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Abstract

Proteins are the basis of cellular and physiological functioning in living organisms, and the physical and chemical
properties of proteins dictate their activities and functions. The primary sequence of a protein is a main determinant of
protein folding and final conformation as well as biochemical activity, stability, and half-life. Post-translational
modifications (PTMs) are biochemical alterations of amino acids that extend the functional repertoire of proteins. PTMs
regulate structural confirmations of proteins, protein-protein interactions and cellular signal transduction central in
development. Alterations in the rate and extent of protein synthesis, accuracy, PTMs, and protein turnover are among
the major molecular characteristics of some diseases. In this review, the incidence of PTMs disruption on certain
disorders was evaluated.
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1. Introduction

Posttranslational modifications (PTMs) are covalent processing events that change the properties of a protein by
proteolytic cleavage and adding a modifying group, such as acetyl, phosphoryl, glycosyl and methyl, to one or more
amino acids [1]. PTMs play a key role in numerous biological processes by significantly affecting the structure and
dynamics of proteins [2]. Generally, a PTM can be reversible or irreversible. The reversible reactions contain covalent
modifications, and the irreversible ones, which proceed in one direction, include proteolytic modifications. PTMs occur
in a single type of amino acid or multiple amino acids and lead to changes in the chemical properties of modified sites
[3]. PTMs usually are seen in the proteins with important structures/functions such as secretory proteins, membrane
proteins and histones. These modifications affect a wide range of protein behaviours and characteristics, including
enzyme function and assembly, protein lifespan, protein-protein interactions, cell-cell and cell-matrix interactions,
molecular trafficking, receptor activation, protein solubility, protein folding and protein localization [4].

Therefore, these modifications are involved in various biological processes such as signal transduction, gene expression
regulation, gene activation, DNA repair and cell cycle control [5]. PTMs occur in various cellular organelles including the
nucleus, cytoplasm, endoplasmic reticulum and Golgi apparatus. Disruption in PTMs can lead to the dysfunction of vital
biological processes and hence to various diseases.

2. Types of Posttranslational modifications

2.1. Phosphorylation

This process is an important reversible regulatory mechanism that plays a key role in the activities of many enzymes,
membrane channels and many other proteins in prokaryotic and eukaryotic organisms [6]. Phosphorylation target sites
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are Ser, Thr, Tyr, His, Pro, Arg, Asp and Cys residues, but this modification mainly happens on Ser, Thr, Tyr and His
residues [7]. This PTM includes transferring a phosphate group from adenosine triphosphate to the receptor residues
by kinase enzymes. Conversely, dephosphorylating or removal of a phosphate group is an enzymatic reaction catalyzed
by different [8]. Phosphorylation is the most studied PTM and one of the essential types of PTM, which often happens
in cytosol or nucleus on the target proteins [9]. This modification can change the function of proteins in a short time via
one of the two principal ways: by allostery or by binding to interaction domains. Phosphorylation has a vital role in
significant cellular processes such as replication, transcription, environmental stress response, cell movement, cell
metabolism, apoptosis and immunological responsiveness [10]. It has been shown that disruption in the pathway of
phosphorylation can lead to various diseases such as cancer, Alzheimer’s disease, Parkinson’s disease and heart disease
[11].

2.2. Acetylation

Acetylation is catalyzed via lysine acetyltransferase (KAT) and histone acetyltransferase (HAT) enzymes.
Acetyltransferases use acetyl CoA as a cofactor for adding an acetyl group (COCH3) to the e-amino group of lysine side
chains, whereas deacetylases (HDACs) remove an acetyl group on lysine side chains [12]. There are three forms of
acetylation: Na-acetylation, Ne-acetylation and O-acetylation. Na-acetylation is an irreversible modification, and the
other two types of acetylation are reversible [13]. These three forms of acetylation occur on Lys, Ala, Arg, Asp, Cys, Gly,
Glu, Met, Pro, Ser, Thr and Val residues with different frequencies, although the acetylation is more reported on Lysine
residue. Ne-acetylation is more biologically significant compared to the other types of acetylation [13]. Acetylation has
an essential role in biological processes such as chromatin stability, protein-protein interaction, cell cycle control, cell
metabolism, nuclear transport and actin nucleation [14]. According to the available evidence, acetylated lysine is vital
for cell development, and its dysregulation would lead to serious diseases such as cancer, aging, immune disorders,
neurological diseases (Huntington’s disease and Parkinson’s disease) and cardiovascular diseases [15].

