Charles University

Faculty of Science

Special Chemical and Biological Programmes

BMOBIBO

Alina Karmazin

Heat-shock protein 90 (HSP90) in cell physiology
Bunééné funkce proteinu teplotniho Soku 90 (HSP90)

Bachelor’s thesis

Supervisor:

RNDr. Cyril Batinka, Ph.D.

Institute of Biotechnology of the Czech Academy of Sciences
Laboratory of Structural Biology
Prague, 2023



Podeékovani

Slova nemohou vyjadfit mou vdécnost mému Skoliteli RNDr. Cyrilu Batfinkovi, Ph.D., za
jeho trpélivost, podporu a neocenitelnou zpétnou vazbu, stejné jako RNDr. Zote Novakove,
Ph.D, za jeji moudré vedeni a rady. Jsem rovnéz vdécnéa svému manzelovi, jehoz optimismus
a energie mi dodavaly silu.

Prohldseni

Prohlasuji, Ze jsem zavéreCnou praci vypracovala samostatné a Ze jsem uvedla vSechny
pouzité informacni zdroje a literaturu. Tato prace ani jeji podstatn ¢ast nebyla piedlozena k
ziskani jiného nebo stejného akademického titulu.

V Praze, 24.4.2023

Alina Karmazin



Abstract

Heat-shock protein 90 (HSP90) is a molecular chaperone that represents one of the most
important proteins for cellular homeostasis in all life domains. Chaperones are proteins that
assist other proteins in proper folding and refolding. First discovered as a protein of a heat-
shock response, HSP90 eventually emerged as a hub connecting multiple cellular functions,
such as transcription, translation, DNA repair, immune response, cell signaling, etc.
Unsurprisingly, HSP90 also plays a role in the pathogenesis of human diseases: various
cancers, and neurodegenerative and respiratory diseases. For that reason, it became a target of
medical research. HSP90 is a homodimer consisting of two protomers, each of which is
composed of three domains: N-terminal domain, middle domain, and C-terminal domain. To
fulfill its functions, HSP90 goes through an ATP-dependent conformational cycle, tightly
regulated by a large group of assisting proteins—co-chaperones, and several post-
translational modifications, such as phosphorylation and acetylation. Acetylation is known to
affect HSP90 binding to nucleotides, clients, and co-chaperones, and thus it is suggested as a
control mechanism of HSP90 function. Potentially, HSP90 acetylation can be utilized in the
treatment of hormone-dependent cancers. Therefore, regulators of HSP90 acetylation are
currently under intensive investigation. Histone deacetylase 6 (HDAC®6) is proposed to be the
major deacetylase of HSP90, however, available data about HSP90—HDAC6 interaction are
very limited up to date. This thesis summarizes current knowledge about the structure and

function of HSP90 with a focus on the regulation of HSP90 acetylation status.

Keywords: proteostasis, chaperones, post-translational modifications, lysine acetylation,
heat-shock protein 90, histone deacetylase 6.



Abstrakt

Heat-shock protein 90 (HSP90) je molekularni chaperon, ktery pfedstavuje jeden z
plni funkci molekul, které pomahaji ostatnim proteiniim ve spradvném sbalovani a uspotradani
jejich trojrozmérné struktury. HSP90 byl poprvé objeven jako protein tepelného Soku, pozdéji
byla prokazana jeho dulezitd role uzlu propojujiciho mnoho bunéénych funkci zahrnujici
transcripci, translaci, opravu DNA, imunitni odpovéd’, bunécnou signalizaci atd. Neni tedy
ptekvapenim, Zze HSP90 hraje roli také v patogenezi lidskych onemocnéni, napf. u riznych
druhii rakoviny a u neurodegenerativnich a respiracnich chorob. Z tohoto diivodu se HSP90
stal cilem lékafského vyzkumu. HSP90 je homodimer sklddajici se ze dvou protomerd, z
nichz kazdy se skldda ze tfi domén: N-terminalni domény, stiedni domény a C-termindlni
domény. Pro splnéni svych funkci prochazi HSP90 ATP-dependentnim konformaénim
cyklem, kde je striktn¢ regulovan velkou skupinou pomocnych proteinit — ko-chaperonti,
stejn¢ jako nékolika posttranslaénimi modifikacemi typu fosforylace a acetylace. O acetylaci
je znamo, Ze ovliviluje vazbu HSP90 na nukleotidy, klienty a ko-chaperony, a proto je
povazovana za kontrolni mechanismus funkce HSP90. Potencidlné lze acetylaci HSP90
vyuzit pfi 1écbé hormondlné zavislych nadort. Proto jsou reguldtory acetylace HSP90 v
soucasné dob¢ intenzivné zkoumany. Histon deacetylaza 6 (HDAC6) je povazovana za hlavni
deacetylazu HSP90, nicméné dostupné tidaje o interakci mezi HSP90 a HDAC6 jsou az do
dnesniho dne velmi omezené. Tato prace shrnuje soucasné poznatky o struktufe a funkci

HSP90 se zaméfenim na regulaci acetylace HSP9O.

Klicova slova: proteostaza, chaperony, posttranslacni modifikace, acetylace lysinu, heat-

shock protein 90, histon deacetylaza 6.
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Introduction

The object of this thesis is one of the most important, abundant, and interconnected proteins
that is known to science — HSP90, the so-called 90 kDa heat shock protein. Heat shock proteins were
discovered serendipitously while studying eukaryotic chromosomes accidentally subjected to high
heat, which led to cells developing a so-called heat shock response (Ritossa 1962). During the heat
shock response, the expression of heat shock proteins in cells increases rapidly, allowing cells to
quickly deal with damage caused to proteins by the high heat, such as denaturation and/or
aggregation. Such helper proteins are called chaperones, because among many functions they protect
proteins from “unwanted associations”, compared to how female chaperones in Victorian England
guarded young ladies. However, high temperature is not the only trigger of such a stress response.
Other triggers include UV radiation, toxic chemicals, non-physiological pH, nutrient starvation,
cancer, etc (Ellis and van der Vies 1991; Richter et al 2010).

