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Abstract: Neurodegenerative disorders, such as Parkinson’s disease, Alzheimer’s disease, and Hunt-
ington’s disease, are identified and characterized by the progressive loss of neurons and neuronal
dysfunction, resulting in cognitive and motor impairment. Recent research has shown the importance
of PTMs, such as phosphorylation, acetylation, methylation, ubiquitination, sumoylation, nitration,
truncation, O-GlcNAcylation, and hydroxylation, in the progression of neurodegenerative disorders.
PTMs can alter protein structure and function, affecting protein stability, localization, interactions,
and enzymatic activity. Aberrant PTMs can lead to protein misfolding and aggregation, impaired
degradation, and clearance, and ultimately, to neuronal dysfunction and death. The main objective of
this review is to provide an overview of the PTMs involved in neurodegeneration, their underlying
mechanisms, methods to isolate PTMs, and the potential therapeutic targets for these disorders. The
PTMs discussed in this article include tau phosphorylation, x-synuclein and Huntingtin ubiquitina-
tion, histone acetylation and methylation, and RNA modifications. Understanding the role of PTMs in
neurodegenerative diseases may provide new therapeutic strategies for these devastating disorders.

Keywords: PTM; Alzheimer’s disease; Parkinson’s disease; proteomics; tau phosphorylation; synuclein;
neuronal dysfunction

1. Introduction

Among all the biological compounds, proteins show the most variations in structural
and functional properties. In the cellular environment, proteins are synthesized by the
process of translation. The amino acid side chains of protein undergo different chemical
changes during or after biosynthesis. It involves enzyme-facilitated covalent processing
events that add or proteolytically cleave modifying groups to a protein. For instance, certain
examples of the modifying group may be acetyl, glycosyl, phosphoryl, and methyl, up to
single or multiple amino acid chains [1]. These alterations are termed as post-translational
modifications (PTMs) [2] and are crucial factors of non-functional protein aggregation in
the pathogenesis of neurodegeneration [1,2].

Any modification in the PTMs or linked mechanisms increases the aggregation or
accumulation of misfolded protein, the neuronal dysfunction. PTMs can be reversible or
permanent. The reversible responses comprise covalent modifications, and the permanent
ones, which continue as an irreversible response, comprise proteolytic modifications. PTMs
can occur on individual amino acids or multiple amino acids, resulting in significant
alterations to the biochemical properties at the modified sites [1,2].

These modifications significantly progress the complexity and are responsible for the
extent of the modification between the variability of the proteins encoded in the genome
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and their physiological functions [2]. PTMs are observed in numerous cellular organelles
including the nucleus, cytoplasm, Golgi apparatus, and endoplasmic reticulum and are
involved in various functional regulation such as secretory proteins, membrane proteins
and histones [1], molecular trafficking, protein lifespan, protein—protein interactions, pro-
tein solubility, the regulation of metabolism and defense processes, enzyme function and
assembly, cell-matrix interactions, receptor activation, protein folding, protein localization,
and in cellular recognition events and morphological alterations in the respective level [3-5].
These modifications greatly increase complexity and dramatically expand the encoded
flexibility of a living system [6-13].

2. Biogenesis of PTMS

The biogenesis of PTMs can occur at various phases of the life cycle of protein during
synthesis, folding, trafficking, and degradation. Some PTMs are added co-translationally,
while others are added post-translationally, often in a specific order or sequence. The
order and timing of PTMs can affect the protein’s function and activity, as well as its
interaction with other proteins and cellular components [7-14]. As mentioned earlier, PTMs
are a crucial aspect of protein biogenesis, and they play important roles in many cellular
processes, including signaling, metabolism, and gene expression [15]. PTMs can occur at
different sites on the protein molecule, including amino acids such as serine, threonine,
tyrosine, lysine, and arginine [15,16]. The specific type and site of PTM can greatly affect
the function, stability, and localization of the protein, as well as its interactions with other
molecules [16].

The biogenesis of PTMs can occur at different stages of protein synthesis and process-
ing, and the specific mechanisms and enzymes involved can vary depending on the type of
PTM. For example, some PTMs are added co-translationally, meaning they occur while the
protein is still being synthesized by the ribosome [14]. This can involve the coordinated ac-
tion of several enzymes, such as chaperones, signal peptidases, and modifying enzymes. In
contrast, other PTMs are added post-translationally, after the protein has been fully synthe-
sized and folded [17-20]. This can involve the action of specific modifying enzymes, such
as kinases, phosphatases, acetyltransferases, and glycosyltransferases, which recognize and
modify specific sites on the protein molecule [1,21].

The biogenesis of PTMs can also be regulated by various signaling pathways and
cellular processes. For example, many PTMs are regulated by protein kinases and phos-
phatases, which can be activated or inhibited in response to extracellular signals, such
as hormones or growth factors [22]. Other PTMs can be regulated by the availability of
substrate molecules, such as sugars or lipids, which can vary depending on the metabolic
state of the cell, i.e., induction of mitochondrial and lysosomal biogenesis by adenosine
monophosphate-activated protein kinase phosphorylation of folliculin-interacting protein
1(FNIP1) [23]. Additionally, the biogenesis of PTMs can be influenced by other factors, such
as protein—protein interactions, cellular localization, and protein turnover [21,24].

Therefore, the biogenesis of post-translationally modified proteins is termed as a
complex and dynamic process that involves a variety of mechanisms and enzymes [25].
The specific type and site of PTM can greatly affect the function and activity of the protein
and can be regulated by a variety of signaling pathways and cellular processes [24,26].

3. Types of PTMS

Around 400 different types of PTMs affect many aspects of protein functions [1] and
these PTMs can be categorized into five main groups (Figure 1) [1].

3.1 Addition of chemical groups (phosphorylation; hydroxylation; methylation, nitration,
sulfenation);

3.2 Addition of complex groups (glycosylation);

3.3 Addition of polypeptides (ubiquitination; SUMOylation);

3.4 Proteolytic cleavage (truncation);

3.5 Deamidation.
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Figure 1. Types of post-translational modifications (PTMs).

