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Abstract—Proteasomes are highly conserved multienzyme complexes responsible for proteolytic degradation of the short-
lived, regulatory, misfolded, and damaged proteins. They play an important role in the processes of brain plasticity, and
decrease in their function is accompanied by the development of neurodegenerative pathology. Studies performed in dif-
ferent laboratories both on cultured mammalian and human cells and on preparations of the rat and rabbit brain cortex
revealed a large number of proteasome-associated proteins. Since the identified proteins belong to certain metabolic path-
ways, multiple enrichment of the proteasome fraction with these proteins indicates their important role in proteasome func-
tioning. Extrapolation of the experimental data, obtained on various biological objects, to the human brain suggests that
the proteasome-associated proteins account for at least 28% of the human brain proteome. The proteasome interactome
of the brain contains a large number of proteins involved in the assembly of these supramolecular complexes, regulation of
their functioning, and intracellular localization, which could be changed under different conditions (for example, during
oxidative stress) or in different phases of the cell cycle. In the context of molecular functions of the Gene Ontology (GO)
Pathways, the proteins of the proteasome interactome mediate cross-talk between components of more than 30 metabolic
pathways annotated in terms of GO. The main result of these interactions is binding of adenine and guanine nucleotides,
crucial for realization of the nucleotide-dependent functions of the 26S and 20S proteasomes. Since the development of
neurodegenerative pathology is often associated with regioselective decrease in the functional activity of proteasomes,
a positive therapeutic effect would be obviously provided by the factors increasing proteasomal activity. In any case,
pharmacological regulation of the brain proteasomes seems to be realized through the changes in composition and/or ac-
tivity of the proteins associated with proteasomes (deubiquitinase, PKA, CaMKlIa, etc.).
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INTRODUCTION

Proteasomes are highly conserved multienzyme
complexes, which are present in all prokaryotic and
eukaryotic cells and cleave the short-lived, regulatory,
misfolded, and damaged proteins [1-3]. The proteolytic
(core) and regulatory particles of proteasomes, and the
proteasome containing both particles, were named 20S,
19S, and 26S proteasomes in accordance with their sed-

imentation coefficients. Proteasomes play an important
role in the processes of brain plasticity, and decrease in
their functional activity is accompanied by the develop-
ment of neurodegenerative pathology [2, 3].

In most cases, proteins subjected to proteasomal
degradation first undergo ubiquitination, the ATP-de-
pendent attachment of ubiquitin, an 8.5 kDa protein.
The labeled (poly)ubiquitinated proteins are recognized
by the 19S proteasome receptors. Then, deubiquitinases

Abbreviations: CaMKII, calcium calmodulin-dependent protein kinase II; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GO, Gene Ontology; PKA, cAMP-dependent protein kinase; UPS, ubiquitin—proteasome system.

* To whom correspondence should be addressed.

319



320

cleave the ubiquitin label, and the proteins subjected to
proteolytic degradation enter the 20S proteasome [4, 5].
In addition to this protein delivery pathway, known
as ATP- and ubiquitin-dependent proteasomal degra-
dation [6], proteins can be degraded in proteasomes
via the ATP- and ubiquitin-independent way [7-11].
In the latter case, one of the main structural prereq-
uisites for such protein degradation is the presence of
disordered regions, which initiate interaction with the
20S proteasome [12].
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STRUCTURE AND FUNCTIONS
OF PROTEASOMES
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Fig. 1. Structure of proteasomes (see explanations in the text). The image (map03050) has been adapted and taken from the KEGG (Kyoto Encyclo-
pedia of Genes and Genomes; Kanehisa Laboratory) [15] open source with permission from the copyright holder.
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association of the 20S proteasome with the regulatory
particles [13]. Two inner rings formed by (3 subunits ex-
hibit several proteolytic activities: caspase-like activity
(B1), trypsin-like activity (B2), and chymotrypsin-like
activity (35) [14, 15] (Fig. 1).

19S Proteasome (19S Particle) and other Protea-
some Regulators. /95 Particle. The regulatory 19S parti-
cle, also known as the proteasome activator 700 (PA700;
Proteasome activator 700), consists of two subcomplex-
es: the lid and the base; it includes up to 20 different
subunits with or without ATPase activity (Fig. 1). Sub-
units with ATPase activity are designated as Rpt subunits
(Rpt, regulatory particle triphosphatases), and subunits
lacking ATPase activity are designated as Rpn (Rpn,
regulatory particle non-triphosphatases). In addition to
19S subunits (PA700), which can attach to the 20S core
particle at one side or both sides simultaneously, there
are other proteasome regulators. PA28 (or 11S particle)
exists in two main forms: PA28af3 and PA28y (or REGY).
PA28af is expressed in the cytoplasm; it consists of two
subunits, a and 3 (with molecular mass of 28 kDa each),
and is induced by y-interferon. PA28af3 enhances the
ability of 20S proteasome to cleave short peptides and
oxidized substrates [15, 16]. The proteasome activator
PA28Yy is expressed in the nucleus; being attached to the
20S core particle, it acts as “a molecular sieve”, select-
ing proteins for degradation directly in the core part of
the proteasome via the ATP- and ubiquitin-independent
pathway. PA28y is involved in regulation of such import-
ant cellular processes as cell growth and proliferation,
apoptosis, DNA repair, immune response, and metabo-
lism, thus maintaining cell homeostasis [17].

