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CHAPEROME: HISTORICAL PERSPECTIVE
AND CURRENT CONCEPTS
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Abstract. The life cycle of cells is accompanied by constant synthesis, transport and degradation of polypeptide
chains — proteins and signal sequences. Each polypeptide chain has four levels of structure, and its adoption of the
correct spatial conformation is necessary for the expression of the function of the molecule. Hydrophobic interactions
or the formation of sulfide bridges can prevent the formation of the correct conformation. Moreover, the high-order
structures of proteins are disrupted by various stress responses to the cell. In the course of studying the processes
of protein synthesis and aggregation, specific highly conserved proteins were identified that can bind to a newly
synthesized or damaged polypeptide, imparting a functional structure due to the sequential connection with recognition
domains. These proteins are called molecular chaperones. This includes the superfamily of heat shock proteins, the
synthesis of which is a nonspecific cell response to stress. To study the processes of proteostasis, it is necessary to
understand that these proteins act only in close relationship with cochaperones and other auxiliary molecules. Such
aggregates are called chaperomes, or chaperone machineries, and are of considerable interest in biomedical research.
This review discusses the historic perspective for chaperones and chaperome as a supramolecular complex as well
as their place in cell proliferation.
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Pe3tome. XK13HEHHbI LMK KNIETOK CONPOBOXAAETCS NOCTOSHHbIM CUHTE30M, TPAHCMOPTOM W AerpagaLuent no-
NUNENTUAHBIX Lieneit — 6enKoB 1 CUrHanbHbIX NocneaoBaTenbHocTeln. Kaxaas nonunentugHas uens obnagaet
YeTbIpbMsl YPOBHAMMW CTPYKTYPbI, U NPUHATUE €10 NPaBUbLHON NPOCTPAHCTBEHHOM koHopMaLuu Heobxoaumo
ANs aKCnpeccun yHKLUKM Monekynbl. MpensTcTBoBaTH POPMUPOBAHNIO NPABUbHOK KOHGOPMaLUKM MOTY T
rMApPodoOHbIE B3aUMoaencTBMS Unn obpasoBaHne cyNibGUAHbIX MOCTUKOB. Bonee Toro, CTPYKTYpbl BbICOKOrO
nopsiaka 6enkoB HapyLalTcs Npyu pasnuyHbIX CTPECCOBbLIX OTBETAX Ha kNeTky. B xoae uccnegosaxus npoLeccos
CMHTe3a u arperauuy 6enkoB 6binn BbiISBNEHb 0COObIE KOHCEPBATUBHbIE NMPOTEUHbI, CNOCOOHbIE CBSA3bIBATHCS
C HOBOCWHTE3MPOBAHHbIM UM NOBPEXAEHHLIM NONUNENTUAOM, NpKUAaBas 3a CYET NOCEA0BaTENbHON CBA3N C
AOMeHaM1 y3HaBaHMs DYHKLMOHANbHYI CTPYKTYpPY. IMeHHO aTn Genku Ha3Banu MonekynsipHbIMM LWanepoHa-
M. B 1x 4ncno BXxoanT cynepcemencTBo 6enkoB TEMMOBOrO LOKA, CUHTE3 KOTOPbLIX SIBNSieTCS HecneLmduyHbIM
OTBETOM KNETKM Ha cTpecc. [Ins U3y4yeHns npoLeccoB npoTeoctasa HEOOXOANMO NOHUMAaHWE, YTO AaHHbIE
Gernku LeiicTBYT NNLLb B TECHOI B3aUMOCBS3M C KOLIanepoHamu U ApYrMMu BCnoMoraTenbHbIMIW MOMeKynamu.
Takue COBOKYNHOCTM Ha3blBAKOTCA LANEPOMOM, UMW LUanepoOHHON MalUMHOW, U OHW NPeACTaBNSAOT 3HAYUTEMb-
HbI MHTepec B GMOMeaMLMHCKUX UccnefoBaHusX. B aaHHoM 063ope nutepaTypbl NpecTaBieHbl OCHOBHbIE
NcTopUYeckne aTanbl NOHUMAaHUS WanepoHOB M LanepoMa Kak cynpamonekynsipHoro KoMniekca u ux Mecto B

KN3HEOEATENBbHOCTU KNETKN.

KnioueBblie cnoBa: MonekynsipHble WanepoHbl; 6enku TennoBOro WokKa; Wanepom.

