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IDENTIFICATION OF PROTEINS WITH VARIABLE LEVELS OF POST-TRANSLATIONAL
MODIFICATIONS IN HUMAN TEMPORAL LOBE EPILEPSY

Yu.V. Miroshnichenko*, A.V. Rybina, V.S. Skvortsov
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10 Pogodinskaya str., Moscow, 119121 Russia; *e-mail: yuliana.miroshnichenko@gmail.com

Comparative mass spectrometry analysis of hippocampal tissue samples from patients with sclerotic and
non-sclerotic temporal lobe epilepsy and nonepileptic patients was undertaken to identify differences in the levels
of protein post-translational modifications (PTMs). The original proteomic data obtained by Mathoux et al.
[DOI: 10.1172/jci.insight.188612] and deposited in the PRIDE repository (PXD064519) were used in this work.
Our reanalysis of the comparative proteomic data identified 53 proteins with PTMs (phosphorylation, methylation,
acetylation, and citrullination) that exhibited significant changes in the levels of individual modified peptides.
According to the published original data, all 53 proteins are involved in processes associated with neurological diseases
in general and epileptogenesis in particular. The analysis identified PTMs of proteins that could play an important role

in the pathogenesis of neurological diseases.
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INTRODUCTION

This study continues our previous work [1, 2]
on bioinformatic reanalysis of data deposited
in the PRIDE repository [3]. Usually, authors
of  large-scale experimental studies using
mass spectrometry (MS) plan the experiment and
subsequent data analysis to obtain the desired data
as accurately and efficiently as possible. However,
the initial experimental data contain significant
information that can be extracted by processing
the data with different parameters or using different
methods. For example, in many studies on protein
identification or comparison of protein spectra
in health and disease, the authors either completely
ignore the entire spectrum of post-translational
modifications (PTMs) or consider only a subset of them,
based on their own understanding of the problem.
At the same time, the role of PTMs is difficult
to overestimate [4, 5], and information about their
presence can be of interest in the context of forming
hypotheses about the role of various PTMs
in pathology or planning more specialized experiments
to confirm the obtained information. Data on changes
in the abundance of specific observed PTMs
are also of interest. Modern whole-proteome
profiling technologies using MS provide highly
accurate and reproducible quantitative data on each
specific ion, even without preliminary enrichment
of modified proteins/peptides and without the use
of isotopic labels [6].

Nervous  system  diseases are among
the top three groups of diseases in which
the development of the pathological process

is influenced by PTM impairments [7]. Temporal lobe
epilepsy (TLE) is one of the most common
chronic nervous system diseases in adults [8].
The predominant pathological change in epilepsy,
especially in TLE, is hippocampal sclerosis; however,
the pathophysiological mechanism of epileptic damage
to hippocampal tissue remains unclear [9].

In this study, we have analyzed a dataset
deposited in the PRIDE repository [3] with
the identifier PXD064519. In the original study [8],
a comprehensive comparative analysis of the profiling
of an internal modification of mRNA, N° adenosine
methylation (m6A), was conducted on hippocampal
tissue samples from mice and humans with drug-resistant
temporal lobe epilepsy. The authors of [8] demonstrated
that metabolic and autophagic pathways, which could
be directly related to m6A processing, were impaired
in epileptic tissues. For the proteomic analysis of human
hippocampal samples, a variable modification with
N-terminal acetylation of the protein was selected,
but quantitative changes were carried out at the level
of whole proteins. Since authors did not consider other
physiological PTMs, so we reanalyzed the original
data [8] to identify proteins with different PTM levels
in the experimental and control samples.

MATERIALS AND METHODS

The authors of the original study [8] used
postoperative human hippocampal tissues removed
due to sclerotic (S) (n=7) and non-sclerotic (NS) (n=7)
temporal lobe epilepsy, as well as control (C)
samples taken during autopsy from patients without
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epilepsy (n=10). The stages of tissue sample extraction
from patients with epilepsy, obtaining control
samples, sample preparation and proteomic analysis
are described in details by the authors of the original
experimental work [8].

In our study, peptide identification based
on raw files was performed again using the PEAKS
Studio 13 program [10]. The search was performed
using the amino acid sequences of human proteins
(Homo sapiens, UniProtK B/Swiss-Prot release 2025 04,
83587 records [11]) using the following search
parameters: cleaving enzyme was trypsin; the peptide
mass tolerance was 10 ppm; the fragment mass
tolerance was 0.02 Da; the max missed trypsin site
cleavage was set as 2; the number of variable
modifications per peptide was 2 (peptides with
a single modification under study were considered
in the final analysis). Carbamidomethylation of cysteine
was chosen as a fixed modification, and the variable
modifications included: (1) methionine oxidation
(not considered significant), (2) phosphorylation
of serine, threonine, and tyrosine, (3) methylation
of lysine, arginine, and histidine, (4) acetylation
of lysine and the N-terminal peptide of the protein,
(5) citrullination of asparagine. All options
for additional filtering and formation of chimeric
spectra were disabled. Modifications of lysine and
arginine residues were considered only if the modified
residue was not the first or last residue in the peptide.
The false discovery rate (FDR) for the final selection
of identified peptides was 0.1%. Identification
was performed for each sample independently.