The 19S regulatory particle is responsible for recog-
nition of the polyubiquitinated substrates, their unfold-
ing, deubiquitination, and direction into the interior of
the 20S core particle, where they are cleaved into oligo-
peptides. Active transport of substrates into the catalytic
region is carried out using the energy of ATP hydroly-
sis. Six subunits of the base of the 19S regulatory par-
ticle (Rpt1-Rpt6) belong to ATPases of the AAA fami-
ly (ATPases associated with various cellular activities).
These subunits form a ring, as well as four subunits lack-
ing ATPase activity (Rpnl, Rpn2, Rpnl0, and Rpn13)
[18]. The Rpnl, Rpnl0, and Rpnl3 subunits serve as
ubiquitin receptors, recognizing client substrates labeled
for elimination in the proteasome [19-22]. The subunits,
ubiquitin receptors, differ in their affinity for different
polyubiquitin chains [23, 24]. The lid is represented by
nine different subunits (Rpn3, Rpn5-9, Rpnll, Rpnl2,
and Rpnl5), which form a horseshoe-shaped structure
[25-27]. The main function of the lid is substrate deu-
biquitination, which involves several deubiquitinases
(one of them is the proteasome subunit Rpnll) [28-30].
The energy of ATP is necessary for stabilization of the
complex of regulatory and catalytic core particles of the
proteasome and, most importantly, for changes in the
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conformation of subunits that allow “gate” opening for
the passage of protein substrates to the proteolytic cavity
[31]. The energy of ATP hydrolysis is also used to unfold
substrates during their movement into the proteolytic
region [32, 33].

Other proteasome regulators. The PA200 proteasome
activator is a phosphoprotein widely present in the cell
as a proteasome-free pool. Under stressful conditions,
PA200 is recruited by proteasomes. PA200 attachment
to the 20S proteasome enhances its peptidase activity.
PA200 can also interact with the 26S proteasome, form-
ing a 19S-20S-PA200 hybrid proteasome. PA200 is in-
volved in the key cell signaling pathways, it plays a role
in DNA repair, providing genome stability. Expression of
this factor sharply increases in the case of tumorigenic
processes and, conversely, is suppressed in neurodegen-
erative diseases. Currently, this factor attracts much at-
tention as a possible therapeutic target [34].

In higher vertebrates, cell stimulation with y-inter-
feron or other anti-inflammatory cytokines leads to im-
munoproteasome formation from the 15S preproteasome
complex, which contains alternative catalytic subunits
Bli, B2i, B5i, instead of B1, B2, and B5 subunits and
has altered proteolytic activity and substrate specifici-
ty [35, 36] (Fig. 1). There is an increasing evidence that
the role of immunoproteasomes is not limited by the im-
mune response; immunoproteasomes play a certain role
in oxidative stress, carcinogenesis, and neurodegenera-
tive diseases, such as Parkinson’s, Alzheimer’s, Hunting-
ton’s, amyotrophic lateral sclerosis, autoimmune diseas-
es (particularly, multiple sclerosis) [37, 38].

The Ecm29 regulator plays a key role in protecting
cells from oxidative stress. Under oxidative stress there
is a sharp increase in the number of 20S proteasomes in
the cell, not only due to transcription regulation, but also
due to dissociation of the 26S proteasome complexes.
This is necessary for rapid elimination of the damaged
proteins in an ubiquitin- and ATP-independent man-
ner. The Ecm29 regulator accelerates dissociation of
26S proteasomes in response to oxidative stress, appar-
ently by causing conformational changes and affecting
protein—protein interactions between the 19S and 20S
subcomplexes [39].

The proteasome regulator PI31 (Proteasomal In-
hibitor of 31 kDa) was originally discovered as an inhib-
itor of peptide hydrolysis by the 20S proteasome in vitro.
Later, it was found that in vivo it promoted proteasomal
cleavage of the proteins. PI31 ribosylation promotes
26S proteasome assembly. Recently, it has been found
that this factor also works as an adapter for proteasomal
transport into neurons. Experiments, performed using
mutant mice, have shown that knockout of this factor
in the spinal motor neurons and in Purkinje cells caused
axonopathy, neuronal degeneration, spinal and cerebel-
lar neurological dysfunction. The authors suggest that
the proteasome regulator PI31 could play a key role in
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protein homeostasis and synapse function and, accord-
ingly, its dysfunction may lead to the development of
neurodegenerative diseases in humans [40].

Proteasome assembly. Assembly of protecasomes is a
complex regulated process, which has been well studied
using yeast and human proteasomes by means of cryo-
genic electron microscopy. Assembly of the core particle
in eukaryotes can be conditionally subdivided into three
stages: formation of the a ring, formation of the f ring,
dimerization of the semiproteasome, and maturation.
These stages are mediated by five chaperones, known
as Pbal-Pba4 (proteasome biogenesis associated 1-4)
and Umpl (underpinning maturation of proteasome 1)
(in yeast) and, respectively, PAC1-PAC4 (proteasome
assembly chaperone 1-4) and POMP (proteasome mat-
uration protein) (in the case of human proteasomes)
[41, 42].

Assembly of the 19S regulatory particle is also a
multi-stage process; its two subcomplexes — the lid and
the base — can be assembled separately. Five chaperones
are involved in the base assembly (in yeast and humans,
respectively): Nas2 (p27), Nas6 (p28), Hsm3 (S5b),
Rpnl4 (PAAF1) (proteasomal ATPase associated fac-
tor 1), and Adcl7 (ATPase dedicated chaperone of
17 kDa). Two models for the assembly of the “base” of
the regulatory subunit of the proteasome have been pro-
posed. According to one of them, the “base” assembly
does not depend on the core particle; another model
suggests that the 20S particle serves as a “platform” for
formation of the “base” of the 19S particle [41, 42].

The lid can be assembled in the absence of the base
of the 198 particle and the 20S core particle. At the first
stage, two intermediates are formed: one consists of
Rpn5-6, Rpn8, Rpn9, and Rpnll subunits, and the oth-
er consists of Rpn3, Rpn7, and Rpnl5 subunits. After
association of these intermediates, the Rpnl12 subunit is
attached. This is the trigger for conformational changes
that allow the lid to attach to the “base” of the 19S par-
ticle. Association of the core and regulatory parts of the
proteasome involves the Nas6 chaperone (p28) and the
lid subunits Rpn5 and Rpn6 [41, 43].