Thanks to the research of the early twentieth century,
it became clear that many polypeptides (typically small
single-domain proteins) can easily restore their native struc-
ture by themselves in vitro, while others (more complex,
multi-domain or oligomeric proteins) adopt the necessary
topology only in the presence of additional molecules that
are not part of the polypeptide of the final native protein.
[22]. These molecules were identified as proteins and were
named molecular chaperones. The term “molecular chape-
rone” was first used in 1968 in order to describe the role of
nucleoplasmin in the assembly of DNA and histones into
nucleosomes [11]. The name arose from the fact that nu-
cleoplasmin promotes histone-histone interactions with the
formation of a correct oligomeric form, preventing aggrega-
tion. It does this without forming a part of the nucleosome by
itself or defining the modification of the nucleosome. There-
fore, nucleoplasmin assumes the role of a chaperone.

Later, the term “molecular chaperone” was expanded to
include a widespread chloroplast protein called the RuBiSCo
(ribulose bisphosphate carboxylase) large subunit binding
protein now known as chloroplast chaperonin, which pre-
vents the formation of insoluble precipitate by newly syn-
thesized large rubisco subunits. These large subunits are
known to be prone to improper assembly not because of

electrostatic interactions, but because they expose highly
hydrophobic surfaces to the aquatic environment. Although
early experiments did not determine whether chaperonin
promotes folding or assembly, more recent work with mito-
chondrial chaperonin has proven that this protein functions
at the stage of folding [15, 29]. For some time, the term
“molecular chaperone” was limited to two proteins; its mo-
dern use began with the assumption that its meaning should
be expanded to describe the function of a larger group of
proteins that were supposed to promote folding and assem-
bly reactions in various cellular processes [9, 17]. Since the
1990s, this definition has been constantly being refined to
take into account other discoveries concerning the role of
chaperones in the processes of cell proteostasis.

The role of molecular chaperones in the folding, assem-
bly, and intracellular translocation of proteins is a constant
subject of research. The following conclusions are valid for
normally functioning cells.

Chaperones of organelles such as EPR (endoplasmic
reticulum) play a key role in the folding of newly synthe-
sized proteins [16, 23]. Mitochondrial membranes have an
isolated population of chaperones responsible for correcting
or disassembling proteins damaged during cellular respira-
tion [40].
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Cytosolic chaperones play a key role in the folding,
transport, and biological activity of a number of proteins
used for transport to specific organelles, such as the nu-
cleus and mitochondria [7, 28, 42].

Nuclear chaperones, unlike others, bind to proteins after
folding due to ionic forces, and play a supportive role in the struc-
tural organization of macromolecular chromatin complexes [30].

Membrane-bound chaperones, found only on cells of
solid and hematological tumors, are involved in the prolife-
ration, migration, and immunogenicity of cancer cells [4, 38].

The list of detected chaperones is constantly updated.
Enzyme-like cofactors protein disulfide isomerase and
peptidyl-prolyl cis-trans-isomerase, which catalyze trans-
to cis-proline isomerization and are usually considered as
EPR chaperones, were only discovered in 1992 [37]. The
chaperone family included both prokaryotic and eukaryotic
proteins of different structures and localization.

However, differences in names and the lack of a clear
division into families significantly complicated the studies
of chaperones. A significant part of human chaperones be-
gan to be identified as human heat shock proteins (HSP),
stress-sensitive proteins necessary to combat heat and
other protein-toxic stresses. Soon after that, in 2003-2005,
it became clear that constitutively expressed members such
as Hsc70 (HSPAS8) in the HSP70 family can also be en-
coded within the HSP family. This is how the division into
stress-induced and constitutive chaperones appeared [18].

With the development of protein crystallography and ge-
netic analysis, the first attempts to improve the classifica-

tion were made — there appeared a division into families
(by molecular weight), within which specific representatives
were identified (by coding genes). However, even after
analysis of the human genome, the names used for human
chaperones in the literature were rather chaotic: up to ten
different names could be found for the same gene product.
Moreover, almost identical names were used to refer to dif-
ferent gene products. For example, HSPA1B was named
HSP70-2, whereas HSP70.2 refers to the member HSPA2,
which is specific for testicles. The first steps in dividing
chaperones by genes and functions at the same time were
only made by 2000.

The revolutionary work of Professor Harold Kampinga was
particularly successful in shaping the classification [20]. The
proposed nomenclature was based on the encoding assigned
by the HUGO Gene Nomenclature Committee and used in
the National Center of Biotechnology Information Entrez
Gene database for the heat shock genes. In addition to this
nomenclature, a list of the human Entrez gene identifiers
and the corresponding Entrez gene identifiers for the mouse
orthologs was provided. In this work, tables were presented
for each superfamily of human chaperones (Fig. 1).

