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Abstract. Post-translational modification (PTM) is a vital biological process significantly impacting
protein structure and function. It involves adding functional groups to the main and side chains during
and after protein synthesis, thereby modifying their structure and function. PTMs are essential in shaping
proteins into their final, functional, and three-dimensional forms. While numerous PTMs are still under

active investigation and exploration.

Herewith, we briefly overview some of the most prevalent PTMs, elucidate their associated functions,
and establish connections between PTMs and a diverse range of diseases. Notably, we elucidate the
profound influence of PTMs on neurodegenerative diseases and cancer, and provide a deep understanding
of their many effects. Lastly, it considers a concise overview of PTM computational methods and databases,
shedding light on the cutting-edge techniques and resources used to analyze and explore post-translational

modifications.
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Introduction

Proteins play a critical role in cell life. While
structural, regulatory, and transport functions are
important, it’s essential to note that proteins have a
broader range of functions in cellular processes.

Proteins often undergo post-translational
modifications (PTMs) to achieve their final, functional,
and three-dimensional structure. Humans have over
320 000 PTMs of 59 types [1]. These modifications
substantially influence various aspects of protein
behavior, encompassing enzyme activity and
assembly, protein functionality, lifespan, protein-
protein interactions (PPIs), receptor activation, protein
solubility, folding, localization, and stability [2].
Additionally, they can impact other fundamental protein
attributes, such as electrophilicity. Consequently, PTMs

assume critical roles in a broad spectrum of biological
functions, including signal transduction, gene expression
modulation, DNA repair, cell survival, and the regulation
of the cell cycle regulation [3].

PTMs involve adding various functional groups onto
the side chain or main chain of amino acid residues within
proteins. PTMs are classified into four groups according
to their type, which includes adding chemical groups
(methylation, acetylation, phosphorylation, prenylation,
sulfation, myristoylation, formylation, carboxylation),
adding polypeptides (ubiquitination, SUMOylation,
neddylation), changing amino acids and structures
(racemization, citrullination, isoaspartate), and adding
complex molecules (glycosylation, palmitoylation,
glypiation, oxidation, carbonylation, etc.). PTM processes
also can be reversible or irreversible and enzymatic or
non-enzymatic. Reversible PTMs are modifications
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that can be added or removed from a protein, allowing
for dynamic regulation of protein function. Otherwise,
irreversible PTMs cannot be ecasily reversed under
normal cellular conditions [4]. Enzymatic PTMs require
the action of specific enzymes to catalyze the addition or
removal of groups to or from the target protein. However,
non-enzymatic PTMs result of chemical reactions
conducted in the cellular environment and can happen
spontaneously. Many PTMs have been reported, with the
total number continually expanding as research in this
field progresses. Among these PTMs, phosphorylation,
acetylation, and ubiquitination are some of the most
extensively studied and well-documented types.

This paper will briefly discuss the most common
ten PTMs and their associated functions, followed by
disease, biological processes, implications, and some
computational methods for PTM research.

Phosphorylation

This modification profoundly impacts virtually
every fundamental cellular process, encompassing
protein synthesis, cell division, signal transduction, cell
growth, migration, proliferation, apoptosis, intercellular
communication, differentiation, metabolism, and aging
[5]. Remarkably, a substantial portion of eukaryotic
cellular proteins, estimated between 30% and 50%,
undergo  phosphorylation [6]. This widespread
modification is predominantly orchestrated by a unified
superfamily of enzymes known as eukaryotic protein
kinases (ePKs) [7]. These ePKs facilitate the transfer
of phosphate groups (PO,) from adenosine triphosphate
(ATP) to specific amino acids within proteins [8]. This
process induces conformational changes in the targeted
proteins, thereby regulating their activation, deactivation,
or functional modification [9]. In contrast, the reverse
reaction of removing a phosphate group, termed
dephosphorylation, is catalyzed by various phosphatases
[10]. Phosphorylation events are most frequently
observed on serine residues, followed by threonine and
tyrosine residues, with a relative prevalence ratio of
11.2:2.5:1 [11]. However, it is important to note that
phosphorylation is not only limited to these residues but
also kinases modify the side chains of Cys, Lys, His,
Arg, Asn, and Gln [12].

Acetylation

Enzymatic acetylation, catalyzed by
acetyltransferases counting lysine acetyltransferase and
histone acetyltransferase, is the primary mechanism by
which acetyl donors transfer acetyl groups (CH,CO)
to proteins. These acetyl groups, donated by the
metabolite acetyl-coenzyme A, can be attached either
co-translationally or post-translationally to the a-amino

group of N-terminal proteins or the e-amino group of
Lys residues [13]. Currently, three well-known forms
of acetylation are recognized: No-acetylation, Ne-
acetylation, and O-acetylation, as detailed by Lee et al.
(2010) [14]. No-acetylation involves the irreversible
addition of an acetyl group to the a-amino group of the
N-terminal amino acid and is responsible for modifying
approximately 85% of human proteins [15]. Ne-
acetylation entails reversibly adding an acetyl group to
the g-amino group of lysine residues [16]. O-acetylation
adds an acetyl group to the hydroxyl group of Tyr, Ser,
or Thr [17]. Acetylation predominantly occurring on
Lys residues and others can be categorized into histone
acetylation and non-histone protein acetylation. Both
histone and non-histone protein acetylation play pivotal
roles in human biological functions and are closely
associated with the mechanisms underlying various
diseases. Non-histone protein acetylation plays a role
in gene transcription, DNA repair, cell division, signal
transduction, protein folding, autophagy, and metabolism
[18]. Acetylation affects protein functions in various
ways, including regulating protein stability, enzymatic
activity, and subcellular localization by interacting with
other post-translational modifications, and PPIs and
protein-DNA interactions [19].

Ubiquitination

Ubiquitin is a protein found that plays a vital role
in all eukaryotic cells, including those of humans,
animals, plants, and fungi. Receptors with ubiquitin-
binding domains can bind ubiquitin in mono- or
polyubiquitination forms on their target proteins. There
are seven Lys residues in ubiquitin (K6, K11, K27, K29,
K33, K48, and K63), contributing to the formation of an
isopeptide-linked chain, which is the essential character.
Cellular enzymes are also able to connect ubiquitin
molecules with each other, using the amino terminus
(N-terminal methionine; M1) or one of seven Lys
residues of one ubiquitin and the C terminus of another
subunit [10], [20]. Ubiquitin is attached to a target
protein by three different classes of enzymes: ubiquitin-
activating enzymes (E1), ubiquitin-conjugating enzymes
(E2), and ubiquitin ligases (E3). Initially, the ubiquitin
molecule is activated by an El enzyme through an
ATP-dependent reaction (Fig. 1). Following activation,
ubiquitin molecules are conjugated via the E2 enzyme,
and then E3 ubiquitin ligase transfers them specifically
to their respective targets [20], [21].

The protein ubiquitination is crucial in regulating
various cellular processes, such as protein degradation,
signal transduction, DNA repair, and cell cycle
progression [22]. Some specialized proteins called
deubiquitinases can remove ubiquitin from substrate
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Fig.1. Overview of the ubiquitin-proteasome system. The process begins with E1 activating free ubiquitin molecules (Ub) using
ATP. Activated ubiquitin is then transferred to E2, which acts as a carrier. E3 identifies the target protein and attaches ubiquitin to
it, forming polyubiquitin chains. The ubiquitinated protein is then recognized and broken down by the 26S proteasome, responsible
for degrading ubiquitinated proteins into smaller peptides and amino acids.

proteins [10]. Dysfunction in the ubiquitin pathway,
specifically  disruptions of  ubiquitination and
deubiquitination processes, can significantly affect
cellular homeostasis and various diseases.

Methylation

Protein methylation is a type of PTM that usually adds
amethyl group (CH,) to specific amino acid residues such
as Lys and Arg [23]. The last decade has discovered a
wide range of PTMs, especially methylation (mono-, di-,
or trimethylation) on histones and other transcription-
regulating proteins. These modifications are catalyzed by
enzymes known as protein methyltransferases. Recent
findings, including the discovery of protein arginine
methyltransferases and histone lysine methyltransferases,
have gained significant attention in this field [10],
[24]. This modification can profoundly affect protein
structure, function, and regulation, ultimately influencing
various cellular processes. Methyltransferases can affect
disease in various ways, primarily through their roles
in epigenetic regulation, RNA modification, and PTM
of proteins, small molecules, and lipids. Accordingly,
deregulation of protein methylation has been associated
with many human diseases [23].

Prenylation

The post-translational lipid modification is known
as prenylation and occurs mainly in the cytosol.
Three enzymes are involved in the modification:
Farnesyltransferase, Geranylgeranyltransferase I, and
Geranylgeranyltransferase II. In this modification,
farnesyl pyrophosphate or geranylgeranyl pyrophosphate
is covalently added to conserved Cys residues near or at
the C-terminus using an irreversible covalent reaction
[25], [26]. It is associated with eukaryotic proteins that
have a CAAX motif box in which “C” is cysteine, “AA”
is an aliphatic amino acid, and “X” is variable [27].
Prenylation directly impacts the subcellular localization,

PPIs, and protein function. It is essential for many
biological functions, including membrane attachment,
cellular signaling, etc. Dysregulated or inhibited
prenylation induces several disorders, including
progeria, Alzheimer’s disease (AD), malignancies, bone
diseases, infectious diseases, and cardiovascular and
cerebrovascular diseases [28].

Sulfation

Tyrosine sulfation involves attaching sulfate
groups to peptidyl Tyr residues using sulfate from
3’-phosphoadenosine 5'-phosphosulfate. This process
results in a tyrosine O4-sulfate ester formation [29]. This
modification is catalyzed in the trans-golgi apparatus
by the membrane-bound enzyme tyrosylprotein
sulfotransferase 1 and 2 (TPST 1, 2). It is essential
for enhancing the bioactivity of specific proteins and
increasing their ability to interact with other proteins.
Sulfotransferase enzymes, recognized for their role
in transferring activated sulfate, significantly modify
various biological molecules, including hormones,
neurotransmitters, carbohydrates, and Tyr residues within
proteins. The activity of TPSTs are well-documented in
animals, and numerous tyrosine-sulfated proteins have
been primarily identified in animals. Many of these
proteins are critical in inflammation, hemostasis, and
immunity processes [30], [31].