2.3. Ubiquitylation

This PTM has a major role in the degradation of intracellular proteins via the ubiquitin (Ub)-proteasome pathway in all
tissues [16]. In ubiquitylation, a covalent bond befalls between the C-terminal of an active ubiquitin protein (a
polypeptide of 76 amino acids) and Ne of a lysine residue of the protein [17]. Ubiquitin can occur in mono- or poly-
ubiquitination forms on substrate proteins through specific isopeptide bonds by receptors containing ubiquitin-binding
domains. Ubiquitylation is catalyzed by an enzyme complex that contains ubiquitin-activating (E1), ubiquitin-
conjugating (E2) and ubiquitin ligase (E3) enzymes. Ubiquitinated proteins may be acetylated on Lys, or phosphorylated
on Ser, Thr or Tyr residues, and lead to dramatically altering the signalling outcome [18]. Ubiquitylation modification
in substrate proteins can be removed by several specialized families of proteases called deubiquitinases [18].
Ubiquitination plays important roles in stem cell preservation and differentiation by regulation of the pluripotency.
Ubiquitylation has also played a vital role in many various cell activities such as proliferation, regulation of transcription,
DNA repair, replication, intracellular trafficking and virus budding, the control of signal transduction, degradation of
the protein, innate immune signaling, autophagy and apoptosis [19]. Dysfunction in the ubiquitin pathway can lead to
diverse diseases such as different cancers, metabolic syndromes, inflammatory disorders, type 2 diabetes and
neurodegenerative diseases [20].

2.4. Methylation

Methylation is a reversible PTM, which often occurs in the cell nucleus and on the nuclear proteins such as histone
proteins [21]. Methylation occurs on the Lys, Arg, Ala, Asn, Asp, Cys, Gly, Glu, Gln, His, Leu, Met, Phe and Pro residues in
target proteins [22]. However, lysine and arginine are the two main target residues in methylation, atleast in eukaryotic
cells [23]. One of the most biologically important roles of methylation is in histone modification. Histone proteins, after
synthesis of their polypeptide chains, are methylated at Lys, Arg, His, Ala or Asn residues [24]. Ne-lysine methylation is
one of the most abundant histone modifications in eukaryotic chromatin, which includes transferring the methyl groups
from S-adenosylmethionine to histone proteins via methyltransferase enzyme. In eukaryotes, methylated arginine has
been observed in histone and non-histone proteins [25]. Recent studies have shown that methylation is associated with
fine tuning of various biological processes ranging from transcriptional regulation to epigenetic silencing via
heterochromatin assembly. Defect in this modification can lead to various diseases such as cancer, mental retardation
(Angelman syndrome), diabetes mellitus, lipofuscinosis and occlusive disease [26].

2.5. Glycosylation

Glycosylation occurs in multiple subcellular locations, such as endoplasmic reticulum, the Golgi apparatus, cytosol and
the sarcolemma membrane [27]. In this modification, oligosaccharide chains are linked to specific residues by covalent
bond. This enzymatic process, which is catalyzed by a glycosyltransferase enzyme, usually occurs in the side chain of
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residues such as Trp, Ala, Arg, Asn, Asp, lle, Lys, Ser, Thr, Val, Glu, Pro, Tyr, Cys and Gly however, it occurs more
frequently on Ser, Thr, Asn and Trp residues in proteins and lipoproteins [3]. According to the target residues,
glycosylation can be classified into six groups: N-glycosylation, O-glycosylation, C-glycosylation, S-glycosylation,
phosphoglycosylation and glypiation (GPI-anchored) [28]. N-glycosylation and O-glycosylation are two major types of
glycosylation and have important roles in the maintenance of protein conformation and activity. Glycosylation has a
greatrole in many important biological processes such as cell adhesion, cell-cell and cell- matrix interactions, molecular
trafficking, receptor activation, protein solubility effects, protein folding and signal transduction, protein degradation,
and protein intracellular trafficking and secretion [29]. It has been shown that the defect in this process has a significant
effect on the development of various diseases like cancer, liver cirrhosis, diabetes, HIV infection, Alzheimer’s disease
and atherosclerosis [30].