Chaperones seem to act sequentially in protein fol-
ding pathways, binding to intermediates that are at various
stages of topology formation, and then transferring them to
the next chaperone or chaperone complex in the cascade,
eventually releasing the competence native protein. Binding
usually involves the interaction of chaperones with hydro-
phobic residues on the surface of unfolded proteins, and

Gene name Protein name Old names Human gene ID Mouse ortholog ID
HSP A
1 HSPAIA HSPAIA HSP70-1; HSP72; HSPA1 3303 193740
2 HSPAIB HSPA1B HSP70-2 3304 15511
3 HSPAIL HSPAIL hum70t; hum70t; Hsp-hom 3305 15482
4 HSPA2 HSPA2 Heat-shock 70kD protein-2 3306 15512
5 HSPAS HSPAS BIP; GRP78; MIF2 3309 14828
6 HSPA6 HSPA6 Heat shock 70kD protein 6 (HSP70B’) 3310 X
7 HSPAT* HSPA7 Heat shock 70kD protein 7 3311 X
8 HSPAS HSPAS HSC70; HSC71; HSP71; HSP73 3312 15481
9 HSPA9 HSPA9 GRP75; HSPA9B; MOT; MOT2; PBP74; mot-2 3313 15526
10 HSPA124 HSPA12A FLJ13874; KIAA0417 259217 73442
11 HSPAI2B HSPA12B RP23-32L15.1; 270008 INO6Rik 116835 72630
12 HSPA13° HSPA13 Stch 6782 110920
13 HSPAI4 HSPA14 HSP70-4; HSP70L1; MGC131990 51182 50497
HSP H
1 HSPHI HSPH1 HSP105 10808 15505
2 HSPH2" HSPH2 HSPA4; APG-2; HSP110 3308 15525
3 HSPH3" HSPH3 HSPA4L; APG-1 22824 18415
4 HSPH4® HSPH4 HYOU1/Grp170; ORP150; HSP12A 10525 12282
Fig.1. HSP70 family classification [20]

Puc.1. Knaccudmkaumusa cemeiictea HSP70 [20]
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release often involves the hydrolysis of ATP. The formation
of functional complexes is not related to certain consensus
amino acid sequences in the substrate protein, but rather
is determined by the location of hydrophobic residues and
conserved recognition sites [14, 43]. The researchers un-
derstood that a single chaperone would not provide stable
work to maintain proteostasis. That is why, at the turn of
the century, the identification of various adapter proteins,
transport proteins, and signaling molecules in combination
with chaperones also began.

The term “chaperome” was introduced in 2006 to denote
a combination of chaperones, co-chaperones, and related
factors [41]. The initial list of the human chaperome was
published in 2013, and it reported 147 bioinformatically pre-
dicted members [13]. It included members of heat shock
protein 90 (HSP90), HSP70, HSP60, HSP110, HSP40 (also
known as DNAJ proteins), HSP10 and small HSP (sHsp),
as well as their co-chaperones and participants of folding,
the enzymes peptidyl-prolyl-isomerase (PPI) and protein
disulfide isomerase. The name of each HSP family comes
from the molecular weight of the original founding member
and follows the current nomenclature. In eukaryotes, most
families also include components specific to organelles,
such as those expressed in the endoplasmic reticulum and
mitochondria. Later studies expanded the list to 332 cha-
perones and co-chaperones, represented by 88 chaperones
(27%), 50 of which were ATP-dependent, and 244 co-cha-
perones (73%) [2, 3]. Several proteins containing tetratrico-
peptide repeats (TPR) domain were also included based on
their functional interactions with selected chaperones.

Analysis of protein expression in immortalized human
cells (both in untransformed and cancer cells) identified
chaperome components as some of the most common
proteins in these cells [36]. HSP90 were the most common
ones, accounting for an average of 2.8% and, together with
HSP70, up to 5.5% of the total protein mass. Referring to
the aforementioned database of 147 chaperome members,
these proteins together account for 7.6% of the total num-
ber of polypeptides and 10.3% of the total protein mass in
human cervical cancer cells HeLa. The chaperones HSP60
and HSP110 accounted for another 3.3% of the total protein
mass, and 1.5% of the total mass consisted mainly of regu-
latory co-chaperone proteins for HSP90 and HSP70. More
specifically, isoforms HSP90AA1 and HSP90AB1 (HSP90a
and HSP90B) and two HSP70 proteins, constitutive HSPAS
(heat shock 70-related, HSC70) and heat shock-induced
HSPA1A/B proteins represented the vast majority of cha-
perones of the corresponding families. In addition, all known
HSP90 co-chaperones were substoichiometric with respect
to HSP90. For example, the ratio of co-chaperone to HSP90
was 1:34 for AHA1, an activator of HSP90 ATPase activity,

1:46 for kinase-binding CDC37 [26], and 1:16 for HOP
(HSP70-HSP90 adapter protein, also called STIP1, which
binds HSP90 to HSP70) [5, 34]. Similarly, the ratio of co-
chaperones to HSP70 was 1:5.5 for various J-domain co-
chaperones that activate HSP70 to certain functions, and
1:7 for HSP110, which act as nucleotide exchange factors
for HSP70 [10, 31].

