P is the total protein
concentration; Ky, and Ky are the equilibrium constants, which are described by
Equations (2.3) and (2.4) in relation to T, By varying the parameters in
Equation (2.9), the model is fitted to the experimental data points and the
binding constant K, is obtained.
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2.2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were carried out
using MC-2 scanning calorimeter (MicroCal, Inc.), raising temperature at
1 °C/min rate. Protein concentration in the 1.1551 ml cell was 10 uM, ligand
concentration — 100 uM. The reference cell contained the equivalent solution
without the protein. The obtained raw DSC data was processed by means of

DSC module in the MicroCal Origin 5.0 software.

2.2.4. Analysis of the linked protonation events

pK, values for ICPD compounds have been calculated using
MarvinSketch software [235]. Relevant amino acid pK, values have been
computed using H++ online tool [236] according to the structural data.
Simulation was carried out assuming 0.1 M salt and pH 7.5.

A theoretical treatment demonstrating the use of ITC measurements to
dissect proton linkage from ligand binding was given by Murphy and co-
workers [8; 237]. If a protein has a single ligand-binding site and a single
proton uptake is linked to the binding process (i.e., a proton is taken from the
buffer solution), then there are four linked processes described by the
thermodynamic parameters, namely: i) unprotonated ligand binding to the
unprotonated protein form; ii) ligand binding to the protonated protein form or
protonated ligand binding to the protein; iii) proton binding to unliganded
protein form or unbound ligand; iv) proton binding to the ligand-protein
complex. Ligand binding affecting and shifting the pK, of any ionizable group
on a protein molecule is characteristic for binding-linked protonation events.
At the pH at which proton uptake or release into the buffer is required for the
binding, the observed binding constant Ky ops is diminished as additional

energy is required to bind and release protein at unfavourable conditions. For
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binding-linked protonation events, the relation of Ky s to the intrinsic binding
constant K, i can be described by Equation (2.10):
1+ 1PH-PE.
1 + 10PH-PK:"

K. and K, are the proton dissociation constants from the protein-ligand

Kobs — fNintr (2 : 10)

complex and free protein (or ligand), respectively. The net change in the
number of protons bound by the protein (or ligand) upon binding (n) is the
difference between the fractional saturation of protons in the free and bound
states:

].OPK“ b_pH 10})[&}‘[‘—1)H

b f

(2.11)

- b

T R BT, A
By means of ITC, n value can be determined as it contributes to the
observed binding enthalpy (ApHops):
ApHobs = ApHgeput + 1AL Hyuffer (2.12)
ApHgenuts 1S the theoretical enthalpy that would be observed in a buffer that has
ionization enthalpy (ApHpusrer) €qual to zero. Therefore it encompasses both the
intrinsic binding enthalpy (AyHin), the ionization enthalpy of the protein or
ligand, and possibly energies contributed from other binding-linked events.
When protonation is the only binding-linked event, the intrinsic enthalpy can

be calculated from the relationship:
Ahfjintr — A})H()bs - n(AbH(:omplex + A})Hl)llfftzr') (2.13)

2.2.5. Structural analysis

The crystal structures of Hsp90—ICPD complexes, analysed in this work,
were obtained by Dr. S. M. Roe and Dr. C. Prodromou at University of Sussex,
United Kingdom, as described in [238]. They are deposited in Protein Data
Bank (PDB) with IDs 2Y10, 2YI5, 2Y16, and 2Y17. These and other relevant

structures were visualised using Discovery Studio Visualizer 4.5 [239] and
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PyMol [240] software. The colour code employed in the figures is as follows:
red for O, yellow for S, blue for N, green for CI, while C colouring is indicated
in the figure legends. Superimposition of structures has been performed using
PyMol.

2.2.6. Cellular assays

Compound effect on cancer cells was tested by determining cell growth,
death, and survival as a function of compound concentration. Dr. J. Matuliené
and Dr. V. Petrikaité at Vilnius University Institute of Biotechnology,
Lithuania, performed tetrazolium/formazan assays [241] in U20S
(osteosarcoma) and HelLa (cervival carcinoma) cell lines to determine ECs
values for the ICPD compounds. ECx, denotes the concentration of the drug at
which half of its maximum effect is observed on the cell survival. Dr. S.Y.
Sharp at the Institute of Cancer Research, United Kingdom, employed
sulforhodamine B (SRB) assay [189] to evaluate the growth inhibition (Glsy —
drug concentration required to reduce cell growth rate to 50 % of the maximum
rate) by ICPD compounds in HCT116 cells. The experiments have been
conducted several times to obtain the average values presented in this work.
Detailed descriptions of cell cultures and their cultivation can be found in [225]
and [238], respectively.

Dr. S.Y. Sharp also performed a Western blotting analysis on selected
protein expression in HCT116 cells upon treatment with ICPD compounds.
Protein extracts were prepared and Western blotting was carried out as

previously described [189].
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3. RESULTS

3.1. ICPD compounds

ATP-dependent protein folding and stabilisation by Hsp90 is essential for
development and progression of various cancers. There are two groups of
natural inhibitors that bind to the ATP-binding pocket located in the N-
terminal domain: radicicol (RD) and geldanamycin (GA). However, both of
them exhibit several properties that impede their clinical applications.
Therefore structurally similar compounds are being researched in order to find

a non-toxic and effective Hsp90 inhibitor [242].

0—CH, O0—CH,
NQN/S N*N’S
ICPD 26 ICPD 34
HO Cl 0 HO CH, O
afvaRate R
HO — HO —
N§N/s N§N/S
ICPD 47 ICPD 62
O—CH,
N§N/S N§N,S
ICPD 26.2 ICPD 60

Figure 3.1. Chemical structures of compounds belonging to the ICPD series,
the object of this study.
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A variety of resorcinol-type compounds, including diarylpyrazole [243]
and diarylisoxazole [244; 245] derivatives, have been synthesised by multiple
research groups and tested for Hsp90 inhibition. Several of Hsp90 inhibitors,
developed in such fashion, have advanced to clinical trials. We developed a
series of resorcinol-type compounds, bearing thiadiazole moiety (aryl-
dihydroxyphenyl-thiadiazoles, referred to as ICPD) and had them synthesised
at Vilnius University. Their chemical structures are shown in Figure 3.1.