Functional state of mitochondria can influence
the proteasome assembly [44]. Defects in the respira-
tory complex I impair assembly of the 26S proteasome;
they are reversible in the presence of pyruvate or aspar-
tate [44].

Proteasome compartmentalization. In order to elimi-
nate appropriate proteins at the right moment in the right
place, proteasomes need to be dynamic not only in terms
of their structure, but also in terms of their compartmen-
talization. Therefore, subcellular localization of prote-
asomes can be changed under changing conditions (for
example, under oxidative stress) or in different phases
of the cell cycle. Proteasomes are located in cytoplasm,;
some of them are associated with the cytoskeleton and
membranes of endoplasmic reticulum. At the same time,

BUNEEVA et al.

many proteasomes are located in the nucleus. Moreover,
experiments with mouse embryonic fibroblasts have
shown that the newly synthesized proteasomes were lo-
cated particularly in the nucleus, while the three-day-old
proteasomes were mainly found in the cytoplasm, which
indicates inflow of the newly synthesized proteasomes
from the nucleus to the cytoplasm [45]. Interesting-
ly, proteins involved in realization of nuclear functions
(cyclins, inhibitors of cyclin-dependent kinases, tran-
scription factors NF-kB, IkB, p53) were among the first
identified physiological proteasome substrates [46-48].

Recently, the AKIRIN2 protein, an adapter for
import of mature core particles into the nucleus, was
discovered in mammals (in three different cell lines).
AKIRIN?2 directly binds to the fully assembled 20S pro-
teasomes and promotes binding of importin 9, the factor
required for transport to the nucleus. AKIRIN2 inhibits
the 20S core particle and is cleaved when the 20S core
particle enters the nucleus [49]. The mechanisms of pro-
teasome import into the nucleus in yeast and mammals
are similar in that the 20S core particle passes through
the nuclear pore complexes either in an inhibited or im-
mature state, probably to avoid degradation of the nucle-
ar pore proteins rich in disordered sequences.

Using mammalian and yeast cells it has been shown
that various stress factors (proteasome inhibition, oxida-
tive stress, and others) cause proteasome accumulation in
the nuclear or perinuclear loci (known as specific “mem-
braneless organelles”). As soon as the stress factors cease
to act, these “organelles” are disassembled [50-53].

If aberrant proteins are not eliminated in the nu-
cleus in time due to proteasomal dysfunctions, they can
accumulate in PML bodies (promyelocytic leukemia nu-
clear bodies), filling the “protein quality control com-
partments” in response to stress [54]. Proteasomes are
recruited into the PML bodies for protein degradation;
however, under unfavorable conditions, such as lack of
ATP, the ubiquitin—proteasome system cannot function
at full capacity. In this case, PML bodies with excess of
proteasomes become toxic; this can lead to neurodegen-
erative diseases [55].

A new 20S proteasome complex, localized in the
plasma membrane and exposed to the extracellular space,
was found in neurons [56, 57]. The peptides formed as a
result of the work of this complex can stimulate calcium
signaling of the neurons.

Post-translational modifications of the proteasome.
Among the post-translational modifications of prote-
asomes, phosphorylation is the most studied one. Ac-
cording to the PhosphoSitePlus database, more than
450 phosphosites have been found on each proteasome
subunit of the human 26S proteasome [58]. Amino acid
sequences surrounding proteasome phosphosites corre-
spond to the recognition motifs of various protein kinases
(MAPK, CDK, CaMK, GSK3, and some others) [58].
This suggests participation of various protein kinases

BIOCHEMISTRY (Moscow) Vol. 88 No. 3 2023



PROTEASOME INTERACTOME OF THE BRAIN

in the regulation of proteasome function (and protein
phosphatases, which reverse such regulation by dephos-
phorylation). Results of several studies suggest that
phosphorylation of the 19S proteasome Rpn6 subunit by
cAMP-dependent protein kinase (PKA) increases protea-
some activity and increases degradation of toxic proteins.
Activation of PKA in vivo by increasing the level of intra-
cellular cAMP reduced accumulation of the phosphory-
lated tau protein and improved cognitive functions in mice
with tauopathy [59]. Stimulation of 26S proteasome activ-
ity during phosphorylation by cGMP-dependent protein
kinase also contributed to the increase in proteasomal
degradation of proteins (including proteins involved in the
development of neurodegenerative diseases) [60].

In addition to phosphorylation, other post-transla-
tional modifications have been reported. These include
O-linked N-acetylglucosamination [61], ADP-ribosy-
lation [62], acetylation, and myristylation [63, 64].
O-linked N-acetylglucosamination leads to inhibition
of ATPase activity of the 26S complex and inhibits pro-
teolytic activity of proteasomes. In mammals, the Rpt2
subunit of the 19S proteasome undergoes this type of
modification (both in vitro and in vivo) [61]. ADP-
ribosylation promotes 26S proteasome activity in both
Drosophila and human cells. Tankyrase, the ADP-ribo-
syltransferase enzyme, as well as dp27 and dS5b chap-
erones involved in the assembly of the 19S proteasome,
binds to the PI31 proteasome regulator. ADP-ribosyla-
tion of PI31 reduces its affinity for a-subunits of the
20S proteasome. This reduces the effect of PI31 on the
20S core particle. In addition, the PI31 modification
increases binding and sequestration of dp27 and dS5b
from the 19S regulatory particles, thereby promoting
26S assembly. Proteomic profiling of the mouse heart
26S proteasomes revealed N-terminal acetylation of five
19S proteasome subunits (Rpnl, Rpn5, Rpn6, Rpt3,
and Rpt6) and five 20S proteasome subunits (a2, a3,
a7, B3, and pB4), as well as N-terminal myristylation of
the Rpt2 subunits of 19S proteasomes [63]. Increase in
acetylation of the 20S core particle subunits increased
proteolytic activity of the mouse and human protea-
somes [65, 66]. In yeast, the myristylated Rpt2 subunit
directs the proteasome to control the quality of nuclear
proteins. Mutations that block this modification lead
to disruption of the intracellular localization of protea-
somes [64].