We can refer to PTMs as critical alterations that regulate protein function and cellular
processes [2,27]. The diversity of PTMs and their regulation by specific enzymes and
signaling pathways emphasize their importance in maintaining cellular homeostasis and
responding to environmental cues.

3.1. Addition of Chemical Groups (Phosphorylation; Hydroxylation; Methylation, Nitration,
Sulfenation)

3.1.1. Phosphorylation

Phosphorylation is a type of PTMs that plays a vital role in regulating protein localiza-
tion, activity, and interactive association with other molecules. This modification comprises
the addition of a phosphate group to the hydroxyl group of serine, threonine, or tyrosine
amino acids which can alter the conformation, charge, and function of the protein [14]. The
phosphate group is covalently linked to the amino acid residue by a phosphoester bond
formed by a kinase enzyme, while the reverse reaction is catalyzed by phosphatases [28,29].

Phosphorylation is involved in several processes at the cellular level, including cell sig-
naling, cell cycle regulation, apoptosis, and metabolism [2,30], and dysregulation can lead
to several diseases, such as neurodegenerative disorders and diabetes [2,31]. Phosphoryla-
tion can induce several changes in protein function, including the activation or inhibition
of enzymatic activity, the promotion or prevention of interactions between proteins, and
the modulation of protein stability or degradation [2]. The phosphorylation of specific
serine residues in the transcription factor CREB (cAMP-response element-binding protein)
enhances its interaction with the coactivator CBP (CREB-binding protein) and promotes
gene expression [32-34]. Similarly, the phosphorylation of residues of serine and threonine
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in the protein kinase AKT (protein kinase B) activates its kinase activity and promotes cell
survival and growth [28,29].

Phosphorylation can also regulate protein localization by affecting their affinity for
cellular compartments or transporters. For instance, the phosphorylation of serine residues
in the tau protein can modulate its binding to microtubules and promote its translocation
from the axon to the somatodendritic compartment of neurons [35]. Furthermore, phospho-
rylation can act as a signal for protein degradation by targeting proteins for recognition
and degradation by the lysosome or proteasome pathways [16] and these highly phospho-
rylated and soluble forms of tau are additionally linked with altered synaptic function and
cellular loss [36].

3.1.2. Hydroxylation

Hydroxylation is a common type PTM in which hydroxyl groups are added to various
amino acid residues in proteins. Proline, lysine, and asparagine are examples of such
residues that can undergo hydroxylation [37,38]. Hydroxylases, a family of enzymes that
rely on molecular oxygen and cofactors such as Fe?* and a-ketoglutarate, catalyze this
process [39].

Proline hydroxylation is crucial for stabilizing the collagen triple helix, while lysine
hydroxylation regulates gene expression and collagen cross-linking in bone and carti-
lage [40,41]. The hydroxylation of lysine residues has also been shown to have important
biological functions, such as the regulation of gene expression through histone hydroxyla-
tion and collagen cross-linking in bone and cartilage [42]. A few proteins have also been
found to undergo the hydroxylation of asparagine residues, affecting their stability and
function. Although the hydroxylation of tryptophan and tyrosine has been reported in
some proteins, its biological significance remains unclear. The dysregulation of hydroxy-
lation has been linked to several disorders, including neurodegeneration, bone disorders
and also modification of the Notch signaling dynamics [43-45]. Therefore, understanding
the biological roles and regulatory mechanisms of hydroxylation is vital for developing
therapies to treat related diseases.

3.1.3. Methylation

Methylation has a significant role in the regulation of gene expression and protein
function [46]. This modification is the addition of a methyl group (CHj) to amino acids,
particularly arginine and lysine, or the N terminus of proteins [47].

The addition of methyl groups is catalyzed by enzymes called protein methyltrans-
ferases (PMTs) and removed by protein demethylases (PDMs) [48]. Methylation can affect
protein function by altering protein—protein interactions, DNA binding, and enzymatic
activity [49].

Methylation can occur in both histones and non-histone proteins. In histones, methy-
lation is frequently observed on the lysine residues of the N-terminal tail, which affects
the chromatin structure and gene expression [48]. In contrast, the methylation of arginine
residues in histones can either activate or repress transcription, depending on the specific
residue that is modified [50]. In non-histone proteins, methylation can regulate protein—
protein interactions and enzymatic activity [51]. For example, the methylation of the tumor
suppressor protein p53 regulates its stability and activity [51-53], and linked to various
other diseases, including neurodegenerative disorders. In neurodegenerative disorders
such as Alzheimer’s disease (AD), the methylation of the tau protein has been found to
affect its aggregation and toxicity and showed as a crucial controller of tau aggregation and
neuronal health [54,55].

3.1.4. Nitration

Nitration is a PTM process that can have significant effects on protein structure and
function, in which a nitrogen atom is added to a protein or peptide. This modification con-
sists of covalent attachment of a nitro group (NO») to tyrosine residues on a protein, which
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can lead to changes in the protein structure, stability, and in a variety of physiological and
pathological events, including inflammation, oxidative stress, and neurodegeneration [56].

One of the mechanisms for nitration involves the reaction of tyrosine residues with
nitric oxide (NO) and superoxide anion (O), leading to the formation of peroxynitrite
(ONOO). This highly reactive compound can then react with tyrosine residues, resulting in
the addition of a nitro group to the aromatic ring [57]. Nitration can also occur through
other mechanisms, including reaction with nitrating agents such as nitric acid or nitrogen
dioxide [57].

Nitration has been implicated in many diseases, including Parkinson’s disease, AD, and
multiple sclerosis [58]. In Parkinson’s disease, the nitration of alpha-synuclein, a protein
found in Lewy bodies, has been shown to increase its toxicity and aggregation [59-62]. In AD,
the nitration of the tau protein has been found to increase its aggregation and promote the
formation of neurofibrillary tangles [63,64]. In multiple sclerosis, the nitration of myelin basic
protein has been found to contribute to demyelination and axonal damage [65,66].