Using chromatographic data from raw files,
the entire space of primary ions was aligned and
the area under the peak for each of the primary ions

was normalized (Normalized abundance, NA)
using the Progenesis LC-MS program [12].
The peptide identification data were imported

into the Progenesis LC-MS project, combining
the alignment results with the peptide identification
results for subsequent comparison of quantitative data
from hippocampal samples.

During analysis of the significance of changes
in peptide levels with PTM, results of the analysis
of variance (ANOVA) performed by computational
algorithms implemented in Progenesis LC-MS were
evaluated. Changes in modified peptide levels were
considered significant at the Anova p-value < 0.05 and
aMax fold change >2. The Max fold change is a measure
that describes the changes in the mean NA value
between the control (C) and study groups (S, NS);
for example, for two values of NA and NAg, the range
of change in NAg relative to NA is NAg/NA(.

RESULTS AND DISCUSSION

After alignment and normalization of the raw data
in Progenesis LC-MS and integration with peptide
identification results, 212,985 primary ions were

352

selected, of which 22,354 were identified.
A total of 15,576 peptide sequences for 2,560 proteins
were identified. The final selection was made
for proteins for which at least six peptides
were quantified by Progenesis LC-MS. A table
with the full set of identification data is given
in the Supplementary Materials.

Identified peptides with PTMs that met
the conditions “Anova p-value < 0.05” and “Max fold
change > 2” during evaluation of the NA mean
differences between the study groups and the control
are listed in Table 1. No peptides with histidine
methylation were identified under the given selection
parameters. If a peptide is listed more than once
in the table, the data are presented for ions of different
charges. Direct data summation is possible, since
the distribution of the peptide between ions of different
charges does not depend on its concentration
in the sample [13], but since in each specific case
there is no certainty that all ionic states have
been identified, this may be a source of error
in the interpretation of the results.

Table 1 shows the lack of significant quantitative
changes in the total protein content only for peptides
nos. 61, 69, and 71 with methylation of the lysine
residue and two N-terminal acetylations, respectively.
For other peptides the change in the average NA
of the peptide between the experiment (NS and S)
and the control (C) differed from the same parameter
for the protein by at least 1.2 times. For example,
for the peptide AEEAKDEPPSEGEAEEEEK
(no. 9, P07196) with phosphorylation at the serine
residue, this difference was 139.4 times. However,
in this case, this effect is probably due to the fact
of missed tryptic cleavage site; in addition it contains
a large number of negatively charged residues (see below
the section devoted to the discussion of Figures 1 and 2).
For peptides nos. 1-3, 25-38, 47, 52, 67, and 68,
an increase in quantity was observed in the experiment,
while an insignificant decrease in quantity
was observed for the protein itself in most cases.
The opposite relationship was found for peptides
nos. 10, 11, 19, 62, 63, 78-85, 88, and 89; there
was a decrease in quantity in the experiment and
an insignificant increase in quantity for the whole
protein. For example, for the SKDGTGSDDK peptide
(no. 62, P10636, microtubule-associated tau protein)
with methylation at the lysine residue, the average NA
in the experiment was 4031.4 times lower than
in the control, while the amount of the protein
itself in the experiment was slightly higher than
in the control. Methylation of the tau protein
is critical for its physiological state and can compete
with other PTMs. Global methylation in neurons,
microglia, and astrocytes is involved in numerous
cellular functions [14].