Even with the existing achievements, full thermodynamic description of
the ligand binding to Hsp90 is rather fragmented despite its importance for
structure-based drug development [246; 247]. It is well established that there is
some correlation between the thermodynamic characteristics of binding and
structural parameters. The binding enthalpy primarily reflects the strength of
the ligand—protein interaction in comparison to protein—solvent and ligand—
solvent interactions. Hydrophobic interactions and conformational changes are
attributed to the binding entropy [220]. The Gibbs energy, being a function of
both these parameters and hence describing the strength of the interaction, does
not provide enough insight into the underlying reasons for binding. Therefore
ligands should not be evaluated based on only one of these parameters and all
of them have to be taken into account [5; 248; 249].

In this study we employed two independent methods, ITC and thermal
denaturation profile studies (FTSA and DSC), to characterise thermodynamic
parameters of the binding of ICPD compounds to the N-terminal domain of
recombinant human Hsp90a and Hsp90B (termed Hsp90oN and Hsp90BN,

respectively).

3.2. Isothermal titration calorimetry of
ICPD compound binding to Hsp90

Our primary method for analysing the energetics of ICPD compound

binding to Hsp90 was ITC. This method enables to determine all of the
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fundamental thermodynamic parameters of the binding reaction: Ky, enthalpy,

entropy, and heat capacity [246; 250].

3.2.1. Hsp90N as a representative of full-length Hsp90
in ICPD binding experiments

The target of the ICPD compounds is the ATP-binding pocket, located in
the N-terminal domain of Hsp90. Since the isolated N-terminal domain of
Hsp90 (termed Hsp9ON) is easier to produce in required quantities than full-
length Hsp90, we first tested whether Hsp90N is a suitable representative of
full-length recombinant human Hsp90 in ICPD binding experiments.
Additional benefit of using Hsp90N is that FTSA experiments (that we employ
to verify and expand ITC data) are significantly better suited for single-domain

proteins.
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Figure 3.2. Integrated ITC curves for ICPD47 binding to full-length Hsp90a
protein (black dots) and to Hsp90aN (white triangles). Differences between the N-
terminal and full-length protein binding were within the experimental error. The
experiment was conducted in Phosphate buffer of pH 7.5 at 37 °C with 6 uM protein.

We used ITC to determine the thermodynamic parameters of the binding
of ICPD47 to Hsp90a, Hsp90aN, Hsp90p, and Hsp90BN over a range of

temperatures at pH 7.5. Figure 3.2 compares the integrated ITC curves of
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ICPD47 binding to Hsp90aN and full-length Hsp90a. Additional data can be
found in Table 3.1. There was essentially no difference in the binding curve
observed with the Hsp90N and the full length Hsp90 protein, in cases of both
isoforms. Our data supports that ICPD47 binds to the N-terminal domain of
Hsp90. As the thermodynamics of ICPD compounds binding to full-length
Hsp90 is well represented by Hsp9ON in our experiments, further in this study
we used primarily Hsp9ON.

3.2.2. Observed thermodynamic parameters for ICPD binding to Hsp90

We measured the energetics of 6 ICPD compounds binding to Hsp90N
using ITC. Initial experiments revealed that 2 of them, ICPD26.2 and ICPD60,
do not bind to Hsp90N. The 4 ICPD compounds that do bind to HSp90N were
investigated in more detail. We conducted a series of experiments over a range
of temperatures, pH, and buffers in order to evaluate various events that could
be linked to the binding. Understanding of such events is essential in order to
interpret how exactly the binding occurs and link it to the structure of the
compounds. Table 3.1 lists representative ITC data for the series of ICPD
binding to Hsp90. Representative raw data of Hsp90aN titration with ICPD47
in HEPES buffer, pH 7.5, at 37 °C is shown in Figure 3.3. Consistently to all
other data presented here, the observed binding enthalpy change (AyHqps) Was
exothermic. The binding reaction exhibited a steep slope of the ITC curve,
which indicates tight binding. For instance, in Phosphate buffer, pH 7.5, at
37 °C the Ky ops Values for these ICPD compounds varied from 1.8x10" to
1.8x10® M, with ICPD34 exhibiting notably weaker binding than the other 3
ICPD compounds. These values indicate significantly stronger binding to
Hsp90 than reported for its natural substrate ATP (Ky ops = 7.6x10° M at
25 °C, pH 7.4) [29; 249]. Moreover, this trend persisted under other

experimental conditions as well.
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Figure 3.3. Representative ITC data of ICPD compound binding to Hsp90.
Both the titration data (upper panel) and the integrated data (lower panel) curves of 60
uM ICPD47 binding to 6 uM Hsp90aN in HEPES buffer, pH 7.5, at 37 °C are
displayed.

Reliability of K, values, determined by means of ITC, can be estimated
using ¢ value (see 2.2.1). The 4 studied ICPD compounds bound to the tested
Hsp90 constructs with the stoichiometry of one inhibitor molecule per one
N-terminal ATP-binding site of the protein within the error of ITC
measurements. Therefore under our experimental conditions of 6 uM protein,
we can accurately measure the observed binding constants of only up to about
8x10" M. The strongest binding ICPD compounds, ICPD47 and ICPD62, are
around this borderline under the discussed conditions. At lower pH the binding
Is even tighter and thus exceeds the limit of accurate K, evaluation. Therefore,
in order to increase the precision and verify the binding constants, an
additional alternative method was required. The observed enthalpy, on the
other hand, is measured accurately by ITC even if the binding is too strong to

reliably evaluate K,
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Table 3.1. Summary of selected representative ITC data for the binding of
ICPD compounds to recombinant human Hsp90 as a function of pH, temperature, and