Glycosylation

Glycosylation is one of the most complex PTMs of the
proteins [10]. Glycans are covalently linked saccharides
that are frequently joined to proteins and lipids. As a part
of the biological system, they contribute a substantial
amount of function with mass and structural variety. Most
glycans exist on the surface of cells and secreted proteins
with intricate and varied structures [32]. Glycosylation is
a prominent process in eukaryotic cells, primarily within
the endoplasmic reticulum and the Golgi apparatus. In
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contrast, glycosylation in prokaryotic cells, where it does
occur, often takes place in different cellular locations,
such as the cell membrane or periplasmic space, and
involves distinct mechanisms tailored to the specific
needs of prokaryotes [10], [33]. This modification is an
enzymatic reaction conducted with glycosyltransferases
and glycosidases, covalently binding sugars or glycans to
specific protein residues [34]. As part of this enzymatic
process, the glycosyltransferase enzyme predominantly
catalyzes on Ser, Thr, Asn, and Trp residues within
proteins and lipoproteins [35]. Based on target
residues, glycosylation can be systematically classified
into six distinct categories, namely N-glycosylation,
O-glycosylation, C-glycosylation,  S-glycosylation,
phosphoglycosylation, and glypiation (GPI-anchored).
N-glycosylation and O-glycosylation have more
important roles in protein conformation and activity than
other glycosylation [34]. Glycosylation is an essential
mediator in cellular responses to environmental stimuli
and in intricate cellular growth and differentiation
processes.

SUMOylation

SUMOylation involves the covalent attachment of
small modifiers known as Small Ubiquitin-like Modifiers
(SUMOs) to specific Lys residues within proteins [36].
SUMO is a family of highly conserved small proteins
commonly present in eukaryotic organisms [29]. Five
SUMO proteins known as SUMO1-SUMOS are currently
identified in eukaryotes [37]. SUMOylation processes
occur in both the cytoplasm and the nucleus of a cell.
The SUMO protein belongs to ubiquitin-like protein;
their three-dimensional structures show remarkable
similarity, both share a characteristic Bpafpaf fold and
a double-glycine C-terminal motif. However, its amino
acid sequence and the distribution of surface charges are
distinguished from ubiquitin. The SUMOylation process
is similar to ubiquitination and indeed process requires
enzymes such as the SUMO-activating enzyme (E1),
the SUMO-conjugating enzyme (E2), and the SUMO-
ligating enzyme (E3). These enzymes covalently attach
SUMO to a specific Lys residue in substrate protein,
thereby facilitating the modification. SUMOylation plays
apivotal role in governing protein expression, subcellular
localization, stability, and activity, exerting its influence
across a spectrum of vital cellular mechanisms such as
PPIs, intracellular positioning, DNA repair mechanisms,
nucleocytoplasmic transport, activation of transcription
factors, apoptosis regulation, cell cycle progression, and
the orchestration of gene transcription [38].

Palmitoylation

Palmitoylation involves the formation of a thioester

bond between palmitic acid and Cys residues in proteins,
particularly in membrane proteins. It refers to a type
of fatty acid modification known as S-acylation, where
16-carbon palmitic acid is covalently linked to one or
more cysteines by thioester bonds. The normal function
of many surface receptors and signaling proteins also
depends on their localization within lipid rafts, a process
that is facilitated by palmitoylation [39], [40]. This
modification primarily enhances protein-membrane
binding, leading to alterations in protein localization,
function, stability, structure, and interactions with other
cellular effectors. It also regulates various cellular
physiological processes [40], [41]. Palmitoylation is
reversible and dynamically controlled by nature; it’s a
distinguishing feature from other lipid modifications
such as myristoylation and prenylation [41]. The
enzymes known as palmitoyl transferases catalyze the
palmitoylation of proteins [42]. There is a wide variety
of S-palmitoylated proteins, including those synthesized
on soluble ribosomes and transmembrane-spanning
proteins. Some of these proteins require multiple
modifications using different lipids to reach their final
structure [43].

Myristoylation

N-glycine myristoylation attaches a 14-carbon
myristoyl fatty acyl group to the N-terminal Gly
by N-myristoyltransferases. The N-myristoylation
of proteins is vital for various biological functions,
including signal transduction and cancer development
[44]. N-glycine myristoylated proteins can be divided
into different functional groups: signaling, apoptotic,
and structural proteins. This modification usually takes
place during translation once the initial Met residue is
removed. In some cases, N-glycine myristoylation can
also happen after translation for specific pro-apoptotic
proteins, wherein caspase cleavage reveals an internal
glycine for myristoylation. This alteration is essential for
guiding proteins to their desired subcellular positions by
promoting interactions with other proteins and cellular
membranes [45].

An overview of PTMs’ role in diseases and their
clinical implications

Dysfunction of PTM-dependent protein modulation
is frequently implicated in various human diseases. The
PTMs associated with the human Diseases (PTMD)
database, developed by Xu et al. (2018) serve as a
comprehensive tool for researchers and clinicians
interested in exploring how PTMs in proteins contribute
to various diseases. It offers insights into the molecular
mechanisms underlying diseases and potential targets
for therapeutic interventions, enabling the investigation
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Fig. 2. Schematic illustrations of the ten most common PTMs and their associations with diseases. PTMD databases incorporate
PTMs associated diseases. Gray circles represent disease-linked protein numbers.

of specific protein-disease connections and their roles in
disease development [46]. There are 1 950 PTM-disease
associations in 749 proteins for 23 PTM types and 275
diseases in the PTMD database. This database links the
phosphorylation process to disease most commonly with
527 protein. In other 222 proteins abnormal PTMs are
associated with methylation (98), ubiquitination (57),
glycosylation (47), acetylation (21), and other PTMs in
diseases (Fig. 2).

Overall, about 275 diseases are linked to dysfunction
of PTMs, among which neurological disorders
(Alzheimer’s, Parkinson’s, and Huntington’s) and cancer
are the most prevalent.

Disruptions in these PTMs significantly impact
cellular functions, including signaling, DNA repair,
apoptosis, replication control, and overall organism

health [10]. In this context, abnormal PTM-triggered
neurological disorders and cancer are briefly discussed.

Neurodegenerative diseases

In neurodegenerative diseases (NDDs), PTMs
conducted protein aggregates disrupt neuronal balance
and can spread between cells, worsening the condition
[47], [48]. When proteins fail to fold correctly, they
become inactive and misfolded, contributing to the
formation of abnormal protein clusters. These misfolded
proteins expose their hydrophobic core, leading to the
accumulation of toxic aggregates. In recent studies,
more than 50 PTM-related NDDs were discovered. The
most common pathological indicator in AD is senile
plaques, which form aggregations between nerve cells,
thereby blocking nervous signal transmission. Several
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Fig. 3. Tau-mediated neurodegeneration. When tau protein under-
goes carbamylation, it can lead to alternative structure and
function. This modification is potentially contributing to micro-
tubule destabilization and neuronal dysfunction via tau protein
abnormal function. Carbamylation can occur under certain
conditions, such as in cyanate ions (formed from urea or other
sources) and high pH.

PTMs conduct protein aggregates in AD via tau and
amyloid precursor protein (APP) protein. Under normal
conditions, tau protein plays a crucial role in stabilizing
microtubules and maintaining the integrity of neuronal
axons, contributing to normal neuronal function.
However, in AD, tau protein undergoes abnormal PTMs,
including carbamylation, where a carbamoyl (-CONH,)
group is added to Lys residues. This PTM leads to
the aggregation of tau proteins, which can be toxic to
cells (Fig. 3). Another abnormal PTM is glycosylation,
which facilitates the formation of abnormal
hyperphosphorylation catalyzed by cAMP-dependent
protein kinase during AD. Several other abnormal PTMs
occur in tau proteins in AD patients, including abnormal
phosphorylation, acetylation, ubiquitination, truncation,
and various other modifications [49], [50]. Understanding
PTM mechanisms and causes is significantly important
for providing early diagnosing methods, therapy, and
drug development.

Non-enzymaticabnormal PTMssuchascarbamylation
triggered by alteration of cellular chemical environment
such as accumulation of isocyanic acid or pH variation.
Some non-enzymatic PTMs are related to the aging
process. In some cases, oxidative stress is the main cause
of abnormal PTMs including phosphorylation-triggered
neuronal apoptosis, citrullination-triggered neuronal
death. DNA damage or mutation can also enhance
abnormal PTMs [51].

In healthy cells, there is a well-organized protein
quality control system comprising chaperones,aubiquitin-
proteasome system, and an autophagy-lysosome system.
Chaperones are a defense against protein aggregation
by assisting misfolded proteins in reaching their correct

conformation, preventing aggregation. When chaperones
cannot maintain protein balance beyond a certain point,
the ubiquitin-proteasome system (UPS) is activated to
break down dysfunctional proteins [52]. The UPS relies
on a process involving the ubiquitin E3 ligase, which tags
non-functional proteins with ubiquitin, marking them for
degradation by the proteasome. In PTM-independent,
a knockdown of E3 ligase leads to malfunction of UPS
mechanism and protein aggregation in Amyotrophic
lateral sclerosis (ALS). The autophagy-lysosome system
will be activated if UPS fails to detect and degrade
protein aggregation. During this process, enzymes act in
the acidic environment of the lysosome [53].

Several studies have demonstrated the significance
of drug molecules and natural biomolecules in targeting
various enzymes involved in PTMs to treat NDDs.
These molecules can either inhibit or activate specific
PTM enzymes. For instance, 6-hydroxydopamine,
SARS502250, and curcumin prevent tau aggregation in AD
by inhibiting glycogen synthase kinase 3f activity. Some
inhibitors including 2-bromopalmitate and cerulenin
can reduce palmitoylated APP, but negatively affect
cellular lipid metabolism. Another clinical candidate is
acyl-coenzyme A: cholesterol acyltransferase inhibitors,
which reduce palmitoylated APP levels by releasing free
cholesterol [54]. Also, some PTM enzymes are used
as a treatment for enzymatic abnormal PTMs. Protein
aggregates trigger some NDDs, but in some cases, the
main reason is related to the lost function of the protein
quality control system. Therefore, several therapies are
aimed at protein quality control systems after the proper
diagnosis.

