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and participation in cardio-vascular pathologies
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The review is devoted to the analysis of structural and functional properties of molecular chaperon Hsp90.
Hsp90 is a representative of highly widespread family of heat shock proteins. The protein is found in
eubacteria and all branches of eukarya, but it is appa- rently absent in archaea. It is one of key regulators of
numerous signalling pathways, cell growth and development, apoptosis, induction of autoimmunity, and
progression of heart failure. The full functional activity of Hsp90 shows up in a complex with other
molecular chaperones and co-chaperones. Molecular interactions between chaperones, different signalling
proteins and protein- partners are highly crucial for the normal functioning of signalling pathways and
their destruction causes an alteration in the cell physiology up to its death.
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Introduction. When various physical and chemical
factors affect the cells, their most frequent target are
proteins; they damage the proteins structure and
change their functions. In order to cope with protein
damage the cells should activate a mechanism of spe-
cific defence. The investigation on the processes of
cell functioning and folding of proteins in vivo re-
vealed a series of cell components, involved either in
the catalysis of protein folding or in the regulation of
distribution of newly synthesized proteins among al-
ternative pathways of folding and aggregation [1].
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Ellis [2] formulated an assumption that though protein
folding is a spontaneous process there are critical
stages, at which the participation of cell factors may
be crucial. The role of these factors, called molecular
chaperones, consists in providing optimal conditions
for the process of protein folding via removal of “hin-
drances” or “inadequate contacts”, which results in
prevention of non-specific aggregation of proteins,
synthesized anew, and providing a transport of these
proteins to those intracellular compartments, where
they are usually localized and function. The fact that
chaperones act as traffic controllers is also supple-
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mented by their participation in penetration of pro-
teins through membranes.

Chaperones are a part of a large family of heat
shock proteins (hsp), the synthesis of which in the cell
is considerably increased in response to heat shock or
other kinds of cell stress. At the same time most pro-
teins of this family are synthesized rather intensively
even at normal conditions [1].

Molecular chaperon Hsp90 belongs to a widely
spread family of heat shock proteins; they were found
in eubacteria and all branches of eukarya, but they are
apparently absent in archaea [3]. Hsp90 is one of mo-
lecular chaperones, which is abundantly present in the
cell at normal conditions. Bacterial chaperone is
known as HtpG. A human cell contains four isoforms
of chaperones: cytoplasmic form Hsp90f, synthe-
sized constitutively in the cells, and inducible form —
Hsp90a; Hsp90 analogue — GRP94, the expression of
which is regulated by glucose — was found in
endoplasmic  reticulum,; and  mitochondrial
TRAP1/hsp75 [3]. Forms Hsp90a and B are 85%
identical in their amino acid content which may be ex-
plained by duplication of genes more than 300 million
years ago. There is a high homology among Hsp90 of
lower eukaryotes, humans, and prokaryotes: the iden-
tity of Hsp82 of yeast to human Hsp90a and HtpG is
60% and 34%, respectively [4].

Hsp90 structure. The crystal structure of a
full-length protein Hsp90 was described about 10
years ago [4]. At the same time qualitative crystals of
a full-sized protein Hsp90, suitable for X-ray struc-
tural analysis, are yet to be studied, there are crystals
of specific domains. Hsp90 protein is a dimer of two
identical subunits. Each monomer has three independ-
ent domains: from highly conservative = 25 kDa
N-terminal domain; ~ 40 kDa M-domain, and ~ 12
kDa C-terminal domain [5] (Fig. 1). N-terminal do-
main is connected to M- and C-region via so called
charged linker which is variable by both its content
and length in different types and isoforms of the pro-
tein. The charged linker is not essential for Hsp90
function and is entirely absent in Hsp75/TRAP1 and
HtpG [6].

N-terminal domain. The firs significant progress
in the study on Hsp90 structure was the determination
of N-terminal domain by limited proteolysis [5]. The

investigation of the domain crystal structure of human
and yeast Hsp90 revealed that it has a two-layer
af-sandwich structure [7] with a densely folded
anti-parallel P-layer, consisting of eight stripes,
closed by nine a-coils on one side. There is a deep
pocket, formed by ATP/ADP-binding site, in the cen-
tre of a-coil part. This pocket in N-domain of human
Hsp90 was revealed to be an obligatory site of binding
geldanamycin (GA) which prevents Hsp9 forming
complexes with protein kinase and steroid hormone
receptors [8]. The true function of N-domain and its
pocket became evident only by the comparison of
amino acid sequence of Hsp90 and two ATP-depend-
ent proteins — topoisomerase II (DNA gyrase B,
GyrB) and protein MutL. Conservative amino acid
residues, involved in ATP binding and its hydrolysis,
were defined [9]. The identification of key residues in
N-terminal structure of Hsp90 by the method of muta-
genesis revealed that N-terminal domain contains
ATP-binding site (Fig. 2, a) [5, 6]. Subsequently,
crystal structures have been determined for N-termi-
nal domains of the mammalian endoplasmic reticulum
Hsp90 isoform GRP94 [10] and HtpG for Escherichia
coli [11].