These chaperones and co-chaperones are organized as
interacting protein networks (Fig. 2). In eukaryotes, there are
distinct and independent networks of chaperomes, with the
main chaperone, such as HSP90 or HSP70, functioning with
the help of a number of co-chaperones, each of which has a
specific set of functions necessary for cell proteostasis. Not
only RNA and ribosomes are involved in the synthesis of each
protein, but also chaperome complexes characterized by close
interconnection that can give the newly synthesized protein
the topology required to perform its functions, and then send
it to the appropriate cell compartment.

The chaperome is an extremely dynamic structure:
HSP representatives included in it, the strength of bonds
between proteins, and the functions performed depend on
the state of the cell and its microenvironment. For example,
studies of yeast cells have shown that Hsp82 is able to form
stable networks with other chaperones during heat shock
induction [19]. The accumulation of damaged proteins acti-
vates the expression of HSP110, which are able to “direct’
HSP to the function of protecting and refolding protein ag-
gregates [12]. Moreover, it has been found that constitutive
and stress-induced forms of HSP70 and HSP90 are capa-
ble of forming functional oligomers in response to toxins or
nutrient elimination [1, 27]. Thus, various manifestations of
cellular stress can change the strength of interaction be-
tween both chaperone members and individual complexes.
This reorganization of a higher order than the chaperone-
substrate can lead to the emergence of new functions that
are not normally expressed, but which may be required to
counteract stress factors. It is worth noting that the same
feature can maintain cell viability in case of a pathology.

It is known that chaperone complexes with high interaction
strength are characteristic of tumor cells. Since the 2000s,
researchers have been actively identifying and describing
HSP70/90/110 complexes with AHA, JAK, BAG, HOP, BiP, and
others in solid and hematological tumor cells [8, 21, 24, 25].
Unlike more dynamic complexes of normal cells, chaperomes
isolated from tumors remain stable during in vitro studies. The
inclusion of chaperome components in such stable complexes
does not depend on the level of tissue expression, origin, or
genetic mutations [6, 32]. Moreover, it was found that, despite
their activity, such HSP complexes represent only a small part
of the chaperome of a tumor cell, and not all isolated cultures
are able to express them, which may serve as a basis for di-
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viding cancer cell cultures into two types. Cancer cells require
the formation of stable protein networks and maintenance of
proteostasis. The chaperome is the main platform supporting
the synthesis, organization, and protection of polypeptide
pathways, also mediating signaling, transport, and intercellular
contact [26, 35, 39]. This set of functions places the chaperone
in the central position of the protein network, surrounding it
with lower-order protein complexes and auxiliary molecules.
This location is important in the diagnosis and treatment of
cancer and opens up a chaperomic approach in personalized
medicine: labeling or inhibiting the HSP protein knot with a high
degree of connectivity is more likely to lead to the detection or
apoptosis of cancer cells than targeting individual chaperones
or dynamic complexes. It is this integrated approach that
guides modern chaperome research both in the framework
of cell biology and cancer theranostics.
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HWS 1 MOArOTOBKY CTaTbM, NMPOYY M 0f406pUNM UHaNbHYH0
Bepcuto nepeq nybnukayyen.

KoHnuktT mHTepecoB. ABTOpbI [EKNapupytT OTCyT-
CTBWE SIBHbIX U MOTEHUMAnbHbIX KOH(IMKTOB UHTEPECOB,
CBSI3aHHbIX C NybnukaLuyen HacTosLen cTaTb.

WUcTouHuk ¢huHaHcupoBaHusa. PaboTa BbinonHeHa npu
(puHaHcoBOW nopaepxke MuHMCTEpCTBA HayKM W BbICLLETO

@ POCCHIICKHE BHOMEMIHCKAE HCCTEOBAHIA  TOM 8 Nod 2023

¢ISSN 2658-6576




100

REVIEWS

obpasosaHus  Poccuitickon  ®epepauynn  (CornaleHue
Ne 075-15-2022-301 ot 20.04.2022).

REFERENCES

1. Aprile FA. et al. Hsp70 oligomerization is mediated by an inte-
raction between the interdomain linker and the substrate-binding
domain. PLoS One. 2013; 8(6): 67961. DOI: 10.1371/journal.
pone.0067961.

2. Brehme M. et al. A chaperome subnetwork safeguards proteostasis
in aging and neurodegenerative disease. Cell reports. 2014; 9(3):
1135-50. DOI: 10.1016/j.celrep.2014.09.042.

3. Brehme M., Voisine C. Model systems of protein-misfolding disea-
ses reveal chaperone modifiers of proteotoxicity. Disease models &
mechanisms. 2016; 9(8): 823-38. DOI: 10.1242/dmm.024703.