It was soon discovered, however, that the HSP90 family is utilized by cells not only in case
of emergency. For example, it was later found that HSP90 seemed to facilitate the folding of the
hormone-binding domain (HBD) of several nuclear steroid hormone receptors (SHRs) (Pratt and Toft
1997). HSP90 was also found to be a part of many protein kinase complexes (Brugge and Erikson
1977; Brugge 1986). It is clear today that these two names, chaperones and heat-shock proteins, do
not encompass the whole variety of functions that HSP90 fulfills: from development, transcription
and translation, DNA repair, and intracellular transport, to immune response and cell signaling (Zhao
et al 2005; McClellan et al 2007). HSP90 is central to many eukaryotic cellular processes, and in
lower eukaryotes, namely Saccharomyces cerevisiae, it was shown to be essential for survival
(Borkovich et al 1989). The same is true for HSP90 homologs in other eukaryotes, e.g. GRP94
(endoplasmic reticulum resident homolog) is vital for Drosophila so much that GRP94-deficient

Drosophila does not survive the larval stage (Maynard et al 2010).

Substrate proteins that physically interact with HSP90 and whose activity is dependent on
HSPO90 are called clients. It is already known that HSP90 has hundreds of clients in various spheres of
its functions (Echeverria et al 2011), with an estimated 10-20% of yeast and human proteins possibly
interacting with HSP90 (Zhao and Houry 2007; Taipale et al 2010; Wu et al 2012). The most studied
clients are protein kinases and steroid hormone receptors, and this extensive studying is justified: both
of these groups of proteins are key to cell signaling, and cell signaling is one of the biggest spheres of
influence of HSP90 (Echeverria and Picard 2010; Taipale et al 2012; Caplan et al 2007).

How does such a friendly protein, which likes to associate with many clients and perform in
many fields, “know” what to bind and what function to execute? I would not be the first to ask this
question, for HSP90 regulation has occupied many researchers' minds for years. And not in vain — it

was discovered that HSP90 is regulated in at least four ways:

» expression — activated by stress, transcription factor heat shock factor 1 (HSF1) induces
transcription of HSP90 genes (Voellmy and Boellmann 2007);



* nucleotides — binding of ATP regulates the conformational cycle of HSP90, allowing it
to change client conformations (Panaretou et al. 1998);

* post-translational modifications (PTMs) — phosphorylation, methylation, and
acetylation either modify HSP9O0 itself or modify its clients, influencing HSP90-client interactions
(Backe et al. 2020);

» and co-chaperones — binding of special non-client proteins that form complexes with
HSP90 and assist it in its function (R6hl, Rohrberg, and Buchner 2013).

In this work, I will focus primarily on post-translational modifications of HSP90,
particularly on acetylation. Acetylation is a reversible modification, which is provided by opposite
actions of acetyltransferases and deacetylases (Aoyagi and Archer 2005). HSP90 acetylation is known
to modify its ATP- and inhibitors-binding ability, as well as its interactions with clients and co-
chaperones (Scroggins et al. 2007). These modifications, in turn, affect the stability and function of
protein kinases and steroid hormone receptors and alter cell migration (Murphy et al. 2005; Yang et al.
2008). It is suggested that knowledge of acetylation mechanisms and the ability to regulate them can
provide a therapeutic target for hormone-dependent cancers, such as breast or prostate cancer, and

increase stress resilience (Fiskus et al. 2007; Jochems et al. 2015).

To understand how post-translational modifications affect the function of HSP90, I must
first explore the structure of the protein and how it goes through its conformational cycle. The next

chapter is dedicated to this topic.

Structure of HSP90 and its chaperone cycle

HSP90 is an obligatory homodimer — dimerizing is essential for in vivo functioning of the
protein (Wayne and Bolon 2007). Each monomer consists of three highly conserved domains: ATP-
binding N-terminal domain (NTD), catalytic middle domain (MD), and dimerizing C-terminal domain
(CTD) (Figure 1). Monomers are arranged in linear order along each other, resembling pincers, with
NTDs on one end of a dimer, and CTDs on another (Ali et al. 2006).

The N-terminal domain is a two-layer sandwich with a B-sheet on one side and a-helices on
another. NTD’s main functions are ATP binding and hydrolysis ensured by a deep 15A ATP-binding
pocket, situated on the inside face of the B-sheet and surrounded by a-helices and loops. Just twenty
years ago the ATP-binding and ATP-hydrolyzing nature of HSP90 was controversial since no catalytic
residues were identified and the enzymatic activity of HSP90 was very low (Jakob et al. 1996).
However, the catalytic residues were eventually found and ATPase activity was confirmed
(Prodromou et al. 1997). Researchers noted that the ATPase activity of HSP90 resembles that of DNA
gyrase B, and later, based on the similarity of the ATP-binding pocket and ATP hydrolysis, it was
categorized as a member of GHKL superfamily of ATPases, consisting of prokaryotic DNA gyrase B,



HSP90, MutL. DNA mismatch repair proteins, protein kinases, and eukaryotic topoisomerases type II
(Dutta and Inouye 2000). This ATP-binding structure was named after one of its discoverers, Bergerat
fold.

Figure 1: HSP90 3D structure. (A) Dimerized HSP90 protomers in Gaussian Surface representation.
(B) Dimerized HSP90 protomers with ATP-analog molecules (pink) bound to both N-domains, where
blue represents N-terminal domain, orange represents middle domain, green represents C-terminal
domain, and gray represents another protomer; all in cartoon representation. Molecular structure was
imported from PDB (PDB code 6XLE; Yanxin Liu et al., 2020) and edited in Mol* (Sehnal et al.,
2021).

The middle domain plays an important role in ATP hydrolysis, for it contains amino acids
essential for catalysis, but it also participates in the interactions with clients and several co-
chaperones. The structure of MD consists of two subdomains: a larger N-terminal o/B/o domain,
which is linked to a smaller o/f/a domain through a sequence of three short helices. In Hsp82
representing yeast homolog of HSP90, a hydrophobic patch with Trp300 exposed to solvent and an
amphipathic sequence was found, suggesting a client or co-chaperone binding site (Meyer et al.
2003).

The C-terminal domain is formed by a mix of five short a-helices and a three-stranded
antiparallel B-sheet. The two longest a-helices, H4 and H5, work as a dimerization interface: they
interact with their equivalents from the partner CTD of a second HSP90 monomer, forming a four-
helix bundle (Harris, Shiau, and Agard 2004). CTD fold has the important function of keeping the
monomers together, which is essential for the ATPase activity, as NTDs’ affinity for each other is
rather low, and they are not capable of providing the proper inter-domain interaction and catalytic

environment on their own (Ratzke et al. 2010). As a proof of that, deleting CTD cancels HSP90



ability to hydrolyze ATP (Prodromou et al. 2000). Another important function of CTD is providing a
binding site — MEEVD (Met-Glu-Glu-Val-Asp) motif — for co-chaperones with tetratricopeptide
repeat (TPR) domains (Scheufler et al. 2000). This motif, however, is only found in eukaryotic
HSP90s, as they evolved in cooperation with a large pool of co-chaperones, in contrast to more
“independent” prokaryotic HSP90 (Buchner 1999).