M-domain. After the structural analysis of N-ter-
minal domain of human and yeast Hsp90, the crystal
structure of proteolytically resistant, so called middle
segment — M-domain of yeast was investigated [12].
Its structure consists of a large apa-sandwich fixed to
N-terminal site of the protein, and a small afo-sand-
wich, bound to C-terminal domain of Hsp90.
ofa-sandwiches are connected to each other via a
solid ring of a-coil (Fig. 2, b). A bigger afa-sand-
wich has a fold (curve) similar to the equivalent re-
gion of GyrB and protein MutL, although there is a
considerable difference in the region involved in the
interaction of MutL and GyrB with DNA. A smaller
ofoa-domain is unique, though it has architectural
similarity to the bigger, classic afo-domain. The
analogy between MutL and GyrB was studied using
site-specific mutagenesis [9].

It was revealed that the middle segment contains a
major site of interaction with “client” proteins. This is
a small conservative hydrophobic site with a Trp,,, as
the centre and an unusual amphipatic protuberance,
formed by amino acid residues 327-340. The central
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B-sheet of afa-domain contains a lysin, interacting
with y-phosphate of ATP, bound to N-domain Hsp90
[5]. The method of site-specific mutagenesis also re-
vealed conservative Arg,,, which is important for
ATP-activity of Hsp90 of yeast both in vitro and in
vivo. M-domain of Hsp90 is also a factor, responsible
for differentiation between different types of client
proteins [5].

C-terminal domain. The crystal structure of
C-terminal domain of Hsp90 homologue, isolated
from E. coli — HtpG , was firstly analyzed (Fig. 2, ¢)
[13]. C-terminal domain is essential for chaperon
dimerization. C-domain of HtpG is a dimer, consist-
ing of small af-domains. The comparison of primary
and secondary structures of C-terminal domains of
Hsp90 of prokaryotes and eukaryotes revealed that the
most characteristic feature of C-domain of HtpG is the
absence of more than 35 amino acid residues in the
terminal segment, namely — in MEEVD-motive, in-
volved in binding with TPR-domain (tetratricopeptide
repeat domain) [14]. Nevertheless, the general struc-
ture of C-domain of Hsp90 of both eukaryotes and
bacteria is very similar and as the crystal structure for
eukaryotic Hsp90 is currently absent, the bacterial
structure of HtpG may serve as an example of a good
working model. Taking the above mentioned into con-
sideration, we may conclude that the complete struc-
ture of molecular chaperone Hsp90 is known in gen-
eral, however only on the basis of its separate do-
mains. There is one more site, the structure of which
has not been studied yet. It is the site, located between
N- and M-domains (Fig. 1, ), which is notable for
weak conservatism. Both bacterial HtpG and mito-
chondrial protein do not have this site. Its size is in the
range of 30—70 amino acid residues in different types
of Hsp90 and isoforms. The experiments in vitro [15]
and in vivo [16] proved that this segment is not crucial
for Hsp90 functioning.

Conformational changes and ATP-binding.
The inhibition of Hsp90 by GA is known to induce its
degradation within proteasome. As the chaperone ac-
tivity of Hsp90 is determined by the balance of ATP
and ADP and the presence of protein-assistants [9],
there is a question how its ATPase activity influences
the interaction with client proteins. This interaction
was considered by the authors of [15] to be
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conformational change in the structure of Hsp90 — the
transition from the open form into the closed one. The
electron microscopy demonstrated that while interact-
ing with ATP N-terminal domain causes
conformational changes in C-domain: the formation
of a dimer structure in which monomers are oriented
anti-parallelly to each other in the absence of ATP and
the formation of a ring structure in the presence of
ATP. At the same time the method of X-ray structural
analysis of a full-sized HtpG molecule [14] demon-
strated the presence of a V-shaped structure, forming
dimers, which is notable for parallel location of mono-
mers. The difference in conformations shown by elec-
tron microscopy of the crystal structure may reflect
considerable flexibility of Hsp90 molecule in the ab-
sence of ATP-binding. It is doubtful whether this
chaperone molecule has the only fixed conformation.
The association of N-terminal domains was demon-
strated by several methods for Hsp90 from yeast,
chicken, and other eukaryotes. The model of
conformational transitions of Hsp90 from the open
form into the closed one in the process of ATP binding
testifies to the fact that the formation of a dimer is nec-
essary for the hydrolysis of ATP, and two halves of
Hsp90 cooperate with each other to achieve dimer
conformation, capable of hydrolysing ATP [17]. The
stages of achieving this conformation are a complex
structural process, in which several areas of Hsp90 are
subject to interdependent related transpositions, re-
quired for any of two active sites in the dimer to be
catalytically active.