4. Calderwood S.K. Heat shock proteins and cancer: intracellular
chaperones or extracellular signalling ligands? Philosophical Trans-
actions of the Royal Society B: Biological Sciences. 2018; 373
(1738): 20160524. DOI: 10.1098/rstb.2016.0524.

5. Carrigan P.E. et al. Domain:domain interactions within Hop, the
Hsp70/Hsp90 organizing protein, are required for protein stability
and structure. Protein science. 2006; 15 (3): 522-32. DOI: 10.1110/
ps.051810106.

6. DartA. Networking: a survival guide. Nature reviews Cancer. 2016;
16(12): 752-52. DOI: 10.1038/nrc.2016.125.

7. Deuerling E., Bukau B. Chaperone-assisted folding of new-
ly synthesized proteins in the cytosol. Critical reviews in bio-
chemistry and molecular biology. 2004; 39(5): 261-77. DOI:
10.1080/10409230490892496.

8. Doong H. et al. CAIR-1/BAG-3 abrogates heat shock protein-70
chaperone complex-mediated protein degradation: accumula-
tion of poly-ubiquitinated Hsp90 client proteins. Journal of Bio-
logical Chemistry. 2003; 278(31): 28490-500. DOI: 10.1074/jbc.
M209682200.

9. Ellis RJ., Van der Vies S.M. Molecular chaperones. Annual re-
view of biochemistry. 1991; 60(1): 321-47. DOI: 10.1146/annurev.
bi.60.070191.001541.

10. Finka A., Sharma S. K., Goloubinoff P. Multi-layered molecular
mechanisms of polypeptide holding, unfolding and disaggregation
by HSP70/HSP110 chaperones. Frontiers in molecular biosciences.
2015; 2: 29. DOI: 10.3389/fmolb.2015.00029.

11. Franze de Fernandez M.T. et al. Factor fraction required for the syn-
thesis of bacteriophage QB-RNA. Nature. 1968; 219(5154): 588-90.

12. Goeckeler J.L. et al. Overexpression of yeast Hsp110 homo-
log Sselp suppresses ydj1-151 thermosensitivity and restores
Hsp90-dependent activity. Molecular biology of the cell. 2022; 13(8):
2760-70. DOI: 10.1091/mbc.02-04-0051.

13.  Goloubinoff P. et al Proteomic data from human cell cultures re-
fine mechanisms of chaperone-mediated protein homeostasis. Cell
Stress and Chaperones. 2013; 18: 591-605. DOI: 10.1007/s12192-
013-0413-3.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Grallert H., Buchner J. A. Structural view of the GroE chape-
rone cycle. Journal of structural biology. 2001; 135(2): 95-103.
DOI: 10.1006/jsbi.2001.4387.

Hallberg R.L. A mitochondrial chaperonin: genetic, biochemical,
and molecular characteristics. Seminars in Cell Biology. 1990; 1: 37-45.
Halperin L., Jung, J., Michalak M. The many functions of the en-
doplasmic reticulum chaperones and folding enzymes. IUBMB life.
2014; 66(5): 318-26. DOI: 10.1002/iub.1272.

Hartl F.U. Molecular chaperones in cellular protein folding. Nature.
1996; 381(6583): 571-80. DOI: 10.1038/381571a0.

Henderson B., Allan E., Coates A.R.M. Stress wars: the direct role
of host and bacterial molecular chaperones in bacterial infection.
Infection and immunity. 2006; 74(7): 3693-3706. DOI: 10.1128/
iai.01882-05.

Joshi S. et al. Adapting to stress—chaperome networks in can-
cer. Nature Reviews Cancer. 2018; 18(9): 562-75. DOI: 10.1038/
541568 018-0020-9.

Kampinga H.H. Guidelines for the nomenclature of the human heat
shock proteins. Cell Stress and Chaperones. 2009; 14(1): 105-11.
Lackie R.E. et al. The Hsp70/Hsp90 chaperone machinery in neu-
rodegenerative diseases. Frontiers in neuroscience. 2017; 11: 254.
DOI: 10.3389/fnins.2017.00254.

Levinthal C. Are there pathways for protein folding? Journal de
chimie physique. 1968; 65: 44-5. DOI: 10.1051/jcp/1968650044.
Ma Y., Hendershot L. M. ER chaperone functions during normal
and stress conditions. Journal of chemical neuroanatomy. 2004; 28:
51-65. DOI: 10.1016/j.jchemneu.2003.08.007.

Madamanchi N.R. et al. Thrombin regulates vascular smooth mus-
cle cell growth and heat shock proteins via the JAK-STAT pathway.
Journal of Biological Chemistry. 2001; 276 (22): 18915-24. DOI:
10.1074/jbc.M008802200.