Cancer

PTMs act as regulators, much like switches,
determining whether a cell remains inactive or becomes
active. In healthy cells, PTMs serve as a mechanism
to control when cells should grow and stay dormant.
However, in cancer cells, these switches get stuck in
the “on” position, causing uncontrolled cell growth.
The activation of oncogenes or the inactivation of tumor
suppressor genes disrupts this normal PTM-driven
balance. As a result, there is a continuous supply of
signals promoting cell proliferation. This dysregulation
occurs by altering the PTM states of critical proteins
involved in processes like cell survival, the cell cycle,
and the regulation of cell proliferation. Ultimately,
this leads to cancer cells’ abnormal and uncontrolled
proliferation [55]. PTMs are essential to many critical
events in cellular signaling, making them a key
component in understanding the mechanisms underlying
cancer development and progression. PTMs significantly
impact how cancer begins, develops, avoids the immune

14 Molecular Biology



Dolgion et al. / Proc. Inst. Biol. 39 (2023) 9-29

system, and responds to immunotherapy [56].

Numerous studies have shown promise in targeting
PTMs for liver cancer treatment. One significant
example is STT3A, an endoplasmic reticulum-associated
N-glycosyltransferase that glycosylates programmed
death ligand 1 (PD-L1) one of the most promising
targets for tumor immunotherapy, ensuring its stability.
A noteworthy discovery is that spermine, a natural
compound, can activate B-catenin, a protein involved
in cell adhesion and signaling. This activation leads to
the transcription of PD-L1 and N-glycosyltransferase
STT3A. Targeting STT3A could improve the response
to checkpoint inhibitors in Hepatocellular carcinoma
(HCC) patients. The transcription factor p53 regulates
the expression of up to 3000 genes involved in apoptosis,
senescence, cell cycle arrest, DNA repair, apoptosis,
tumor microenvironment, autophagy, and tumor invasion
and metastasis [57]. The regulation of p53 involves as
many as 50 post-translational modifications (PTMs) [58].
In treating HCC, certain drugs, like Sorafenib, have been
found to influence glycosylation patterns in multiple
proteins. Further research is needed to determine if these
changes can be leveraged to enhance the effectiveness of
HCC therapeutic drugs [59].

Among these, ubiquitination, phosphorylation,
and acetylation stand out as the most prominent and
influential mechanisms in fine-tuning p53’s function and
orchestrating its role in maintaining cellular homeostasis
and responding to stress and damage [60].

PTM computational methods and database

In the past, scientists used slow and less efficient
methods to study PTMs, such as Edman degradation, thin-
layer chromatography, enzyme-linked immunosorbent
assay (ELISA), and Western blot. These methods relied
on antibodies and were crucial in early PTM research.
However, the recent introduction of high-throughput
mass spectrometry (MS) techniques, along with the
growth of proteomics, has wholly transformed PTM
research. The paragraph below highlights essential
databases that enhance our comprehension of PTMs
[61].

The Biological General Repository for Interaction
Datasets is a widely used biological database. It provides
information on PPIs, genetic interactions, and PTMs in
various organisms.

dbPTM (accessible at http://dbptm.mbc.nctu.edu.
tw), is a well-known database catalogs protein PTMs.
It offers details about PTM types, specific modification
sites, associated proteins, regulatory information, and
disease connections, making it a valuable resource for
PTM-related research.

PRISMOID, or PRoteln Structure Modification

Database, is a freely accessible 3D structure database
available at http:/prismoid.erc.monash.edu. It covers
a broad spectrum of PTMs and serves as a valuable
resource for researchers interested in exploring the
structural implications of PTMs in proteins.

DisGeNET is a big library of information about
how certain abnormal protein changes are connected
to diseases. Minic et al. (2022) were annotated
proteins using the latest disease annotations from the
DisGeNET database to establish the clinical relevance of
phosphoproteins. They found that 137 phosphoproteins
were associated with cancer in MCF7 cells (a metastatic
cell line) and 161 in MDA-MB-231 cells (a non-
malignant cell line). Interestingly, three enzymes, ACLY,
SIRT1, and SIRT6, showed much higher activity in
MDA-MB-231-derived extracellular vesicles compared
to MCF10A cells (highly metastatic cell line). This
suggests that these enzymes could be used as markers to
predict breast cancer and possibly as targets for cancer
treatment [62]. Findings such as these demonstrate that
we can search, compare, and evaluate TDM databases
across a variety of studies.

Conclusion

PTMs are fundamental processes in regulating
protein function, involving adding various functional
groups to proteins. These modifications profoundly
impact protein behavior, influencing enzyme activity,
stability, protein-protein interactions, and many other
essential aspects. This paper has provided an overview of
ten prevalent PTMs and explored their roles in biological
processes. We have discussed the significance of PTMs
in the context of neurodegenerative diseases and cancer,
underlining their health implications.

The diverse range of PTMs, such as phosphorylation,
acetylation, ubiquitination, methylation, prenylation,
sulfation, glycosylation, SUMOylation, palmitoylation,
and myristoylation, affects proteins in unique ways,
contributing to their diverse functions. Dysfunction in
these modifications is often linked to the development
and progression of diseases, making them crucial targets
for therapeutic interventions.

Asresearchinthefield of PTMsadvances, itisessential
to understand their roles in different biological processes.
Furthermore, the study of PTMs has been significantly
enhanced by developing computational methodologies
and databases that facilitate comprehensive analysis and
exploration. These tools enable researchers to explore the
field of PTMs and their clinical implications, advancing
the development of innovative therapeutic approaches.

In summary, PTMs represent a captivating study
area with far-reaching effects on biology and medicine.
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As we unravel the complexities of post-translational
modifications, we gain insights that can transform our
understanding of health and disease, offering new
avenues for diagnosis, treatment, and prevention.
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Opuna Wir Y axwularaaraap Hb XHMHHH OyITyyAuir
HOMIX  (METWDKWIT, aNeTWDKWIT,  (OPMIIDKWIT,

Vypar Hb  9com  OYTIMHAH,  30XMIYYITBIH,  KapOOKCHJDKWIIT), HOMMIENTH] HAMAX (YOUXUTUHKMUIT,
300BOPIONTHIH DX MOT O0J0H uyxan yyprudr  SUMO-XKuNT, HEOWDKWIT), aMHH XYy4ul OOJOH
TYAIPTrOAAL. Do 6aiX MXOHX YYPryyld Hb TPAHCIAIMUAE ~ OYTHMUr eepunex (PaCeMHIDKMIT, LUTPYIUHMKUIT,

N30aCHapTaTKUAT) OOJMOH HUMIMAI  MOJNEKYITyYIbIT
HOMIX  (MAJbMUTOIDKWIIT, — DIMIDKHIT,  WCOJIIINT,
KapOOHWJDKMIIT THX MOT) I9X IOpBOH OYJISIT aHTHIAArL
TAO HB 3prax OOJOH YN APraxX ypBal, MOH SH3UMUIH
OpOIIIOO0TOH OOJIOH OPOJIIOOTYHTH3p ABaraar. YJ1 aprax
TAO HB >CHIfH XPBUHH OpUUHI OyIIaH XOBAD OPOXOJ
Maml XdIyy, Oomomxryit Oadimar [4] Oonm SH3UMUITH
TAO HBE 30pWITOT yyparT HAIMIAT OYITYYIUHT HAIMIX,

napaax  eepwient (T/1©)-uiiH  opomnooroiiroop
©OpCIMITH VI aXXuiutaraar ryHIdTrax TypBaH X3MXKIICT
Oyraursi Gompor. XyHuit Omex 59 Ttepmuitn 320000
rapyit TIO-yyn sBarnaar [1]. TAO Hp yypruilH muHx
YaHap, 3H3UMHIH HJI3BX OOJIOH YrCpalIT, Y axuiiaraa,
OpIIMX Xyranaa, yypar-yypruiH XapwinaH YHIwIal,
peLenTopBIH HIBXKWII, YYPTHHH yycax dyaasap, OyTan,
OalpImwI, TOTTBOPTOW Oainmai, SIEKTPOQWIb 33p3T

OJIOH YIUI a)KUIJIaraaHj MX33X?H Hejee y3yyriar [2].
Witmaace yypruiin T/IO Hb 1oXHO JaMKyynax, FeHUIHH
skcnpecc, JHX-uiiH 3acBap, 3cUiH amMpapax uajaBap,
9CHHH MOWIOTHIH 30XMILYYJIaiT 33p3T OHOJIOTHIH YHII
aXUJIaraaHj dyxan yyparrai [3].

THO-uilH  yen  yypruiiH  aMuUH  XYWIMHH
YJLIATIUIMAH Xa)KyyTMHH THHXK, 3CBAJI YHIACOH T'MHXKHH
XMX39HA (QYHKIOHOHANE Oyiaryya mamaroaar. TJO-

ACBAJI XaCaxbIH TYIH TyCTai SH3UMHITH Y aKuiaraar
mraapaaar. Xapus sH3uMuiH Oyc T/IO HE 3cuitH opunHA
sBar[Iar XUMHWH YpBaJIBIH Yp AYHA Yycasr Oereen
9HD Hb asHAaa sBaruar Ipolecc oM. Mamr oloH
TooHBl T/IO-yyn cymmargcaap Oaiiraa 0a TIATrIApIAC
XaMTHHH WX CyIJIaracaH Hb POchOpKUIT, alleTHIDKUIT
6oioH YOUXUTHHXAITARH TIPOIECCY Y OM.

TAO-nitH 30XxuLyyJauT angargax Hb S3CUHH XOBUNH
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YHI akuiiaraar ajjarnyysjar Tyl 3apuM TOXHOJION
©BYMH, DMIOTMHH IIajTraaH OOJK, ©BYHUH TapXaiT
XYHIPIJIUAT HAOMOITAYYIIDX OSpCAdIMHT Omit Gonromor.
TuiimMaac T/IO-uiT OHOMIMIATOOHBI OHOMAapKep OOJIOH
SMYMIITIOHUH 30pHyIaiTaap ammmriax 6omomxkroit. T/1O-
06C XaMaapajTaidl ©BYMH DMIIT YYCOX SIBIBIT CylajicaH
CyJaliraanyyIblH Yp AYHJ WXIBWIDH YOMXWUTHHXKWIT,
MIPEHWDKWIIT, TIUKO3WDKWIT, MadbMUTODKMNT, SU-
MO-XUNTHIH 30XMIyyiITra ajJiaricanaac YyA3H eBuiIel
YYCCOH TOXHONION MX33p Oyprrarmkds. UitmMa Tyxaitn
©BYJION]] 30PWJITOT SMYMITIAr OOJOBCPYYNIAXbIH Ty
TAO-yyn 6a THAr3puitH yypruiiH YW aXusularaasi
Y3YYJI9X HOJIeer OMIITOXK, Cy/UIaX Hb dyXall oM. DHAXYY
TOHM Oryyiaia OuJ XaMrHiH Tyrasman apsan T/O
6omon TJ/IO-eep eneermex eBwien 0Oa TIArIPHUIAH
MOJICKYJI MEXaHW3M, Vil axwuiaraa Oonon TIO-uitn
CYYJIMHH YeWiH cygairaaHel apryya, MOI2JUITHHH
CaHTUiH Tanaap TOUMIIOH XYPIIB.