These data are in good agreement with the results
of kinetic analysis of Hsp90 of humans, which did not
reveal the cooperation in classic sense between
protomers in Hsp90 dimers at ATP hydrolysis [18].
The notion of “functionally related ATP cycle” is the
definition of the process, in which ATP binding stabi-
lizes so called “tense” conformational and functional
state of Hsp90, dependent on the presence of y-phos-
phate of ATP, and the subsequent hydrolysis to ADP
destabilizes the conformation and allows Hsp90
dimer to relax [5]. The generally accepted model of
the ATP-cycle is similar to that of dimers GyrB and
MutL, in which N-terminal domains are located very
close to each other, and each of them is packed tightly
in the direction towards the middle segment of the
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same chain. In ATP-bound state DNA-gyrase B forms
so called molecular clamp, which is supposed to close
around the DNA chain, and during ATP hydrolysis it
releases DNA after its supercoiling [19, 20]. The pep-
tide binds to the Hsp90 ATP-binding centre in a simi-
lar way: it moves inside the chaperone and releases at
the moment of ATP hydrolysis [5].

Point mutations in Hsp90, slowing down ATP hy-
drolysis but not influencing ATP-binding, also de-
crease the efficiency of ATP-dependent complex [21].
This raises the question: how is the substrate protein
kept in the ATP-centre? Although a space encircled
by the Hsp90 dimer is probably too small for an entire
protein substrate, a sizable domain could be accom-
modated. There is also assumption that Hsp90 does
not enclose its substrate but rather that a sub-
strate-binding face is optimally exposed by Hsp90 in
the ATP clamp state.

Recent investigations have proved the obligatory
presence of one more nucleotide-binding site at C-ter-
minal domain of Hsp90 [22]. The deletion of 20 amino
acid residues in C-terminal domain (660—680) de-
stroys binding of both ATP and novobiocin. C-do-
main nucleotide-binding site may get activated either
when N-terminal site is occupied by a nucleotide or is
inactivated, and also when N-site is deleted. On the
other hand, the binding of antibiotic novomicin to
C-site blocks binding of ATP on N-site as well. There-
fore, these two sites, required for ATP binding, work
in good coordination, which is important for regula-
tion of Hsp90 conformational state. A role of this ad-
ditional site is not yet clear, but its inhibition by
novoboicin and cis-platinum is interesting for further
investigations of its function [22].

Hsp90 functions. Hsp90 functions in vivo as the
main component of the majority of multi-protein com-
plexes; along with other factors it is one of the key
regulators of numerous signaling pathways, it partici-
pates in protein degradation and performs also addi-
tional functions of control, rotation, and transfer of
various proteins and substrates [5].

Nuclear export. Many signal responses of a cell
are the reason of changes in localization of signaling
proteins or protein kinases which move and then acti-
vate transcription factors, located in the nucleus.
There is very little data on the movement of molecules

inside the nucleus. Protein mobility inside the nucleus
may be diffusely limited, but it might be attributed to a
specific fraction of resident nuclear proteins only. As
the functions of nuclear proteins are often limited by
specific subnucleus compartments, the system of their
mobility should be facilitated by a purposeful deliv-
ery. Hsp90 regulates the activity of over 100 proteins,
involved in the cell signal transduction [23]. These are
so called “client” proteins of Hsp90. The cell signal
transduction also involves a multi-protein complex
Hsp90/Hsp70, forming heterocomplexes of “client”
proteins and Hsp90 in the cytoplasm and nucleus.

In case of signaling proteins, acting as transcrip-
tion factors, the complexes of “client” proteins and
Hsp90 also contain one or several TPR-domains of
immunophilins or their homologues and bind to
TPR-domains on Hsp90. Dynamic assembly of
heterocomplexes and Hsp90 is required for fast move-
ment through the cytoplasm to the nucleus along
microtubular tracks. In this system the role of
immunophilins consists in connecting the “client”
protein/Hsp90 complex to the cytoplasmic dynein — a
motor protein, providing the movement towards the
nucleus. Facilitated diffusion allows the movement of
receptor/Hsp90/immunophilin complexes into the nu-
cleus through the nuclear pore complex (NPC). Then
non-bound receptors spread in the nucleus, reaching
the discrete nuclear centres to bind with chromatin.
Active assembly of the heterocomplex with Hsp90 is
required for the movement to the nuclear centre and
for the active exchange of transcription factors be-
tween chromatin and nucleoplasma.

Export of 60S ribosomal subunit. Transition of
large substrates through NPC requires significant
conformational changes in both NPC and a substrate.
Hsp90 supports these structural changes [24].