2.6. SUMOylation

Small Ubiquitin-Related Modifier (SUMOylation) takes place via SUMO that has a three-dimensional structure similar to
ubiquitin protein and has been discovered in a wide range of eukaryotic organisms [31]. SUMOylation can occur in both
cytoplasm and nucleus on lysine residues. SUMO family has three isoforms in mammals, four isoforms in humans, two
isoforms in yeasts and eight isoforms in plants. SUMOylation occurs as a modifier in e-amino group of lysine residues in
target protein through a multi-enzymatic cascade [32]. In this reaction, SUMO is connected to a lysine residue in
substrate protein by covalent linkage via three enzymes, namely activating (E1), conjugating (E2) and ligase (E3). Also,
itis separated from the target protein by a specific enzyme protease-SUMO. Often, SUMOylation modifications occur at
a consensus motif WKxE (where W represents Lys, lle, Val or Phe and X any amino acid) [33].

2.7. Palmitoylation

These PTMs are taken place via a great variety of lipids like octanoic acid, myristic acid, palmitic acid, palmitoleic acid,
stearic acid, cholesterol, etc. Myristoylation, palmitoylation and prenylation can be considered as the three main types
of these lipid modifications. Palmitoylation is the covalent attachment of fatty acids, like palmitic acid on the Cys, Gly,
Ser, Thr and Lys [3]. S-palmitoylation contains a reversible covalent addition of a 16-carbon fatty acid chains, palmitate,
to a cysteine via a thioester linkage. Palmitoyl-CoA (as the lipid substrate) is attached to the target protein by a PAT and
removed via acyl protein thioesterases. Mostly, S-palmitoylation occurs in eukaryotic cells and plays critical roles in
many different biological processes including protein function regulation, protein-protein interaction, membrane-
protein associations, neuronal development, signal transduction, apoptosis and mitosis [34]. Dysfunction of
palmitoylation has been linked to many diseases including neurological diseases (Huntington’s disease, schizophrenia
and Alzheimer’s disease) and different cancers.

2.8. Myristoylation

This modification is an irreversible PTM that occurs mainly on cytoplasmic eukaryotic proteins. Myristoylation has been
reported in some integral membrane proteins as well [35]. In myristoylation after removal of the initiating Met, a 14-
carbon saturated fatty acid, called myristic acid, is attached to the N-terminal glycine residue via a covalent bond [36].
This attachment is often observed in Met-Gly-X-X-X- Ser/Thr motif and is catalyzed by an N-myristoyl transferase (NMT)
(there are atleast two types of NMT enzymes, NMT1 and NMT2, in humans) [37]. Myristoylation occurs more frequently
on Gly and less frequently on Lys residues [3]. Proteins that undergo this PTM play critical roles in regulating the cellular
structure and many biological processes such as stabilizing the protein structure maturation, signaling, extracellular
communication, metabolism and regulation of the catalytic activity of the enzymes [36, 37]. The role of myristoylation
has been proved in the development and progression of various diseases such as cancer, epilepsy, Alzheimer’s disease,
Noonan-like syndrome, and viral and bacterial infections [38].

2.9. Prenylation

This is another important lipid based PTM, which occurs after translation as an irreversible covalent linkage mainly in
the cytosol [39]. This reaction occurs on cysteine and near the carboxyl-terminal end of the substrate protein.
Prenylation has two main forms: farnesylation and geranylation. These two forms contain the addition of two different
types of isoprenoids to cysteine residues: farnesyl pyrophosphate (15- carbon) and geranylgeranyl pyrophosphates
(20-carbon), respectively. In prenylated proteins, one can find a consensus motif at the C-terminal; the motif is CAAX
where C is cysteine, A is an aliphatic amino acid and X is any amino acid [40]. This process is catalyzed by three
prenyltransferase enzymes: farnesyltransferase (FT) and two geranyl transferases. The prenylation is known as a
crucial physiological process for facilitating many cellular processes such as protein-protein interactions, endocytosis
regulation, cell growth, differentiation, proliferation and protein trafficking [40]. Observations showed that disruption
in this modification plays crucial roles in the pathogenesis of cancer, cardiovascular and cerebrovascular disorders,
bone diseases, progeria, metabolic diseases and neurodegenerative diseases [41].
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2.10. Sulfation