NTD and MD in eukaryotes are connected through a long flexible charged linker that
facilitates intramolecular rearrangements necessary for the chaperone cycle progression and thus
affects HSP90 function in a major way. Partial deletion of the charged linker was tested in yeast cells,
and although the activity of ATPase was decreased, the cells were proven viable. However, when the
linker was deleted completely, the HSP90 function was affected dramatically: it lost the ability to
assist clients in maturation and be regulated by co-chaperones (Hainzl et al. 2009; Tsutsumi et al.
2012). The middle domain, in turn, is connected to CTD through an extended loop interacting with an

a-helix at the start of the CTD (Ali et al. 2006).

The chaperone cycle of HptG, an E.coli ortholog of HSP90, is well-described. In an
unbound state, the HptG dimer adopts an open “V” conformation. Fast ATP binding induces a
sequence of conformational changes: a loop of highly conserved amino acid residues in the NTD
spreads over the bound ATP like a “lid”, that releases N-terminal segments of NTDs. These changes
allow HptG to slowly reach intermediate state 1 (I1). After reaching 11, NTDs dimerize through their
released N-terminal segments, arriving at the intermediate state 2 (I2) conformation. Now, as HptG is
in a compact state, MDs and NTDs in each monomer relocate to closely interact with each other, and
this signifies a fully closed conformation — active ATPase state. Finally, ATP hydrolysis takes place,
then NTDs dissociate and ADP + Pi are released. HptG is back to an open conformation (Shiau et al.
2006; Mickler et al. 2009; Hessling, Richter, and Buchner 2009) (Figure 2). This simple model,
however, may not apply fully to the eukaryotic HSP90. Prokaryotic HtpG and eukaryotic (yeast)
HSP90 were found to differ substantially in conformational dynamics which came as a surprise at the
time: HtpG fluctuates between the open and closed conformations randomly until it binds ATP — then
it adopts a rigid closed conformation and proceeds to ATP hydrolysis; meanwhile, yeast HSP90 is
considered to be a more flexible protein, adopting distinct conformations stochastically and
maintaining a dynamic equilibrium, even after binding ATP. It seems that ATP binding only weakly
influences the conformational dynamics of HSP90 and in the absence of co-chaperones and clients no

directionality is observed in the conformational cycle (Ratzke et al., 2012).

HSP90 is sufficiently flexible and dynamic to accommodate the variety of its clients and
functions, as mentioned in the introduction. To adjust to any of its clients and execute exactly the

function that is required at the moment, HSP90 is regulated in a pretty complex manner.
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Figure 2: HSP90 conformational cycle in E.coli HptG. HSP90 protomers are connected through
the C-terminal domain, and most of the time ATP-unbound HSP90 spends in an open, V-like
conformation. Upon binding ATP, ATP “lids” (green) close, releasing the N-terminal conserved
dimerizing sequences (red). NTD conserved sequences then dimerize, which causes a series of
rearrangements leading to the closed conformation associated with ATP hydrolysis. After that, NTDs
dissociate and ADP + Pi are released (Shiau et al. 2006; Mickler et al. 2009; Hessling, Richter, and
Buchner 2009).

How is HSP90 regulated

As was noted in the introduction, HSP90 is regulated in a variety of ways, including
transcription, nucleotide binding, co-chaperones, and post-translational modifications. Transcription
regulation is the most “basic” one because it defines levels of HSP9O0 in the cell: the main heat-shock
response (HSR) regulator, heat shock factor 1 (HSF1), is responsible for inducing expression of

HSP90 as a reaction to cellular stress (Prodromou 2016). In yeast, HSF1 regulates HSP90 levels under



normal conditions as well (Solis et al. 2016). HSF1 is a highly conserved eukaryotic protein that
consists of several domains: DNA-binding domain (DBD), trimerization domain of three Leucine
Zippers (HR-A/B), HR-C region which negatively regulates HR-A/B, C-terminal trans-activation
domain CTA, which is negatively regulated by central regulatory domain RD. Under non-stress
conditions, HSP90 and HSP70 are both bound to HSF1, inhibiting it. When the cell experiences
proteotoxic stress, however, chaperones and co-chaperones are needed in other areas, particularly to
assist in the folding of accumulating denatured proteins. As a result of that, cytoplasmic HSF1 is
released and forms a homotrimer. Homotrimers are transported into the nucleus, where they are free to
bind heat-shock elements (HSE) in the upstream intron of the HSP gene with the help of their DNA-
binding domain. HSF1 gets phosphorylated on binding DNA and becomes an active transcription
factor. Quick expression of HSP90 and other chaperones then follows. Thus, HSF1 is a direct link

between the stress response and the expression of HSPs (Prodromou 2016).

Another way of HSP90 regulation is through a range of different co-chaperones, which tend
to bind to HSP90 in various stages of its cycle and influence its function through activation/inhibition
of its ATPase activity or recruitment of specific clients. Some co-chaperones serve as adaptors for
clients, others work as modulators of the cycle, and several of them can manage both functions.
Interestingly, co-chaperones assemble in different complexes depending on specific clients and
behave differently towards each other: they may compete for a binding site on HSP90, or work

synergistically together (Smith 1993).

Co-chaperones can be arbitrarily divided into two major groups: TPR-domain-containing
and TPR-less classes. The TPR (tetratricopeptide repeat) domain is a 34 amino acid repeats folded
together in a bundle of helix-turn-helix motifs, serving as a binding site for the HSP90 C-terminal
MEEVD motif (Scheufler et al. 2000). The most important co-chaperones with the TPR domain are
HOP (Hsp70/Hsp90 organizing protein, so-called Stil in yeast) and PPlase (peptidyl-proline
isomerase, PP5, so-called Pptl in yeast). Co-chaperones without a TPR domain seem to have a
diverse range of specific binding sites on the surface of the HSP90 dimer. Such co-chaperones include
AHA1 (“activator of Hsp90 ATPase’’), CDC37 (a “cell division cycle control” protein, originally
found in yeast), and PTGES3 (prostaglandin E synthase 3 cytosolic, so-called p23 protein, or Sbal in
yeast).