It was revealed that nuclear export is preferred to
nuclear import at the conditions of cellular hypertro-
phy. In hypertrophied cells, for instance, in
cardiomyocytes, the amount of mRNA, delivered to
the cytoplasm for protein synthesis, is considerably
increased [25], the protein synthesis is enhanced,
which should result in the intensified synthesis of ri-
bosomes. It is noteworthy that cardiotrophin-1
(CT-1), which is a factor, promoting the stimulation
of cardiomyocyte hypertrophy (it makes the cell grow
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rather than differentiate), stimulates the synthesis of
Hsp70 and Hsp90 as well. The enhanced synthesis of
Hsp90 in hypertrophied cells seems to allow them to
support the free nuclear export of large substrates
[26]. The following model is suggested for the nuclear
export of 60S ribosomal subunits. The transition of
60S ribosomal subunit through NPC requires the max-
imal dilation of their pores, facilitated by Hsp90 due
to its chaperone function. Then Hsp90 facilitates the
transition of 60S ribosomal subunit from NPC to
cytoskeleton, “leading” the ribosomal subunit
through the cell via so called transport cytoskeleton
route to its final destination place. It was demon-
strated earlier that Hsp90 promotes the formation of
ribosomal crystals inside the nucleus [28], and the
transition of 60S ribosomal subunit through NPC
takes place with the mediation of Hsp90. The latter
helps the substrate “to dissolve” in the hydrophobic
environment of NPC. Taking into consideration a
huge size of 60S ribosomal subunits, their transport is
a more complicated mechanism, involving more fac-
tors and various interactions between 60S ribosomal
subunits and NPC than the same processes for such
small substrates as proteins and tRNA.

Hsp90 and signal transduction. Numerous pro-
teins, which are transduction signals in a cell, are main
substrates of Hsp90. These proteins depend on Hsp90,
which keeps them in active conformation. Disorders
in Hsp90 functions due to mutations or treatment with
such inhibitors as ansamycins cause numerous
changes in the cellular cycle, which correspond to the
contribution of Hsp90 into the signaling pathways of
the cell. For instance, point mutation in Hsp90 during
the regulation of cell division results in the change in
many stages of mitotic signaling cascade, the
centrosomal cycle in the course of mitosis [28]. In
vivo experiments revealed the significance of Hsp90
for the functioning of steroid hormone receptors [29],
some tyrosine and serine/threonine kinases, such as
pp60/v-src, Wee-1, Cdk4, Raf, and Akt [30] as well as
some proteins — synthase of nitrogen oxide and
calcineurin [31]. These are large and multi-domain
proteins, the functioning of which requires stabilizing
relations with other factors, such as ligands for steroid
hormone receptors or cyclins for cyclin-dependent
kinases. As signaling proteins, having numerous regu-
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latory functions, are often under the impact of
conformational changes, their interaction with Hsp90
may be the result of structural changes in these pro-
teins, which facilitate their recognition by Hsp90.

Hsp90-dependent signaling pathway of steroid
hormone receptors is characterized the most [30]. A
glucocorticoid receptor monomer (GR) and a
progesteron receptor are loaded on Hsp90 via
Hsp70/Hor-dependent mechanism, bind to Hsp90 and
achieve their hormone-binding conformation. As
soon as the folded monomeric receptor is free from the
chaperone, it binds to a corresponding steroid hor-
mone immediately, forming a dimer and activating it.
A dimer becomes non-stable and is recognized by a
chaperone again.

The progesteron receptor and GR are used for the
reconstruction of typical multi-chaperone complexes
with purified Hsp90, Hsc70, Hop, and p23 of mam-
mals [32]. Hsp90/Hop/Hsp70/Hsp40 complex was
called a foldosome. A foldosome converts GR from
the folded state, in which a steroid-binding site is
closed and thus is not capable of interacting with the
steroid, into the open state, accessible for the steroid
[33]. While forming a foldosome Hop binds to Hsp90
and Hsp70 via TPR-domains. Hop binds a dimer
Hsp90 molecule, and chaperone Hsp40 is a
co-chaperone of Hsp70, which is also present in the
tetracomplex and executes ATP/Mg”'- and K'-de-
pendent opening of steroid-binding site. While the
steroid-binding site is open, Hsp90 converts into
ATP-bound conformation, dynamically stabilized by
p23 protein, which results in releasing Hop from
Hsp90. The complex formed is assembled in such a
way that several changes in it are occurring in dy-
namic fashion. Immunophilins are also connected to
Hsp90 via TPR-domains, and when Hop leaves the
complex, the immunophilin may bind a single
TPR-acceptor site on the receptor-binding Hsp90
dimer. Some Hsp70 proteins may also form an inter-
mediate complex.

Although the function of Hsp90, determined by
ATP hydrolysis in the course of steroid hormone re-
ceptor maturation, was demonstrated, it is doubtful in
case of in vitro conditions. There is an assumption re-
garding v-src and other kinases that Hsp90 stabilizes
unprotected catalytic domains prior to assembling the
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kinase into the final signaling complex. This mecha-
nism is conceptually related to the steroid receptor
pathway. The variant of the signaling pathway of
ecdysone steroid receptor (EcR —receptor of family of
heterodimeric retinoid X) was described for
Drosophila. Along with the protein partner USP, the
isolated receptor is ready to bind to EcR rather than to
DNA, and Hsp90 converts a hormone-bound receptor
into the active DNA-binding state [34].