Often, the target residue of this PTM is tyrosine, which happens in the trans-Golgi network. N-sulfation or O-sulfation
includes the addition of a negatively charged sulfate group by nitrogen or oxygen to an exposed tyrosine residue on the
target protein [42]. Currently, PTS is observed mainly in secreted and transmembrane proteins in multicellular
eukaryotes and have not yet been observed in nucleic and cytoplasmic proteins. This reaction is catalyzed by two
transmembrane enzymes, tyrosyl protein sulfotransferases 1 and 2 (TPST1 and TPST2) [43]. TPSTs govern the transfer
of an activated sulfate from 3-phospho adenosine 5-phosphosulfate to tyrosine residues within acidic motifs of
polypeptides [42]. Recently, it has been observed that PTS has vital roles in many biological processes like protein-
protein interactions, leukocyte rolling on endothelial cells, visual functions and viral entry into cells [44] This PTM
involves in many diseases like autoimmune diseases, HIV, lung diseases and multiple sclerosis [45].

3. PTMs and Human Diseases

3.1. Cancer

Various PTMs can control, modulate, and regulated functions of IDPs and IDPRs. Therefore, human diseases can be
caused by aberrant PTMs. In agreement with this hypothesis, all major PTMs, such as acetylation, glycosylation,
methylation, palmitoylation, phosphorylation, proteolytic degradation, and ubiquitination, can be altered in various
human maladies, including cancer [46], cardiovascular diseases, diabetes, and neurodegenerative diseases [47].
Systematic computational analysis revealed that ~5% of the disease-associated mutations in human proteins may affect
known PTM sites, with most of the 15 PTM types being found to be disrupted at levels higher than expected by chance
[48] Furthermore, the aforementioned Mtp-proteins were shown to be more prone to be involved in various human
diseases than proteins carrying no known PTM site. Many malignancies [e.g.,, colorectal cancer (CRC) [49] are
characterized by the abnormal glycosylation, which is commonly associated with the oncogenesis and cancer
progression [50]. Many biomarkers used for diagnosis, prediction, and prognosis of various cancers are characterized
by the aberrant N-linked glycosylation [51]. It was also shown that both gain and loss of phosphorylation target sites
caused by the somatic mutations may play an active role in cancer pathogenesis. The distortion in the tightly controlled
multiple modifications of the important nuclear IDPs, histones [52], is commonly found in malignancies. For example,
CRC is characterized by the abnormal acetylation and methylation of specific histone residues [53], indicating the
usefulness of the histone modification analysis for the diagnosis and prognosis in the CRC. Alterations of the PTMs of
lysine residues (such as methylation, acetylation, sumoylation, and ubiquitination) of proteins involved in DNA repair
are frequently associated with genomic instability, which is the major cause of different diseases, especially cancers
[54]. Normal and pathological activities of one of the high-mobility group transcription factors, the Sry-containing
protein Sox2, are controlled by normal and pathological phosphorylation, acetylation, ubiquitination, methylation, and
SUMOylation [55]. Levels of a master transcriptional repressor REST/NRSF protein (RE-1 silencing transcription factor
or neuron-restrictive silencer factor) that can serve as a tumor suppressor or oncogene are controlled by ubiquitination-
deubiquitination cycles, with the abnormal upregulation of this protein being detected in glioblastoma,
medulloblastoma, and neuroblastoma. Ectodomain shedding of syndecans, which is the proteolytic processing of cell-
surface proteoglycans (PGs), is associated with the facilitation of cancer development. It also promotes cancer cell
motility and invasion, thereby stimulating aggressiveness of various tumors [56].

3.2. Neurodegenerative diseases

In neurodegeneration, Huntington’s disease (HD) is characterized by aberrant acetylation, methylation,
phosphorylation, polyamination, and ubiquitination of histones (Moumne et al, 2013). Furthermore, significant
alterations in acetylation, palmitoylation, phosphorylation, proteolytic cleavage, sumoylation, and ubiquitination are
reported for the HD causative protein, Huntingtin (Htt) [57]. In Alzheimer’s disease (AD), levels and aggregation of the
causative amyloid-B (AB) are affected by aberrant proteolytic cleavage of the amyloid precursor protein (APP).
Pathogenesis of AD and other tauopathies is associated with altered sumoylation, abnormal hyperphosphorylation
(Wang et al, 2013), and abnormal truncations of the microtubule-associated protein tau. The pathogenesis of
frontotemporal lobar degeneration (FTLD) is associated with the aberrant phosphorylation of a RNA/DNA binding
protein TDP-43 (TAR DNA binding protein 43) [58]. In the transmissible spongiform encephalopathy (TSE) and other
prion diseases, the infectious properties of the prion protein can be altered by changes in the glycosylation status of this
protein [59].