Oxidative modification of sulfhydryl groups of the
20S proteasome (oxidation of cysteine residues Cys-SH
to cysteine sulfonic acid Cys-SOH) results in subsequent
S-glutathionylation (Cys-S-SG). This is accompanied
by a partial loss of the chymotrypsin-like activity [67].
In vitro, glutaredoxin 2 exhibited deglutathionylase ac-
tivity removing glutathione from the glutathionylated
in vivo and in vitro 20S proteasomes. The other cyto-
plasmic redox proteins, thioredoxin 1 and thioredoxin 2,
acted similarly [67].
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PROTEASOME-ASSOCIATED
PROTEINS

In addition to intrinsic proteasome proteins, the
proteasome fractions isolated by various methods from
various sources (from yeast to cells and tissues of higher
vertebrates and humans) contain a significant amount of
proteins associated with these particles [68-78].

In one of the first works devoted to the analysis of
protein composition of the purified 19S, 20S, and 26S
yeast proteasomes, all identified proteins were subdivid-
ed into several classes (according to terminology of the
authors of the work) [70]:

(1) Proteasome subunits, as well as components of
the ubiquitin—proteasome system (UPS) interacting with
them (including ubiquitinases, deubiquitinases, etc.)

(2) Chaperone proteins involved in proteasome as-
sociation/dissociation, separation of the densely packed
ubiquitinated substrates during their preparation for pro-
teolysis, and interaction with the unfolded (or misfolded)
target proteins for subsequent proteolytic degradation.

(3) Proteins involved in regulation of transcription
and translation, as well as in functioning of the cytoskel-
eton, RNA metabolism, cell division, signaling, and me-
tabolism.

(4) Ribosome proteins and glycolytic enzymes.
Considering the data that at least one third of all the
newly synthesized proteins in mammalian cells under-
go proteasomal degradation within a few minutes after
translation [79], association of the protein synthesis ma-
chinery and UPS is important for the immediate elimi-
nation of the aberrant proteins. In addition, the substrate
phosphorylation reactions involving glycolytic enzymes
create potential opportunities for formation of the addi-
tional amounts of ATP that affect the nucleotide-sensi-
tive interaction of proteins with proteasomes, as well as
functioning of the subunits of the regulatory 19S particle
that exhibit AT Pase activity (Rpt 1-6).

Inconsistency of such classification of proteins as-
sociated with proteasomes is obvious, especially consid-
ering the last three classes. Multifunctional proteins, for
example, glycolytic enzymes, in addition to their classical
biochemical functions, can be also considered as chap-
erones [for example, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH)], and as proteins for degradation
in proteasomes. The same is applicable to the regulators
and components of the translational machine (ribosomal
proteins). Participation of the proteins of these groups in
specific metabolic pathways, including proteasomal deg-
radation, is determined by their structural features at any
given time. For example, the above-mentioned glycolyt-
ic enzyme, GAPDH, can perform chaperone functions,
protecting the newly synthesized protein released from
ribosomes against proteasome degradation [80]. How-
ever, when the cysteine residue (Cys247) is oxidized,
GAPDH loses its ability to function as a chaperone [80],
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and the Hsp70 chaperone, binding to oxidized GAPDH,
protects the cell from aggregation of this protein [81].
The studies performed using cultured mammali-
an and human cells [68, 70-75], preparations of the rat
brain cortex [69] and rabbit brain and liver [76, 77] also
revealed a large number of proteasome-associated pro-
teins (table). Proteins that are not intrinsic UPS com-
ponents belong to various functional groups, including:
(i) components of the cytoskeleton and proteins involved
in the transport of intracellular “cargo”; (ii) protective
proteins; (iii) signal proteins and regulators of enzyme
activity; (iv) regulators of gene expression, genome sta-
bility, and cell differentiation; (v) metabolic enzymes,
including multifunctional proteins. Interestingly, abun-
dance of a number of proteins associated with prote-
asomes was not lower and even exceeded abundance
of the proteins, forming the proteasome structure [69,
76, 77]. The level of proteasome subunits that form
the core part of proteasome varied in the range of 400-
1000 units (arbitrary units of spectrum counting); for
the subunits of the 19S regulatory particle, this param-
eter was in the range of 200-680 units [76]. For some
proteins of the above functional groups, the abundance
exceeded the ranges found for the proteasome subunits.
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For example: (i) cytoplasmic actin (P29751 Actin,
cytoplasmic) 1,777.6 units; (ii) heat shock pro-
tein (GIT9IMY9 Heat shock protein family A (Hsp70)
member 8) — 509.2 units; (iii) calmodulin (P62160
Calmodulin) — 1386.3 units; (iv) heterogeneous nu-
clear ribonucleoprotein K (019049 Heterogeneous nu-
clear ribonucleoprotein K) — 468.5 units; (v) GAPDH
(P46406 glyceraldehyde-3-phosphate dehydrogenase) —
952.8 units. [76]. Taking into account the fact that the
absolute amount of these proteins in the brain [82] dif-
fers from their abundance in the proteasome fraction, all
this obviously indicates that the proteins isolated togeth-
er with the proteasome fraction are not contaminants,
but are components of the proteasome proteomes. This
notion is also supported by multiple enrichment of the
isolated brain proteasomes with proteins belonging to
certain metabolic pathways (Fig. 2).