There is one more mechanism of interaction,
which allows human Hsp90 regulate its own expres-
sion by means of isolation of monomeric inactive
form of HSF1 (heat shock transcription factor) at
non-stress conditions [35], when disorderly placed
proteins, formed as a result of stressful condition, may
compete with HSF1 for binding to Hsp90, thus releas-
ing the transcription factor for trimerization and initi-
ation of heat shock response.

GR is an exellent model for the study on nu-
cleus-cytoplasmic transfer of the transcription factor
from the cytoplasm to the nucleus, as it is usually lo-
cated in the cytoplasm of cells, free from the hormone,
and its fast transition to the nucleus is hormone-de-
pendent. It was revealed that GRs were constantly
moving between the cytoplasm and the nucleus, thus
they support nucleus accumulation of GR/Hsp90
complex via ligand-dependent transformation [36].
The transition of GR takes place along with Hsp90
movement. The transformation, dependent on the
ligand, converts the receptor from the state of forming
a “stable” complex with Hsp90 into the state when
GR/Hsp90 complex is more active in the cycle of its
accumulation and dissimilation. A more active com-
plex isrequired for fast movement of the receptor. The
model of retrograde transition of GR with the help of
dynein along cytoskeleton tracks was first suggested
in 1993 [37]. Recent years have witnessed a consider-
able improvement of this model. As of date, it is
known that some Hsp90-bound immunophilins are
bound by peptidyl-prolyl-isomerase (PPlase) do-
mains with the cytosplasmatic dynein. The complex
was isolated from the cells and reconstructed in a
cell-free system [38]. The transition of GR and several
other transcription factors from the cytoplasm into the
nucleus is either slowed down or blocked by Hsp90
inhibitors, co-expression of the fragment of

PPlase-domain,  blocking the  binding of
immunophilin to dynein and co-expression of
dynamitin, which causes the dissociation of dynein
and its “load”. Therefore, the obvious proofs were ob-
tained in vivo to support the model of GR transition.

Contrary to the penetration of proteins into mito-
chondria and other organelles, where proteins should
be unfolded to pass, their transition through NPC does
not influence the native state due to a considerable
size of pores enough for rather large multimeric com-
plexes — (1-3)-10° Da [38]. As soon as signaling pro-
teins approach the nucleus membrane, they get into
the pores via facilitated diffusion. Currently the pref-
erence is given to the model of recep-
tor/Hsp90/immunophilin  complex for transfer
through nuclear pores [39]. In fact neither Hsp90 nor
Hsp90-bound immunophilins have their own nuclear
localization signals (NLS). They are present in the nu-
cleus due to their attendant transfer via numerous
NLS-containing “client” proteins.

The interaction of nuclear proteins with soluble
partners or the ones in aggregate state results in a con-
siderable impairment of their mobility [40]. Specific
nuclear compartments often govern the functions of
nuclear proteins. In particular, the authors of [41,42]
demonstrated the transition of proteins from the nu-
cleus along the tracks through the pores, but the nature
of threads (who plays a role of nuclear actin?) and po-
tential moving motor proteins (a role of nuclear myo-
sin?) is yet to be discovered. The ovary cells of Chi-
nese hamster were used to demonstrate that expressed
nuclear GR FKBP52 and hormone-free GR are lo-
cated in the same loci of the nucleus. Similar localiza-
tion is in good agreement with the assumption that
FKBP52 moves to the target along the suggested
“staging areas” inside the nucleus at least.

There are evidences to the fact that GR/Hsp90
complex is necessary for the hormone fixation, that is
also proven by the ability of the receptor to recycle in
the GR/Hsp90 complex inside the nucleus. The same
cycle in the nucleus was demonstrated in DeFranko
laboratory [43]. It was revealed that GR, released
from chromatin, may repeatedly be used n in the pro-
cess of binding the hormone without exit out of the
nucleus. Geldanamycin inhibits repeated use of the
hormone and thus inhibits the release of GR from
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chromatin. It is in agreement with the role of
Hsp90/Hsp70 complex in the termination of transcrip-
tion activity in case of decrease in the level of the free
hormone. /n situ system was used to demonstrate the
displacement of the receptor within the nucleus on the
model of purified Hsp90/Hsp70 complex. After the
dissociation of the hormone [H] GRs are released
from binding sites on chromatin. However, there is
still a question on the time of transformation of GR
dimer into a monomer: does it happen while the recep-
tor is bound to chromatin or when it makes a complex
with Hsp90? The stehiometry of the final
heterocomplex is one GR molecule, bound to Hsp90
dimer [44]. Hop co-chaperone organizes all the
chaperones, participating in this process, into one
complex —  Hsp90/Hop/Hsp70/Hsp40.  When
ATP-binding centre of GR/Hsp90 complex is in ac-
tive conformation, GR returns to its binding state, and
p23 interacts with Hsp90 to stabilize the complex. Nu-
clear GR, used repeatedly in GR-Hsp90-p23 complex,
may interact with the hormone not leaving the nucleus
and then participate in binding again.