Morishima Y. et al. The Hsp organizer protein hop enhances the
rate of but is not essential for glucocorticoid receptor folding by
the multiprotein Hsp90-based chaperone system. Journal of Bio-
logical Chemistry. 2000; 275(10): 6894-6900. DOI: 10.1074/
jbc.275.10.6894.

Murphy M.E. The HSP70 family and cancer. Carcinogenesis. 2013;
34(6): 1181-8. DOI: 10.1093/carcin/bgt111.

Nemoto T.K. et al. Substrate-binding characteristics of proteins in
the 90 kDa heat shock protein family. Biochemical Journal. 2001;
354(3): 663-70. DOI: 10.1042/bj3540663.

Nishikawa S., Brodsky J. L., Nakatsukasa K. Roles of molecular
chaperones in endoplasmic reticulum (ER) quality control and
ER-associated degradation (ERAD). Journal of biochemistry. 2005;
137(5): 551-5. DOI: 10.1093/jb/mvi068.

Ostermann J. et al. Protein folding in mitochondria requires com-
plex formation with hsp60 and ATP hydrolysis. Nature. 1989; 341:
125-30. DOI: 10.1038/341125a0.

Philpott A., Krude T., Laskey R.A. Nuclear chaperones. Cells.
Seminars in cell & developmental biology. 2000; 11(1): 7-14. DOI:
10.1006/scdb.1999.0346.

& RUSSIAN BIOMEDICAL RESEARCH VOLS N4 2023 ISSN 2658-6584




0B30PbI

101

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Piette B.L. et al. Comprehensive interactome profiling of the human
Hsp70 network highlights functional differentiation of J domains. Molecu-
lar cell. 2021; 81(12): 2549-65. DOI: 10.1016/j.molcel.2021.04.012.
Pillarsetty N. et al. Paradigms for precision medicine in epicha-
perome cancer therapy. Cancer Cell. 2019; 36(5): 559-73. DOI:
10.1016/j.ccell.2019.09.007.

Rizzolo K. et al. Features of the chaperone cellular network re-
vealed through systematic interaction mapping. Cell reports. 2017;
20(11): 2735-48. DOI: 10.1016/j.celrep.2017.08.074.

Rodina A. et al. The epichaperome is an integrated chaperome
network that facilitates tumour survival. Nature. 2016; 538(7625):
397-401. DOI: 10.1038/nature19807.

Rosenzweig R. et al. The Hsp70 chaperone network. Nature re-
views molecular cell biology. 2019; 20(11): 665-80.

Saibil H.R. Chaperone machines in action. Current opinion in struc-
tural biology. 2008; 18(1): 35-42. DOI. 10.1016/j.sbi.2007.11.006.
Schmid F.X. Prolyl isomerase: enzymatic catalysis of slow pro-
tein-folding reactions. Annual Review of Biophysics and Bio-
molecular Structure. 1993; 22: 123-43. DOI: 10.1146/annurev.
bb.22.060193.001011.

Shevtsov M. et al. Membrane-associated heat shock proteins in on-
cology: from basic research to new theranostic targets. Cells. 2020;
9(5): 1263. DOI: 10.3390/cells9051263.

Sreedhar A.S. et al. Hsp90 isoforms: functions, expression and cli-
nical importance. FEBS letters. 2004; 562(1): 11-5. DOI: 10.1016/
S0014-5793(04)00229-7.

Voos W. Mitochondrial protein homeostasis: the cooperative roles of
chaperones and proteases. Research in microbiology. 2009; 160(9):
718-25. DOI: 10.1016/j.resmic.2009.08.003.

Wang X., Venable J., LaPointe P. et al. Hsp90 co-chaperone Aha1
downregulation rescues misfolding of CFTR in cystic fibrosis. Cell.
2006; 127: 803-15. DOI: 10.1016/j.cell.2006.09.043.

Young J.C., Barral J.M., Hartl F.U. More than folding: localized
functions of cytosolic chaperones. Trends in biochemical sciences.
2003; 28(10): 541-7. DOI: 10.1016/j.tibs.2003.08.009.

Zhu X. et al. Structural analysis of substrate binding by the mo-
lecular chaperone DnaK. Science. 1996; 272(5268): 1606-14. DOI:
10.1126/science.272.5268.1606.

NUTEPATYPA

Aprile F.A. et al. Hsp70 oligomerization is mediated by an interac-
tion between the interdomain linker and the substrate-binding
domain. PLoS One. 2013; 8(6): 67961. DOI: 10.1371/journal.
pone.0067961.

Brehme M. et al. A chaperome subnetwork safeguards proteostasis
in aging and neurodegenerative disease. Cell reports. 2014; 9(3):
1135-50. DOI: 10.1016/j.celrep.2014.09.042.