DochopkuiaT

OHAXYY ©6puienT Hb YypruilH HUIIIIKUIT, 3CUIHH
XyBaaraall, JI0XHO JaMXKyYJIalT, 3CUHH ©CONT, IHIDKHIT
XOJI0Jre6H, alloNTO3, 3¢ XOOPOHIbIH XapuIillaa, sulrapat
XOIKHJ, OOAMCHIH CONMIIII00, XOTLIPONT 33P3T 3CHHH
Oyxuil J1 YHACOH YHJ sSBIAX Hemeesner [5]. Dykapuor
scuiiH yypruiin 30-50% xyBb Hb (ocdopxaor [6]
0a PHOXYY TYIIIMDII ©OpWINT Hb DYKapHOT YYprHHH
KHMHA3a X OYJIdT SH3UMUNH TyCIaMXKTal sBarjjaar [7].
Tyc xunaszyyn b rypsan docdopr ageno3us (I'DA)-b1
(pocharen Oynryymuiir (PO,) yypar maxe Tomopxoi
aMHUH XYWIYYAUHRH yiaeraang xonbogor [8]. Ymmaap
30pPWITOT VYPrUiiH OYTUMHH ©epwIeNTuir e1eex,
TONIIPUNAH  HIIBXXKHUX, HIIBXICYH OOJIOX  ICOXMIAT,
9CBIN TyXalH yypruiiH (QYHKIHOHAJIb ©OPWIONTHHT
soxunyynmar [9]. XapuH 3cparasp, mehochopKumIT
I'»K Hpmrdr ¢ocdarbiH OYNTHHAT aMHH  XYWIdoc
calrax ypByy ypBaJl Hb siH3 OypuiiH Qocdara3siH
tycnamkTai sarmaar [10]. docdopkunt Hb UXIBUIIH
CEepHH, TPEOHNH 0a TUPO3WH aMHH XYWIHMHH YIASTAI]
11.2:2.5:1 xapbuaaraiiraap sBargaar [11] u 3eBxeH
9ArI2p YIASIIIIP Xs3raapiariaaxryil 0ereex KuHasa
Hb IMCTEHH, JIM3WH, apreHuH, aclaparkH, DIyTaMHH
aMHH XYWIYYIUHH XaXyyTUiH OyJATYYAUNT 4 eepuyiex
6omomkToM [12].

AIETHLKHIT
JIn3un aneTHATpaHcepasa Oa THCTOH
anermwiTpancdepasa 33par anerwiTpacdepasza

SH3MMHUIH TyclIaMKTall siBarjyar eepujent 0ojox
aNeTWDKUAT Hb anetun Oynryyamir (-CH,CO) yypar
pyy WIMDKYYJIDX YHI SBII FOM. DHIXYY ypBaJX 3C A3X
ATeTHII-KOH3UM A HB arneTw1 JoHOp 000X 0a areTu
Oynryya Hb yypruiiH N-TepMHUHAIBIH O-aMHH OYIIoT,

9CBA JIM3WH aMUH XYWIMHH YJIISTIUIMAH €-aMHUHO
OYJISTT TPaHCIAUIH 6MHO OOJIOH Japaa XOJOOTIJIOT
[13]. Omoorumiin Oaiijymaap aNCTHDKWITHNRH aapaax
rypBaH x3100p Manarnoaa O6aiiHa [14]. No-aneTmnkuir
Hb N-TepMHUHAI aMHH XYWIMHH O-aMUH OYJIOTT aleTui
Oynruiir ya sprax Oaiinmaap HAIMaSr Oereeja SH3 Hb
XYHUI HUNAT yypruita 85 opuum xyBuir eepunmnzer [15].
Ne-aueTWKWIT Hb JTU3WH aMUH XYWIMAH YIIOTIJIMAH
€-aMMH OYJISTT aneTHs OyJNrHiT 3prax Oaiyiaap HAMIAT
[16]. Xapun O-aueTWHKUAT Hb THUPO3HUH, CEPHH,
TPEOHWH aMHH XYWIMHH YIITAIMHH THIPOKCHIT OYJISTT
areTun Oyaruir xonoomaor [17]. ANCTHIDKUNT Hb JIM3UH
Oomon Oycax amMHMH XYWIMHH YJIOIAII  TONYIOH
TOXHOJLIOT 06ree;l TYYHHI THCTOHBI OOJIOH THCTOHBI
Oyc YypruiH aneTHDKUAT K aHruigar. [ucronsl Oyc
YYpruilH aleTWDKUIT Hb TeHUMHH TpaHckpumn, JHX-
WWAH 3acBap, JCUHH XyBaarjaj, JOXHO JaM>KyYJadrT,
yypruiid ¢onaunr, ayrodar, OOIUCHIH COJIHMILIOOH]
qyXaJ yypar TyduaTranar [18]. AueTwyokunt Hb Oycan
TAO-yyn, yypar-yypruiiH XapwilaH YWI@wIdn OOJIOH
yypar-JJHX-uitH  xapunman yHmamaTdii  xaBcpaH
YYPruiiH TOITBOPTOH Oaiijan, SH3UMHHWH HIIBXKHUI,
9CHHH JIOTOpX OaplUIBIr 30XMIyylax 33p3r OJIOH
3aMaap yypruiH yin axxuiiaraasj Hejeesnjer [19].

YOUXUTHHKHIIT

YOUXUTHH Hb XYH, aMbTaH, ypramai, Meer 33par
9YKapHOT 3CYYASA UyXall YYpar T'YHLITIIAT yypar oM.
YOUXUTHH Hb 30PHITOT YYPTHHH XOJOOTIOX JOMaiH
Oyxuil perenTopyyaaJ MOHO- 3CBAJ MONNYOMXUTHHUI
X3103p33p XONOOTAIOT. YOUXHUTHUHBI JTOJIOOH JTU3UHUMA
(K6, K11, K27, K29, K33, K48, K63) ymmsrmsn Hb
M30TENTH XOJNOOOT THHXK YYCOX3I OpOJIIOT dyXall
IIMHX YaHapTail Oaiimar. DCWilH SH3UMYYA Hb aMUH
torcrei (N-TepMuHan MeTHOHNH; M 1) 5cBaJ1 yOUXUTHHBEI
JIU3UHUNA JOJIO0H YIIATIINHH HAr39p, 66p I3 HIIKUIH
C rercreauiiH anb HOITMUT amumIaH yOMXUTHHBI
MOJICKYJIYYIIBIT X00pOHA Hb xoibomor [10], [20].
YOUXHUTHH Hb 30pWITOT YyparTail I'ypBaH €ep aHTHJUIbIH
SH3MMA3P  XONOOrJIor: YOMXUTHH — WAIBXXKYYJIIrd
sm3umyya (E1), yOuxurun xonboru sm3umyyn (E2),
youxutun nuraza (E3). Oxmaon yOMXUTHHBI MOJIEKYI
Hb ['DA-aac xamaapantail ypsamaap El 3H3uM?3p
neBXkUH E2 sH3uM29p yyparT Xomboranor 6a napaa
Hb E3 yOMXWTHMH 5Wrasza Hb TOAIIIPHHT TYC TYCHIH
30pUITYY] pyy munkyyiar [20], [21] (1-p 3ypar).

VYypruiiH yOMXUTHHXWITBIH TPOLECC Hb YYPruiH
3agpan, Joxuo gamkyynax, JHX-uitH  3acBap,
9CHHH MOWIOrHHH SBI[ 39p3Tr OCUIH SH3 OypHWiH
YT SBUBIT 30XHIyydaxad 4yXal YYp3r TYHIITIII9T
[22]. HdeyOuxuTHHA3a TK HIPIATIIAT 3apuM Tycrau
yypar Hb cyOcTpar yypryyaaac YOMXWUTHHBIT cajirax
yaaBaprail Oabimar [10]. YOUXHUTHHBI ypBajbIH 3aMbIH
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Yypar—yypr}:irih
Xaputan

==, tot X
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1-p 3ypar. Youxutus-nporeacoMblH cucteM. El sH3uM Hbp ['DA-pir ammrnan 4eneer youxuTuHui Monekynyynsir (Ub)
HIPBXKYYJICHIIP YT aKuiiIaraa 9XoaH3. IPBXKCOH YOUXUTHH Hb X0JI00X YYpar ryiusTramar E2 pyy nmmkik, E3 He 3o0puitor
YYPIUir TOJOPXOMDK, TYYHI YOUXUTHHUIT X0NO0XK, NONNYOUXUTHHUN THHXUHUT Yycragor. 26S mpoTeacoM Hb YOUXHUTHHKCIH

YYPTHHT TaHbX 3aJalaar.

YHJI @XuIIaraassl JOTOJIOM, SUTAHTYsa YOUXUTHHKHIT
00JIOH eyOMXUTHHKUIT MPOLECCHIH Yell YYCOX ajaa
Hb 3CUIH IOMEOCTa3T YyXajl HeJlee Y3YYJAAT TOAUNTYH
OJIOH TOPJIUIH ©BUHUN SMIIT XKaM/]l HOJIeeJI1eT.