p23 component is of important instrument in the in-
vestigation on the role of Hsp90 in the course of tran-
scription complex disassembly and in the study on re-
peated binding of the receptor in the nucleus. /n vitro
experiments demonstrated two mechanisms of p23 ac-
tion [24]. The experiments on GR/Hsp90 assembly
demonstrated that p23 acts as co-chaperone Hsp90 and
interacts with GR/Hsp90 complex as soon as it is
formed, thus stabilizing it. p23 may also act as a
chaperone, inhibiting the aggregation of denaturated
proteins and keeping them in folded state. /n vivo ex-
periments showed the participation of p23 in the stabi-
lization of chaperone complex Hsp90/Hsp70 [44].
There are also numerous evidences to the fact that as a
part of heterocomplex Hsp90 is involved in the process
of transition of transcriptional factors, which are “client”
proteins of Hsp90, along the cytoplasm and nucleus.

Hsp90 and protein degradation. A visit card of
the activity of ansamycin in living cells is the induc-
tion of degradation of substrate proteins by Hsp90
chaperone using ubiquitin-proteasome pathway.
Though historically ansamycins were discovered as
inhibitors of tyrosine kinases, they are currently
known as inhibitors of Hsp90. Ansamycins are capa-
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ble of inhibiting chaperone-mediated folding of
Hsp90 substrates, thus blocking their disassembly
from Hsp90. On the other hand, some substrate pro-
teins are released by ansamycin from the complex
with Hsp90 [45,46].

In what way do Hsp90-bound peptides serve as a
degradation target? TPR co-chaperone CHIP, capable
of recognizing both chaperones (hsp90 and Hsc70),
contains a so called U-domain, which is homologous
to  E4-ubiquitin factors, and may present
chaperone-bound non-placed proteins for
ubiquitination. Therefore, super-expression of CHIP
in cultivated cells results in the increase in
ubiquitination and degradation of GR and
transmembrane regulator of mucoviscidosis of CFTR,
which are the substrates of Hsp90 and Hsc70. CHIP
activity is required for the kinetics of protein folding
and degradation. Due to this activity the substrates in-
teract with Hsp90 longer, for instance as a result of in-
hibiting ATP-centre for their further ubiquitination.
The existence of CHIP allows the assumption that
similarly to protein folding the degradation of pro-
teins is regulated by additional factors [45].

Recent studies demonstrated [47] that Hsp90 is
bound directly to ribosomal protein S3 (rpS3). Due to
the formation of Hsp90/rpS3 complex the ribosomal
protein rpS3 is protected from ubiquitination and
proteasome degradation, which allows it to keep its
function in biogenesis of the ribosome later. Hsp90 in-
hibitors influence the disassembly of rpS3 from
Hsp90, further association of the protein and Hsp70
and the induction of its degradation. It was also re-
vealed that the ribosomal protein S6 (rpS6) interacts
with Hsp90 as well, and chaperone inhibitors have
similar influence on its disassembly from Hsp90 and
further degradation. Therefore, there are grounds for
the assumption that Hsp90 regulates the function of'ri-
bosomes via supporting the stability of 40S ribosomal
proteins, for instance of rpS3 and rpS6.

Cardioprotection and pharmacological prop-
erty of Hsp90. The experiments on the culture of
cardiomyocytes demonstrated that Hsp90 stabilizes
the protein ErbB2 [48,49] which is a vital component
of GPCR-signaling pathway of cardiomyocytes. The
experiments on mice, performed to investigate the in-
fluence of doxorubicin, the inhibitor of cancer cells,
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demonstrated that Hsp90 is responsible for the stabili-
zation of ErbB2 in the heart. The increase in the quan-
tity of ErbB2 in the heart in response to some damage
may be an impulse to the survival of cells. However,
the damage exceeding the threshold level (high con-
centrations of doxorubicin) cannot be prevented by
the activation of ErbB2 or Akt. It is noteworthy that
the increase in the concentration of ErbB2 (along with
further activation of GRCR-signals) takes place prior
to obvious impairments of systolic function of the
heart. Such change in ErbB2 content may be used in
the diagnostics of patients, who receive the treatment
with anti-ErbB2 in the case of breast cancer, and who
have a risk of developing heart symptoms.
Doxorubicin is the inhibitor, enhancing the disassem-
bly of ErbB2 and Hsp90, which results in the degrada-
tion of ErbB2 protein. The treatment of cancer of
suckling gland leads to the increased level of the ex-
pression of Hsp90 and Hsp70 in the heart. Oxidative
damage of the myocardium, induced by the stress, in-
fluences the expression of Hsp90 in vivo. Besides
doxorubicin, cyclosporin A [50] also induces in vivo
expression of Hsp90 in the heart, which is related to
the modulation of endothelial NO-synthase signaling
pathway. It is evident that the search for novel
anticancer treatment should include the estimation of
their possible side effects in vivo, namely, their influ-
ence on the level of Hsp90 in the cell, in particular, in
cardiomyocytes.