Brehme M., Voisine C. Model systems of protein-misfolding disea-
ses reveal chaperone modifiers of proteotoxicity. Disease models &
mechanisms. 2016; 9(8): 823-38. DOI: 10.1242/dmm.024703.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Calderwood S.K. Heat shock proteins and cancer: intracellular
chaperones or extracellular signalling ligands? Philosophical Trans-
actions of the Royal Society B: Biological Sciences. 2018; 373
(1738): 20160524. DOI: 10.1098/rstb.2016.0524.

Carrigan P.E. et al. Domain:domain interactions within Hop, the
Hsp70/Hsp90 organizing protein, are required for protein stability
and structure. Protein science. 2006; 15 (3): 522-32. DOI: 10.1110/
ps.051810106.

Dart A. Networking: a survival guide. Nature reviews Cancer. 2016;
16(12): 752-52. DOI: 10.1038/nrc.2016.125.

Deuerling E., Bukau B. Chaperone-assisted folding of new-
ly synthesized proteins in the cytosol. Critical reviews in bio-
chemistry and molecular biology. 2004; 39(5): 261-77. DOI:
10.1080/10409230490892496.

Doong H. et al. CAIR-1/BAG-3 abrogates heat shock protein-70
chaperone complex-mediated protein degradation: accumula-
tion of poly-ubiquitinated Hsp90 client proteins. Journal of Bio-
logical Chemistry. 2003; 278(31): 28490-500. DOI: 10.1074/jbc.
M209682200.

Ellis R.J., Van der Vies S.M. Molecular chaperones. Annual re-
view of biochemistry. 1991; 60(1): 321-47. DOI: 10.1146/annurev.
bi.60.070191.001541.

Finka A., Sharma S. K., Goloubinoff P. Multi-layered molecular
mechanisms of polypeptide holding, unfolding and disaggregation
by HSP70/HSP110 chaperones. Frontiers in molecular biosciences.
2015; 2: 29. DOI: 10.3389/fmolb.2015.00029.

Franze de Fernandez M.T. et al. Factor fraction required for
the synthesis of bacteriophage QB-RNA. Nature. 1968; 219(5154):
588-90.

Goeckeler J.L. et al. Overexpression of yeast Hsp110 homo-
log Sselp suppresses ydj1-151 thermosensitivity and restores
Hsp90-dependent activity. Molecular biology of the cell. 2022; 13(8):
2760-70. DOI: 10.1091/mbc.02-04-0051.

Goloubinoff P. et al Proteomic data from human cell cultures re-
fine mechanisms of chaperone-mediated protein homeostasis. Cell
Stress and Chaperones. 2013; 18: 591-605. DOI: 10.1007/s12192-
013-0413-3.

Grallert H., Buchner J. A. Structural view of the GroE chaperone
cycle. Journal of structural biology. 2001; 135(2): 95-103. DOI:
10.1006/jsbi.2001.4387.

Hallberg R.L. A mitochondrial chaperonin: genetic, biochemical, and
molecular characteristics. Seminars in Cell Biology. 1990; 1: 37-45.
Halperin L., Jung, J., Michalak M. The many functions of the en-
doplasmic reticulum chaperones and folding enzymes. IUBMB life.
2014; 66(5): 318-26. DOI: 10.1002/iub.1272.

Hartl F.U. Molecular chaperones in cellular protein folding. Nature.
1996; 381(6583): 571-80. DOI: 10.1038/381571a0.

Henderson B., Allan E., Coates A.R.M. Stress wars: the direct role
of host and bacterial molecular chaperones in bacterial infection.
Infection and immunity. 2006; 74(7): 3693-3706. DOI: 10.1128/
iai.01882-05.

& POCCHIICKHE BHOMETIIMHCKIE HCCTEJIOBAHMAL  TOM S Nod 2023

¢ISSN 2658-6576




102 REVIEWS
19. Joshi S. et al. Adapting to stress—chaperome networks in can-  31. Piette B.L. et al. Comprehensive interactome profiling of the human
cer. Nature Reviews Cancer. 2018; 18(9): 562-75. DOI: 10.1038/ Hsp70 network highlights functional differentiation of J domains. Mole-
541568 018-0020-9. cular cell. 2021; 81(12): 2549-65. DOI: 10.1016/j.molcel.2021.04.012.

20. Kampinga H.H. Guidelines for the nomenclature of the human 32. Pillarsetty N. et al. Paradigms for precision medicine in epicha-
heat shock proteins. Cell Stress and Chaperones. 2009; 14(1): perome cancer therapy. Cancer Cell. 2019; 36(5): 559-73. DOI:
105-11. 10.1016/j.ccell.2019.09.007.