One of the most studied co-chaperone complexes is a steroid hormone receptor (SHR)
maturation complex. This complex itself goes through several distinct intermediate complexes during
the maturation cycle, forming from interacting co-chaperones: a TPR-containing co-chaperone HOP,
which serves as an adaptor between HSP90 and HSP70; PPlase, which contains both a TPR-domain
and a PPlase domain, and whose function in the complex is not completely understood yet; and TPR-
less PTGES3, which deregulates ATPase and stabilizes the closed HSP90 conformation. The cycle
begins with the binding of HOP to the TPR-binding site of the HSP90 dimer in an open conformation
and thus stabilizing it, which inhibits the ATPase activity. At the same time, PPlase binds to another
TPR-binding site, giving rise to an asymmetric intermediate complex. Next, HSP90 binds ATP at its



ATP-binding pocket in NTD, and PTGES3 binds HSP90, stabilizing a closed conformation, which in
turn weakens the association of HSP90 with HOP and causes it to get released. The second PPlase or
another TPR co-chaperone can bind the unoccupied TPR-binding site, and that induces the final
complex capable of ATP hydrolysis. After ATP is hydrolyzed, co-chaperones and the folded client are
released (Li, Richter, and Buchner 2011).

Another well-studied complex is the protein kinase activation complex, which resembles the
SHR complex in some steps. For example, this complex also uses HOP for stabilization. As a first
step, nascent or misfolded protein kinase binds chaperones Hsp70 and Hsp40, where Hsp70
hydrolyses ATP with the help of catalytic Hsp40, which stabilizes the ternary complex (Lee et al.
2004). CDC37 binds to a kinase through its N-terminal domain. Then, HOP, assisted by CDC37,
facilitates the binding of the Hsp70/Hsp40/kinase complex to HSP90. CDC37 in this arrangement is
thought to stabilize HSP90 in an open conformation and to inhibit its ATPase by preventing lid
closure on NTD (Roe et al. 2004). Next, AHA1 binds HSP90 across NTD and MD (Meyer et al.
2004), displacing HOP and CDC37, and causing a quick transition from an open to closed
conformation, drastically accelerating the cycle. In the presence of AHA1, ATP is hydrolyzed and the
client kinase is activated (Retzlaff et al. 2010).

Although co-chaperones are very powerful regulators of HSP90 activity, they are not alone
in their function. Another important level of regulation is represented by post-translational
modifications, which have gained significant attention in recent years. PTMs, such as
phosphorylation, acetylation, SUMOylation, S-nitrosylation, methylation, and ubiquitylation, are
shown to serve in two roles: as local regulators of binding site accessibility, and as allosteric switch

points regulating domain communication between dimers (Mollapour and Neckers 2012).

Phosphorylation is the most frequent post-translational modification of HSP90’s Ser, Thr,
and Tyr (Scroggins and Neckers 2007). Many phosphorylation sites were found all over the surface of
the dimer. Phosphorylation seems to slow down the HSP90 conformational cycle and reduce client
maturation, as well as affect the chaperone's general flexibility and interaction with co-chaperones,
clients, and nucleotides (Soroka et al. 2012). For example, phosphorylation of Thr22 in yeast Hsp90
(Thr31 in human) NTD impairs ATPase function and seriously weakens interaction with both Ahal
and Cdc37 (Mollapour et al. 2011a), while phosphorylation of CTD Thr725 affects the binding of two
co-chaperones in opposite ways: increases binding of HOP and decreases binding of CHIP (C
terminus of Hsp70-interacting protein; Muller et al. 2013). Hyperphosphorylation in the absence of
protein phosphatase PP5/Pptl leads to impaired HSP90 activity and decreased client activation in
yeast (Wandinger et al. 2006). Apart from regulating co-chaperone and client binding,
phosphorylation is also linked to apoptosis inhibition (Kurokawa et al. 2008), cell cycle regulation
(Mollapour, Tsutsumi, and Neckers 2010), and sensitivity to inhibitors (Mollapour et al. 2011b). In
summary, phosphorylation sites must be precisely and specifically regulated to support and control
HSP90 function.



Acetylation and deacetylation of HSP90

Acetylation represents an acetyl group (CH3CO) bound to a molecule — a protein in our
case. Approximately 85% of eukaryotic proteins are co-translationally acetylated at their Na-termini
(Nt-acetylation) in an irreversible manner (Polevoda and Sherman 2000). Nt-acetylation plays a role
in protein half-life regulation, protein folding, membrane targeting and sub-cellular localization, and

other cellular activities.

Another type of protein acetylation is N-g-Lysine acetylation, which, on the contrary, is
post-translational and reversible. It is highly regulated and allows the cell to turn on and off various
cellular pathways. e-Lysine acetylation proceeds as a transfer of an acetyl group onto a Ne-group of
the lysine side chain, which increases the size of the side chain and neutralizes its positive charge
(charge change from +1 to 0 when pH < pKa of lysine), leading to impaired ability to form hydrogen
bonds. Lysine residues, being positively charged at physiological pH, are often used by proteins to
bind negatively charged substrates. By acetylating lysines on proteins, the cell decreases the binding
of these proteins to negatively charged substrates and increases the steric hindrance, altering protein-
DNA and protein-protein interactions, protein stability, and enzymatic activity (Yang and Seto 2008;
Xiong and Guan 2012). Studies show that lysine acetylation is often found in highly structured
regions, like a-helices and B-sheets, and acetylated lysines are more numerous there than their non-
acetylated counterparts (Choudhary et al. 2009). Phosphorylation, in contrast, mostly occurs in
flexible and unstructured regions, like hinges and loops (Gnad et al. 2007; Malik et al. 2008).

Lysines on proteins are acetylated by so-called KATs (lysine acetyltransferases), previously
known as HATs (histone acetyltransferases) because lysine acetylation was first found on histones in
1964 (Allfrey et al. 1964). It was later discovered that HATs acetylate many other proteins different
from histones, thus they were renamed to KATs. Today 22 different human and mouse KATs are
known to science, which can be divided into three groups: GNAT (GCNS5 (general control non-
derepressible 5)-related acetyltransferase) family, MYST (MOZ, Ybf2/Sas3, Sas2, TIP60) family and
p300/CBP (CREB-binding protein) family (Allis et al. 2007; Berndsen and Denu 2008).