Fractionation of the brain 26S proteasome had a sig-
nificant impact on the profile of proteins associated with
the 20S core particle. The number of individual proteins
identified in the fraction of 20S proteasomes of the rab-
bit brain almost doubled as compared to the fraction of
brain 26S proteasomes [76, 77] mainly due to the met-
abolic enzymes, proteins involved in signal transduction

Pathways representation among proteasome interacting proteins (fold change)

Glutamine glutamate conversion (P02745) _

Glycolysis (P00024)

Fructose galactose metabolism (P02744)

Pyruvate metabolism (P02772)

Pyrimidine ribonucleotides biosythesis (P02740)

Cytoskeletal regulation by Rho GTPase (P00016)

Parkinson’s disease (P00049)

Huntington’s disease (P00029)

Fig. 2. Enrichment of the proteasome fraction with certain groups of proteins identified in the brain [76, 77]. Data analysis by the Quick GO
resource in the Explore Biology database showed distribution of the identified proteins among several metabolic pathways. In the context of extrap-
olation to the full-length human proteome, the highest enrichment was found in the case of proteins involved in the metabolism of glutamine and
glutamate (P02747, 100-fold enrichment in the subproteome of proteins associated with proteasomes), glycolysis (P00024; 82-fold enrichment),
and fructose metabolism (P02744; 37-fold enrichment), pyruvate metabolism (P02772; 34-fold enrichment), etc. Significant enrichment was also
found for the metabolic pathways involved in the development of Parkinson’s disease (P00049; 12-fold enrichment) and Huntington’s disease
(P00029; 8-fold enrichment). Metabolic pathway identifiers are presented according to the Quick GO resource nomenclature in terms of GO Slims

(http://www.ebi.ac.uk/QuickGO) [83].
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Functional groups
ofproteigns P Method of selective
Proteasomes source Method of isolation validation of the inter- | References
action with proteasome
|| v P
.. affinity purification based
4 + |+ | +
Saccharomyces cerevisiae on anti-Flag M2* agarose [70]
isotope tagging,
in vivo cross-linking reciprocal
Saccharomyces cerevisiae and tandem affinity + + + co-purification [72]
purification SILAC**, and immunoblotting
quantitative analysis Q TAX***
Homo sapiens, affinity purification
293HF-UbR/Rpnl1l1-TB with the in vivo + + + [74]
cells cross-linking XBAP****
Homo sapiens affinity purification
K562 celll)s ’ based on biotin-streptavidin + + [75]
complex and TEV protease*****
Homo sapiens, sucrose gradient centrifugation o s
extracellular and ion-exchanee i co-purification (73]
26S proteasomes h hg and immunoblotting
of K562 chromatography
Homo sapiens,
26S proteasomes affinity purification + + + [68]
of HEK293 expressing MAP*#*x#x_STT AC
Rpnl1-HTBH cell line
affinity purification
Rattus norvegicus, with the aid of glutathione co-purification
cortex cytosol sepharose, GST (glutathione + + + and irrrl)munoblottin [69]
and synaptosomes S-transferase), and UBL &
(ubiquitin-like domain) tag
affinity purification
Rattus norvesicus with the aid of glutathione
skeletal muchle > sepharose, GST (glutathione + + + [78]
S-transferase), and UBL
(ubiquitin-like domain) tag
. . . optical biosensor
Oryctolagus cuniculus, liver high Spe ed ultracentrlfqgatlo.n, + + + (surface plasmon [77]
ammonium sulfate fractionation
resonance)
. . . . optical biosensor
Or){ctolagus cuniculus, high sp}:ed ultracentrlfu_gano_n, n n " (surface plasmon 76, 77]
brain ammonium sulfate fractionation
resonance)

Notes. The proteins of these functional groups are neither proteasomal proteins nor the components of UPS (ubiquitinases, deubiquitinases, etc.).
They were identified (in the amount of several dozen) by mass-spectrometry in the proteasome fractions isolated from different biological sources.
In some cases, their interaction with proteasome was validated by independent methods. Functional groups of proteins associated with protea-
somes: I, cytoskeleton components and proteins involved in trafficking; II, protective proteins; 111, signal proteins and enzyme activity regulators;
IV, regulators of gene expression, genome stability and differentiation; V, metabolic enzymes, predominantly multifunctional proteins.

* Monoclonal antibodies to FLAG-epitope.

** Stable isotope labeling of amino acids in cell culture.

*k Quantitative analysis of tandem-affinity purified cross-linked (X) protein complexes.

**4% [n vivo cross-linking (X) assisted bimolecular tandem affinity purification strategy.

*#k*+% The authors used the cells expressing 3 7 subunit of 20S proteasome tagged by C-terminal HTBH peptide, containing two His(6) fragments,
specific site of TEV (Tobacco Etch Virus) protease, in vivo biotinylation, the method of non-covalent binding with formation of biotin—streptavidin
complex, and subsequent elution with TEV protease.