3.3. Cardiac disorders

Acquired cardiac disorders, such as arrhythmias and heart failure, are associated with the aberrant functions of the
voltage-gated sodium channel isoform 1.5 (NaV1.5) caused by its altered PTMs [60]. The myofilament dysfunction in
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dilated cardiomyopathy (DCM) is associated with the aberrant phosphorylation of troponins I and T and myosin light
chain, as well as with altered oxidation and glycation of sarcomeric proteins [61]. Deregulated phosphorylation and
glutathionylation of nitric oxide synthases NOS1 and NOS3 represent an important contributing factor in the
pathogenesis of cardiac hypertrophy and failure, myocardial infarction, myocardial ischemia, reperfusion injury, and
vascular disease [62].

3.4. Diabetes

In diabetes and hyperhomocysteinemia, the aberrant glycation of fibrinogen [63] is associated with the increased
atherothrombotic risk. Also, prolonged increase in the O-GlcNAcylation and sustained increase in the O-GlcNAc (O-
linked N-acetylglucosamine) levels are associated with the insulin resistance and glucose toxicity [64]. This is due to the
distortions in the complex interplay between phosphorylation and O-GlcNAcylation, since the rise in the GlcNAcylation
levels can efficiently modulate the phosphate stoichiometry at most of the sites undergoing phosphorylation-
dephosphorylation [65]. Curiously, 381 proteins affected by these diabetes-distorted dual modifications
(phosphorylation and 0-GlcNAcylation) were shown to have a multitude of biological functions, acting as metabolic
enzymes, cytoskeleton regulatory proteins, chaperones, kinases, RNA processing proteins, or transcription factors [65].

4., Conclusion

PTMs have a vital role in almost all biological processes and fine-tune numerous molecular functions. Therefore, the
footprints of disruption in PTMs can be seen in many diseases. Neurodegenerative disease is the major group of
diseases, which is affected by the disruption in the PTMs (Alzheimer’s disease, Parkinson’s disease and Huntington’s
disease). Besides, cancer is also one of the most affected diseases. Consistently with this observation, the biological
processes related to cancer are among the high-degree nodes (signaling, DNA repair, control of replication and
apoptosis). Processes related to apoptosis, protein-protein interaction, signaling, cell cycle control, chromatin
assembly, organization and stability, DNA repair, protein degradation, protein trafficking and targeting, regulation of
gene expression and transcription control are the other high-degree biological processes. Moreover, we can say that
ubiquitylation, prenylation, glycosylation, S-palmitoylation and SUMOylation have the most involvement in diseases. On
the other hand, the PTMs with the highest number of interactions with biological processes are phosphorylation,
ubiquitylation, methylation, acetylation and SUMOylation. Putting all together, we can conclude that the disruption in
the pathways of these five PTMs has a great impact on the normal functioning of the cell and, as the result, on the
organisms.

Compliance with ethical standards

Disclosure of conflict of interest

There is no conflict of interest in the publication of this article.

References

[1] Ramazi,S., Allahverdi,A. and Zahiri,]. (2020) Evaluation of post-translational modifications in histone proteins: a
review on histone modification defects in developmental and neurological disorders. J. Biosci., 45, 135.

[2]  XuY.and Chou,K.-C. (2016) Recent progress in predicting posttranslational modification sites in proteins. Curr.
Top. Med. Chem., 16, 591-603.

[3] HuangK.-Y. Lee,T.-Y.,, Kao,H.-]. et al. (2018) dbPTM in 2019: exploring disease association and cross-talk of post-
translational modifications. Nucleic Acids Res., 47, D298-D308.

[4]  Shahin, R. and Javad, Z. (2021). Post-translational modifications in proteins: resources, tools and prediction
methods, Database, 2021: 1-20.

[5] WangM, Jiang,Y. and Xu,X. (2015) A novel method for predicting post-translational modifications on serine and
threonine sites by using site-modification network profiles. Mol Biosyst., 11, 3092-3100.