MeTwrKuIT

YypruiiH METWDKWIT Hb JIM3UH, apraHduH 33por
TOAOPXOH aMMH XYWIMHH YIJISTARAN  METHIUIH
oymr (-CH,) womuar TJIO rom [23]. Cyynmiin apsan
KUIMIH cyfairaaraap THCTOHBI Yypryya OoiioH Oycan
TPAaHCKPUIILIUHIT 30XMIYyJIJar yYpryyablH METHIDKHIT
(MOHO-, u- 3CB3J1 TPUMETHWIDKUX) 33par onoH TIHO-
YYOUHUT  WIPYYIICOH. DIranp eepuienTyyadl yypruia
MeTwITpaHcdepasa SH3UM Hb KaTalu3atop OoJiIor
VYypruiiH apruHvH MeTHiITpaHcgepasa OOJIOH THUCTOH
JU3UH MeTHATpaHcdepaza 39pdr CYYIMHH YeuiH
HIINITYY/ DHOY cayOapblH OJHBI aHXaapJIbIl' XD TaTax
Oaiina [10], [24]. DHIXYY €6puJIeNT Hb YYpPruiH OyToIL,
yin axwuiiaraa, yypruiH 30XUIyylanTal HeJIeellk,
SIPCT Hb JICHHH Tepen OYpWHH YHi axwuiaraasn
eepwienT opyyinar. Meruntpancdepaza Hb ©BUION]
OJIOH Tepieep Heeeijier 0a sUIaHrysia SIUTEHETHUK
soxunyynant, PHX-uilH eepunent, yypar, XKIKUT
Mosekysn, nunuanitd T/IO-uitH yitn gBIl 33p3rT yypar
TYHIPTrASL  TYyYHWIH  yypruH — MEeTWDKWITHIH
30XHILYYJaNThII caapMarkKyyiax Hb XYHHH OJIOH ©BYMH
9MIAT YYCIXTIH X0booTol Gaiinar [23].

TpennkuIT

[IpeHWDKMIT HP HXOHX TOXHOJAONI IUTO3MI
siBaraaar. [IpeHWDKUITIHI JapaaX TypBaH TOJ 9H3UM
qyxalm YYparT#, YyyHI: QapHesnn TpaHcdepasa
(FTase), T'epannnrepanun tpancdepasa 1 (GGTase-1)
6a repanmnrepanmn TtpaHcgepasa Il (GGTase-II or
RabGGTase) [25], [26]. Tyc nponecc Hp yypruiin C
TOrCreJINHH OWPONIIOOX XajarajaricaH OUCTEHH 000X
CAAX (C vb nucreitn, AA Hp anudaTuk aMuH XY4uII,

X 6o suraatail aMMH XY4HJ) MOTH(TOH (hapHe3ut
(15 myypcreperutaif), 3cBanm repanunrepanun (20
HYYPCTOPOTUTI)  M3OMPEHOUAYYABIT  KOBAJICHTHITH
YT 3prax Xonbooroop xoia0ox (apuesmwn mupodocdar
(FPP) Gonon repanmnrepanun (GGPP)-uiir cyGcrpar
6ouron ammriangar [27]. [IpeHUDKUX Tpotece Hb dCHIH
oM Oaifpman, yypar-yypruiiH XapuinaH —YHIT4iIad,
VYPIUiiH VI aXXuJuiaraaHji myyn Heseener 0a yypar-
MeMOpaHbI XOJI0OTI0JIT, SCHIH JOXHO JAMXKYYITaIT O0JIOH
Oycan OHONOTMIH OJIOH YHJI aXWJUIaraaHn 3ailImryi
mraapparataif - oM. Ilporepua,  AusblixeiimMepuitn
OBUMH, XOPT XaBJap, fACHBI ©BYWH, XaJlIBApT ©OBYUH,
3YpX CyJacHbl OOJIOH TapXH, CyIacCHbI ©BYMH 33P3T X3
X3I3H SMIDTUHH Yell HNPEHWDKWIT JapaHryniarnax,
30XUILYYJIaNT ajaaracan oaiaar [28].

Cyabharkuiar

Tupozun cynbdamxunt Hb 3'-pocdoaneHo3uH-5'-
dochocynbdarei  CyTb(PATHIr TEOTUIWI THPO3UHBI
ymormng  xonbox tuposuH O4-cynbdarteiH  3hup
yycramor  [29]. Tyc  ypBanmblH — KaranusaTop Hb
MeMOpaHTai X0JI00TICOH SH3UM 000X THPOZWIIIPOTEHH
cynbdorpancdepasa (TPST 1, 2) 6a TpaHC-TOIBIKUITH
ammapar JI0TOp TOJOPXOW YYPTHHH OHOMIIBXHUIT
HAOMATHYYJDK, Oycan yypartaidh XapuilaH —YHI4IoX
YaJBapbIl caibkpyyhnaxaJl dYyXal ad XoJIOOTIOJTOU
6aiimar.  TPST 1, 2 Hp WIBXMKCOH cCynbdareir
300BOPIIOX YYPAITTIH 0a rOpMOH, HEHPOTPaHCMHUTTED,
HYYPC YC 39p3T' MOJIEKY/IyYIIbIH TUPO3HH aMHUH XYWIHHH
YIISTAIMAT  XyBHpraxaa 4YyXall Yypar TYHIITIIor
Tyc »H3UMMIH YHI aXujularaa Hb aMbTaH J193p HX39p
cymaracan Oaipar 6a cynbdarkcaH YypruiH HXIHX
Hb YpABCIJI, TOMEOCTa3, JapxjaaHa 4Yyxal Yypar
TYHLPTrIAT Tk y3a9r [30], [31].

T uKo3MIBKUAT

I'Muko3umKunT He yypruiH xamruiiH norn THO-
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yyauiiH Hor oM [10]. [ukanyyn Hb yypar, JUOHATIH
KOBAJIEHTBIH  X0JI000T00Op  XOJ0OTAJOr  caxapuiyyn
Oereesi OMOJIOTHIH CHCTEM JI9X Macc OOJIOH OYTIHMHH
OJIOH s1H3 OAMJUIBIH YyXall YYPriir ryiusTramar. MxoHx
OJIOH STH3BIH HapHHH OYTAUTAH NIMKaHyyJ Hb 3¢ 00JIOH
TYYH92C suirapd Oy# yypruiiH ragapryy n33p Oaiipnanar
[32]. I'MUKO3WIDKUAT Hb 3YKAPHOT ACYYIAI TOIWIOH
SHJIOTUIa3MBIH TOPJOT OOJIOH TOJIB/DKMWH  ammapar
JIOTOp sBarfaHa. XapuH 3CP3r3dp NPOKapUOT ICHUilH
DIMKO3WDKHMAT Hb WXOBWISH OCHHH MeMOpaH, 3CBAJ
TIEPUITIa3MbIH XOH/INH I'9X MAT ICHIH 00D, 00p Oaipuui
siBaryiax 0eree 1 MPOKapuOT ICHHH ©BOPMOI] XIPITIIIOH/
TOXUPCOH TOJOPXOH MeXaHU3MyyJaapaa OHIUIOITON
[10], [33]. DHAXYY €epuwienT Hb DIHKO3WITpaHchepasza
0O0JIOH IVIMKO3WAa3a SH3UMUIH YHII ayKHJUIaraaHbl JyH]
sBarjax 0a 2HY ypBajaap caxap 3CBI DIUKaHYYIbIT
TOIOPXOH YYPIHHH YIASTANTIH KOBAJICHT X0JI000roop
xomoomor [34]. TyxaliH ypBajblH HIT X3CAT 000X
DIMKO3WIITpaHCc(epas3a SH3UM Hb yypar, JUIONPOTEHHBI
CEpHH, TPEOHUWH, acMaparuH, TPUNTO(AHBI YIAITAI
yimaniasa [35]. MeH Tonopxoi aMUH XYWINIH YIA3LARIA
YHIDCIOH TIMKO3WIDKHITHIT N-IJTMKO3MIDKHIIT,
O-ruKko3mnKHAT, C-TIIMKO3WIDKUIT, S-TITUKO3MIDKHUIIT,
¢dochormukozmmxunt 6onon rmunuanu (GPI-anchored)
I3COH 3ypraaH eep aHTHMjaj] CUCTEMTIUIIdp aHTUIIar.
DAranpidc YypruiH IIUKO3WDKWITARH XO€p YHICOH
x25109p Hb N-TITMKO3WDKUNT 062 O-IITMKO3UIDKIIT Oeree
YYPruiH XdJ0DpXKWIT, VI —aKWularaar XaHraxasn
yyxajl yypar ryHmptramsr [34]. IMuKo3WDKWIT — Hb
9CHIH XyBaarjal, sulrapaH XeIXKHX YW siBIl OOJOH 3¢
rajgaajJ; Op4YHbl ©JIOOJITO Orex Xapuy YpBall dHyXal
3yyWwIarduiH yyprur ryHusTraasr.

SUMO-xuniar

SUMO-xuntr #p SUMO (Small Ubiquitin-like
Modifiers) rarasx KWKHT XyBHprard yypruur Oycan
YYPTHIH JIM3UH aMUH XYWINHH YIIA3TAAI1] KOBAJICHTHIH
X0JI000TOOp XONMOO0X it sBIY [36] Oereen sHI Hb ICUITH
muroriasM Ooson Geema siBarpgar. SUMO yypar Hb
9YKapuOT OPraHM3MBIH HCII TYIIOMOAI aryyiarjjiar
KIDKHUT yypruitH Oyiar [29] 6erees 000roop 3yKapHoT
opranm3ma SUMOI1-s5¢ SUMOS xypTanx TaBaH eep
SUMO yypar Tomopxoinorgoon Oaitna [37]. SUMO
yypar Hb YOMXWTHH TOCT YYpPruiH Oyydrt Oarrax 0Oa
TONIIIPUNAH TypBaH XAMXKIICT OYTII Hb TalxanTai
w1 OyTanTairaac ragHa PPapPaf OyTumir aryymax
Gereen maBxap-mmiuH C-TepMHHANT MOTH(] aryynjaar.
I'5coH Xomuit 4 SHOXYY yypar Hb aMHH XYWIHHH
Japaajnaj, TaJapryyrHiH LPHITUHH XyBaapHIaidThIH
XyBbJl YOMXUTHHTOHM Xapbllyyjlaxaa MX39XdH syraarai.
YouxuturmkuntTai amqmt SUMO-xunteiH yitn seag SU-
MO-nmeBxxkyyard su3uM (E1), SUMO-xon6ory sH3uM
(E2), SUMO-nura3a su3um (E3) 33par ayxain sH3UMYY

OpOJILIOHO. DAr?dp SH3UMYYH Hb Oycaa YypruiH
Tomopxoi nm3uHUM yngarnant it SUMO  yypruiir
KOBQJIEHTHIH XOJIOOOroOp XOJ00XK, yIMmaap YpBajbIl
xypaacragar. SUMO-xunt Hp YypruiH HUHIDKWI,
TOTTBOPTOW Oaiian, YWl axuuiaraar 30XHIlyyJaaxaj
YqyXaJl YYypar TYHLRTIII9r 0ereeja 3CHHH aMHH dyXall
Yiln axxuntaraan oponaor. Toarasp Hb yypar-yypruiu
XapUIIaH YHITWIdN, 3CUitH A0Topx Oaitpman, JHX-uitn
3acBapblH MEXaHU3M, HYKJICOIIMTOIUIA3MBIH TIIBIPIIIIT,
TPAHCKPUNIMHH (PaKTOPYYAbIH HAIBXKUIIT, AlIONTO3BIH
30XMIYYTaNT, OJCHUHMH MOWIOTHMHH SBI, TE€HUNHH
TPAHCKPUMIIMIAH 30XHITY YT 33p3r 60HO [38].