ek MAP, Mixing after purification.
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and regulation of enzyme activity, protective proteins,
and regulators of expression proteins genes, cell division,
and differentiation [77]. During fractionation of the rab-
bit liver 26S proteasomes, the number of individual pro-
teins in the fraction of 20S proteasomes remained virtu-
ally unchanged compared to the 26S fraction. It should
be emphasized that comparison of the protein subpro-
teomes of the 26S and 20S fractions of the rabbit brain
and liver proteasomes revealed their high organ specific-
ity. The pool of total proteins (» = 35) is mainly repre-
sented by metabolic and protective proteins, which ac-
count for more than 70% of the proteins. Interestingly, 10
of 35 proteasome-associated proteins common to all four
fractions (fractions of brain and liver 26S and 20S prote-
asomes) belong to the so-called multifunctional proteins.
These include GAPDH [84], a-enolase [85, 86], elonga-
tion factor 1-a 1 [87], aldolase [88, 89], glutathione per-
oxidase [90, 91], heat shock protein Hsp60 [92], lactate
dehydrogenase [93], triose phosphate isomerase [94].
The significantly increased diversity of the repertoire of
proteins associated with the 20S proteasome core parti-
cle of the brain after removal of the proteins of the 19S
particle indicates that the protein components of the 19S
particle play an important role in formation of the prote-
asome interactome and its regulation. In any case, pro-
files of the rat brain mitochondrial proteins bound to the
Rpn10 subunit of the 19S particle changed significantly
when the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) and the neuroprotector isatin
were administered to the animals [95]. Since the Rpn10
subunit of the 19S proteasome plays an important role
in the recognition of substrates destined for proteolytic
degradation in proteasomes [96, 97], this is consistent
with the concept that the 19S proteasome subunits de-
termine ordered delivery of the proteins undergoing pro-
teolytic degradation in the 20S core particle. At the same
time, it should be noted that, in contrast to the generally
accepted viewpoint that the proteasome ubiquitin recep-
tors, Rpnl0 and Rpnl3 subunits, are interchangeable
in the context of proteasome functioning [25], profiles
of the brain proteins bound to the Rpnl0 and Rpnl3
subunits in vitro differed significantly [98]. This is con-
sistent with the results obtained by other authors on
yeast [72]. According to their data, profiles of the pro-
teins interacting with the subunits of the 19S proteasome
Rpnl, Rpnl0, Rpnll, and Rptl5 were not completely
identical.

In the context of known data on the intracellular
traffic of proteasomes and their translocation into vari-
ous cell compartments depending on the functional state
of the cell [42-45], existence of the large number of pro-
teins interacting with proteasomes and forming the pro-
teasome interactome is quite understandable.

Brief overview of the groups of proteins interacting
with proteasomes. Being a widely distributed protein
complex in the cells of the brain and peripheral tissues
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[64, 99], proteasomes are found in the nucleus and cyto-
plasm, where they are associated with various subcellular
structures, including chromatin, cytoskeleton, nuclear
envelope, plasma membrane, and cytosolic membrane.
At the same time, their distribution in cells is uneven,
and specific subcellular localization of proteasomes often
depends on the cell type, growth status, and dynamically
changing regulatory stimuli [64, 100]. In the context of
molecular mechanisms of brain plasticity, localization
of the UPS components serves as an important regula-
tor of synaptic function, and neuronal proteasomes can
interact with the intracellular membrane structures, in-
cluding synaptic vesicles, Golgi apparatus vesicles, mito-
chondria, and lysosomes [101]. Local disruptions in pro-
teasomal degradation are implicated in the development
of many neurodegenerative diseases [102, 103].

(i) Cytoskeletal components and proteins involved in
intracellular cargo transport and their role in proteasome
localization in different cell compartments. One of the mo-
lecular motors, the dynein complex, plays a key role in
proteasome mobility in axons [104, 105].

Redistribution of 26S proteasomes in neurons and
other cell types is facilitated by interaction with the com-
ponents of the cytoskeleton, which, in turn, undergoes
remodeling with participation of proteasomes [106].
Neurons use the microtubule-dependent molecular mo-
tors to locate proteasomes at synapses.

In Drosophila neurons, the dynein light chain pro-
teins (DYNLLI1/2) serve as components of microtu-
bule-dependent proteasome transport [105].

The conserved proteasome-binding protein PI31
plays an important adapter role in proteasome binding to
the dynein light chain proteins (DYNLL1/2) [107, 108].
Phosphorylation by p38 MAPK increased PI31 binding
to DYNLLI1/2, stimulated formation of the proteasome—
DYNLLI1/2 complexes, and promoted directed protea-
some movement in axons [108]. Inactivation of PI31 re-
sults in the impaired interaction of the dynein light chains
with proteasomes and their transport into axons. This leads
to the changes in the presynaptic zones and contributed
to the development of defects in protein homeostasis on
the periphery of neurons. In addition, PI31 tightly binds
to the Ntc/FBXO7/PARKI15 F-box protein [107, 108];
mutations in this protein are accompanied by proteasome
dysfunction and cause development of the juvenile form
of Parkinson’s disease [109]. Binding of another adapter
protein, Ecm29, to myosins and kinesins, facilitates in-
teraction of proteasomes with various cell compartments
[110]. Knockdown of the heavy chain of motor protein ki-
nesin 1 (KIF5B) leads to the impaired dendritic transport,
impacts learning and memory processes [111] and antero-
grade movement of proteasomes to axons [101]. Factors
promoting axon growth stimulate retrograde transport of
proteasomes from the growing axon terminals, which is
regulated by phosphorylation of the proteasome adapter
protein Ecm?29, interacting with dynein [104].
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(ii) Protective proteins. In addition to participation
in the assembly of proteasomes, cellular chaperones are
involved in proteolytic degradation of proteins by pro-
teasomes. Members of the Hsp70 family are directly in-
volved in the processes of protein degradation by deliver-
ing client protein substrates to proteasome. Involvement
of Hsc70/Hsp70 in protein degradation by the 26S prote-
asome is mediated by cochaperone CHIP (carboxyl ter-
minus of Hsc70 interacting protein). It acts as a ubiquitin
ligase, and the BAG1 (BCL2-associated athanogene)
protein coordinates binding of the Hsp70-substrate
complex to the 26S proteasome [112-114]. In the case of
proteolytic elimination of the oxidized proteins by prote-
asomes, cells use proteolytic capabilities of the 20S pro-
teasome, by dissociating the 26S proteasome. An im-
portant role in this process belongs to the heat shock
protein 70 (Hsp70) that promotes increase in the number
of free 20S proteasomes and prevents accumulation of
the oxidized proteins in the cells under oxidative stress
[115]. During formation of the cellular response to oxi-
dative stress, Hsp70 can interact with both oxidized pro-
teins and 20S proteasome, which, unlike the 26S prote-
asome, is able to recognize and cleave unfolded proteins
in an ATP- and ubiquitin-independent manner [116].
The 20S proteasome recognizes its substrates by their
unstructured hydrophobic regions exposed to the sur-
face as a result of unfolding of the protein molecule
[7-11]. At the same time, the 20S proteasome is much
more resistant to oxidative stress than the 26S protea-
some [117, 118]. Resistance of the 20S proteasome to
oxidative damage is mediated by Hsp90 [119]. Hsp90
also binds to the oxidized calmodulin [120] (calmod-
ulin abundance in brain proteasomes exceeds the level
of a number of proteasome subunits [76]) and promotes
degradation of this regulatory protein by the 20S pro-
teasome.