buffer (Phosphate (Phos.), HEPES, and Tris) ionization enthalpy.
a) O 5 |o. | &5 a) O 5 |o. | 2%
S |15 5 |Xs|zE| & || &] 5 [Xz5|zZE
= @ X ) = o X <2
Hsp90aN Hsp90aN
ICPD47 | 37 | 6.0 | Phos. 13.7 | -40.1|ICPD62 | 12| 7.5 | Phos. 257 | -141
37| 6.5 Phos. 242 | -39.9 25| 7.5 | Phos. 513 | -194
37| 7.0 Phos. 14.7 | -40.7 37| 7.5 Phos. 57.1 | -28.5
37| 7.5 Phos. 9.19 | -50.2 43| 7.5 | Phos. 117 | -36.6
37 | 8.0 | Phos. 6.89 | -40.1 71 75| Tris 519 | -10.8
37 | 8.5 | Phos. 220 | -438 12| 75| Tris 301 | -14.2
37| 9.0 | Phos. 1.27 | -60.8 25| 75| Tris 775 | -17.0
37| 9.5 Phos. 0.90 | -50.9 37| 7.5 | Tris 48.5| -255
37 | 10.0 | Phos. 0.25| -49.8 43 | 7.5 | Tris 6.72 | -34.2
37 | 10.5 | Phos. 0.14 | -515)|ICPD34 | 7| 7.5 | HEPES 36.4 | -235
37 | 11.0 | Phos. 0.06 | -26.5 12| 7.5 | HEPES 16.2 | -25.7
37 | 11.5 | Phos. 0.01| -344 25| 7.5 | HEPES 566 | -31.6
37 | 12.0 | Phos. 0 0 43| 7.5 | HEPES 187 | -444
37| 6.0 Tris 10.7 | -35.9 71 7.5 | Phos. 11.0| -31.2
37| 6.5 Tris 352 | -334 12| 7.5 | Phos. 199 | -28.8
37| 7.0 Tris 9.16 | -30.8 25| 7.5 | Phos. 789 | -384
37| 75| Tris 9.19 | -28.0 37| 7.5 Phos. 253 | -45.8
37| 80| Tris 448 | -21.3 43 | 7.5 | Phos. 182 | -53.3
37| 85| Tris 116 | -22.6 7| 75| Tris 62.8 | -11.7
37| 9.0 Tris 113 | -26.1 12| 75| Tris 242 | -14.3
37| 95| Tris 0.18 | -29.7 25| 75| Tris 789 | -21.0
37 | 10.0 | Tris 0.20 | -231 37| 75| Tris 230 | -26.7
12| 75| HEPES | 200 | -29.1 | ICPD26 | 12| 7.5 | HEPES 320 | -284
25| 75| HEPES | 125 | -28.6 25| 7.5 | HEPES 274 | -36.9
37| 75| HEPES | 10.2 | -38.3 37| 7.5 | HEPES 10.0 | -42.2
43| 75| HEPES | 755 | -44.1 43| 7.5 HEPES 570 | -53.2
12| 7.5 Phos. 13.2 | -33.7 25| 7.5 | Phos. 13.2 | -42.0
25| 7.5 Phos. 139 | -411 37| 7.5 Phos. 6.16 | -48.4
37| 7.5 Phos. 9.27 | -51.8 43| 7.5 | Phos. 555 | -61.6
43| 7.5 | Phos. 462 | -65.4 12| 7.5 | Tris 16.2 | -16.2
12| 75| Tris 123 | -14.7 25| 7.5 | Tris 153 | -27.0
25| 7.5 Tris 149 | -25.0 37| 7.5 | Tris 120 | -36.6
37| 7.5 Tris 10.0 | -32.9 43| 7.5 | Tris 152 | -448
43| 7.5| Tris 12.2 | -47.8 | Hsp90uFull
ICPD62 7| 75| HEPES | 164 | -13.9 ]| ICPD47 | 12| 7.5 HEPES 165 | -32.6
12| 7.5 | HEPES 192 | -18.3 25| 7.5 | HEPES 16.2| -354
25| 7.5 | HEPES 370 | -21.2 37| 7.5 HEPES 119 | -39.0
37| 75| HEPES | 11.0 | -255 43| 7.5 | HEPES 134 | -44.1
43| 75| HEPES | 305 | -34.8 12| 7.5 | Phos. 247 | -33.7
7| 7.5 Phos. 322 | -11.9 25| 7.5 | Phos. 208 | -42.1

(continued on next page)
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(Table 3.1, continued from previous page)

2 1 £ |9 | 22 o 1 € |Sv| f£8
& |G| ®3| 5 |3=[35| & (5| B 3 |33 3E

Hsp90aFull Hsp90BN
ICPD47 | 37| 7.5| Phos. | 12.0 | -50.2 [ ICPD62 | 37 | 7.5] Tris 433 -19.8
43| 75| Phos. | 6.40 | -60.6|ICPD34 | 12| 75| HEPES | 9.30 | -26.0
12| 75| Tris 77.7 | -18.7 25| 75| HEPES | 2.04| -30.9
25| 75| Tris 318 | -25.7 37| 75| HEPES | 090 -39.8
37| 75| Tris 28.6 | -35.9 12| 7.5 | Phos. 551 | -31.1
43| 75| Tris 120 | -405 25| 7.5 Phos. 2.00 | -38.2
Hsp90BN 37| 7.5 | Phos. 0.78 | -48.8
ICPD47 | 12| 75| HEPES | 5.24 | -27.8 12| 7.5 Tris 578 | -17.2
37| 75| HEPES | 2.28 | -49.4 25| 75| Tris 242 | -21.3
12| 75| Phos. | 571 | -35.1 37| 75| Tris 030 | -34.7
25| 75| Phos. | 559 | -425]ICPD26 | 12| 75| HEPES | 6.49 | -27.1
37| 75| Phos. | 246 | -52.1 25| 75| HEPES | 227 | -30.9
12| 75| Tris 5.46 | -17.4 37| 75| HEPES | 1.47| -37.3
37| 75| Tris 273 | -27.7 12| 7.5] Phos. 10.2 | -30.3
ICPD62 | 12| 75| HEPES | 8.88 | -14.1 25| 7.5 Phos. 2.36 | -38.7
25| 75| HEPES | 6.13 | -16.7 37| 7.5 Phos. 1.48 | -45.7
37| 75| HEPES | 3.23| -19.9 12| 75| Tris 16.3 | -15.4
12| 75| Phos. | 17.1| -12.6 25| 75| Tris 484 | -20.1
25| 75| Phos. | 140 | -16.0 37| 75| Tris 154 | -256

37| 75| Phos. | 2.35| -23.3 | Hsp90BFull
12 | 75| Tris 58.3 | -11.8 | ICPD47 | 37| 75| Phos. | 147 | -55.7

3.3. Evaluating ICPD binding from protein denaturation profiles

While ITC struggles to reliably quantify K, that exceeds certain limits,
protein denaturation-based methods, like FTSA and DSC, can be used for
determining Ky o5 Values for any non-covalent ligand binding to a protein,
regardless of the K, magnitude [251; 252]. However, these methods cannot
yield the observed enthalpy of the binding reaction. Therefore, ITC and
FTSA/DSC methods complement each other for increased precision of the
measurements [232].