TTaabMUTOKIIT

[TanpMHUTOIDKMAT HB yypar, sUlaHrysia MeMOpaHbl
yypar pAaxp IaJbMUTHHBI XY4WwI 0a [UCTEHHBI
YILIATAR XOOPOHI THO3(UPHUIH X0JI000 Yycrax Y
SBIl IOM. OHY Hb S-alWJDKWIT X3MA33H HAPISLAIAT
TOCHBI XYWIMHH XYBUPJBIH HOT Xd3103p Oereex 16
HYYPCTOPOTI'UUT MaJbMUTHHBI XYY Hb HOT OYyIOy X511
X3MI9H IUCTECHHTIH KOBAJCHT THOA(MUPUIH X0I000T00D
xonborgyor. ['agapryyruiiH onoH peuentopyyn 0oJoH
JOXHO AAaMXKYylax YyprHMH X3BHHH YN axusuiaraa
Hb MeMOpaHBl JIMNHA 13X Oalipnanaac xamaapnar
[39], [40] Tym 2H® HB yypar-MeMOpaHBI XOJIOOTIOX
YaJaBapbIl CalKpYyyIDK —yypruiH Oadprumn, — yin
aXWIaraa, TOrTBOPTON Oaiiman, OyTaI, 3cuilH Oycan
sddekTopyyarail XapwilaH YHITWIDIHAT caibkpyyiaaH
9CHHH (U3MONIOTHHH Tepes OYpHHH YW aKuiuiaraar
soxunyynaar [40], [41]. [IlanbMUTOIKUIIT Hb 9PraX ypBal
Oereesl TYYHHMH IMHAMHK IIMHX Hb MHPHCTOJBKHIT,
NPEHWDKUIT DX MAT Oycaa JMNHIMHH XyBHpiaac
surapax ron oHiior oM [41]. [MamemuTontpanchepasa
SH3UMYY/ Hb YYPTUITH NaIbMUTOKUITUIH KaTaJIn3aTop
6onyor [42]. Pubocomyyn 00i10H MeMOpaHBl yypryyn
J93p HUMIAMKIAT OJIOH TOPJIUNH S-NalbMUTOKUICOH
yypryyn Oaiimar 06a  TOOIrIdp YypryyablH 3apuM
Hb OUCHHH OYTIP® 0K aBaxblH TYyIJ €ep, eep
JUMUANAH TyClaMKTalTaap OJIOH XyBHPJIBIT IaMKHX
mraapiararait 6aiinar [43].

MupHCTOIbKHIT

N-mmnmH MHUPHCTONBKHIT Hb
N-mupucTonsTpaHcdepasa SH3UMUNH TyclaMKTalraap

14 HyypcTeperiuT MHUPUCTONIb TOCHBI XYYIMHH
amn  Oynrudr  yypruiH  N-TepMuHan — Oailprian
Jaxb TIUOWH aMUH XYWIMHH YII9TAIa Xoiabomor

mpouecc oM. YypruiiH N-MHPHCTOIBXUIT Hb JOXHO
JaMXKyyllax, XaBgap YYCdX 33par Tepen OypuitH
OMOJIOTHIH YHJI aXwaraanja dyxal HeneeTdH [44].
N-MHUPHUCTONBKCOH  YYypryyAbll TYHIDITIOX YYprasp
Hb JIOXHO JaMXKyyJaxX, aroNTO3H[ OpOJIIOX, OYTLHWHH
XOMI3H aHrwgar. TpaHcIsILMiH yen 30pHITOT yypraac
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METHOHWH aMHH XYWIHHH YJISTI CajlCHBI Jjapaa
N-IJIMIMH MAPUCTONIBKUIT siBariax 00JIoMKToH O0JHO.
XapuH 3apuM Yypryyn Hb TpaHCIAUMHAH Aapaax yen
MHPHCTOJBKIOT 6a TPO-aloNTO3bIH YYPrHUH TIHIIHH
AMHUH XYWIMAH YJIOTAST Hb KACMa3blH  3aJpajbiH
HOJIOOreep MHPUCTONBKIK OONIAOT. DHOIXYY XyBUpAT
Hb YYPrYYIBIT TOAOPXOW 3CUIH Oaipiai pyy YuriyyJIdx,
Oycanm yypar OOJOH JCHIH MeMOpaHTall XapwJllaH
YHITWIXOM dyXall Yypar TYHIpTrIaT [45].

OBusie 13x T O-niin yypar, TIAr3pHiiH 3MHJI 3YiTH
YP HoJ100

T[O-eec mantraancan yypruiiH yil axusuiaraanbl
anjaraad Hb XYHMH Tepen OypHiiH ©BUMHJ HXI9XOH
neneeuer. Xu HapeiH 2018 onx 6omoscpyyincan T/1O-
00C XamaapaiTail XYHMHA ©BUJIONUNH MOIIIIUIHIH
CaH Hb OJIOH TOPIMHH 6BUMH SMIIITAH yypruitn TIO

Mupucromns
Tpancepasa

By
5
8
=
(@]
K
Q
=
5
=

X9PXdH Xonbormox Oaifraa Tamaap CyulaXxbil' 30pbCOH
cymiaad OOJOH 3MY HapT 30pHUYNaracaH TOMOOXOH
OTOrJINHH CaH IOM . DHD Hb OBYHHUN MOJIEKYJI MEXaHU3M,
SMUMJITIOHUN OOIOMKHUT MIHUHD XYyBHIIOAp THATI3PUITH
Tajaapx OMITroAT, yypar OOJIOH ©BYHMH XapuillaH
X0II000, TONIIIPUNH OBYHMH  TapxanTal XIPXdH
HOJIeeJK Oaiiraa Tajaap cymiax OOJOMXKHUT OJTOAOT
[46]. Yr cann 23 tepauitn TIO, 275 eBunuii 749 yypart
1950 T/1©-eBunmii xomb00 Oyxmii M3mI3M30 Oaiinraac
GOoChOpPKUNTHIH TIPOIIECC Hb XAMIHHH  TYT33MOI
Oyroy eBwienTdii xamaapanraii 527 yypar OaiiHa (2-p
3ypar). Huiit T/1O-uiin yitn axxuinaraansl angarnanTait
x0J1000TON 275 OpYMM ©BUIONe6C MIAPAIIHUH SMIAT
(Ambirxeiimep, IlapkuHcoH, XaHTUHITOH) OOJIOH XOPT
XaBJiap XaMTUiH TYrI3MaI Oaiiar.

Onravp THAO-witH yiln axusuiaraansl anjgaraan
Hb J0XHO pAamkyynax, JIHX-uitH 3acmap, amomntos,

2-p 3ypar. Xamruiis Tyrasmai apsad TJO-uitH MoneKkys MexaHn3M 6a THAr3dpidc rapajirai eBuienuiin xapsuyynant. TAO-yya
0O0JIOH ©BWION TIMIIIIAIACIH YYPrHilH TOOI WISPXUIICOH TOHPrHIr TYC TYC MXKMIJI ©HIeep IYPCI3CIH 0a caapal TOHpOr Hb

©BWIOJ YYCIK Oyl YYPrUitH TOOT MI3PXHUIIHD.
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pEeIUTMKAIMHAT XsIHAaX 33p3r 3CUIMH YHI aXusularaasHj
ux3x3H Hemeenner [10]. BDHd Xyp33HA XIBUIH
Oyc TJ1O-eep eneernceH M>IIPITUHH >MIAT OOJIOH
XOpPT XaBJap, TONIIIPUUH MOJNEKYI MeXaHu3M 0a
Yp HeneeHuil Tamaap pJapaax Oaiiimaap aBu Y33B.

MbapanniiH rapajiTtai eB4JI1eJYY/

3apum toxuongong T/O-uitH Heneereep yypruiin
Oeernepen Ouil OOJK, THATIIP Hb MOIPIMHH 3C
XOOPOHJIBIH 3aif]] XypUMTJarjicaHaap MiApaJ JaMXKUX
3aMJ1 caal yupyysoK, yaMmaap Tepes OypuitH MagpasIuitH
rapantaii esunen (MI'©) yycsx mantraan OGongor
[47], [48]. Yypar Hb eepwuiiH rypaB 0OJOH JOpOBAETY
OyTidn eepwnernex Oypyy Hyrajpax, Hyralpaxryi
0aiix, 3cBI1 Tepesn OypuilH (YHKIHOHAIH OYITYYX
XOJIOOTIOX 33PrI3p OOpUiH YHICIH OYTIPIC TaKyyaaH
Y akxusutaraanbl UA9BXIYH X2JI03PT OPCHOOP X3BUIH
Oyc yypruiiH OeerHeprmuiir yycramar. THAr’sp X3BHiH
Oyc yypryya Hb ruapodo0 Xacran rajarmi rapracHaap
YYpruiiH O©erHepeNuiiH XypuMTIad HX39p YYCAdIL
MI'©-yynuitn cyynuiin yeuiitn cypanraaraap 50 rapyi
THAO Oyprrormkas. Tyxainban, AnblxaiiMepuitH yen
MX XOTLIPOJITHIHH TOBPYY TK HIPIATIIX UX XIMKIIHUN
yypruiiH =~ 0OeereHpesl  MOAPAIMHH  3C  XOOPOHN
XypUMTJIarjaXX CHUTHall JaMXXKMX 3aMbIl caaTyyJjaar.