Deacetylation is carried out by KDACs (lysine deacetylases), also called HDACs (histone
deacetylases) — similarly to KATs, HDACs were at first discovered in relation to histone
modifications. There are several classes of KDACs: classes I, II, and 1V, consisting of 11 members,
correspond to “classical” HDACs; and class III, consisting of 7 members, corresponds to sirtuins. The
difference between classical HDACs and sirtuins is based on their catalytic mechanisms: the former
use ZnZ* ion as a cofactor; the latter use NAD+. Classical HDACs are under investigation as potential
cancer targets, and most of the HDAC inhibitors studied are specific for classical HDACs (Witt et. al.
2009; Drazic et. al. 2016).



HSPI90 acetyltransferase

Available data uncovering HSP90 acetylation are very limited. Yang et. al. investigated
whether p300 is a lysine acetyltransferase efficient towards HSP90: when HSP90 was incubated with
p300 and acetyl-CoA, immediate acetylation of HSP90 was detected by Western blot using anti-
acetyl-lysine (AcK) antibodies. It was also demonstrated that p300 is required for HSP90 acetylation,
and higher concentrations of p300 correspond to higher levels of HSP90 acetylation. However, p300
might not be the only KAT of HSP90, because when it was down-regulated, HSP90 was still
acetylated, just less so (Yang et. al. 2008).

p300/CBP family is known to interact with at least 411 proteins, from them, approximately
100 proteins represent acetylation substrates. As there is no data on how p300 acetylates HSP90, we
can look at the mechanism of acetylation of its more common substrates — histones. Contrary to the
KAT usual ordered ternary complex mechanism of catalysis, p300 was found to have a less frequent
Theorell-Chance, or hit-and-run, mechanism. Here, no stable ternary complex is formed, the substrate
binds to the enzyme only shortly and leaves immediately after the reaction is complete. Dancy and
Cole in their excellent review provide a detailed description of the acetylation catalysis steps by p300/
CBP (Dancy and Cole 2015).

Where is HSP90 acetylated and how it affects its function

Scroggins et al. were the first researchers who identified a specific acetylation site on
HSP90. They treated cells with an HDAC inhibitor trichostatin A (TSA), isolated HSP90, and
analyzed it by mass spectrometry. As a result, K294 in HSP90a. (corresponds to K286 in HSP90p) was
identified. K294 is located at the beginning of the middle domain in close proximity to a charged
linker. This location suggests that K294 acetylation plays an important role in the chaperone function,
as it is in a very flexible region and on the surface of the protein, thus the change in its charge can
affect binding to clients and co-chaperones. To test this hypothesis, HSP90 was produced with
mutations mimicking acetylated lysine, where glutamine (Q) or alanine (A) was incorporated in place
of lysine (neutral side chains), and mutations mimicking non-acetylatable lysine, where arginine (R)
was incorporated in place of lysine (the positively charged side chain). As a result, K294Q and K294A
mutants showed much weaker interaction with client tyrosine kinases ErbB2 and p60v-Src, serine/
threonine kinase Chkl, tumor suppressor p53, transcriptional regulator HIF1A (hypoxia-inducible
factor 1-a), and androgen receptor, than K294R mutants and wild-type HSP90. The same effects were
observed for co-chaperone binding: K294Q and K294A mutants showed no interaction or almost no
interaction with co-chaperones p23, p50¢de37 (or HSP90 co-chaperone Cdc37), FKBP52 (or FK506
binding protein 4), Ahal, Hsp70, p60Hor, and CHIP; while K294R and wild-type (WT) interacted with

co-chaperones without any change. Interestingly, the non-acetylatable lysine-mimicking K294R



mutant interacted with FKBP52 and Ahal much stronger than WT HSP90. These results can be
explained by the fact that many clients and co-chaperones bind to HSP90 in the area of MD, where
K294 is located, and several residues in MD regulate the ATPase activity of HSP90 (Scroggins et. al.
2007).

The next big finding was made by Yang and others, who identified seven new acetylated
lysines with the help of an HDAC inhibitor LBHS589. After treatment with LBH589, acetylated
HSP90-a proteins were affinity purified using anti-acetyl-lysine antibodies. Mass spectrometry then
detected seven acetylated lysines, K69, K100, K292, K327, K478, K546, and K558, which were all
found to be on the surface of the protein, easily accessible for modification. Strikingly, K294 was not
detected as acetylated, possibly due to different protocols and inhibitors used. The authors of this
study also used acetylation-mimicking and non-acetylatable lysine mutations to see how acetylation
affects the function of HSP90. Their findings were consistent with previous data. Most acetylation-
mimicking mutants (K -> Q) in the area of MD (K292, K327, K478, K546, K558) and NTD (K69,
K100) showed reduced binding to co-chaperones p23, Hsp40, Hsp70, and CHIP, as well as to the
client serine/threonine kinase c-Raf. The only exception was K292Q, which bound CHIP in the same
way as WT. Another interesting finding of the group was the effect of acetylation on ATP binding: all
acetylation-mimicking (K -> Q) mutants also showed reduced binding to ATP; again, except for
K292Q, which bound ATP with even higher affinity. Incidentally, all these K -> Q mutants bound
more strongly to HSP90 inhibitor biotinylated-geldanamycin (B-GA). It was previously demonstrated
that HSP90, where all seven lysines are acetylated (hyperacetylated state), binds more strongly to
another HSP90 inhibitor 17-AAG (geldanamycin derivative used in cancer treatment). Authors
suggested that HDAC inhibitors inducing hyperacetylation of HSP90, and HSP90 inhibitors such as
17-AAG can be used together for more effective cancer treatment (Yang et. al. 2008) (Figure 3).

Another high-resolution mass spectrometry study found several more HSP90a (K275, K284,
K346, K354, K399, K402, K405, K414, K484, K529, K565, K580, K589, K611 and K698) and
HSPI90B (K435, K481, K568, K573) acetylation sites in all domains of HSP90 (Choudhary et al.
2009).