3.1.5. Sulfenation

Sulfenation is a reversible PTM that involves the covalent addition of a sulfur atom
to the adjacent chain of a cysteine residue in a protein, subsequent to the development
of a sulfenic acid (SOH) group [67,68]. Sulfenic acid is a highly reactive species that can
undergo further reactions, such as oxidation or reduction, leading to the formation of
sulfinic and sulfonic acid derivatives, respectively [69]. Sulfenation plays important roles
in physiological and pathophysiological mechanism and the dysregulation of this PTM has
been associated with numerous diseases, including neurodegenerative disorders [70,71].
Sulfenation can occur spontaneously under oxidative stress conditions or can be catalyzed
by enzymes, such as the members of the peroxiredoxin (Prx) family, which have been
shown to act as redox sensors and regulators of cellular signaling pathways [72,73]. Prx2-
mediated sulfenation of the transcription factor STAT3 was shown to enhance its DNA
binding activity and promote cancer cell proliferation [74,75]. In addition, the sulfenation
of the tumor suppressor protein PTEN by the redox-sensitive enzyme, PTEN oxidation 1
(PTENox1), was found to inhibit its phosphatase activity and promote tumorigenesis [76].
Similarly, the sulfenation of the cysteine residue in the calcium-sensing receptor (CaSR)
was shown to promote its interaction with the scaffold protein filamin A and enhance
CaSR-mediated signaling [77].

Several methods have been developed to detect sulfenation in proteins, including the use
of specific antibodies, fluorescent probes, and mass spectrometry-based approaches [78,79].
However, the identification of specific sulfenation sites and their functional consequences
remains a challenge, and further studies are needed to explicate the mechanisms underlying
sulfenation-mediated protein regulation [80].

3.2. Addition of Complex Groups (O-GIcNAcylation)
O-GlcNAcylation

O-GlcNAcylation, a modification process in multicellular eukaryotes, occurs either co-
transcriptionally or post-translationally in nuclear, cytoplasmic, and mitochondrial proteins.
More than 5000 O-GlcNAcylated proteins have been identified in humans, indicating its
involvement in adaptive cellular functions like the regulation of the cell cycle, protein interac-
tions, signal transduction, and proteostasis [81,82]. O-GlcNAcylation includes the addition
of N-acetylglucosamine (GIcNAc) to serine or threonine residues of proteins [81-84]. The
O-GlcNAcylation process is facilitated by two enzymes, O-GlcNAcase (OGA) and GlcNAc
transferase (OGT), which add or remove GlcNAc from target proteins, respectively [85,86].
OGT is a single polypeptide with two distinct domains, an N-terminal catalytic domain that
transfers GIcNAc to substrates and a C-terminal domain that recognizes and binds target
proteins [87]. OGA, on the other hand, is a cytoplasmic enzyme that hydrolyzes GlcNAc from
modified proteins, allowing the cycling of O-GlcNAc modifications [88]. O-GlcNAcylation is
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a highly dynamic process, and its levels are regulated by various factors, including nutrient
availability, hormonal signals, and cellular stress [89].

Several studies reveal that O-GlcNAcylation is a prevalent response mechanism to
diverse stressors, such as heat shock, hydrogen peroxide, ammonia, lipopolysaccharide, and
hypoxia-reoxygenation. Studies on different stress models indicate an overall upregulation
in O-GlcNACc levels as a protective response to injury [90-92]. However, in some studies, a
reduction in O-GlcNAc levels was observed, while others displayed complex dynamics
in O-GlcNAc cycling. Additionally, in certain models, global increases in the levels of
O-GIcNAc were observed, but protein-specific analysis revealed nuanced results, with
some proteins demonstrating increased O-GlcNAcylation, while some showed O-GlcNAc
loss [93-95].

3.3. Addition of Polypeptides (Ubiquitination; SUMOylation)
3.3.1. Ubiquitination

Ubiquitination involves the attachment of the small protein, ubiquitin, to other pro-
teins, targeting them for degradation or altering their functions. This process is regulated
by a cascade of enzymes that include E1 (ubiquitin-activating enzyme), E2 (ubiquitin-
conjugating enzyme), and E3 (ubiquitin ligase) [96]. The process contains the development
of an isopeptide bond among the C-terminal glycine residue of ubiquitin and the lysine
residue of the target protein, which can result in mono-ubiquitination, multi-ubiquitination,
or poly-ubiquitination [97,98]. Additionally, ubiquitination is involved in regulating several
cellular processes, including transcriptional regulation, DNA repair, protein degradation,
endocytosis, and signal transduction [97].

The regulation of ubiquitination is complex, and several factors can influence its
efficiency, including the structure of the target protein, the availability of ubiquitin, and the
activity of E3 ligases [97]. Moreover, the modification of ubiquitin itself can also impact the
efficiency of the ubiquitination process. For instance, the phosphorylation of ubiquitin can
inhibit ubiquitination, while deubiquitinating enzymes (DUBs) can remove ubiquitin from
modified proteins, thereby regulating the stability and activity of target proteins [99].

Therefore, ubiquitination can be defined as a critical PTM that plays a pivotal role in
supporting the homeostasis at cellular level by regulating protein degradation and altering
protein functions. Modification of ubiquitination has been linked to various diseases, and
further research into the mechanisms underlying this process may offer new therapeutic
strategies for these conditions [100].

3.3.2. SUMOylation

SUMOylation comprises the covalent association of small ubiquitin-like modifier
(SUMO) proteins to the target protein. This PTM is recognized to control a variety of
cellular mechanisms, including gene expression, DNA repair, protein stability, and signal
transduction pathways [100]. The SUMOylation process comprises the conjugation of
SUMO to lysine residues on the target protein through an isopeptide bond. The SUMO
proteins are synthesized as precursors, which are processed by SUMO proteases to ex-
pose the C-terminal diglycine motif that is compulsory for conjugation [99,101-103]. The
SUMOylation of target proteins is reversible, and the elimination of SUMO is carried out
by SUMO-specific proteases (SENPs), which cleave the isopeptide bond [104].

The process of SUMOylation is carried out by the cascade of an enzymatic reaction,
which includes the sequential action of activating enzyme E1, conjugating enzyme E2,
and ligase E3. SUMOylation plays an important role in maintaining the proper func-
tioning of cells, and alterations in this process have been implicated in various diseases
such as neurodegenerative disorders such as AD, Parkinson’s disease, and Huntington’s
disease [101-103].