R—NH, + CO, =+ R—N—C—

Tay vvpriin KapOanETEHIT

AnpIxafiMepHiiH yell MX3BWIdH Tay O0JIOH B-amwmiounn
yypruiiH =~ 0eerHepesn XaMTHHH WX  TOXHOJJIJIOL.
Opyya ¢eHoTHIdN Tay yypar Hb MHUKPOTYOYIHHHA
YYCOIT OOJOH TOTTBOPTOW OalaibIr A3MKIIT Oa
yaMaap MOIPITUAH SCUAH aKCOHBI OYTHHHT XOBUITH
Oalrayk MAIp3J7 NaM)KUX X3BHMH Y aKWJIaraasn
yyxaj YyparT i oponuor. [hBu - ambplixaiMepuitH
yen Tay yypar Hb X34 XdA9H Xd9BuWiH Oyc T/1©-n
epraer. TyxaiinOai, Tay yypruiH JM3WHHN YT
kap6amounn (-CONH,) Gynar xon6oracoHoop Tay yypar
KapOOMMJDKUH YypTruitH 666rHepest Yycd 3¢ XOOPOH/IbIH
3aii xypummiarnana (3-p 3ypar). MeH Tay yypruiH
DIMKOIM3KWIT Hb I[arapur aJeHO3uH MOHO(ochaThIH
XamaapaiT YYpPruiH KWHa3arduiH TyClIaMKTal sBarmax
X9T HocHOpKUATHIT 6106k, yIMaap alblXaliMepUiH
Yen Tay YypruiiH 0©erHepeHir YYCr3mdr DIArinpisc
rajHa anblxailMepraifi eBYTOHYYIdA Tay YypruilH
X3BUIH 0yC (OCPOPIKUIT, allCTHIDKIIIT, YOUXUTUHKIIIT,
OOTHMHOCOJIT 39P3T X3 XIAH 00PUWIONTYY I aXKUIIaragar
[49], [50]. TAO-uitn MmexaHNU3M OOJIOH YUHP IAITIaaHbIT
cynnax Hb TJ|©-eec manTraancal €BUHHNT 3pT WIPYYIIX
0O0JIOH SMUMIITI’HUIT apra 3yHT 00JI0BCpyyiIaxaac rajHa,
OBYHHUI Cyyph IIANTraaH]| YUIIIICOH OaifranuitH 6ooH
CHUHTETHK DMUUIT XOIKYYJIIX3 dyXal a4 X0JI00rI0NTO.

OH3UMHHH oponmooryid xaBuitH Oyc T/1O-yyn

Amrixefivep epuHH

Tay yypruiin deersepern

Anmoiizoreses

3-p 3ypar. Tay yypruiinH GeerHeprneep yycdX Mi3apauiiH caatan. Tay yypar KapOOMHIDKCOH TOXHOJJIONJ YypruiH OyTaI,
yin axwiiaraa angariaHa. YT yypruifH X9BWiH Oyc YW aXwlaraanbl yiaMaac MHUKPOTYOyJIMHHMH TOTTBOPTOW Oaiiman
anjaraax, MIIPAUIHH 3¢ YT akniularaaraa sisyynax 0oioMxkryit 6ongor. KapooMumkunT Hb HHAHUTHIH MOHBIH XypPHMTIIA
(mMoueBuH, O0NOH Oycajq 35X YYCBIPYYAIIC YYCHK OomHO) 3cBan pH eHmepTsit Hexuen[ asHaaa sBarafar IpoLecC IOM.
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Hb TyXallH OCHHH XypdadJdH Oyl OpYHBI XHMUIH
©OpWIONTYYIC INanTraasal yycasr. TyxaiiiOai,
KapOOMMIDKHIIT Hb 3¢ 119X pH eepuiient 0010H H301MaHUH
XYWIMHH XypUMTIaJdblH ylIMaac yycadar Oaitna. Xapux
3apUM TOXHOJIZOJ HACKWIT Hb SH3UMUITH OPOJILIOOTYH
x3BuiiH Oyc TIIO-yynuiir egeex 6onnor. YYHI XOBUIH
O0yc GOCHOpKMITHUIH yiIMaac YYCIX  MOIPIJIHIAH
9CHHH arnonTto3 OOJOH NHTPYIMHXWITAap ©06eraex
MOJIPAITUHH ICUHH YX3J1 339pAT Hb OPYHBI HCAIANITHIH
cTpeccanc yyconrai Oaiimar. Men JHX-uitH raMTan
0O0JIOH MyTaly Hb 3apUM TOXHOJIION] X3BUiH Oyc TIO-
uir egeener [51].

Dcon yypruiH XdIBUWH YW aXwlaraar XaHTrax,
X3BUUAH OYTIMHT 3acBapiiaX 30pHJIT00p IIANepOH,
youxutun-nporeacom  (YIIC), ayrodar-1m30com
cucTeMyyA axwuniax Oaitnar. Illaneponyyn Hb yypruiH
0eerHOPINITH ACpar axuiuiax 6eree]] Oypyy Hyraisapcal
X3CTHHH anfaar 3aciar. Xop3B IIaNepoHYyyd YYpra?
ryiuTraxk yagaaryi 6oa YIIC unssxxkuH youxurtud E3
JIUrasblH TyclaMmkrairaap Oypyy OyTauTd# yypryynan
YOUXHUTUHHUNAT XOJOOCHOOP TyXailH yyprHHT MpoTeacoM
tanuH 3anangar [52]. Xapun VYIIC annparacan
TOXUONJON] ayTo(ar-Iu30COM CHCTEM HWIIBXXKHH
XYYWIJIST OpPYUHJ ~ JM30COM YYPrHWH 0©erHepiuir
TaHuH 3ajganjgar [53]. 3apum Toxuonmona T/1O-eec
YJ1 XamMaapaH TOIAII3p CHCTEMHHMH TOMTIMHH YyiMaac
MI'©-yyn yycax Oommor. Tyxainmban, E3 murasen
HuiipOKWT  Oaracax HE  YIIC ammarmask, HAIIOHT
YYCCOH yYprUilH 066THOPIUIT 3a1a/K Yagaxryil 00K
yypruiiH 0eersHepesn Yyc»K, AMHOTPO(DBIH XaKyyTrHiH
CKJIEPO3BIH Oac HAT9H MIainTraaH 0oJor.

MI'©O-uii  smumnrassg — THO-uitH  SH3UMYYIOI
YUIIICOH OaliranuiiH OOJIOH CHHTETHK HATIUTYYIUHH
cyJairaa Mx»3p XUHra»k OaiiHa. Tomrasp HarmIyya Hb
THAO-niiH SH3UMHIT JapaHryiaax 3CBAJ UAIBXKYYIIX
I9X MITI3p dH3UM OYpA ©BOpMeIeep YIITYWIK OONHO.
Tyxatin6an, 6-rUIpOKCHIOTIAMUH, SARS502250,
KypKYMHH 33p3T Hb ajblXaliMepUHH Y€l IIHKOTeH
CHHTa3a KMHa3a 33 SH3UMHHH WIPBXUIT NapaHryiinax
3amMaap Tay Yypruir O0eerHepexeec COPTUIIIAT.
Xapun 2-Opomonammurar OOJIOH CepyJeHWH Hb
MAJIBMUTOJDKCOH B-aMHJIOUIBIH XOMXKIIT Oyypyysiiar 4,
SCHIH 06X TOCHBI COJIMIILIOOH]] COpreep Honeener. MeH
AIMIKO9H3UM A Hb XOJIECTepOI anmiTpaHcdepasaruii
WHTHOUTOp 06ree]] YejIeeT XOJICCTCPOJIHHUr HXIIP
YYCTK  TaJbMUTOJDKCOH — B-aMMJIOMIBIH — XOMIXKIIT
oyypyynnar [54]. TIO-uiiH 5H3UMYYA 9 3MYITIIH]
epreneep ammmiargaar. Mxsux MI'© Hbp yypruiin
0eerHepreec MANTraank YYCIOIT XdAWH 4 yypruiH
X3BHUHH YN axusularaa, OYTIHMHT 3acBapiax yyparTau
CHCTEMYYAMHH YHI axuuiaraa anjarjacaHaac 0ok
YYCOX TOXHWONIoA 4 Oaiimar TuiiMd3Cc OBYHHMUT OJIOH
Tajaac Hb HApUHBYWIAH Y3%K OHOLIIOX Hb SMYMJITIOT YP
JYHTO# 00JIroX XaMruiiH dyXall ajixaM oM.

Xasnap

28

THAO-uiir “yutpaanraraii” 3yipiy»k 00iHO. Oepeep
X3J10311, 3aPUM TOXHOJIOI]] 3C UAIBXTYH 3CBAIT HIIBXTIN
Oaiix acoxuiir TIO 3oxunyynaar. Xapun T/AO-yyn Hb
XaBJIPBIH 3CYYI3I OaWHTBIH “acaantrail” Oaiix JOXHOT
erd, 3CUHH XSHAITTYH XyBaaraaj, ©CeNITUII YyCr3adsr
OHKOTeH HIIBXXKUX, OCBAI XaBAap JapaHryiiaruy
TeHYYIUHH MI9BX ajjaricaHaap 3CHMH XyBaarnaad,
MeuJel, eCeNT 39p3r YHI sBLIAJ OpOILJOr YyXal
yypryyaslH x3BuiiH T/IO-uitH 3o0xuiyyara anjgaraax,
XaBAPBIH OJCHUHH ©CONT TacpalTryd YprabKUIASL
ViMaap 5H? Hb XOPT XaBAPBIH JCYYIUIH X3BUIH
Oyc, XsSHaNTryd Tapxanrax xypragor [55]. T/1© Hb
SCHMH CHUTHAl JaMKyyjdaX 3aMblH OJIOH dYyXal Yl
QKWUIaraaH 3ailmiryid maapiuararaii 0ereej 5H3
Hb XOPT XaBAPBIH XODXKWI, JaaMKpax MEXaHWU3MBIT
oinrox OypanaaxyyH x3car oongor. Men TJ/IO Hp xopT
XaBJap XAPXdH YYCIK, XOIKUK, JApXIaaHbl CUCTEMIIC
3aMIICX UMK, SMUMIITIH] X3PX3H Xapuy YR y3YYIDK
Oaifraa MX33X9H HeJeeIer [56].