Eight more lysine acetylation sites were discovered after treatment with selective HDAC6
inhibitor tubastatin A, with the help of anti-AcK antibody beads and tandem mass spectrometry and
chromatography: K185, K293, K437, K490, K540, K560, K568, and K633. The authors showed that
acetylation levels of K490, K560, and K568 increased upon HDACG6 inhibition, while K633
acetylation levels decreased. On the other hand, when HDAC6 was overexpressed in cells, acetylation
levels of K490 decreased, levels of acetylated K560 and K633 increased, and acetylation of K568 did
not change. This data suggests that HDACG6 directly regulates only the acetylation status of K490,
partially regulates the acetylation status of K560 and K568, and does not affect directly the acetylation
of K633 (Du et al. 2021).
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Figure 3: HSP90a acetylation sites. This figure represents a schematic diagram
of three HSP90 domains: N-terminal domain (b/ue), middle domain (orange),
and C-terminal domain (green). Only lysines that were shown to be acetylated
and their contribution to HSP90 function was experimentally confirmed are
marked on this diagram. No functional importance was confirmed for lysines on
CTD yet. Diagram is adapted from Backe et al.,, 2020; created with
BioRender.com
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HDACG6 is an HSP90 deacetylase

The first hint to the question of HSP90 deacetylation was offered when a group of
researchers studied HDAC inhibitor depsipeptide FR901228 (FK228) to use it for cancer treatment.
They knew that HDAC inhibition leads to cancer cell growth arrest and apoptosis, but suspected it is
not only due to dysfunctional histone deacetylation machinery, so they tried to uncover other effects
of FK228 on cancer cells. FK228 was found to decrease levels of mutant (cancerous) p53, ErbBl1,
ErbB2, and Raf-1 (proteins usually stabilized by HSP90) as a result of decreased binding of HSP90 to
its clients p53 and Raf-1 due to HSP90 hyperacetylation. HSP90 client degradation contributes to cell
cycle disruption and may ultimately lead to apoptosis (Yu et al. 2002).

Similar results were shown when cancer cells were treated with another HDAC inhibitor
LAQ824. It was shown that treatment with LAQ824 increased HSP90 acetylation levels, which led to
decreased HSP90-ATP binding resulting in reduced association of HSP90 with its clients Ber-Abl and
c-Raf-1. Such a change in the interaction led to improper chaperoning of clients, a decrease of their

levels in cells, and eventually proteasomal degradation (Nimmanapalli et al. 2003).

Murphy and colleagues went one step further and knocked down specifically HDACS6,
assuming that HDAC6 may be directly targeting HSP90, and studied the effects on cells. They found
that HDAC6 knockdown leads to HSP90 hyperacetylation, consistent with previous research, and
causes reduced HSP90 binding to ATP, as well as to co-chaperone p23. The authors of the study
suggested simultaneous binding of co-chaperone p23 to HSP90 when it assumes its ATP-bound
conformation. If HSP90 is not able to bind ATP, then the HSP90-p23 complex cannot get stabilized.
An unstable HSP90-p23 complex is unable to form a stable complex with the client glucocorticoid
receptor (GR), which leads to GR malfunctioning ligand binding, nuclear translocation, and gene

activation (Murphy et al. 2005).

Another study confirmed HDAC6 to be an HSP90 deacetylase. The study proceeded from
the previous finding that treatment with hydroxamic acid analog HDAC inhibitors (HA-HDIs), such
as LAQ824 and LBHS589, lead to HSP90 hyperacetylation, decreased HSP90-ATP binding and
impaired HSP90 chaperone function, which altogether causes polyubiquitination and degradation of
pro-growth and pro-survival HSP90 client proteins in cancer cells: Ber-Abl, FLT-3, c-Raf, and AKT
(Nimmanapalli et al., 2003; Fuino et al., 2003; Bali et al., 2004). In the current study, HDAC6 was co-
immunoprecipitated via HSP90 which proved that a specific interaction between HDAC6 and HSP90
exists. The consequences of HDAC6 knockdown were studied further: the data confirmed that HSP90
revealed significantly reduced ATP binding and impaired association with clients, which led to their
degradation. On the other hand, when HDAC6 was overexpressed in cells, previously impaired
HSP90 returned to normal function, and client (Bcr-Abl, AKT, and c-Raf) depletion ceased. When
other HDACs were inhibited except HDAC6, no hyperacetylation of HSP90 occurred. Described
relationships presented good evidence in support of HDACG6 being the HSP90 deacetylase (Bali et al.
2005). The findings were confirmed by other studies that proved HDACG6 to regulate HSP90 through
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deacetylation. It was shown that HDACG6 inactivation or knockdown causes HSP90 hyperacetylation,
its inability to bind p23, and loss of chaperone activity, leading to defective clients, such as GR.
Furthermore, the HSP90 functionality was rescued by adding purified HSP90 from cells with
functional HDAC6 (Kovacs et al. 2005).

Fiskus and others treated cells with HA-HDIs and discovered that HSP90 hyperacetylation
(following the HDACS6 inhibition) further affects its binding to another client, estrogen receptor o
(ERa), which causes ERa increased polyubiquitination and eventual depletion. Levels of other HSP90
clients, such as p-Akt and phospho-extracellular signal-regulated kinase 1/2 (ERK), were also found
to be decreased (Fiskus et al. 2007). HDAC6 function in vivo was investigated in mice, and the results
were similar to the results from human cells: depletion of HDAC6 caused hyperacetylation of HSP90,
resulting in its malfunction, which led to defective GR activation and malfunctioning translocation of
GR to the nucleus (Zhang et al. 2008). One of the recent studies confirmed anew that HDACi-induced
HSP90 hyperacetylation results in disrupted HSP90-GR interaction, which leads to ubiquitin-
proteasome-mediated GR degradation after prolonged exposure to the inhibitor (Zhu et al. 2020).

Another nuclear receptor affected by HDAC6-HSP90 interaction is the androgen receptor
(AR), which was already mentioned concerning acetylation sites. HSP90 binds AR and maintains it in
a high-affinity ligand-binding conformation, while also influencing its nuclear localization. It seems
that HDAC6 regulates AR sensitivity to androgens via the deacetylation of HSP90 in the same manner
as it was described for GR. Following HDAC6 inhibition or knockdown, the ability of AR to bind its
ligand is compromised and its localization to the nucleus is significantly reduced (Ai et al, 2009).
Mineralocorticoid receptor (MR) is another steroid nuclear receptor with a high affinity for
aldosterone and cortisol. Similar to GR and AR, HSP90 interacts with MR to keep it in the ligand-
binding form and regulate its nuclear localization. However, in this case, HDAC6 inhibition does not
affect MR expression levels, furthermore, it enhances ligand-dependent nuclear localization, contrary
to reducing the effect in the case of AR. In particular, these changes are induced by increased
acetylation of a particular HSP90 residue, K295, and reversed by co-expression of non-acetylatable
lysine-mimicking mutant K295R, suggesting that K295 acetylation directly regulates MR localization

(Jimenez-Canino et al, 2016).