Both FTSA and DSC measures K, by determining the effect the ligand
has on the melting temperature of the protein [232; 251]. Soluble single-
domain globular proteins melt with a single transition that is affected by the

bound ligands. However, the full-length Hsp90 is a multi-domain protein that
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yields a complicated multi-peak melting transition profile which makes its
analysis not straightforward if possible at all. On the other hand, Hsp9ON
construct yields a single transition profile that can be employed to study
inhibitor binding to Hsp90. Since ITC data confirmed that ICPD compounds
bind to Hsp9ON in the same manner as to Hsp90, we used Hsp9ON in FTSA
and DSC experiments.

DSC is much older and thus better established method in pharmacology
than FTSA [253-255]. However, it is exceedingly costly both time- and
reagent-wise. Therefore we conducted our experiments by means of FTSA and

tested several cases by means of DSC.
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Figure 3.4. Representative FTSA data of ICPD compound binding to Hsp9ON.
(A) The raw fluorescence FTSA data of ICPD47 binding to 10 uM Hsp90aN at pH
7.5. The Hsp90oN thermal denaturation transitions (Tn) were increasingly shifted
upwards as the concentration of ICPD47 increased. (B) Determined T, values plotted
as a function of ICPD47 concentration.

By means of FTSA, we determined K, for the 4 ICPD compounds
binding to Hsp90N over a range of pH and buffers in order to crosscheck and
revise the corresponding ITC data. For each pH, we performed a set of
experiments at several different ligand concentrations. Several examples from
such set for ICPD47 at pH 7.5 are displayed in Figure 3.4A. During a FTSA
experiment, the fluorescence of the dye that binds to the exposed unfolded
protein’s hydrophobic regions (ANS in this case) is measured as a function of

temperature. In case of 10 uM Hsp90ON under the given experimental
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conditions (see 2.2.2) without any ligand added, a steep increase in
fluorescence is observed at approximately 50 °C (49.5+0.1 °C for Hsp90a,
49.1+0.2 °C for Hsp90BN). This peak signifies the unfolding of the protein
which results in exposure of previously hidden hydrophobic surfaces. Addition
of ICPDA47 shifted the transition midpoint towards higher temperatures because
the ligand stabilised Hsp9ON upon binding. The T, shift observed in DSC

experiments (Figure 3.5) was identical to the one observed using FTSA.

80 Hsp90BN
Fit
— Hsp90BN+ICPD47

70 4

C,, kJxmol1x°C-1

40 45 50 55 60 65 70 75
Temperature, °C

Figure 3.5. Denaturation of Hsp90BN protein in the unliganded state (black
line) and in the presence of ICPD47 (grey line) during a DSC experiment. The dashed
lines represent fits.

By fitting the protein melting curves obtained from FTSA experiments
according to Equation (2.5), we determined protein melting temperatures (T,,)
at various inhibitor concentrations. Plotting the resultant transition midpoints
as a function of added ligand concentration yielded a ligand-dosing curve
(Figure 3.4B) for each tested pH. The K, o Values were obtained by fitting
these datapoints according to Equation (2.9).

As can be seen in Figure 3.6 and Table 3.2, all 4 ICPD compounds bind
significantly tighter to Hsp90aN at pH 7.5 (at 37 °C) than a classic Hsp90
inhibitor 17-AAG and thus exhibit a larger protein T,, shift. ICPD26.2 (and
ICPD60) does not bind to Hsp90 and thus does not shift its T,,. According to

this FTSA data, the ICPD compounds can be ranked from the strongest binder
62



to the weakest as follows: ICPD62 > ICPD47 > ICPD26 > ICPD34. This
tendency is characteristic not only to pH 7.5 but also persists at other tested pH
values. Moreover, this trend also continues in experiments conducted with
Hsp90BN. In general, Hsp9ON T, shift exceeds 10 °C at excess concentrations
of the analysed ICPD compounds, signifying strong binding.
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Figure 3.6. T, of 5 uM Hsp90aN, as obtained by means of FTSA at pH 7.5, as
a function of the concentration of various added ligands. Note that ICPD62 shifts the
Tm to the greatest extent and thus its Ky _ops (though not Ky, i) is largest.

Table 3.2. Ky_obs, as obtained by means of FTSA. The values are displayed in
M™. + denotes the error calculated from multiple experiments.
Compound Hsp90aN Hsp90BN
ICPD26 7.6x10" +0.03x | 1.0x10" +0.17x
ICPD34 2.5x10" +0.19x | 4.8x10° +0.25x
ICPDA47 8.8x10" +0.17x | 2.3x10" +0.28x
ICPD62 1.7x10° +0.16x | 4.7x10" +0.10x
17-AAG 5.8x10° +0.17x n.d.

3.4. Interpretation of binding-linked protonation events

Observed parameter is a sum of the intrinsic parameter and contributions
from various binding-linked phenomena. The most common events that are

coupled with protein—Iligand binding is (de)protonation and conformational
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changes [256]. The analysis of binding-linked protonation events was done as
previously described [8; 237; 257].

3.4.1. ICPD binding to Hsp90N is coupled with a single protonation event

Early on in our ITC experiments we noticed that the observed enthalpies
of binding were highly dependent on the buffer used (Figure 3.7A, Table 3.1).
For example, the observed enthalpy at pH 7.5 was approximately -28 kixmol™
in Tris buffer, -38 kixmol™ in HEPES buffer, and -42 kJxmol™ in Phosphate
buffer. The key distinction between the buffers is their significantly different
deprotonation enthalpies. Therefore such discrepancy in observed binding
enthalpies suggests one or more binding-linked (de)protonation events.

In general, binding of small molecules to a protein may change the local
environment of labile protons of either species. This can result in the labile
group having a different pK, in the free and bound states due to different
surrounding interactions. By manipulating pH, we can affect the ionisation of
the free ligand and protein: at low pH the predominant state is protonated while
at higher pH the deprotonated state is more prevalent. Therefore we analysed
observed enthalpies for ICPD47 and other compounds as a function of pH
(Figure 3.7B). There is only one transition point in the buffer-dependent AyHps
curves (~ -40 kJxmol™) that is visible within the pH interval at which
significant fraction of protein is not denatured. This indicates that only a single
protonation event is linked to the ICPD inhibitor binding to Hsp90. We
assumed that it is the ICPD47 that binds to Hsp90 while being in the
protonated state rather than contributing the protonation effect to the protein
itself. Experiments with both ICPD26 and ICPD34 compounds yielded similar
results and conclusions. The results were the same both for Hsp90oN and
Hsp90pN.
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Figure 3.7. The pH and buffer effects on ICPD compounds binding to Hsp9ON.
(A) Fitted integrated ITC curves for ICPD47 binding to Hsp90aN in three different
buffers. (B) The observed enthalpies of ICPD47 binding to Hsp90aN as a function of
pH in the two buffers that differ the most in their protonation enthalpies (Phosphate
and Tris). (C) The observed enthalpies of ICPD62 binding to Hsp90aN as a function
of pH in Phosphate and Tris buffers. The error bars depict standard error of several
experiments. In all panels data for HEPES buffer is depicted in grey squares, for
Phosphate — white triangles, and for Tris — dark grey circles.