(iii) Proteins involved in signal transduction and reg-
ulation of enzyme activity. Phosphorylation plays an im-
portant role in the regulation of proteasomes and their
subcellular localization. Retrograde transport of protea-
somes depends on the stage of neuron development and
increases with the growth of axons [104]. This process is
stimulated by cAMP and brain-derived neurotrophic fac-
tor (BDNF) without affecting the anterograde direction.
The regulatory mechanism includes BDNF/cAMP-de-
pendent activation of PKA and phosphorylation of the
adapter protein Ecm29, which increases interaction of
proteasomes with dynein. The a-subunit of calcium calmod-
ulin-dependent protein kinase II (CaMKIla) [58],
which is associated with proteasomes in the brain [121],
is considered as the main regulator of synapses. Trans-
location of this enzyme to synapse promotes accumula-
tion of proteasomes in the spines and their postsynaptic
redistribution. CaMKIIa autophosphorylation increases
proteasome binding and mobilization of the latter into
spines. The effect of CaMKIla on proteasomes is real-
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ized via non-catalytic and catalytic mechanisms. In the
first case, the activated (autophosphorylated) CaMKIIa
binds more efficiently to proteasomes, facilitating their
mobilization to the spines. In the second case, CaMKIla
stimulates proteasome activity by phosphorylation of the
serine residue (Ser120) of the Rpt6 subunit. However,
CaMKIlIa translocation rather than its kinase activity
is important for degradation of polyubiquitinated spine
proteins [121]. According to other authors, blockade
of this phosphorylation in the mutant protein with the
S120A amino acid substitution or inhibition of CaMKIIa
reduces synaptic activity and spine growth [122, 123].
Fear conditioning was accompanied by the increased
phosphorylation of the Ser120 Rpt6 subunit of the prote-
asome regulatory particle and the proteasome activity in
the amygdala of Long Evans rats [124]. Administration
of a specific inhibitor of CaMKII, myr-AIP (myristoy-
lated autocamtide-2 related inhibitory peptide), led to
the significant decrease in the learning-induced increase
in Rpt6 Ser120 phosphorylation and proteasome activity,
without affecting the levels of protein polyubiquitination.
The specific PKA inhibitor did not exhibit such effect.
These and other data suggest that CaMKII is involved in
memory formation by regulating Rpt6 phosphorylation
and proteasome function [124, 125].

The polo-like protein kinase 1 (polo-like kinase 1,
an enzyme of the serine-threonine kinase family in-
volved in regulation of the cell cycle, cell responses to
DNA damage, etc.) activates the 20S proteasome by
phosphorylation of a-subunits [126]. However, the role
of this kinase, which some authors consider as protea-
some protein kinase [58], in brain plasticity remains un-
clear. Inhibition of this enzyme is known to block cell
cycle progression in some gliomas [127].

Calmodulin, an activator of the calcium calmod-
ulin-dependent protein kinase II, has been detected
during proteomic profiling of the 26S and 20S fractions
of the brain proteasomes [76, 77]. Taking into consid-
eration the available data on dissociation of calmodulin
from CaMKII [128], presence of this protein in prote-
asomes may indicate its potential role as a regulator of
CaMKII and, possibly, other calmodulin-dependent
proteasome-associated enzymes. It is also possible that
this protein binds to proteasomes for proteolytic degra-
dation. The latter assumption is supported by the fact
that the Ca?"-free calmodulin undergoes degradation
by either 26S or 20S proteasomes that does not require
ubiquitination [120, 129].

(iv) Regulators of gene expression, genome stability,
and cell differentiation. A significant number of pro-
teasomes are located in the nucleus, where they play a
key role in cell cycle regulation, transcription, chroma-
tin remodeling, epigenetic control, RNA splicing, DNA
damage repair, and quality control of nuclear proteins
[64, 130]. In this context, regulators of gene expres-
sion, genome stability, and differentiation found in the
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proteasome fraction could be considered as potential sub-
strates subject to proteolytic degradation. The eEFIA
elongation factor, which plays an important role in the
long-term synaptic plasticity [131], binds to proteasomes
[76, 77, 132]. The level of this protein is reduced in hip-
pocampus of the patients with Alzheimer’s disease [133].
On the other hand, there are reports that the eEF1A
elongation factor binds aberrant proteins released from
ribosomes and delivers them to proteasomes for subse-
quent degradation [132]. eEF1A interacts predominantly
with the Rptl subunit of the regulatory 19S particle, as
well as with ubiquitinated proteins [132]. The strongest
interaction was observed with ATP depletion; upon de-
letion of the gene encoding the Rpt1 subunit, the eEF1A
binding to proteasome decreased, but did not complete-
ly disappear [132]. This indicates that eEF1A could also
bind to other proteasome components. The latter seems
to explain the fact that eEF1A has been found in the
brain both in the 26S proteasome fraction and in the 20S
proteasome fraction [76, 77].
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(v) Metabolic enzymes. Metabolic enzymes, associ-
ated with proteasomes and found in proteasomes isolat-
ed from various biological objects [69, 70, 72, 73, 75-78],
are involved in almost all types of metabolism. At the
same time, only glycolytic enzymes found in proteasomes
(Fig. 3) and supplying them with ATP energy in reactions
of substrate phosphorylation, apparently, could be consid-
ered as functionally significant. In any case, it is difficult
to “offer a job in their specialty” for the subunits of the
mitochondrial ATP synthase complex [73, 78] or transport
ATPases [76, 77] in proteasomes. It is likely that some of
these enzymes (for example, the previously mentioned
GAPDH), which do not undergo degradation in prote-
asomes, could perform some noncanonical functions,
acting, for example, as chaperones or 20S proteasome in-
hibitor proteins [134]. On the other hand, the lactate de-
hydrogenase subunits [76, 77], which are a part of the lac-
tate oxidase complex found in the rat brain neurons [135],
could serve as one of the links between the components of
the proteasome interactome and mitochondria.