The list of HSP90 clients depleted due to malfunctional HDAC6 extends beyond nuclear
receptors. For example, vascular endothelial growth factor receptors (VEGFRs) are important for
tumor growth and the formation of new blood vessels. The group of Park treated cancer cells with
HDIs (SAHA and LAQ824), resulting in reduced expression and decreased binding of VEGFR-1 and
VEGFR-2 to HSP90. At the same time, increased binding of VEGFR-1/2 to HSP70 led to their
proteasomal degradation. Furthermore, the complete knockdown of HDACG6 led to the depletion of
VEGFR-1 and VEGFR-2. Interestingly, the deletion of another deacetylase, HDACI10, revealed the
same result. Authors suggested that HDAC6 and HDAC10 may both regulate HSP90 (Park et al,
2008).
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Another example of a client is represented by hypoxia-inducible factor-1o (HIF-1a) which is
an oxygen-dependent major transcription factor playing an important regulatory role in many cellular
processes. HIF-1a is stabilized by HSP90/HSP70 complex. Overexpression of HSP90/HSP70 was
found to increase HIF-la stability, while expression of defective HDAC6 (with impaired
deacetylation function) or its complete absence led to HIF-1a degradation (Zhang et al, 2010).

Other putative deacetylases

Interesting evidence suggests that HDAC6 may not be the only deacetylase capable of
deacetylating HSP90. The study describing the effects of HDACi or HDAC knockdown on DNA
methyltransferase 1 (DNMT1) in the nucleus of human breast cancer cells showed that knockdown
(KD) of HDACH6 has no effect on DNMTT1 in the nucleus, while HDAC1 KD causes a decrease in
DNMT]1 expression. Furthermore, HDAC1 KD was shown to lead to HSP90 hyperacetylation in the
nucleus. Inhibition of HDACI1 also caused HSP90 hyperacetylation in the nucleus, which in turn
caused DNMT1 proteasomal degradation. Interestingly, HDAC6 inhibition did not reveal an effect on
HSP90 acetylation in the nucleus in contrast to the cytoplasm (Zhou et al, 2008). Another study
determined the regulatory relationship between the HDACs and a TAp73 protein, one of the forms
produced by the p73 gene (a member of the p53 tumor suppressor family). Deletion of HDAC1 was
followed by a significant decrease in TAp73 expression in both normal and DNA damage-induced
states. Moreover, the half-life of TAp73 was reduced by 24% and 37% in normal and DNA-damage
conditions, respectively. Interestingly, HDAC1 KD also led to HSP90 hyperacetylation. In addition to
that, when HSP90 was inhibited by 17-AAG, it also caused a decrease in TAp73 expression, and
concomitant KD of HDACI did not have an additive effect on the down-regulation of TAp73. HSP90
was suggested to chaperone and stabilize TAp73. Furthermore, HSP90 was found to associate with
TAp73 in vitro and this association was weakened by HDAC1 KD. In summary, HDAC1 probably
regulates TAp73 through HSP90 acetylation, which leads to TAp73 proteasomal degradation (Zhang
et al, 2013).

The interplay between nuclear HSP90 and another deacetylase HDAC3 was examined in
human breast cancer cells. HDAC3 was found to interact with HSP90 in the nucleus, moreover, the
inhibition of HDAC3 was followed by the rise of nuclear HSP90 acetylation levels. Interestingly,
HSP90 inhibition by 17-AAG caused a drop in nuclear HDAC3 levels, suggesting that HDAC3 could
be a client of HSP90 (Kotwal and Subbarao, 2020).

Another candidate for HSP90 deacetylase is NAD+-dependent deacetylase SIRT2, which
operates in the cytoplasm. SIRT2 was found to decrease HSP90 acetylation levels, even in cells
specifically treated with Trichostatin A (TSA), a potent HDAC6 inhibitor. Meanwhile, the knockdown
of SIRT2 caused a substantial increase in HSP90 acetylation; SIRT2 inhibition increased HSP90
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acetylation as well. Expression of the SIRT2 mutant, which was unable to deacetylate, at least did not
decrease HSP90 acetylation levels (Min et al, 2018). SIRT2 was also shown to regulate HSP90-GR
interaction. When SIRT2 was overexpressed, the HSP90-GR association weakened, and GR was
translocated into the nucleus. Conversely, when SIRT2 was knocked down, HSP90 acetylation levels
increased, the HSP90-GR association strengthened, and GR was retained in the cytoplasm (Sun et at,
2020).

HSP90 Inhibitors and their use in disease treatment

Considering the importance of HSP90 for a large number of cellular processes, and its role
in chaperoning many clients involved in signal transduction, transcriptional regulation, cell cycle
regulation, and generally in cell survival, proliferation, and apoptosis, it is not surprising that HSP90
has attracted the attention of biomedical researchers. A lot of the clients are known oncogenes, for
example, kinases ErbB2/Her2, v-Src, Ber-Abl, Raf-1, Cdk4, etc. Another big portion of clients
involves steroid hormone receptors, e.g. estrogen, androgen, glucocorticoid, and progesterone
receptors. Dysregulation of them may easily lead to the development of cancerous phenotype.
Interestingly, HSP90 expression is significantly enhanced in cancer cells in comparison to normal
cells (Ferrarini et al, 1992), and HSP90 inhibitors tend to concentrate in cancer cells (Kamal et al,
2003). These facts make HSP90 a convenient target for anti-cancer treatment. Moreover, HSP90 binds
ATP in a rather atypical way: the base and the sugar are buried in the pocket, while phosphates are
exposed to solvent, and y-phosphate submerges in the pocket only after the conformational changes
caused by the interaction of MD and NTD. In addition, the ATP itself is bound in a compact
conformation, as opposed to the usual extended conformation, that many other ATPases bind. This
special binding was employed by a bacterium Streptomyces hygroscopius, that survives via the
production of an antibiotic Geldanamycin (GA). GA competes with ATP for the ATP-binding site in
the NTD of HSP90, and it has a 100-fold higher affinity than ATP. By binding to the ATP-binding
pocket, Geldanamycin stabilizes HSP90 closed conformation and halts the progression of the
conformational cycle, bringing on the degradation of HSP90 clients (Prodromou et al, 1997; Stebbins
et al, 1997; Obermann et al, 1998). Unfortunately, Geldanamycin in its original form could not be
used as a drug in cancer treatment, because it is poorly water-soluble and highly hepatotoxic
(Neckers, 2006). Advanced derivatives, e.g. 17-AAG and 17-DMAG, are more potent, while being
well-soluble in water and less toxic (Schulte and Neckers, 1998; Jez et al, 2003).