[6] Edwards,A.S. and Scott,].D. (2000) A-kinase anchoring proteins: protein kinase A and beyond. Curr. Opin. Cell Biol,,
12,217-221

[71  Panni,S. (2019) Phospho-peptide binding domains in S. cerevisiae model organism. Biochimie., 163, 117-127.

266



GSC Biological and Pharmaceutical Sciences, 2022, 20(01), 262-269

Skamnaki,V., Owen,D., Noble,M. et al. (1999) Catalytic mechanism of phosphorylase kinase probed by mutational
studies. Biochemistry, 38, 14718-14730.

Duan,G. and Walther,D. (2015) The roles of posttranslational modifications in the context of protein interaction
networks. PLoS Comput. Biol.,, 11, e1004049.

Gong,W., Zhou,D., Ren,Y. et al. (2008) PepCyber: PAPEP: a database of human protein-protein interactions
mediated by phosphoprotein-binding domains. Nucleic Acids Res., 36, D679-D683.

Nsiah-Sefaa,A. and McKenzie,M. (2016) Combined defects in oxidative phosphorylation and fatty acid 3-oxidation
in mitochondrial disease. Biosci. Rep., 36, e00313.

Yang,X.-]. and Seto,E. (2008) Lysine acetylation: codified crosstalk with other posttranslational modifications.
Mol. Cell, 31, 449-461.

Xia,C., Tao,Y., Li,M. et al. (2020) Protein acetylation and deacetylation: an important regulatory modification in
gene transcription. Exp. Ther. Med., 20, 2923-2940.

Wellen,KE., Hatzivassiliou,G., Sachdeva,UM., Bui,TV., Cross,JR., Thompson,CB. (2009) ATP-citrate lyase links
cellular metabolism to histone acetylation. Science, 324, 1076-80.

Falkenberg,K.]. and Johnstone,R.W. (2014) Histone deacetylases and their inhibitors in cancer, neurological
diseases and immune disorders. Nat. Rev. Drug Discov., 13, 673.

Lecker,S.H., Goldberg,A.L. and Mitch,W.E. (2006) Protein degradation by the ubiquitin-proteasome pathway in
normal and disease states. J. Am. Soc. Nephrol., 17,1807-1819.

Bhogaraju,S. and Dikic,I. (2016) Cell biology: ubiquitination without E1 and E2 enzymes. Nature, 533, 43.
Swatek,K.N. and Komander,D. (2016) Ubiquitin modifications. Cell Res., 26, 399-422.

Swatek, K.N. and Komander,D. (2016) Ubiquitin modifications. Cell Res., 26, 399-422.

Alonso,V. and Friedman,P.A. (2013) Minireview: ubiquitination-regulated G protein-coupled receptor signaling
and trafficking. Mol. Endocrinol., 27, 558-572.

Foot, N., Henshall,T. and Kumar,S. (2017) Ubiquitination and the regulation of membrane proteins. Physiol. Rev.,
97,253-281.

Bannister,A.]. and Kouzarides,T. (2011) Regulation of chromatin by histone modifications. Cell Res., 21, 381.

HuangK.-Y., Lee,T.-Y., Kao,H.-]. et al. (2018) dbPTM in 2019: exploring disease association and cross-talk of post-
translational modifications. Nucleic Acids Res., 47, D298-D308.

Xie,B., Invernizzi,C.F., Richard,S. et al. (2007) Arginine methylation of the human immunodeficiency virus type 1
Tat protein by PRMT6 negatively affects Tat interactions with both cyclin T1 and the Tat transactivation region.
J. Virol., 81, 4226-4234.

Murn,]. and Shi,Y. (2017) The winding path of protein methylation research: milestones and new frontiers. Nat.
Rev. Mol. Cell Biol., 18,517-527.

Wesche,]., K'uhn,S., Kessler,B.M. et al. (2017) Protein arginine methylation: a prominent modification and its
demethylation. Cell. Mol. Life Sci., 74, 3305-3315.

Sun,G.-D., Cui,W.-P., Guo,Q.-Y. et al. (2014) Histone lysine methylation in diabetic nephropathy. J. Diabetes Res.,
2014, 1-9.