CONCLUSIONS

The proteasome interactome contains a large num-
ber of proteins that are involved in the assembly of these
supramolecular complexes, regulation of their function-
ing, and intracellular localization. Extrapolation of the
data, obtained using various biological objects, to the
human brain shows that the proteasome-associated pro-
teins account for at least 28% of the human brain pro-
teome (Fig. 4).

In the context of molecular functions of Gene On-
tology (GO) Pathways, proteins of the proteasome in-
teractome provide interaction between the components
of more than 30 metabolic pathways annotated in terms

Fig. 3. Enrichment of the proteasome fraction with glycolytic enzymes
identified in the rabbit brain [76, 77]. Red color indicates glycolyt-
ic reactions, involving the detected proteins. Blocks filled with green
show identified proteins, which are designated by numbers in the en-
zyme classification, as well as by KEGG and UniProtKB identifiers:
Phosphoglucomutase-1 (EC 5.4.2.2; KEGG identifier is KO01835,
UniProtKB identifier is P36871), ATP-dependent 6-phosphofruc-
tokinase (EC 2.7.1.11; KEGG-identifier K00850, UniProtKB iden-
tifier — P308237), Fructose-bisphosphate aldolase A (EC 4.1.2.13,
KEGG-identifier K01623, UniProtKB identifier — P04075), Triose-
phosphate isomerase (EC 5.3.1.1; KEGG-identifier K01803, UniProtKB
ID — P60174), Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12;
KEGG-ID K00134, UniProtKB ID — P04406), Phosphoglycerate ki-
nase 2 (EC 2.7.2.3; KEGG-ID K00927, UniProtKB ID — P07205),
Alpha-enolase (EC 4.2.1.11; KEGG-ID KO01689, UniProtKB ID —
P06733), Pyruvate kinase PKM (EC 2.7.1.40; KEGG-ID K00873,
UniProtKB ID — P14618), L-lactate dehydrogenase (EC 1.1.1.27;
ID KEGG — K00016, UniProtKB ID — P00338). The image has been
adapted and taken from the KEGG (Kyoto Encyclopedia of Genes and
Genomes; Kanehisa Laboratory) open resource with permission from
the copyright holder. The ID of the original KEGG glycolysis map
is map00010 [15].
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Fig. 4. Functional classes (Protein Classes) of the proteasome-associated proteins identified in the rabbit brain [76, 77] and extrapolated to the
human proteome. Proteins associated with proteasome fall into several functional classes according to the analysis of the GO Slims resource
(http://www.ebi.ac.uk/QuickGO). Blue color indicates contribution of the proteins in the identified proteasome-associated subproteome, green
color indicates contribution of an identical functional class in the full-length human proteome. Functional classes of the proteins (in parentheses)

are listed in the Quick GO Explore Biology resource nomenclature.

of GO (Fig. 5) [136]. The main result of these interac-
tions is binding of adenine and guanine nucleotides,
required for the nucleotide-dependent functions of 26S
and 20S proteasomes [31, 137, 138] in the cells of the
central nervous system and peripheral tissues.
Involvement of proteasomes in pathogenesis of var-
ious diseases of the central nervous system and periph-
eral tissues makes these supramolecular complexes an
attractive target for targeted pharmacological regulation.
Although there is a clear interest in the field of devel-
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opment and use of proteasome inhibitors for treatment
of various types of cancer, pharmacological regulation
of functional activity of the brain proteasomes has also
received some attention. Since the development of neu-
rodegenerative pathology is frequently associated with
regioselective decrease in the functional activity of prote-
asomes, a positive therapeutic effect could be obviously
provided by the factors that increase activity of protea-
somes. The possibility of pharmacological inhibition of
deubiquitinase activity is currently considered as one of
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Fig. 5. Molecular functions of brain proteins [76, 77| associated with proteasomes. The tree structure of distribution and relationship of functional
classes of proteasome-associated proteins was reconstructed using the PANTHER™ Protein Class resource (version 17.0, updated on 2022-02-22;
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Molecular function identifiers are given in the Gene Ontology nomenclature. Color indicators in blocks reflect direction of the influence (activity)

of neighboring or related blocks.

the main approaches [109]. Blockade of these enzymes
facilitates entry of the ubiquitinated substrates into pro-
teasomes for subsequent proteolytic degradation. Anoth-
er approach, suggesting posttranslational modification of
subunits of the proteasome complex, is associated with a
number of components of the proteasome subproteome
(PKA, CaMKlla, etc.) [139]. In any case, pharmaco-
logical regulation of the brain proteasomes seems to be
realized through changes in the composition and/or ac-
tivity of the proteasome-associated proteins. The results
of studies conducted on model objects in vitro and in vivo
[139] inspire certain optimism in terms of feasibility of
this approach.
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