One of the well-known functions of SUMOylation is its involvement during transcrip-
tional activity. The SUMOylation of transcription factors can either activate or repress
their activity, depending on the context and the specific protein involved. For example,
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the SUMOylation of the tumor suppressor p53 can enhance its transcriptional activity,
whereas the SUMOylation of the transcription factor Sp3 can repress its activity [105].
Another important function of SUMOylation is in the regulation of DNA repair pathways.
SUMOylation is also involved in the facilitating repair proteins to the sites of DNA damage
and in the assembly of protein complexes involved in DNA repair [106]. SUMOylation
is a critical PTM that plays a vital function during cellular processes by a cascade of en-
zymes, and the modification is reversible, allowing for the dynamic regulation of protein
function [106]. A deeper understanding of SUMOylation is necessary to develop novel
therapies for various diseases.

3.4. Proteolytic Cleavage (Truncation)

Truncation is a common type of PTM that occurs in various biological contexts, such as
during protein maturation, degradation, and activation. Many secreted proteins require prote-
olytic cleavage to remove their signal peptide or propeptide to become functional [107,108].
Additionally, some receptors and enzymes undergo cleavage to generate different isoforms with
distinct functions or regulation. Caspase-8 stands as the foremost protease in the caspase acti-
vation cascade [109]. Through proteolytic cleavage, it triggers the activation of caspase-3 [110].
Notably, investigations in the brains of Alzheimer’s disease (AD) patients reveal the abundant
presence of the active form of caspase-8 specifically within neurons bearing neurofibrillary
tangles (NFTs) [111].

Studies have shown that truncation can modulate protein interactions with other
molecules by exposing or masking specific binding domains [112]. For instance, the
cleavage of the extracellular domain of the transmembrane receptor Notch by ADAM
metalloproteases can activate its downstream signaling pathway by exposing its intra-
cellular domain, which translocates to the nucleus and regulates gene expression [113].
Similarly, the proteolytic cleavage of insulin-like-growth factor binding protein 4 (IGFBP-4)
by pregnancy-associated plasma protein-A (PAPP-A) releases active insulin-like growth
factor 1 (IGF-1) and promotes cell proliferation and survival [114,115].

Truncation can also affect protein stability and turnover by removing destabilizing
regions or exposing new degradation signals. For example, the removal of the C-terminal
domain of p53 by caspases increases its stability and prevents its degradation by the
ubiquitin-proteasome system [116]. On the other hand, the truncation of the RNA-binding
protein TDP-43 by calpain proteases generates a C-terminal fragment that is more prone to
aggregation and toxicity in frontotemporal dementia and amyotrophic lateral sclerosis [117].

Truncation has been demonstrated as a critical type of PTM that can modulate protein
function, stability, and turnover by altering protein interactions, localization, and degra-
dation. Its physiological and pathological roles have been extensively studied, providing
insights into the mechanisms of cellular signaling, metabolism, and disease.

3.5. Deamidation

Deamidation is the process by which a glutamine or asparagine residue is transformed
into another functional group. Specifically, asparagine is modified to aspartic acid or
isoaspartic acid, whereas glutamine becomes either glutamic acid or pyroglutamic acid.
This alteration has the potential to modify the structure, stability, and function of the
protein [118].

The deamidation of the residue Asn is an automatic degradation process in proteins,
leading to the creation of detrimental isoaspartate (isoAsp). Elevated levels of isoAsp
within proteins result in a concomitant decline in their native structure and solubility,
ultimately precipitating protein aggregation [118]. In turn, this ultimately triggers the
progress of numerous diseases, including neurodegenerative diseases (NDDs) [119-124].

A recent study discusses the emerging role of blood protein deamidation not only in
AD but also in other NDDs. Deamidation biomarkers, such as the levels of isoAsp and
anti-aHSA IgGs, as well as the IsoAsp/IgG ratio, showed promising performance in early
stages of mental decline and were significantly correlated with mental scores [125]. A larger
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study is required to further investigate the potential of these biomarkers in early NDD
diagnostics. Additionally, more types of NDDs should be examined to fully understand
the specificity of deamidation biomarkers in NDD diagnostics.

4. Current Technologies to Decipher PTMs

Overall, deciphering PTMs is a complex task that requires the integration of multi-
ple techniques and approaches. The advances in MS-based proteomics, antibody-based
methods, chemical labelling, bioinformatics, X-ray crystallography, NMR spectroscopy, and
top-down proteomics have significantly enhanced our understanding of PTMs and their
roles in protein biology and disease mechanisms (Table 1). Further exploration of PTMs
using emerging technologies will likely uncover new insights into protein function and
facilitate the development of new therapies for different diseases.

4.1. Methylation

Methylation is the addition of a methyl group to a substrate molecule and is a common
PTM that plays a significant role in regulating gene expression, protein function, and
cellular processes [126]. Various methods are employed to study methylation, each with its
unique advantages and limitations [126].

Mass Spectrometry (MS)

Mass spectrometry (MS) is a pivotal analytical technique in the study of post-translational
modifications (PTMs), particularly methylation, in proteins. This method has undergone
significant advancements, making it indispensable in proteomics and molecular biology
research [127].

The first step involves preparing the protein sample. Proteins are typically digested
into smaller peptides using enzymes like trypsin, which cleaves proteins at specific amino
acid residues. This digestion is crucial for simplifying the complex mixture of proteins
and making them amenable to MS analysis [127]. The digested peptides are then ionized,
a process that imparts a charge to these molecules [127]. The most common ionization
techniques used in MS for studying methylation are electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI). ESI works by applying a high voltage
to a liquid sample to create an aerosol, while MALDI involves co-crystallizing the sample
with a matrix material and then ionizing it using a laser [128]. Once ionized, the peptides
are introduced into the mass spectrometer. Here, they are separated based on their mass-to-
charge (m/z) ratio. Time-of-flight (TOF), orbitrap, and quadrupole analyzers are among
the common types of mass analyzers used [128]. Each of these analyzers works based
on different principles to separate and measure the m/z ratio of the peptides [128]. The
separated ions are detected, and the data is recorded as a spectrum showing the intensity
of the ions against their m/z ratio [127]. Advanced software is then used to analyze this
data, identifying peptide masses and deducing the protein sequences. Modifications like
methylation alter the mass of peptides, which can be detected as shifts in the m/z ratio in
the spectrum [127]. Quantitative MS, such as tandem mass tags (TMT) or stable isotope
labeling by amino acids in cell culture (SILAC), can be used to quantify methylation changes
under different conditions. The validation of identified methylation sites is often performed
using targeted MS techniques like Selected Reaction Monitoring (SRM) [129].