The superexpression of Hsp90 in the ischemic
stage of cardiac infarction may protect the cardiac mus-
cle from ischemia-reperfusion dilation due to the stim-
ulation of the NO endothelial pathway [51]. The cul-
ture of endothelial cells was used to demonstrate the as-
sociation of cardio-protective activity of Hsp90 and its
ability to interact with the kinase Akt and
calcineurin-phosphatase as an adapter, promoting both
phosphorilation of Ser,,,, and de-phosphorilation of
Thr,,, eNOS-synthase (endothelial nitric oxide
synthase). Hsp90 is a promising target for increasing
the formation of eNOS in vivo, which may be efficient
in respect of decreasing the level of myocar-
dial/reperfusion injury.

A role of Hsp90 in the regulation of apoptosis is
rather ambiguous and depends on apoptotic stimuli,
usually exposing anti-apoptotic activity. The forma-

tion of Akt-Hsp90 complex in vivo stabilizes the ac-
tivity of Akt kinase and protects the cells from
apoptosis, preventing the dephosphorylation of Akt
[30]. Kinases Raf-1 and MEK participate in such im-
portant cellular processes as proliferation, differentia-
tion, and apoptosis, and are vital participants of
pathogenesis of cardiohypertrophy and cardiac defi-
ciency [52]. Hsp90 was found in the association with
many components and regulators of the Raf-1/MEK
signaling in Hsp90 molecule of Drosophila suppress
the activity of Raf-1 and decrease the affinity between
Hsp90 and Raf-1. Geldanamycin also inhibits the for-
mation of Raf-1/Hsp90 complex and causes the degra-
dation of Raf-1. The activation of Raf-1 kinase pre-
vents the apoptosis of cardiomyocytes [52]. Hsp90
alone or in the complex with Hsp70 binds Apaf-1 and
prevents the formation of Apaf-1 complex with
cytochrome C, thus being a negative regulator of
CytC-mediated apoptosis. Taking the
abovementioned into consideration, one may assume
that Hsp90 takes an active part in preventing the
apoptosis of cardiomyocytes.

The process of formation of new myofibrils occurs
during the entire period of organism development. It
is well known that cardiomyocytes do not divide, but
they are capable of responding to increasing
hemodynamic load, enlarging the weight and capacity
of the contractile apparatus. Such hypertrophy of the
heart may occur both in normal conditions (for in-
stance, in sportsmen with high physical strain) and at
heart diseases of different etiology. In the most com-
plicated forms the growth of heart tissue results in the
decrease in the size of its chambers, decrease in the
volume of pumped out blood and is dangerous for the
life of a patient [54].

It is known that Hsp90 and Hsc70 are bound by
myosin, forming a multimeric complex of myosin
threads. The half-life of this complex is short. It is ac-
cumulated in case of inhibiting Hsp90 with
geldanymicin or due to other reasons, postponing the
assembly of myofibrils. The cardiomyocyte seems to
launch the same mechanism of hypertrophy as in the
case of embryonic period when the synthesis of
myofibrils takes place depending on regulatory pro-
teins. The inhibitions of biosynthesis of these regula-
tory components stops the assembly of myofibrils.
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As it was already mentioned above, the activity of
Hsp90 (similar to other chaperones) is regulated and
modulated via the interaction with adaptor proteins
and co-chaperones, for instance, p23 or recently dis-
covered Sgtl [55] and melusin [56, 57]. It was found
out that Sgt1 is present in various cells and tissues of
mammals, including the skeletal and muscle parts,
and melusin is synthesized only in the skeletal and
heart tissues. The interaction of Sgtl and
Hsp90/Hsp70 is modulated by S100A6 protein via
Ca*’-dependent pathway, which may be a significant
moment in the development of apoptosis, depending
on intracellular concentration of calcium.

Recent studies have shown that melusin is a new
component — co-chaperone of Hsp90, capable of pro-
tecting the citrate synthase (CS) from aggregation,
possibly due to heat shock [58]. It is also noteworthy
that inhibitors of Hsp90 are inductors of chaperons
synthesis, in particular, of Hsp90 itself. The synthesis
of chaperones in the cell is induced by HSF-1. Hsp90
dissociates from HSF-1 at the moment of its activation
due to competing binding of unfolded proteins [59].
The inhibitors of Hsp90 promote the transcription ac-
tivity of HSF-1 due to the destruction of Hsp/HSF-1
complex, as a result HSF-1 releases and translocates
into the nucleus, phosphorylates and binds to HSE,
thus inducing the transcription of genes hsp40, hsp70,
and Asp90. In particular, due to binding of Hsp90 the
inhibitor radicicol activates the transcription of genes
of chaperones in the cells of neonatal cardiomyocytes
of rats.

Therefore, Hsp90 modulates the level of
cardioprotection of cardiomyocytes, thus regulating
the expression of Hsp90 directly via its ability to bind
HSF-1 [60]. In cardiomyocytes the expression of
Hsp90 and cardioprotection are modulated by the
amount of Hsp90. The application of non-toxic deriv-
atives of radicicol may become one of the stages of de-
veloping therapeutic means for the treatment of car-
diovascular diseases.

