
ОБЗОРЫ 95

 РОССИЙСКИЕ БИОМЕДИЦИНСКИЕ ИССЛЕДОВАНИЯ ТОМ 8   № 4   2023 eISSN 2658-6576

DOI: 10.56871/RBR.2023.60.25.011
UDC 576+577.29

CHAPEROME: HISTORICAL PERSPECTIVE 
AND CURRENT CONCEPTS
© Viacheslav S. Fedorov1, 2, 3, Nadezhda V. Remizova1, 4, Maxim A. Shevtsov2, 3, 5, 6

1 Saint Petersburg State University of Veterinary Medicine, Department of Inorganic Chemistry and Biophysics. Chernigovskaya 5, 
Saint Petersburg, Russian Federation, 196084
2 Institute of Cytology, Russian Academy of Sciences (RAS), Tikhoretsky pr., 4, Saint Petersburg, Russian Federation, 194064
3 V.A. Almazov National Medical Research Center. Akkuratova str., 2, Saint Petersburg, Russian Federation, 197341
4 Saint Petersburg State University of Architecture and Civil Engineering, Department of Geotechnics. 2nd Krasnoarmeyskaya st., 4, 
Saint Petersburg, Russian Federation, 190005
5 Center for Translational Cancer Research at the Technical University of Munich (TranslaTUM), Radiation Immuno-Oncology Group, 
Clinic Rechts der Isar. str. Einstein 25, Munich, Germany, 81675
6 Far Eastern Federal University. Ajax Bay, 10, Russky Island, Vladivostok, Russian Federation, 690922

Contact information: Viacheslav S. Fedorov — Assistant of the Department of Inorganic Chemistry and Biophysics, Saint Petersburg State University 
of Veterinary Medicine. E-mail: fedorovvs.biotech@gmail.com   ORCID ID: 0000-0002-0239-7473   SPIN: 4424-5821

For citation: Fedorov VS, Remizova NV, Shevtsov MA. Chaperome: historical perspective and current concepts // Russian biomedical research 
(St. Petersburg). 2023;8(4):95-102. DOI: https://doi.org/10.56871/RBR.2023.60.25.011

Received: 05.10.2023         Revised:  22.11.2023              Accepted: 20.12.2023

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.
Key words: molecular chaperones; heat shock proteins; chaperome.
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Резюме. Жизненный цикл клеток сопровождается постоянным синтезом, транспортом и деградацией по-
липептидных цепей — белков и сигнальных последовательностей. Каждая полипептидная цепь обладает 
четырьмя уровнями структуры, и принятие ею правильной пространственной конформации необходимо 
для экспрессии функции молекулы. Препятствовать формированию правильной конформации могут 
гидрофобные взаимодействия или образование сульфидных мостиков. Более того, структуры высокого 
порядка белков нарушаются при различных стрессовых ответах на клетку. В ходе исследования процессов 
синтеза и агрегации белков были выявлены особые консервативные протеины, способные связываться 
с новосинтезированным или поврежденным полипептидом, придавая за счет последовательной связи с 
доменами узнавания функциональную структуру. Именно эти белки назвали молекулярными шаперона-
ми. В их число входит суперсемейство белков теплового шока, синтез которых является неспецифичным 
ответом клетки на стресс. Для изучения процессов протеостаза необходимо понимание, что данные 
белки действуют лишь в тесной взаимосвязи с кошаперонами и другими вспомогательными молекулами. 
Такие совокупности называются шаперомом, или шаперонной машиной, и они представляют значитель-
ный интерес в биомедицинских исследованиях. В данном обзоре литературы представлены основные 
исторические этапы понимания шаперонов и шаперома как супрамолекулярного комплекса и их место в 
жизнедеятельности клетки.
Ключевые слова: молекулярные шапероны; белки теплового шока; шапером.

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]. 

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 
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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 
fol ding 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 (HSPA8) 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 

Fig. 1.  HSP70  family classification [20]
Рис. 1.  Классификация семейства 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 (HSP90α 
and HSP90β) and two HSP70 proteins, constitutive HSPA8 
(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 acti vity, 

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 cha perone 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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