Onon cynmanraaraap OJ9THMH  XOpPT  XaBIPBIH
SMYUJIITI2H] TAO-uiir 30pUIITOT SMUMIITII
OOJNITOH amwriIax OOJNIOMXKTOMr XapyyiicaH Oaiinar.
Baiiranuitn Haraa1 600X CIIEPMHUH Hb YP XOBPOIUIHH
XODKIMHH ABLAJ 3CUHH TapXaiT, sUIrapaH XeI KW,
HIWDKAAT  XOJOJTeeHUir  30XHUIYYIIK, 3CUHH
TrOMEOCTa3aJ OpOJIIOr yypar O0JoX [-KaTeHHHBIT
HIBXAKYYIASL OHIXYY MIIBXKYYI AT He  STT3A
rmx  N-mmuko3uinTpancepasaruifH - TPaHCKPUILMAT
UIIBXXKYYJIPH MpOrpaMMWIArfcaH YXJIUHH JIUTaHA
1 (PD-L1)-miir DIMKO3WIDKYYJIDX 3aMaap TYYHHH
TOT'TBOPTOM OAMUIBIT ASMIKUX TYJT XaBAPbIH SMUYKIITIOH/
amumiargaar.  OI3THUM XOPT XaBAPBIH 3MYMITIIH]
X3panmIAr copadeHnd OO0JIOH TYYHTAIH TOCT IMYYI Hb
OJIOH TOPIIUIH YypruiiH TIMKO3UDKWITIHA HOJIeeN er.
Tpanckpunuuiin ¢axkrop pS3 Hb armonTo3, Xeruipedir,
3CUMH MeuneruiiH caaran, JIHX-uitH 3acBap, XaBapbIH
MHKPO OpYMH, ayTodard, XaBIpbIH YCIPXUIIIAIN
opoungor 3 000 XypTasix TOOHBI T€HUITH HUMIATAKIIUNAT
soxunyynzaar [57]. Xapun pS3 yypruiiH eepuiln yiin
axwiaraa He 50 rapyit TO-eep 3oxuiyynaranar [58].

Taaraspaac YOUXUTHHKHUIIT, ¢dochopxm,
AleTWDKWIT Hb p53-UitH 3CUIH rOMeoCTa3bIl Xaaranax,
cTpecc, TAIMTIL Xapuy YOI Y3YYIdX YYpruiir
30XMIyyJax XaMIMHH dYyXxan Oereejx Henee Oyxuid
MeXaHu3Myya oM [59].

Witmaac xopT XaBgap yycax Miantraan Ooink Oyi
TAO-yyauiir cygamk, SMUMIT33HUE yp IyH, Hejeer
HOMOTIYYJIDX ~ OOJIOMMKMHI ~ HapUHBWIAH  TOTTOOX
mraapyiararaii Oatina [60].

TAO-niir napyy/mx apryya 60710H MIIIJIJIMAH caH

OnMmaHBl 3aJpaJl, HUMI®H YeuiH xpomarorpadwu,
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9H3UM X0J1000T acparoueniin ypsan (ELISA), Bectepn
OJIOTTHHT 39p3T XapblaHTyl yp ammr 6araraii apryyasir
TAO-uiir wmnpyymmxsn ammriagar Oaiican. XapuH
cyymuin yen TIO-uiir wmaapar dYaHap eHIepTIH
Macc CIEKTPOMETPIIp HIPYYJIdX OoJcoH 0a 3HY Hb
MIPOTEOMHKCHIH canbapT XyBBCIBIT aBYNPY MIIIIIUTUIH
CaH JIpUMMTIN OaspKcaH TK y3/19T. YypruitH OyTou,
yin axwinaraa, X3p3II29HUHA Tanaap HapuilH, epreH
ap Xypa3Ta# cy/uiax OOJOMKHUIT ONToX Oyil X3 XHI9H
TYTI3MAIT X3p3nrar TO-uitH My N canryyn
Gaiimar [61].

Tyxaiin6an: XaMruiiH epreH TapxcaH M3II3JUTHIH
canruitn HAr 600X dbPTM (mapaax xomb6oocoop opox
6omomkroit:  http://dbptm.mbc.nctu.edu.tw) wp THAO-
YYAUHr aHTWIIAH TOPOJDKYYJDK yypartaih xoia0ormox
OalpIInII, MOJIEKYJ, 30XHUIYYJITBIH Tajlaap JIAr3PIHTYH
Mamaumir aryyngar. PRoteln Structure MOdlfication
Database (PRISMOID) Hb yHATY# HIBTp3X OOJIOMKTON
YYPrHHH TypBaH XdMXKIICT OYTHHIH MOIII3IUTUIH
can Oereen T/O-umilH OyTUMIH Yp HeJeer cymiax
COHHMPXOJITON Cyaiaauiaj 30pUyJICaH 59X CypBaDK IOM
(mapaax xo0;1000c00p opox Gomomskroii: http:/prismoid.
erc.monash.edu).

DisGeNET mamaamummiiH caH yypruiiH XoBUiH Oyc
©OPWIONITYY/ Hb 3apUM OBUWIONTIH XIPXIH X0JI0O0rII0r
Tanaapx MIIIUIMIr aryynnar Munuk Hap, (2022)
(dbochopkcoH yypryym OOJOH TIAT3IPUAH SMHIIZYHH
xamaapibr TortooxbiH Tyax DisGeNET wmamaamnuita
canr ammniax’3. Cynanraanel OaruiiHXaH XOXHHU
XaBJIPBIH IIyraMaH 3CYya 13X (ochOpIKCOH YypryyabIr
wipyymxan  MCF7  scon  (YCOPXUMIUIHMIH — 3CHITH
mryram) 137 docdopxcon yypar, MDA-MB-231 acan
(xopry#t xaBapbiH ScuiiH myram) 161 ¢ochopxcon
yypar Hb ©BWIONTIH X0IOOOTOH X3MAI3H OYpPTIAIICOH
6aiiB. Tamraspasc dochopxcon ACLY, SIRT1, SIRT6
sH3UMHMH HPBX MDA-MB-231-33¢ rapanrait acuitn
ragHax IPBPYYHYYIII HMXI3X3H eHaep OaiiB. TuiitmMaoc
9ArI2p SH3UMHUHI XOXHHH XOPT XaBApBIH OHOMapkep
OOJITOH XOIKYYJIFX, ICBII I9IPX DH3UMJL YHITIICIH XOPT
XaBPBIH AMYMIITIOHUK apra OOJIOBCpyyJaH, amluriax
OOJIOMXKTON T'»K Y3k33 [62]. Darasp OonoH Oycan
CyJalraanbl Yp JAYHII3C Xapaxaja Oun Tepen OypuiiH
cynanraasj T/|O-uitH M3A23/IIMHH CaHTYyABIT allIUITIaH
XaWNIT XUIX, XapbllyyJax, JyTHIX OOJOMKTONUT XapyyinK
OaiiHa.

Jdyraaar

TAO Hp yypruilH YT aXwuiaraar 30XHUIYyTax
YHIC3H YHJ SIBLYYABIH HAT IOM. T3Ar33p €epwientyyn
Hb YypruiiH OYTdI, YW aXwmularaaHi, HeJIOeIlK,
yIMaap SH3UMHUIH WA3BX, TOTTBOPTOW Oaiiman, yypar-
YYpPTUiiH XapwilaH YHTDI1 0070H Oycan OJOH dyXal
YT aXXWutaraas] HeJeelaer. DHAXYY TOHM eryyidijg

XaMTHIH epreH cyjaracas apsaH T/10-yyn, Toarnspuitn
OMOJIOTHITH YYPTHIH TyXall TOBYJIOH TaHWIIyy1aB. MeH
MI'©, xaBapeiH ye ma3x TJO, ToarsspuiitH MexaHu3m
0O0JIOH SMHAJI 3YHH au XOJIOOTIUIBIT OHIIJIOH XapyyJaB.

dochoprkunr, Al TUIDKIUIIT, YOUXUTHHKHIIT,
METHDKHIIT, TPSHUDKHIIT, CYAb(aTIKUIT, ITHKO3WIIKIIIT,
SUMO-xunr, NaabMHUTOJKUIIT, MUPHUCTOJIBKUIT

33par ojoH TepnuitH THO HL yypryyaan eBepMmeI]
Oaiijmaap YWIUWIDK, TOATIIPUIH OJIOH TOPIUHH Y
axuaraasn  Hemeenger.  Tomrasp  TJAO-yyauiin
Vil axwularaapl ajjarial Hb MXOBYIDH OBYHUH
LIajTraaH, sSBUTald X0M000TOH Oaijar Tyda TIATIIPUIT
SMYMIITIOHUHA 30pwiTOT Oail Gonron ammrianar. T/1O-
WiH cyganraa axux TycaMm OWOJOTMHH sH3 OypHWiH
YiIT SIBII JaXb TOMHUHA YYPTHHT OMJITOXOX AeXeM OOk
Oaitna. aammnOan T/IO-wiir mipyymx cynairaaHbl
apra 3y, MOIPAIUIMIH CaHT yaaM XerxyyJsicHdp THO-
WUAH cyaainraa M3IRTAdXYHI] CallKUp4, TyC UUTIDIUIH
Cy/ulaaqnial axucaH TYBIIHHMH CyJajiraar XerKyyJax,
SMYMIITIOHUH HIMHAJIAT apryyasll OOJIOBCPYyyiax TIdX
MOT OJIOH TJIBIH a4 XOJIOOTIONITOH 600X IOM.

Ouacr Hb, T/1O HE Ononory, aHaraax yxaaHJ epreH
Lap Xypaor XxamapcaH, HeJjee OyXHil Mall COHUPXOITOU
cynanraanel canOapelH HAr  TJO-yyauiiH Tamaapx
HapHUiH OMITONTYYABIT TalIaXbIH X3P XYHUH 3pYYI
M3HJ], OBUHHH TalaapX MIUIT OPTreKUH, TIATIIPUIT
OHOIIUIOX, SMWIAX, YPHJUWIIAH COPTUHIX IIMHD apra
3aMBIT OJDK aBax 00JIOMK OYpadX OOJTHO.
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