ICPD62 displayed a slightly different profile (Figure 3.7C). While it still
exhibited a pH dependence that suggests a single protonation event, ICPD62
remained at protonated state even at pH 7.5. This distinction can be easily
explained by the structural differences between the ligands. There are two
hydroxyl groups in the ICPD compounds that could participate in the
(de)protonation event that is evident in our experiments. While others contain
chlorine situated in a position that is ortho and para in respect of the hydroxyl
groups, ICPD62 there accommodates an ethyl residue. The difference in
electron withdrawing capacity of these residues results in contrasting effects on
the protonation state of the hydroxyl groups. According to calculations
conducted with Marvin software [235], the para-hydroxyl group has similar
pK, in all 4 ICPD compounds; however, the ortho-hydroxyl residue is much

more prone to be protonated in ICPD62 as compared to the chlorine-containing

65



compounds (pK, ~9.9 versus pK, ~7.3). This indicates that the ortho-hydroxyl
residue has to be protonated for binding event to occur, while the protonation

state of the para-hydroxyl residue is less likely to affect the binding to Hsp90.
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Figure 3.8. The observed enthalpies of (A) ICPD47 and (B) ICPD62 binding to
Hsp90aN at pH 7.5 as a function of buffer deprotonation enthalpy (A;H) at various
temperatures. ApHgenurr — enthalpy that would be observed in a buffer with
deprotonation enthalpy equal to 0.

The observed enthalpies of binding plotted as a function of buffer
deprotonation enthalpy [258] yielded the number of protons being uptaken
from that particular solution upon inhibitor binding at various temperatures
(Figure 3.8). The trendlines are linear fits, with their slopes equal to the net
number of exchanged protons (n). The fraction number of protons bound per
ICPD molecule suggests that a portion of ligands is already in the protonated
state at this particular pH. The net number of exchanged protons depended
primarily on solution pH and not on temperature. The enthalpies obtained from
this plot are the sum of both the intrinsic binding enthalpy and heat of
protonation of protein/ligand functional groups; however, they do not include
buffer deprotonation enthalpy. Intrinsic binding enthalpy can be calculated
from the ligand protonation enthalpy and the number of exchanged protons or

estimated as the AH at the intersection point in Figure 3.7B.
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3.4.2. pH-dependence of the binding constant

ICPD compound interaction with Hsp90 was progressively weaker with
increasing alkalinity of the solution. The observed binding constant, as
determined both by ITC and FTSA, diminished by approximately 1 order of
magnitude with each pH unit (Figure 3.9). This tendency was characteristic to
all ICPD compounds, except for ICPD62. As we established that the ICPD
compounds have to be in their protonated state to bind to Hsp90, these results
seem self-explanatory: the higher pH, the more prevalent is the deprotonated
state of the ligand. In accordance with binding enthalpy data, ICPD62

exhibited the decrease in K, o5 at greater pH than the other ICPD compounds.
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Figure 3.9. pH dependence of Ky ops for ICPD47 and Hsp90oN. The line is
fitted according to Equation (2.10). Note that the ITC data does not provide accurate
measure of the binding constant at pH below 7.5 because the binding is too tight, as
indicated by the dashed line representing the ITC c factor, equal to 500. At pH below
6.0 even FTSA data is significantly compromised as the protein is unstable.

3.4.3. Model of the binding-linked protonation event

Figure 3.10 illustrates the protonation of the hydroxyl group of ICPD47
at high pH upon binding to Hsp90. The enthalpic contributions to all linked

67



reactions, including buffer deprotonation and compound protonation, are
shown. As can be seen in the figure, these linked reactions make large
enthalpic contributions. They have to be accounted for in order to dissect the
intrinsic binding parameters.

The intrinsic binding enthalpy can be obtained from Figure 3.7B or
calculated as the difference between the binding enthalpy that would be
observed at a buffer with deprotonation enthalpy of 0 (evaluated from Figure
3.8A) and the enthalpy of protonation of the ICPD47 hydroxyl group (obtained
by fitting all titration data). The same protonation event model is applicable to
the other 3 ICPD compounds.

2.9x0.32 = 0.9 kJimol
ApHops(Phos) = -47.3 kJimol

H.PO, ﬁ HPO,?
Hsp90

o H+ OH Hsp90
E Cl l Cl (
HO o// HO o//
~ O -20.0 x 0.3 = -6.4 kJ/mol ~ O ApHintr= -42.2 KJ/mol
N N

N—S H+ N8

(HOCH2)3CNH3+# (HOCHQ)gCN H2

46.6 x 0.32 = 14.9 kJ/mol

Figure 3.10. Enthalpic contributions of the binding-linked reactions: the
protonation of the compound (ICPD47) hydroxyl group (bold), buffer ionization, and
the intrinsic enthalpy of binding.

ApHobs(Tris) =-33.2 kJ/mol

3.5. Intrinsic binding of ICPD compounds to Hsp90 protein

The thermodynamic parameters that are directly obtained during
experiments are called observed as their values include not only intrinsic
parameters of the binding event but also various binding-linked events. While
observed values can be used to evaluate the strength of binding under the
chosen conditions, only the intrinsic binding parameters can be used to

correlate with the structural features of the protein-ligand complex. Deeper
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understanding of the molecular interactions of the binding event is essential in
selecting the best compounds for further development [248].

The most common binding-linked event is (de)protonation of the ligand
and consequently buffer, and it can be evaluated from a series of
comprehensive ITC experiments (see 3.4). However, binding-linked

conformational changes can only be observed by means of structural analysis.

3.5.1. Structural analysis of Hsp90—ICPD complexes

Figure 3.11. Superimposition of ICPD47-bound human Hsp90aN (green
cartoon; ICPDA47 is yellow sticks) with the structure of unbound protein (grey
cartoon; PDB ID 3TOH). The overall r.m.s.d. of the two N-terminal domains is 0.24
A (0.23 A for ICPD24-bound, 0.40 A for ICPD34-bound, and 0.16 A for ICPD62-

bound protein structure comparison to unbound Hsp90aN).