The introduction of the gene Asp90 into the
myocardium [51] prevents ischemic cardiomyopathy
in pigs and stimulates the synthesis of eNOS by
chaperone Hsp90. It is well-known that NO has a
cardio-protective function, but at the same time the in-
crease in the level of its synthesis results in appear-
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ance of cytotoxic peroxynitrites with superoxide radi-
cals, which damage tissues. Prolonged production of
NO, determined by the accumulation of tumour
growth suppressor p53, results in apoptosis.

Regardless of the fact that superoxide anion also
induces apoptosis, the balance of NO and superoxide
anion results in cross-protective effect and the process
of apoptosis is considerably inhibited [61]. The inves-
tigation of the functions of molecular chaperone
Hsp90, one of which is cardioprotection, and the esti-
mation of possible role of inhibitors of Hsp90 in this
function, makes this protein a promising tool of
cardio-vascular therapy.

1. B. Kpyncoka

Mounekynsipuuit manepon Hsp90: ctpykrypa, GyHKIiT Ta y4acTs y

KapJioBacKyJspHil maToiorii

Pesrome

02510 npucsiueHo ananizy CmpyKmypHux i QyHKyioHantbHux éiac-
mugocmetl monexynsipuozo wanepony Hsp90. Hsp90 e npeocmas-
HUKOM WUPOKO PO3NOBCIOONCEHOT pOOUHU OINKI6 MEeNnio8020 UoKY.
Hozo 3uaiioeno ¢ 6axmepiax ma 6 eykapiomax, ane 6in 6iocymmuiii
apxebakmepisx, € 0OHUM i3 KIIOYOBUX pe2yIsimopie 6a2amoduceib-
HUX CUSHANbHUX WLNAXIE, SIKI 00YMOBNI0I0Mb picm i po36UMOoK Kai-
MuH, anonmos, iHOYKYiro asmoiMyHHUX npoyecis i npoepeciio cep-
yeeoi neoocmamuocmi. Iloena hynxyionanvna akmueHicme ybo2o
0INKA BUABIAEMBCA Y KOMAIEKCE 3 THUUMU MOAEKYIAPHUMU Wanepo-
Hamu ma kowanepornamu. Monexyasapui 63aemo0ii midc wanepoua-
MU, DI3HOMAHIMHUMU CUSHATbHUMU Oiikamu I Oiikamu-napm-
Hepamu KpumuyHi 0N HOPMAIbHO20 QYHKYIOHYBAHHSA CUSHATLHUX
WISAXIB, A IXHE NOpYWEHHS Npu3e00umsv 00 3MiH y Gizionozii
Kaimunu i Hagimo 00 ii 3acubeni.

Kuniouosi crosa: Hsp90, domen, kpucmaniuna cmpykmypa, cue-
HATbHUU WLIAX, ANONMO3.

U. B. Kpynckas

Monekynsapustii manepor Hsp90: cTpykrypa, GyHKINH U y9acTHE

B Kap[[HOBaCKyJI;IpHOﬁ maToJIorun

Pestome

0630p noceéawjen ananuszy CMPYKMYPHLIX U QYHKYUOHATbHBIX
ceoticme monexyasaprozo wanepora Hsp90. Hsp90 senaemcs npeo-
cmasumenem WUPOKO PACHPOCMPAHEHHO20 CeMelcmed 6enkos
mennoeoeo woka. OH 06GHapydceH 6 6aKmepusx u 6 3yKapuomax, Ho
omcymemeyem 6 apxeOGaKmepusix, CIyACUm maxice OOHUM U3 K0~
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YesblX PecyNAmopo8 MHOLOUUCIEHHBIX CUSHALLHUX Nymell, onpede-
JAOWUX  pocm U passumue Kiemokx, danonmo3s, UHOYKYUIo
AyMOUMMYHHBIX Peakyutl U npocpeccuro cepoeyHoll HedoCmamoy-
nocmu. Ioanas hyHKyuonanbHas akmugHoOCmMs IMo20 beaKa npo-
ABAAEMCSL 8 KOMNIIEKCe ¢ OpYUMU MOJEKYIAPHUMU WANEePOHAMU U
Kowianeponamu. MonexkynsapHvie 83aumooeiucmsus mexcoy uianepo-
HaMU, pA3TULHBIMU CUSHATLHBIMU DenKkamu u benkamu-napmuepa-
MU KDUMUYHBL OISl HOPMANLHO20 PYHKYUOHUPOBAHUS CUSHANbHBIX
nymeil, a HapyweHue ux 6bl3bleaem UsMeHeHus 6 PU3U0I02UU Kiem-
Ku gnioms 00 ee cubenu.

Kuwuesvie cnosa: Hsp90, oomen, kpucmaniuveckas cmpykmy-
pa, CUCHATbHLLI NYMb, ANONMO3.
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