4.2. Phosphorylation
4.2.1. Proximity Ligation Assay (PLA)

The proximity ligation assay is a sophisticated technique used for detecting and
quantifying protein phosphorylation at the cellular level, offering insights into the spatial
and temporal dynamics of phosphorylation events [130].

First, specific antibodies are used to target the protein of interest, with at least one
antibody recognizing the phosphorylated form [130]. These antibodies are conjugated to
unique DNA oligonucleotides. When the target protein is phosphorylated, the conjugated
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antibodies bind in close proximity, allowing the oligonucleotides to be ligated [131]. The
ligated DNA is then amplified via PCR, and the amplified product is detected using
fluorescence microscopy. This enables the visualization of phosphorylation events at the
single-molecule level within cells [130].

4.2.2. Phosphoproteomics

Phosphoproteomics is a mass spectrometry-based approach that allows for the com-
prehensive analysis of phosphorylation on a proteome-wide scale [131].

Proteins are extracted and digested into peptides, typically using trypsin. Specialized
techniques like IMAC or MOAC are used to enrich phosphopeptides, as phosphorylated
peptides are usually less abundant than their non-phosphorylated counterparts [131]. The
enriched phosphopeptides are analyzed using advanced mass spectrometry techniques,
such as LC-MS/MS, to identify and quantify phosphorylation sites [130]. Sophisticated
bioinformatics tools are employed to process the mass spectrometry data, identifying phos-
phorylation sites and quantifying changes in phosphorylation under different experimental
conditions [132].

4.3. SUMOylation
4.3.1. SUMOylation Site Identification by Mass Spectrometry (SIMS)

SIMS is a mass spectrometry-based approach specifically designed to identify and
characterize SUMOylation sites on proteins [133]. Proteins are extracted from cells or
tissues under conditions that preserve SUMO conjugates [133].

SUMOylated proteins are enriched using SUMO-specific antibodies or affinity tags.
This step often involves the use of tandem affinity purification tags to enhance speci-
ficity [134]. The enriched SUMOylated proteins are then digested into peptides, typi-
cally using enzymes like trypsin [134]. The resulting peptides are analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS) [133]. This analysis identifies
peptides that contain SUMOylation sites and characterizes the specific lysine residues mod-
ified by SUMO. The next step is the mass spectrometry analysis. The mass spectrometry
data is processed using bioinformatics tools to map the SUMOylation sites and understand
their functions [134].

4.3.2. SUMO Protease Protection Assay (SuPrPA)

SuPrPA is a biochemical assay used to study SUMOylation dynamics and to identify
SUMO-modified substrates [134].

Cells are lysed, and proteins are extracted in a buffer that preserves SUMO con-
jugates. The protein extract is treated with SUMO-specific proteases under controlled
conditions [133]. This step results in the cleavage of SUMO from its conjugated proteins. A
portion of the extract is protected from protease treatment, serving as a control. This allows
for the comparison between the SUMOylated and deSUMOylated states of proteins. [134].
The treated and untreated samples are then subjected to SDS-PAGE, followed by Western
blotting using antibodies against the protein of interest. This allows for the detection
of shifts in molecular weight corresponding to the SUMOylation and deSUMOylation
states [133]. The differences in mobility on SDS-PAGE gels between treated and untreated
samples indicate the presence and extent of SUMOylation on the target proteins [135].

4.4. Ubiquitination
4.4.1. Ubiquitin Enrichment

Ubiquitin Enrichment is a technique used to isolate and study ubiquitinated pro-
teins from complex biological samples [135]. Cells or tissues are lysed, and proteins are
extracted in a buffer that preserves ubiquitin conjugates [135]. Ubiquitinated proteins
are enriched from the protein extract using antibodies that specifically recognize ubiq-
uitin [136]. This step often involves immunoprecipitation or affinity chromatography
using ubiquitin-specific antibodies or ubiquitin-binding domains (UBDs) [136]. The bound
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proteins are eluted from the antibody or affinity matrix under conditions that disrupt
the antibody-protein interaction but preserve the ubiquitin-protein conjugates [137]. The
enriched ubiquitinated proteins are then analyzed by mass spectrometry, typically using
LC-MS/MS, to identify ubiquitination sites and characterize the types of ubiquitin link-
ages [137]. The mass spectrometry data is processed using bioinformatics tools to map
ubiquitination sites and understand their functional implications [136].

4.4.2. Tandem Ubiquitin Binding Entities (TUBEs)

TUBESs are engineered tools designed to bind and protect polyubiquitinated proteins,
thereby facilitating their study [137]. Similar to the ubiquitin enrichment method, cells or
tissues are lysed, and proteins are extracted. TUBEs, which consist of tandem repeats of
ubiquitin-binding domains, are added to the protein extract [137]. They have a high affinity
for polyubiquitinated chains and can protect ubiquitinated proteins from deubiquitinating
enzymes (DUBs). The TUBE-bound ubiquitinated proteins are pulled down using affinity
purification techniques. The ubiquitinated proteins are eluted and can be analyzed by
Western blotting for specific proteins or subjected to mass spectrometry for a broader
analysis of ubiquitination sites and patterns [137]. For a comprehensive analysis, the eluted
proteins can be analyzed by mass spectrometry, followed by bioinformatics processing to
identify ubiquitination sites and study the ubiquitin landscape [135].