Wang,W., Gopal,S., Pocock,R. et al. (2019) Glycan mimetics from natural products: new therapeutic opportunities
for neurodegenerative disease. Molecules, 24, 4604

Karve,T.M. and Cheema,A.K. (2011) Small changes huge impact: the role of protein posttranslational
modifications in cellular homeostasis and disease. J. Amino Acids, 2011, 1-13.

Shahin, R. and Javad, Z. (2021). Post-translational modifications in proteins: resources, tools and prediction
methods, Database, 2021: 1-20.

Lauc,G., Huffman,].E., Pu’ci’c,M. et al. (2013) Loci associated with N-glycosylation of human immunoglobulin G
show pleiotropy with autoimmune diseases and haematological cancers. PLoS Genet., 9, e1003225.

Feligioni,M. and Nistico,R. (2013) SUMO: a (oxidative) stressed protein. Neuromolecular Med., 15, 707-719.

267



[41]

[42]

[43]
[44]

GSC Biological and Pharmaceutical Sciences, 2022, 20(01), 262-269

Mustfa, S.A., Singh,M., Suhail,A. et al. (2017) SUMOylation pathway alteration coupled with downregulation of
SUMO E2 enzyme at mucosal epithelium modulates inflammation in inflammatory bowel disease. Open Biol., 7,
170024.

Ramazi,S., Allahverdi,A. and Zahiri,]. (2020) Evaluation of post-translational modifications in histone proteins: a
review on histone modification defects in developmental and neurological disorders. J. Biosci., 45, 135.

Clara AR, Ruth AV, Ignacio RC. Protein palmitoylation and subcellular trafficking Biochimica et Biophysica Acta
(BBA) - Biomembranes, 2011, 1808(12); 2981-2994.

Moriya, K., Nagatoshi,K., Noriyasu,Y. et al. (2013) Protein N-myristoylation plays a critical role in the endoplasmic
reticulum morphological change induced by overexpression of protein Lunapark, an integral membrane protein
of the endoplasmic reticulum. PLoS One, 8, e78235.

Wright, M.H., Heal, W.P., Mann,D.]. et al. (2010) Protein myristoylation in health and disease. J. Chem. Biol., 3, 19-
35.

Chida, T., Ando,M., Matsuki,T. et al. (2013) NMyristoylation is essential for protein phosphatases PPM1A and
PPM1B to dephosphorylate their physiological substrates in cells. Biochem. J., 449, 741-749.

Thinon, E., Serwa, R.A., Broncel, M. et al. (2014) Global profiling of co-and post-translationally N-myristoylated
proteomes in human cells. Nat. Commun., 5, 1-13.

Palsuledesai,C.C. and Distefano,M.D. (2014) Protein prenylation: enzymes, therapeutics, and biotechnology
applications. ACS Chem. Biol., 10, 51-62.

Xu,N., Shen,N., Wang,X. et al. (2015) Protein prenylation and human diseases: a balance of protein farnesylation
and geranylgeranylation. Sci. China Life Sci., 58, 328-335.

Gao,S., Yu,R. and Zhou,X. (2016) The role of geranylgeranyltransferase I-mediated protein prenylation in the
brain. Mol. Neurobiol., 53, 6925-6937.

Stone,M.].,, Chuang,S., HouX. et al. (2009) Tyrosine sulfation: an increasingly recognised post-translational
modification of secreted proteins. N. Biotechnol., 25, 299-317.

Kanan,Y. and Al-Ubaidi,M.R. (2013) Tyrosine-O-sulfation: an overview. JSM Biotechnol. Bioeng., 1, 1003.

Yang,Y.-S., Wang,-C.-C., Chen,B.-H. et al. (2015) Tyrosine sulfation as a protein post-translational modification.
Molecules, 20, 2138-2164.

Karve,T.M. and Cheema,A.K. (2011) Small changes huge impact: the role of protein posttranslational
modifications in cellular homeostasis and disease. J. Amino Acids, 2011, 1-13.

Markiv, A., Rambaruth, N. D., and Dwek, M. V. (2012). Beyond the genome and proteome: targeting protein
modifications in cancer. Curr. Opin. Pharmacol. 12, 408-413.

Uversky, V. N. (2014). Wrecked regulation of intrinsically disordered proteins in diseases: pathogenicity of
deregulated regulators. Front. Mol. Biosci. 1:6.