Radicicol (RDC) is another natural inhibitor isolated from Monosporium bonorden (Ki et al,
2000). Its mechanism of inhibition is similar to that of Geldanamycin. It competitively binds to the
ATP-binding pocket in NTD with even higher affinity than GA and prevents HSP90 from forming
complexes with clients (Roe et al, 1999; Sharma et al, 1998; Schulte et al, 1998). Radicicol was not

effective as an anticancer agent, since in vivo it is metabolized into a compound with almost no
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affinity for HSP90, but its oxime derivatives show significantly higher efficiency (Soga et al, 1999;
Shiotsu et al, 2000; Agatsuma et al, 2002).

Interesting results were achieved when a chimeric HSP90 inhibitor Radamide was created
based on GA’s quinone component and RDC’s resorcinol ring: the HSP90 inhibition and client
depletion was more potent as a result of Radamide treatment than that of GA in vivo and RDC in vitro,
individually (Clevenger and Blagg, 2004; Wang et at, 2006; Hadden and Blagg, 2009).

The function of all these three inhibitors and their derivatives is based on the inhibition of
ATP binding to HSP90 NTD, which stops the ATPase cycle, and thus the clients cannot get
chaperoned and activated. There are other ways to inhibit HSP90. One of them is the disruption of co-
chaperone binding to HSP90 by blocking CTD. Novobiocin, an aminocoumarin antibiotic isolated
from a bacterium Streptomyces niveus (Heide, 2009), binds to CTD and causes the dimers to split up,
which forces the client to be released, as well as blocks HSP70 and p23 co-chaperones binding, and
subsequently leads to the degradation of clients (Marcu et al, 2000a; Garnier et al, 2002; Allan et al,
2006). Novobiocin demonstrated a weak binding to HSP90 and a very poor inhibitory activity
compared to NTD-binding inhibitors, but derivatives developed later showed a 1000-fold higher
potency (Yu et al, 2005; Burlison and Blagg, 2006; Burlison et al, 2008; Radanyi et al, 2008).

Epigallocatechin-3-gallate (EGCG) is a well-known inhibitor that binds to CTD and
prevents CTD dimerization, disrupts HSP90 interaction with co-chaperones HSP70 and p23, and
induces degradation of clients Akt, Cdk4, Raf-1, Her2, pERK and aryl hydrocarbon receptor (AhR)
(Palermo et al, 2005; Ann Beltz et al, 2006; Yin et al, 2009; Li et al, 2009). It demonstrates anti-
proliferative effects in pancreatic cancer cells and otherwise shows great anticancer activity (Khan et

al, 2006; Tran et al, 2010).

It was mentioned previously that HSP90 emerges as a convenient target for antitumor
therapies, but it is also a very desirable target because its clients participate in the manifestation of and
are important for all six hallmarks of cancer, according to Hanahan and Weinberg: “Self-sufficiency in
growth signals, insensitivity to growth-inhibitory signals, evasion of programmed cell death
(apoptosis), limitless replicative potential, sustained angiogenesis, and tissue invasion and metastasis”
(Hanahan and Weinberg, 2000). Therefore, disabling HSP90 could render useless many proteins
mediating the hallmarks of cancer, particularly signaling pathways, at once (Zhang and Burrows,
2004; Neckers, 2007; Eustace et al, 2004).

HSP90 inhibition can be utilized also in neurodegenerative diseases. It is hypothesized that
misfolded proteins, accumulating in plaques, result in the development of several diseases: such as
Alzheimer’s (AD), Parkinson’s (PD), Huntington’s, and prion diseases (Luheshi and Dobson, 2009).
HSP90 along with other chaperones is playing a key role in refolding and solubilization of
aggregating proteins. Experiments show that increased levels of HSP9O0 result in higher solubilization
of tau protein (microtubule-associated protein in the CNS, its hyperphosphorylation leads to
aggregation of neurofibrillary tangles, and AD or PD pathogenesis) and its binding to microtubules, as
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well as its lower phosphorylation (Alonso et al, 2001; Dou et al, 2003; Dickey et al, 2005). Now,
inhibition of HSP90 significantly decreased levels of tau via proteasomal degradation, possibly
because the HSP90 client, tau kinase p35, was unstable (Luo et al, 2007). The same effect was found
in the case of other clients, for example, tau kinases GSK3p (Glycogen synthase kinase-3 ) or Akt
(Dou et al, 2007; Dickey et al, 2008).

In summary, HSP90 is an attractive target for drug development because it plays an
important role in the maintenance of proteins essential to the six hallmarks of cancer, and its
inhibition can lead to the destabilization and subsequent degradation of those proteins. It also allows
for significant selectivity for cancers due to its enhanced expression in cancerous tissues. HSP90
inhibitors accumulate in cancer tissues, allowing for lower toxicity for the patient’s healthy tissue.
Geldanamycin, radicicol, and Novobiocin are among the natural inhibitors of HSP90; derivatives of
those molecules, such as 17-AAG, 17-DMAG, and Radamide, have also been developed. Although
HSP90 as a drug target gives high hope for helping to battle cancer and neurodegenerative diseases, it
cannot stand as a sole target. To date, only two HSP90 inhibitors were approved due to the frequent
significant adverse effects of many studied drugs (Garnock-Jones, 2015; Seo, 2015). HSP90 is
capable, however, of lowering the drug resistance of cancers and infectious diseases, and that allows

cooperation with other drugs resulting in efficient treatment.

Conclusions

HSP90, originally discovered as a stress-response protein, plays a crucial role in various
cellular functions, including immune response, protein folding, DNA repair, and signal transduction.
Its clients include steroid hormone receptors, tyrosine and serine/threonine kinases, HSF1, p53,
cytoskeleton proteins, and telomerase. HSP90 consists of three main domains and is tightly regulated
through transcriptional control, ATP binding, post-translational modifications (PTMs), and co-
chaperone binding. Acetylation is a significant PTM, with p300 identified as a putative
acetyltransferase for HSP90 and HDAC6 as the primary deacetylase.

Given its numerous clients involved in the pathogenesis of cancer, neurodegenerative
diseases, and other disorders, HSP90 is a promising target for drug discovery and development.
Natural HSP90 inhibitors, such as geldanamycin and radicicol, have led to the development of more
potent derivatives like 17-AAG and 17-DMAG. HSP90 inhibitors can be employed not only as
antitumor agents but also to reduce drug resistance in cancers when combined with established drugs.

The proper functioning of HSP90 and its tight regulation are essential for the maintenance of cellular

physiology.
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