4.5. Nitration
4.5.1. Immunoprecipitation Combined with Mass Spectrometry (IP-MS)

IP-MS is a powerful technique for identifying and characterizing nitrated proteins [138].
Immunoprecipitation combined with mass spectrometry (IP-MS) is a pivotal technique
for the identification and characterization of nitrated proteins [138]. Proteins are extracted
from cells or tissues under conditions that preserve nitration modifications. Antibodies
specific to nitrated tyrosine residues are used to selectively enrich nitrated proteins from the
protein extract [139]. This step often involves the use of beads coated with anti-nitrotyrosine
antibodies to capture nitrated proteins [140]. The nitrated proteins are eluted from the
antibody-coated beads under conditions that disrupt the antibody-protein interaction. The
eluted proteins are then digested into peptides and analyzed by mass spectrometry, typi-
cally using LC-MS/MS, to identify nitrated peptides and their specific nitration sites [141].
The mass spectrometry data is processed using bioinformatics tools to map nitration sites
and understand their functional implications [141].

4.5.2. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS is a highly sensitive and specific method for the analysis of protein nitra-
tion [142].

Proteins are extracted and digested into peptides, typically using trypsin. Nitrated
peptides are enriched using chromatographic techniques [142]. This may involve the
use of affinity columns that specifically bind to nitrated residues [142]. The enriched
peptides are separated using liquid chromatography, which helps in resolving complex
peptide mixtures [143]. The peptides are then analyzed by tandem mass spectrometry. This
analysis provides detailed information about the mass/charge ratio of the peptides and
their fragments, allowing for the identification of nitrated residues [128]. The data obtained
from LC-MS/MS is analyzed using bioinformatics tools to identify and quantify nitration
sites across the proteome [127].

4.6. Truncation
4.6.1. N-Terminal COFRADIC (Combined Fractional Diagonal Chromatography)

N-Terminal COFRADIC is a sophisticated technique designed to analyze the N-termini
of proteins, thereby identifying truncation events [144].

Proteins are extracted from cells or tissues and digested into peptides. The N-termini
of peptides are chemically modified to differentiate them from internal peptides [144]. This
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modification is typically achieved through acetylation or other specific labeling techniques.
The peptide mixture is fractionated using chromatographic techniques, separating peptides
based on their chemical properties [144]. A unique aspect of COFRADIC is the use of
diagonal chromatography, where peptides are separated in two dimensions based on their
modified and unmodified states. This step is crucial for isolating N-terminal peptides. The
isolated N-terminal peptides are analyzed using mass spectrometry, typically LC-MS/MS,
to identify the sequences of the N-termini and detect any truncation events [145].

4.6.2. C-Terminal Sequencing

C-Terminal Sequencing is a method used to analyze the C-termini of proteins, iden-
tifying truncation and other modifications at the C-terminal end. Similar to N-Terminal
COFRADIC, proteins are extracted and digested into peptides [144]. The C-terminal pep-
tides are enriched using specific chemical or enzymatic methods. This may involve the use
of carboxypeptidases to selectively trim peptides, leaving only the C-termini intact [145].
The C-termini are often chemically labeled to facilitate their detection and analysis. The
enriched and labeled C-terminal peptides are analyzed using mass spectrometry. This
analysis identifies the sequences of the C-termini and detects truncation events [128]. The
mass spectrometry data is processed using bioinformatics tools to map the C-terminal
sequences and understand the implications of truncation events [143].

4.7. O-GlcNAcylation
4.7.1. Chemoenzymatic Labeling

Chemoenzymatic labeling is a sensitive and specific method for detecting O-GlcNAc-
modified proteins [145].

Proteins are extracted from cells or tissues under conditions that preserve O-GlcNAc
modifications. A two-step enzymatic process is used for labeling. Initially, the O-GlcNAc
residues on proteins are enzymatically labeled with a bioorthogonal functional group, such
as an azide or alkyne [146]. This is typically achieved using a mutant O-GlcNAc transferase
that transfers a modified UDP-GIcNAc (bearing the bioorthogonal group) to proteins [145].
The labeled proteins are then subjected to a bioorthogonal reaction (such as click chemistry)
to attach a reporter tag, like a fluorophore or biotin, to the bioorthogonal group [146]. The
tagged proteins can be detected and analyzed using methods like Western blotting, mass
spectrometry, or fluorescence microscopy, depending on the reporter tag used [147].

4.7.2. Metabolic Labeling with Azide-Modified GlcNAc (GlcNAz)

Metabolic labeling with GIcNAz is a technique used to incorporate azide-modified
GlcNAc into cellular proteins, allowing for the detection of O-GlcNAc modifications [148].

Cells are cultured in the presence of azide-modified GlcNAc (GIcNAz). The cells
incorporate GIcNAz into proteins in place of the normal GIcNAc, resulting in the azide-
modification of O-GlcNACc sites [149]. The azide-modified proteins are then subjected to a
bioorthogonal reaction, such as click chemistry, to covalently attach a reporter tag (e.g., a
fluorophore or biotin) to the azide group [150]. The tagged proteins can be enriched and
purified using affinity methods if a biotin tag is used. The labeled proteins are detected
and analyzed using techniques like Western blotting, fluorescence microscopy, or mass
spectrometry, depending on the reporter tag and the experimental design [150].

4.8. Hydroxylation
4.8.1. Proximity Ligation Assay (PLA)

The proximity ligation assay (PLA) is a sensitive method used to detect and visualize
protein modifications, including hydroxylation, at the single-molecule level in cells [150].
Cells or tissue samples are fixed and permeabilized to allow access to the antibodies. Two
primary antibodies are used: one that specifically recognizes the protein of interest and
another that recognizes the hydroxylation modification [150]. Secondary antibodies, known
as PLA probes, which are conjugated to oligonucleotides, are added. These probes bind
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to the primary antibodies [151]. If the PLA probes are in close proximity (due to binding
to the target and modification on the same protein), a ligation reaction occurs, followed
by an amplification step [151]. This amplification generates a fluorescent signal that can
be detected using fluorescence microscopy. The fluorescent signals, each representing a
single hydroxylated protein, are visualized and quantified using fluorescence microscopy,
providing information on the localization and abundance of the hydroxylation modification
in cells [152].

4.8.2. Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) Combined with
Mass Spectrometry

SILAC combined with mass spectrometry is a powerful technique for quantitative
proteomics, including the study of hydroxylation [153]. Cells are grown in a medium
containing stable isotope-labeled amino acids (e.g., heavy lysine and arginine) [154]. Pro-
teins synthesized in these conditions incorporate these labeled amino acids. Proteins are
extracted from the cells, and hydroxylated proteins or peptides are enriched using spe-
cific antibodies or chemical methods [154]. The enriched proteins are analyzed by mass
spectrometry. The use of SILAC allows for quantitative comparison between samples, as
the mass difference introduced by the heavy amino acids can be detected, indicating the
extent of hydroxylation [153]. The mass spectrometry data is processed to quantify the
hydroxylation levels and to identify specific hydroxylation sites on proteins [154].