Li, S., Iakoucheva, L. M., Mooney, S. D., and Radivojac, P. (2010). Loss of post-translational modification sites in
disease. Pac. Symp. Biocomput. 337-347.

Park, J. ], and Lee, M. (2013). Increasing the alpha 2, 6 sialylation of glycoproteins may contribute to metastatic
spread and therapeutic resistance in colorectal cancer. Gut Liver 7, 629-641.

Tuccillo, F. M,, de Laurentiis, A., Palmieri, C., Fiume, G., Bonellj, P., Borrelli, A,, et al. (2014). Aberrant glycosylation
as biomarker for cancer: focus on CD43. Biomed Res. Int. 2014:742831.

Hauselmann, 1., and Borsig, L. (2014). Altered tumor-cell glycosylation promotes metastasis. Front. Oncol. 4:28.

Peng, Z., Mizianty, M. ]., Xue, B., Kurgan, L., and Uversky, V. N. (2012). More than just tails: intrinsic disorder in
histone proteins. Mol. Biosyst. 8, 1886-1901.

Gargalionis, A. N., Piperi, C., Adamopoulos, C., and Papavassiliou, A. G. (2012). Histone modifications as a
pathogenic mechanism of colorectal tumorigenesis. Int. ]. Biochem. Cell Biol. 44, 1276-1289.

Chatterjee, S., Senapati, P., and Kundu, T. K. (2012). Post-translational modifications of lysine in DNA-damage
repair. Essays Biochem. 52, 93-111.

268


https://www.sciencedirect.com/science/article/pii/S0005273611002148?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0005273611002148?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0005273611002148?via%3Dihub#!
https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-biomembranes
https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-biomembranes
https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-biomembranes/vol/1808/issue/12

GSC Biological and Pharmaceutical Sciences, 2022, 20(01), 262-269

Liu, K, Lin, B, Zhao, M,, Yang, X., Chen, M., Gao, A, et al. (2013). The multiple roles for Sox2 in stem cell
maintenance and tumorigenesis. Cell. Signal. 25, 1264-1271.

Theocharis, A. D., Skandalis, S. S., Tzanakakis, G. N., and Karamanos, N. K. (2010). Proteoglycans in health and
disease: novel roles for proteoglycans in malignancy and their pharmacological targeting. FEBS |J. 277, 3904 -
3923.

Ehrnhoefer, D. E,, Sutton, L., and Hayden, M. R. (2011). Small changes, big impact: posttranslational modifications
and function of huntingtin in Huntington disease. Neuroscientist 17, 475-492.

Buratti, E., and Baralle, F. E. (2008). Multiple roles of TDP-43 in gene expression, splicing regulation, and human
disease. Front. Biosci. 13, 867-878.

Cancellotti, E., Mahal, S. P., Somerville, R., Diack, A., Brown, D., Piccardo, P., et al. (2013). Post-translational
changes to PrP alter transmissible spongiform encephalopathy strain properties. EMBO J. 32, 756-769.

Herren, A. W,, Bers, D. M,, and Grandi, E. (2013). Post-translational modifications of the cardiac Na channel:
contribution of CaMKII-dependent phosphorylation to acquired arrhythmias. Am. J. Physiol. Heart Circ. Physiol.
305, H431-H445

LeWinter, M. M. (2005). Functional consequences of sarcomeric protein abnormalities in failing myocardium.
Heart Fail. Rev. 10, 249-257.

Carnicer, R., Crabtree, M. ]., Sivakumaran, V., Casadei, B., and Kass, D. A. (2013). Nitric oxide synthases in heart
failure. Antioxid. Redox Signal. 18, 1078-1099.

Henschen-Edman, A. H. (2001). Fibrinogen non-inherited heterogeneity and its relationship to function in health
and disease. Ann. N. Y. Acad. Sci. 936, 580-593.

McLarty, J. L., Marsh, S. A,, and Chatham, ]. C. (2013). Post-translational protein modification by O-linked N-acetyl-
glucosamine: its role in mediating the adverse effects of diabetes on the heart. Life Sci. 92, 621-627.

Wang, Z., Gucek, M., and Hart, G. W. (2008). Cross-talk between GlcNAcylation and phosphorylation: site-specific
phosphorylation dynamics in response to globally elevated O-GlcNAc. Proc. Natl. Acad. Sci. U.S.A. 105, 13793-
13798

269