21. Lackie R.E. et al. The Hsp70/Hsp90 chaperone machinery in neu- 33. Rizzolo K. et al. Features of the chaperone cellular network re-
rodegenerative diseases. Frontiers in neuroscience. 2017; 11: 254. vealed through systematic interaction mapping. Cell reports. 2017;
DOI: 10.3389/fnins.2017.00254. 20(11): 2735-48. DOI: 10.1016/j.celrep.2017.08.074.

22. Levinthal C. Are there pathways for protein folding? Journal de  34. Rodina A. et al. The epichaperome is an integrated chaperome
chimie physique. 1968; 65: 44-5. DOI: 10.1051/jcp/1968650044. network that facilitates tumour survival. Nature. 2016; 538(7625):

23. Ma Y., Hendershot L. M. ER chaperone functions during normal 397-401. DOI: 10.1038/nature19807.
and stress conditions. Journal of chemical neuroanatomy. 2004; 28:  35. Rosenzweig R. et al. The Hsp70 chaperone network. Nature re-
51-65. DOI: 10.1016/j.jchemneu.2003.08.007. views molecular cell biology. 2019; 20(11): 665-80.

24. Madamanchi N.R. et al. Thrombin regulates vascular smooth mus-  36. Saibil H.R. Chaperone machines in action. Current opinion in struc-
cle cell growth and heat shock proteins via the JAK-STAT pathway. tural biology. 2008; 18(1): 35-42. DOI. 10.1016/j.sbi.2007.11.006.
Journal of Biological Chemistry. 2001; 276 (22): 18915-24. DOI:  37. Schmid F.X. Prolyl isomerase: enzymatic catalysis of slow pro-
10.1074/jbc.M008802200. tein-folding reactions. Annual Review of Biophysics and Bio-

25. Morishima Y. et al. The Hsp organizer protein hop enhances the molecular Structure. 1993; 22: 123-43. DOI: 10.1146/annurev.
rate of but is not essential for glucocorticoid receptor folding by bb.22.060193.001011.
the multiprotein Hsp90-based chaperone system. Journal of Bio- 38. Shevtsov M. et al. Membrane-associated heat shock proteins in on-
logical Chemistry. 2000; 275(10): 6894-6900. DOI: 10.1074/ cology: from basic research to new theranostic targets. Cells. 2020;
jbc.275.10.6894. 9(5): 1263. DOI: 10.3390/cells9051263.

26. Murphy M.E. The HSP70 family and cancer. Carcinogenesis. 2013;  39. SreedharA.S. et al. Hsp90 isoforms: functions, expression and clini-
34(6): 1181-8. DOI: 10.1093/carcin/bgt111. cal importance. FEBS letters. 2004; 562(1): 11-5. DOI: 10.1016/

27. Nemoto TK. et al. Substrate-binding characteristics of proteins in S0014-5793(04)00229-7.
the 90 kDa heat shock protein family. Biochemical Journal. 2001;  40. Voos W. Mitochondrial protein homeostasis: the cooperative roles of
354(3): 663-70. DOI: 10.1042/bj3540663. chaperones and proteases. Research in microbiology. 2009; 160(9):

28. Nishikawa S., Brodsky J.L., Nakatsukasa K. Roles of molecu- 718-25. DOI: 10.1016/j.resmic.2009.08.003.
lar chaperones in endoplasmic reticulum (ER) quality control and  41. Wang X., Venable J., LaPointe P. et al. Hsp90 co-chaperone Aha1
ER-associated degradation (ERAD). Journal of biochemistry. 2005; downregulation rescues misfolding of CFTR in cystic fibrosis. Cell.
137(5): 551-5. DOI: 10.1093/jb/mvi068. 2006; 127: 803-15. DOI: 10.1016/j.cell.2006.09.043.

29. Ostermann J. et al. Protein folding in mitochondria requires com-  42. Young J.C., Barral J.M., Hartl F.U. More than folding: localized
plex formation with hsp60 and ATP hydrolysis. Nature. 1989; 341: functions of cytosolic chaperones. Trends in biochemical sciences.
125-30. DOI: 10.1038/341125a0. 2003; 28(10): 541-7. DOI: 10.1016/j.tibs.2003.08.009.

30. Philpott A., Krude T., Laskey R.A. Nuclear chaperones. Cells. 43. Zhu X. et al. Structural analysis of substrate binding by the mo-

Seminars in cell & developmental biology. 2000; 11(1): 7-14. DOI:
10.1006/scdb.1999.0346.

lecular chaperone DnaK. Science. 1996; 272(5268): 1606-14. DOI:
10.1126/science.272.5268.1606.

& RUSSIAN BIOMEDICAL RESEARCH

VOL8 N4 2023

ISSN 2658-6584