4.9. Sulfenation
4.9.1. Biotin Switch Technique

The biotin switch technique is a widely used method for detecting cysteine sulfenation
in proteins [155].

Proteins are extracted from cells or tissues under non-reducing conditions to preserve
sulfenic acid modifications [143]. Free cysteine thiols are blocked using a thiol-specific
reagent, such as methyl methanethiosulfonate (MMTS), to prevent non-specific labeling.
Sulfenic acids (SOH) are specifically reduced to free thiols, typically using a reducing agent
like ascorbate [143]. The newly generated thiols are labeled with a biotinylated reagent,
allowing for the selective detection of sulfenated cysteines [143]. Biotinylated proteins
are enriched using streptavidin beads and then detected by Western blotting or mass
spectrometry. This process allows for the identification of proteins that undergo sulfenation
and the specific cysteine residues modified [152].

4.9.2. Resin-Assisted Capture (RAC)

Resin-assisted capture (RAC) is a technique used for the enrichment and identification
of cysteine-modified peptides, including sulfenation [151]. Proteins are extracted and
then digested into peptides. Free cysteine residues are alkylated to prevent non-specific
binding, typically using iodoacetamide or N-ethylmaleimide [151]. Cysteine-modified
peptides are selectively captured on a thiol-reactive resin. The resin specifically binds to
cysteine-containing peptides, including those with sulfenic acid modifications [156]. The
captured peptides are released from the resin and can be labeled for further analysis, often
with isotopic or isobaric tags for quantitative mass spectrometry. The labeled peptides are
analyzed by mass spectrometry to identify sulfenated cysteine residues and quantify the
extent of sulfenation [157].

5. Emerging Role of PTMS towards Therapeutics

Experimental evidence has demonstrated the existence of over 600 different PTMs [92].
This diverse array of PTMs intricately shapes the proteome, exerting control over both
the structural and functional attributes of proteins. Given their pivotal role in regulating
cellular processes and influencing the aging process, the precise control of protein PTMs
becomes imperative. Dysregulation of PTMs has the potential to significantly contribute to
the pathogenesis or progression of diseases [93,94].
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Recent breakthroughs in MS and other cutting-edge analytical methodologies have
significantly advanced our capabilities for pinpointing and comprehending PTMs within a
wide spectrum of proteomes [158]. These investigations have brought to light the ubiquity
and intricacy of PTMs, encompassing an array of modifications, including phosphoryla-
tion, acetylation, methylation, ubiquitination, SUMOylation, and glycosylation, to name a
few [159]. Importantly, it is now well-established that PTMs exhibit dynamic regulation
1691 in response to a diverse range of stimuli, including hormonal cues [160], growth fac-
tors [161], environmental stressors [162], and microbial infections [163]. These revelations
underscore the evolving landscape of PTM research and its profound implications for our
understanding of cellular regulation and disease pathology.

Histone deacetylases (HDACsS) that eliminate acetyl groups from histone and non-
histone proteins have also been reported as playing an emerging role towards the treatment
of neurodegenerative disorders and some inflammatory diseases [164-166]. Addition-
ally, other PTM-targeting drugs, including proteasome inhibitors such as bortezomib for
multiple myeloma and intense and treatment-resistant instances of anti-NMDA receptor
(anti-NMDAR) encephalitis [167,168].

PTMs have a wide range of applications in the field of drug designing. The drug
induced modifications can be used as PTM-targeted medications and also to verify the
inhibition of pharmacologically important protein targets [169-171]. For example, drugs
can be used to inhibit the multifunctional disordered protein and the measure of alterations
in the PTM profile could be monitored as evidenced by PLA [172,173]. Additionally,
following the isolation of SUMOylated proteins, Western blot can be used as a potential
tool to demonstrate the modifications in the SUMOylated partner proteins of NUPR1 in
response to various pharmacological treatments [174,175]. These examples highlight that
PTMs can be used to design innovative therapeutics against critical protein targets and
allow researchers to indirectly modulate the functions of protein of interest. This is a
conventional and promising approach in drug design [175].