C. Prodromou and colleagues at the Institute of Cancer Research (United
Kingdom) performed X-ray crystallography studies on Hsp90—ICPD
complexes and obtained the structures revealing ICPD26, ICPD34, ICPDA47,
and ICPD62 bound to human Hsp90aN (Figure 3.11). As expected, all these 4
ICPD compounds bound to Hsp90 in a similar manner which shares
conservative interactions with other resorcinol group ligands such as the

naturally occurring RD (PDB ID 1bgq [259]) or synthetic inhibitors such as 4-
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chloro-6-(4-piperazin-1-yl-1h-pyrazol-3-yl)-benzene-1,2-diol (PDB ID 2CCS
[260]). Contacts between Hsp90 and ICPD compounds are described in more
detail in Section 3.7.

The crystal structure of Hsp90aN—ICPD shows only minor differences
in comparison to apo Hsp90aN (Figure 3.11). This is in agreement with the
data Nilapwar et al obtained on Hsp90aN interaction with GA and 17-AAG by
means of circular dichroism spectroscopy and NMR [249]. Given this data, the
influence of potential binding-linked conformational changes can be

considered negligible.

3.5.2. Values of intrinsic thermodynamic parameters
of Hsp90—ICPD interaction

- 20 - 20
© 10 | 10
E o] A A 0 B A
X
2 10 4 -10
X -TA,S; -TA,S;
5_20 ] bintr 20 b“intr
<530 -30
D40 ] -40
O AbGintr AbGintr
LICJ -50 - - -50 ol
570 11cPD26 60 1 1cPD47
70 —
0 10 20 30 40 50 0 10 20 30 40 50
-~ 20 - 20 -
© 10 { ]
sl C oD
% 01 04
210 1 -ThySinge A0 1 AHing -TApSinye
£-20 A -20 1
c
730 DpHinte =30
& 401 BGinr 40 1 DpGinge
ch-so . 50] p—m g—— 5=
G 11cPD34 %9 11cPD62
70 — 70 ——— ————
0 10 20 30 40 50 0 10 20 30 40 50
Temperature, °C Temperature, °C

Figure 3.12. The intrinsic thermodynamic parameters of (A) ICPD26, (B)
ICPD47, (C) ICPD34, and (D) ICPD62 binding to Hsp90aN as a function of
temperature. AyGiny datapoints are depicted as black squares, ApHine — White circles,
and —TApSinr — grey triangles.
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Figure 3.12 displays the intrinsic thermodynamic parameters that we
obtained for ICPD compounds binding to Hsp90 as a function of temperature.
The slopes of the intrinsic binding enthalpies as a function of temperature
provide the heat capacities of binding (A,C,) of binding. A,C, values of all
tested ICPD compounds binding to Hsp90aN are within the range of -540 to -
660 Jxmol™xK™. Negative heat capacity is a signature of hydrophobic binding
reactions and these particular values are akin to GA analogues 17-AAG and
17-DMAG [249] as well as RD [234] binding to Hsp90.

The intrinsic thermodynamic parameters at physiologically significant
temperature of 37 °C are listed in Table 3.3. All 4 ICPD compounds bind to the
inducible Hsp90o approximately 4.5 times tighter than to the constitutive
Hsp90p. Similar differences in affinity to the two human Hsp90 isoforms have
been previously reported for RD [234] and GA [261]. The only distinction in
the ATP-binding pockets of these two isoforms is the A47 residue in Hsp90p
instead of the S52 residue in Hsp90a.

In cases of both isoforms, the ICPD compounds can be ranked from the
strongest binder to the weakest as follows: ICPD47 > ICPD26 ~ ICPD62 >
ICPD34.

Table 3.3. The intrinsic thermodynamic parameters of ICPD compounds
binding to Hsp90N at 37 °C, pH 7.5. £ denotes the errors that were evaluated fitting
data of multiple experiments.

ICPD | Protein | tffn | pare | Kame | || it
o | Hsp90oN | -41.1 2.21x10° 45| -495 -8.4 -790
Hsp90pN | -38.0| 3.9x10"| 259| -45.1 -7.0 -650

g4 | Hsp90oN | -395 6.6x10"| 151 | -46.4 -7.0 -550
Hsp90BN | -39.5| 1.9x10°| 52.1| -43.3 3.7 -640

47 | Hsp90oN | -42.2 3.15x10° 32| 505 -8.3 -730
Hsp90BN | -43.2| 7.3x10’ 13.8| -46.7 35 -700

sy | Hsp90oN | -30.1 2.18x10° 46| -495 -19.4 -540
Hsp90PN | -26.8| 4.7x10'| 21.4| -455 -18.8 -340
+1.7 +15x | +15x| #1.1 +2.0 +125
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It has been noticed that synthetic drugs tend to have greater favourable
entropy contribution to the Gibbs energy of binding than natural ligands [216].
While entropy gains are easier to achieve via addition of hydrophobic residues,
such improvement is limited as solubility needs to be taken into account as
well [248]. Therefore the primary focus of optimisation should be enthalpy.
For easier comparison of energetic contributions to ICPD compound binding to
Hsp90, the intrinsic values are depicted as bars in Figure 3.13. In case of
ICPD26, ICPD34, and ICPDA47, enthalpy contributes from 80 % to 90 % of the

binding free energy. However, the binding of ICPD62 to Hsp90N was driven
by both enthalpy and entropy in nearly equal parts.

ICPD26 ICPD34 ICPDA47

ICPD62
_Hsp90aN Hsp90BN Hsp90aN Hsp90

BN Hsp90aN Hsp90BN Hsp90aN Hsp90BN

A Energyy, » kdxmol’

-55 4
W 0 A H, kdxmol B A,G, kdxmol-!

@ -TA,S, kJxmol” {

Figure 3.13. Bar chart comparing relative contributions of intrinsic enthalpies

(white bars) and intrinsic entropies (grey) to the intrinsic Gibbs energies (black) of
binding of ICPD compounds to Hsp90N at 37°C.

3.6. Structure-affinity relationship for ICPD compounds

Ability to predict the thermodynamic parameters associated with binding
and the affinity of the interaction itself from a high-resolution structure would
potentially make pharmaceutical research less taxing financially and time-wise

[7]. As current set of bioinformatics tools are not up for the task [6; 7],
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correlations of molecular structure with thermodynamics have to be made by

obtaining all the possible data in order to lay foundation for future estimations.

AYG = -49.5 OH o ICPD26 CfH 5 ICPD47 A,G = 50.5
ApH =-41.1 ’“\j XY ApH = -42.2
-TAbS = -84 /ﬂ\ ,(;’ / - 0_/J’\\ e _ / -TAbS = -83
MCp=-790 HO™ 7= g MAG=-10 HO T = g0 A0,=-730
S _,\\— .il;" AAbH =-1.1 N ""'-\T,. S _F;-'J.l'
N. _Sf' — -ATA,S = 0.1 L4
N- AALC,= 60 N
AALG = 3.1 AALG= 1.0
AAH = 1.6 AAGH= 12.1
-ATALS = 1.4 -ATALS = -11.1
AALC,= 240 AARCp= 190
o QH
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Figure 3.14. Comparison of functional group contributions to the intrinsic
binding parameters. Groups promoting AyGinr are shown in bold green while those
disfavouring binding — in bold red. Same colour coding applies to the values of
binding parameters. ApGinr, ApHing, and -TApSiny Values are presented in kdxmol™
(with uncertainties of 1.1, 1.7, and +2.0, respectively), Ay,Cp — in Ixmol™xK™ (with
uncertainty of £125).

First of all we correlated the disparities of all intrinsic thermodynamic
parameters of ICPD compound binding to Hsp9ON with the differences in the
functional groups of ICPD compounds (Figure 3.14). Addition of a second
methoxy group in ICPD34, as compared to ICPD26, results in a minor loss of
favourable enthalpy contribution. The extra methylene group in ICPDA47, as
compared to ICPD26, has little effect on the binding Gibbs energy. The change
of chlorine atom in ICPD47 to the ethyl group in ICPD62 results in significant
entropy gain; however, it is outweighed by a large decrease in binding
enthalpy. Notably, the observed binding constant, as determined by FTSA, was
greater for ICPD62 than ICPD47. This highlights the possible discrepancies
between the observed and intrinsic binding parameters that can lead to

erroneous conclusions about the contributions of the functional groups to the
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binding energetics if the intrinsic thermodynamic parameters are not
determined.

The crystal structures of Hsp90—ICPD compounds (see Section 3.5.1),
determined in collaboration with C. Prodromou and his team, provide valuable
insight into the actual contacts between the protein and ligands (Figure 3.15).
Resorcinol group participates in a crucial network of hydrogen bonding with
highly conserved amino-acid residues L48, S52, D93, G97, and T184 of the
ATP-binding site, as previously seen in cases of pyrazole and isoxazole
resorcinol inhibitors [244; 262; 263]. Some of the hydrophobic interactions are
also conserved, for instance, those with N51, A55, M98, and F138.

All 4 studied ICPD compounds position themselves almost identically in
the ATP-binding pocket of human Hsp90o (Figure 3.15B). Several water
molecules are involved in an extensive network that anchors the thiadiazole
ring in the binding pocket of Hsp90 (Figure 3.15A). Additional methoxy
residue in ICPD34 forces the benzene ring to adapt a slightly different
conformation in regards to the thiadiazole ring. However, this change has only
minor effect on the intrinsic energetics of the binding as the benzene ring is
located at the entrance of the binding pocket (Figure 3.15A).

The chlorine, present in 3 determined structures, makes hydrophobic
contacts with F138 and L107. In case of ICPD62, ethyl group is capable of
forming interactions with these amino acids as well. The binding pocket area,
in which these residues reside, is of hydrophobic nature. Interestingly, the
ICPD compounds containing chlorine are characterised by significantly higher
enthalpic contributions to the intrinsic binding affinity. From a chemical
standpoint, chlorine is an electron withdrawing group while ethyl is electron
donating group and thus could impact the strength of the hydrogen bonds
formed by the ortho and para hydroxyl groups. Nevertheless, there is no
apparent difference in the orientation of ICPD47 and ICPD62 (Figure 3.15B)
nor their principal interactions with Hsp90aN that could be easily predicted

from the structural data. However, the quality of the structures does not allow
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reliable determination of the possible small discrepancies in the hydrogen bond

geometry that could account for the difference in AyHjq-

48

Figure 3.15. (A) ICPD47 (orange sticks) bound to the NTP-binding pocket of
human Hsp90aN (protein surface is coloured according to its interpolated charge
while amino acids are represented by green sticks). Blue dashed lines represent
hydrogen bonds, grey ones — hydrophobic interactions. (B) Comparison of
orientations of the 4 ICPD compounds bound to Hsp90aN. ICPD47 is depicted as
yellow sticks, ICPD26 in pink, ICPD34 in cyan, and ICPD62 in green.
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An alternative explanation of such energy profiles could lie in the unique
electronic properties of halogens (excluding fluorine) when bound to aryl or
similar moieties [264-266]. In addition to hydrophobic contacts, halogens are
able to establish electrostatic interactions such as with the m electrons of
phenylalanine [265]. Moreover, chlorine can form hydrogen bonds with C-H
under certain circumstances [266; 267]. The lengths of such bonds typically are
3.0 A or more (over 4.0 A as well) [267], which would be in agreement with
the distances between chlorine of ICPD compounds and aliphatic carbons of
L107 and F138. While weak, such bonds are specific [264] and could be the
source of the enthalpy gain. The increased entropy in ICPD62 could be
partially explained by the higher lability of ethyl group, as compared to
chlorine.

The tested ICPD compounds contain two hydroxyl groups. Due to its
estimated pK,, we predicted the hydroxyl group adjacent to chlorine being the
participant of the binding-linked protonation event (see Section 3.5).
According to the structural data, this hydroxyl group participates in a network
of hydrogen bond interactions that involve water while the other hydroxyl
group forms a direct hydrogen bond with D93 (Figure 3.15). pK, of the side
chain of aspartic acid is generally considered to be 3.96 [268]; however, its
local environment in the protein can affect this property significantly. We used
a bioinformatics tool H++ [236] to compute pK,(D93) from the structural data.
This method estimated pK, of the deeply buried aspartate at approximately 0.7,
indicating that the side chain carboxyl group of D93 should be fully
deprotonated under all experimental conditions described in this work. Since
the pK, estimated for the most labile group is approximately 7.3 for ICPD26,
ICPD34, and ICPD47 and ~8.6 for ICPD62, we can safely conclude that it is
the ligand and not the protein that participates in the binding-linked
protonation event.