In summary, PTMs are essential regulators of protein function and have potentially
significant implications for understanding and treating human diseases. Developing effec-
tive PTM-targeting therapeutics requires a comprehensive understanding of the specific
PTM involved, its regulatory enzymes or factors, and its downstream effects on cellular
processes. Therefore, continued research in this field is crucial for advancing precision
medicine and improving patient outcomes.
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Table 1. Comparison table for the specified PTMs and their respective techniques.
PTM Technique Analytical Method Applications Example Limitations Recent Developments References
Identlfyn}g an'd quantifying . - Improved MS sensitivity and
methylation sites; . . Requires sophisticated .
. - DNA methylation leads to progression . resolution for low-abundance
epigenetics and gene of Alzheimer’s disease. [126,132] equipment; complex eptides
Methylation Mass Spectrometry (MS) regulation studies. . P data analysis. pep - . [13,143]
: Hyper methylation of APP in . . - Advances in sequencing
Comprehensive coverage of N High cost; complexity in . -
. Alzheimer’s disease [176]. . technologies for more efficient
DNA methylation across data analysis. . .
the genome and cost-effective analysis.
. Proximity Ligation Assay D.et?cts phpsphorylatlon m Phosphorylation of tau protein in Limited to proteins with More sensitive probes and
Phosphorylation situ; used in signal S . ™ oo ; - [16]
(PLA) . . Alzheimer’s disease [36,177]. available specific antibodies. automated image analysis.
transduction studies.
Large-scale study of Phosphorylation of alpha-synuclein Complex sample preparation: Improved enrichment
Phosphoproteomics phosphorylated proteins; with the aid of kinases and data }i)nter retstioﬁ c}li)allen e:; techniques for [131]
useful in disease research. phosphatases in PD [36]. P 8es- phosphopeptides.
SIMS (Sumoylation Ident1f1e§ sumoylat%on sites Sumoylation of alpha-synuclein Requires advanced mass Enhanced sensitivity and
. e on proteins; useful in . . . . . N
Sumoylation Identification by Mass . ) . protein leads to progression of spectrometry techniques; accuracy in sumoylation site [134,166]
studying protein function . L. . X el
Spectrometry) . Parkinson’s disease [134,166]. complex sample preparation. identification.
and regulation.
. Sumoylation of beta-secretases leads e
SuPrPA (SUMO Protease Stughes S.UMO . . to increased amyloid-beta production ~ Limited by the availability and Developr.n.ent of more specific
- conjugation/deconjugation . . , P and sensitive assays for [166]
Protection Assay) . leading to onset of Alzheimer’s specificity of SUMO proteases. .
dynamics. . SUMO dynamics.
disease [178].
Enriches ubiquitinated . i
proteins; studies protein Ubiquitination of ligases result in Potential for non-specific Development of more specific
Ubiquitination Ubiquitin Enrichment . . - - . binding; requires careful . . [144]
degradation and signaling neurodegenerative conditions [69,97]. control enrichment strategies.
pathways. '
Enriches ubiquitinated Potential for non-specific Development of more specific
TUBEs (Tandem Ubiquitin ~ proteins; studies PARK?2 is a ubiquitin-signaling gene bindine: requires clsre ful TUBEs }Eor different ubipuitin [135]
Binding Entities) ubiquitin-mediated that is associated with PD [179]. & req . q :
control. chains.
processes.
o Immu.noprec.lpltatlon Detec.ts apd quantlﬁes . Tyrosine nitration is an earliest marker Spec.1f1c1ty depends on antibody  Improved antibody specificity
Nitration combined with Mass protein nitration; used in s quality; complex sample and mass spectrometry [141]
. . of Alzheimer’s disease. [139,141] . .
Spectrometry (IP-MS) oxidative stress studies. preparation. techniques.
Cll:i_rlr\:[ast(/)l\fi (ﬁlc_lﬁgss Quantitative analysis of Nitration of alpha-synuclein leads to Complex sample preparation; Advances in LC-MS/MS for
sraphy protein nitration; studies increased aggregation and PD requires high-resolution mass improved detection and [138,139]

Spectrometry /Mass
Spectrometry)

nitrosative stress.

pathogenesis [180].

spectrometry.

quantification.
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Table 1. Cont.
PTM Technique Analytical Method Applications Example Limitations Recent Developments References
. o . - . . Improved methods for
Truncation N-Terminal COFRADIC Analyz.es protem.N-termlm, Trunc.atlon’of Tau protein in Techplcally cl}al.lengmg,. N-terminal peptide [144]
identifies truncation events.  Alzheimer’s disease. [143,144] requires specialized equipment. . .
enrichment and analysis.
Ié{i::g:ﬁfalf il?flil?ations Truncation of alpha-synuclein and Limited availability of Development of more efficient
C-Terminal Sequencing useful in studvin / amyloid-beta leads to techniques for C-terminal C-terminal sequencing [143,181]
proteolysis yms neurodegenerative conditions [181] analysis. methods.
Ejﬁf&ig{g;ﬂﬁ;ies Dysregulated O-GlcNAcylation of Requires specific enzvmes and Development of more efficient
O-GlcNAcylation Chemoenzymatic Labeling I Alpha-synuclein leads to ! P Y labeling and detection [149]
cellular signaling and Xi . bioorthogonal chemistry. hod
regulation, Parkinsonism. [82,90,94] methods.
GIcNAz (Metabolic 22?32’;?5&; d GIcNAc into O-GlcNAcylation of amyloid-beta Requires cell permeable and Improved azide-GlcNAc
Labeling with roteins: studies have neuroprotective effects in metabolically incorporated analogs for better [81]
Azide-Modified GIcNAc) p . . . Alzheimer’s disease [182]. azide-GlcNAc. incorporation and detection.
O-GleNAcylation dynamics.
Detects hydroxylation in . L .
. Proximity Ligation Assay  situ; used in hypoxia and Proline Hyt}lrox.ylatlon.ln the brau.l Limited to proteins with More sensitive probes and
Hydroxylation . . leads to activation of kinases leading . » o . . [155]
(PLA) collagen biosynthesis . . available specific antibodies. automated image analysis.
studies. to inflammation. [38,42]
Quantitative analysis of .
SILAC combined with Mass  hydroxylation; studies Tyrosine hydroxylation leads to PD Requires metabolic labeling; ?d‘.’ances n SILAC.a‘nd .MS
. 1 . . or improved quantification [154]
Spectrometry protein stability and pathogenesis [183]. complex sample preparation. c s
. . and sensitivity.
signaling.
Detects cysteine sulfenation; . . . Potential for non-specific Development of more specific
. - . . . . Sulfenation of cysteine residues leads . . S
Sulfenation Biotin Switch Technique studies redox regulation to onset of Parkinsonism. [156,157] labeling; requires careful reagents for sulfenic acid [156]
and signaling. ’ ’ control. detection.
Resin-Assisted Capture Enriches cysteine-modified i‘ﬂffet lzrtlecs)fatizlgiiﬁ,ﬁ: dai‘a';}’;‘ﬂfﬁ;n Requires specific capture resins; Improved resin materials for
P peptides; identifies 8T8 y P 4 P P * more efficient capture and [151,184]

(RAC)

sulfenation sites.

proteoglycans (HSPGs) leads to
neurodegenerative conditions [184].

complex sample preparation.

release.
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6. Conclusions

Post-translational modifications (PTMs) exert a profound influence on diverse facets of
cellular biology and offer invaluable perspectives into the intricate machinery of biological
and pathological processes. They significantly augment the intricacy of living organisms.
In the pursuit of developing efficacious therapeutics targeting PTMs, a holistic grasp of
the given PTM, its intertwined regulatory elements and enzymatic players, as well as
its downstream consequences on cellular functions is indispensable. Recognizing this
significance, persistent investigations in this realm stand as a critical imperative, holding
the potential to propel the frontiers of precision medicine and ameliorate patient prognosis.
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