Notably, the hydroxyl group in ortho position from chlorine forms a

hydrogen bond with a water molecule that is held in place by L48 and S52 in
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Hsp90aN (Figure 3.15A). Instead of this serine, Hsp90p contains alanine that
Is not able to form a corresponding hydrogen bond. This can explain the
overall lower affinity of Hsp90fB to the ICPD compounds, as compared to
Hsp90aN.

3.7. ICPD compounds as Hsp90 inhibitors

3.7.1. Effect of ICPD compounds on cancer cells

ICPD compound effect on human cancer cell growth was tested in three
selected cancer cell lines: U20S (osteosarcoma), HelLa (cervival carcinoma),
and HCT116 (colorectal carcinoma) (Table 3.4 and Figure 3.16). The
experiments were performed and interpreted by Dr.J. Matuliené, Dr. V.
Petrikaité (Vilnius University Institute of Biotechnology, Lithuania), and Dr.
S.Y. Sharp (Institute of Cancer Research, United Kingdom). ICPD26, ICPD34,
and ICPD47 exhibit similar growth inhibition level while significantly lower
concentration of ICPD62 causes cell death. ICPD60, which is structurally
similar albeit practically does not bind to Hsp90 (see Section 3.2 and 3.3),
exhibits cell growth inhibiting effect only at higher concentrations. In contrast
to the 4 ICPD compounds that do bind to Hsp90, we did not observe total cell

population death when treated with ICPD60 under the experimental conditions.

Table 3.4. ICPD compound inhibitory activity on cancer cells. The values
presented are ECso mean + standard error of assays done in multiplicate. All values
are displayed in uM.

Cellline | jp0s Hela HCT116
Compound
ICPD26 56+04 | 2354002 | 3.2%0.7
ICPD34 72405 | 3.13+0.00 | 4.6+04
ICPDA47 8.3+0.7 | 3.76+0.33 | 4.6+04
ICPD60 242+01 | 195+1.7 n.d.
ICPD62 0.70+0.04 | 0.79+0.02 n.d.
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Figure 3.16. Normalised U20S cancer cell line survival as a function of
compound (ICPD47, ICPD60, and ICPD62) concentration. The error bars depict
standard error of at least two experiments. As denoted, ICPD62 is depicted as white
circles, ICPD47 — black triangles, and ICPD60 — grey squares.
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Figure 3.17. The biomarker signature of Hsp90 inhibition in HCT116 cells.
Western blot analysis was performed on cells being treated with 1x, 5x, or 10x Glsp
concentrations for 24 h. For positive control, the cells were treated with 17-AAG,
while GAPDH was used as loading control. [238]

In order to confirm that the observed growth inhibition was caused by the

ICPD compounds inhibiting Hsp90, Dr. S.Y. Sharp performed analysis of
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several selected well established Hsp90 inhibition biomarkers in HCT166 cells
(Figure 3.17). Treatment of these cells with ICPD compounds resulted in
elevated expression of heat shock proteins (Hsp72 and Hsp27) and depletion of
selected client proteins (CRAF, ERBB2, and CDK4), both explicit indications
of Hsp90 inhibition. Moreover, the observed increased level of cleaved PARP
indicates induction of apoptosis. Overall this data show that the 4 ICPD
compounds analysed in this work do inhibit Hsp90 in cancer cells in vitro and

thus causes cancer cell death.

3.7.2. Future directions

Hsp90 is a promising target for anticancer drugs and might be exploited
in treatment of some other diseases (see Section 1.3). While several Hsp90
inhibitors have been assessed in clinical trials, most were discontinued due to
various undesirable side-effects. Since the side-effects seem to vary, they are
mostly caused by the compounds rather than the Hsp90 inhibition itself. Based
on the obtained thermodynamic and structural data, the series of ICPD
compounds could be expanded by probing new possible interactions.

The discrepancy between the significantly larger cell growth inhibitory
effect of ICPD62 and similar K, i, Values, as compared to the other 3 analysed
ICPD compounds, could be attributed to higher cell membrane permeability. In
general, electrically neutral molecules pass through the hydrophobic cell
membrane more easily than charged ones. The ethyl group in ICPD62 that
substituted chlorine is not only of hydrophobic nature itself but also highly
promotes protonated state of the adjacent hydroxyl group at pH characteristic
to cell medium. However, this also results in an undesirable loss of enthalpy
contribution to the binding, thus impeding further compound optimisation.
Therefore the mostly enthalpically driven binding of ICPD26 and ICPD47 to
Hsp90N could be augmented by increasing their hydrophobicity without
impairing their hydrophilic interactions with the active site of Hsp90.
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However, occurrences of Hsp90 surface mutations that grant the protein
resistance to certain inhibitors have been noticed [269; 270]. Therefore the less
bulky nature of the ICPD compounds and a simple interaction set with the
conservative Hsp90 residues might prove an advantage over some of the larger
compounds as cancer cell genes tend to mutate and could potentially acquire
resistance.

Notably, the tested compounds bound to both Hsp90a and Hsp90p with
similar tendencies albeit their affinity to Hsp90B was slightly lower in all
cases. Overall, we have shown here that the ICPD compounds are enthalpically
optimised single-digit nanomolar binders of Hsp90 that may represent a
therapeutically very useful class of Hsp90 inhibitors. The current in vitro
characterisation of ICPD compounds makes them viable candidates for initial
xenograft experiments and further clinical trials. Given the enthalpic nature of
their binding, some of the studied ICPD compounds could be further developed

to improve their cell membrane permeability and binding to Hsp90.
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CONCLUSIONS

1. ICPD compounds are tight binders of both human Hsp90a and Hsp90p3
isoforms with observed K, ranging from 4.8x10° to 1.65x10° M, tighter than
the classic inhibitor 17-AAG.

2. Affinity of ICPD compounds to Hsp90a is 4 to 6 times higher than to
Hsp90p.

3. Protonation of hydroxyl group in ICPD compounds is essential for
binding to Hsp90.

4. Intrinsically, binding of ICPD26, ICPD34, and ICPD47 to Hsp90 is
driven mostly (~84 %) by enthalpy which makes them suitable candidates for
further drug development while ICPD62 binding is driven by enthalpy and
entropy in roughly equal parts.

5. Chlorine in the ICPD compounds increases enthalpic contribution to
the intrinsic binding affinity, as opposed to ethyl group in ICPD62 which
promotes the entropic factor, signifying the ability of chlorine to form
additional interactions of non-hydrophobic nature.

6. Small alkoxy substituent on the non-resorcinol benzene ring in the
ICPD compounds has only negligible effect on the intrinsic binding

parameters.
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