Figure 1 shows examples of the NA distribution
for four peptides for each sample from the experimental
(NS and S) and control groups. For comparison, data
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Figure 1. An example demonstrating NA changes between groups of samples (C, NS, and S) for four peptides.
The abscissa axis shows sample numbers and the ordinate axis shows NA values (a logarithmic scale).
Data for the 2+ ion of the modified peptide are shown in maroon, while 2+ ions are shown in red. Similarly,
the 2+ and 3+ ions of the unmodified form of the same peptide are shown in black and blue. In the diagram
for the peptide AEEAKDEPPS(+79.97)EGEAEEEEK, three 2+ ions of the same protein, lacking PTMs and missed
tryptic cleavage sites are shown in gray. The 2+ ion of the peptide DEPPSEGEAEEEEK is shown in green.
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are presented for both the modified form of the peptide
and the unmodified form detected in the same sample.
The proportion of the VLTPELYAELR(+0.98)AK
peptide in the control group is comparable to the amount
of the VLTPELYAELRAK peptide (without PTM),
while in the NS and S groups, the amount of the peptide
with PTM decreases. It should be noted that
the VLTPELYAELRAK peptide obviously represents
the “undercut” version of the peptide VLTPELYAELR;
in the sample it was also identified with comparable
NA values (6.5x10°® for 2+ ions and 2.8x10° for 3+ ions).
Another variant is the DRGLDS(+79.98)GAETEEEK
peptide, where the control contained less phosphorylated
peptide than the experimental groups, in which their
abundance was basically equal. As in the previous
case, the 2+ ion was registered in the samples
for the GLDSGAETEEEK peptide (NA ~ 6.6x10°).
Considering that during trypsin hydrolysis one would
expect that the number of “undercut” peptides
(with missed tryptic cleavage sites) should be less
than the peptides corresponding to complete tryptic
hydrolysis, it is likely that a significant portion
of the peptides has not been registered possibly
due to the peptide ionization charge of 1+ charge
(such ions were not registered in [8]). The peptide
DIHRQPS(+79.97)EEEIIK is interesting due to the fact
that the QPSEEEIIK peptide was not identified
in any form; in this context, it should be noted
that the identified phosphorylated peptide
YKDIIRQPS(+79.97)EEEIIK (3+ ion, NA ~ 8.5x10°%)
obviously originated due to two missed tryptic
cleavages. However, no significant difference
in its level was observed between the groups,
although the same trend was noted: less
phosphorylated peptide presented in the control
group. All three peptides contain a large number
of negatively charged amino acid residues, which
may influence ionization.

Finally, let's consider the peptide
AEEAKDEPPS(+79.97)EGEAEEEEK,  discussed
above. Excluding possible sample preparation
differences in different groups, as well as alignment and
identification errors, we have no reasonable explanation
for why the amount of peptide with one missed tryptic
cleavage site in both the phosphorylated form and
without PTM is so much lower in the control group
than in the NS and S groups. This issue requires
targeted experimental verification. If we consider
not the absolute NA values, but the ratio of NA values
for 3+ ions for the peptide with PTM and
the peptide without PTM (Fig. 2), the difference
in mean values is insignificant (insufficient 2+ ion
detection precludes an adequate comparison).
For the remaining three peptides used in the example,
the results are consistent with the data for absolute
values. Unfortunately, it is not always possible
to use this ratio, since the unmodified peptide
may not be registered, as, for example, in cases
of acetylation, methylation, or citrullination, when
the unmodified peptide, in contrast to the modified one,
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is subject to trypsin hydrolysis, and the number
of possibly missed tryptic cleavage sites can vary
greatly from sample to sample.

The majority of peptides listed in Table 1
have phosphorylation as a PTM. For example,
two peptides of the astrocytic phosphoprotein PEA-15
(PEA15; Q15121) phosphorylated at serine residues
(DIIRQPSEEEIIK — S116, LTRIPSAK — S104)
were identified. PEA15 is a small phosphoprotein
that is involved in epileptogenesis; it protects
astrocytes from apoptosis, and modulates cell
survival and proliferation. These functions depend
on differential phosphorylation, which regulates
proliferative and/or apoptotic signals in astrocytes after
status epilepticus [15]. Another example includes
representatives of the family of microtubule-associated
proteins (MAPs) (P10636, P11137, P27816, P46821,
P78559, Q96JEY), which play an important role in brain
development processes, particularly the formation
of neurons and synapses, as well as myelination.
Destabilization of microtubules affects brain functions
associated with neurodegenerative and mental
disorders, such as cognitive impairment, memory
problems, and attention [16]. Phosphorylation of MAPs
in response to various extracellular signals regulates
neuronal functions [17]. In Table 1, there are four
out of six MAPs (P11137, P46821, P78559, Q96JE9),
containing peptides with phosphorylated residues.
The cytoskeletal adapter protein, dematin (Q08495),
is also an example of protein whose activity is regulated
by phosphorylation. Dematin binds and assembles actin
filaments and also acts as a major regulator of calcium
mobilization [18]. Jupiter microtubule-associated
protein homolog 1 (Q9UK76) is highly expressed
in many human tissues, particularly in the brain;
it contains phosphorylation sites and their
phosphorylation promotes cell cycle progression and
modulates DNA replication and repair processes [19].

Table 1 also contains a group of cytoskeletal
proteins expressed in nerve cells and involved
in maintaining their stability and proper conductivity.
For example, proteins of the neurofilament family
(P07196, P07197, P12036) are the main cytoskeletal
proteins in neuronal axons. Interactions between
neurofilaments and other cytoskeletal proteins
regulate axon diameter and axoplasmic transport.
Dysregulation of neurofilaments can lead to neuronal
death and the development of epilepsy, as well as other
diseases of the nervous system [20]. Stathmin (P16949)
is an evolutionarily conserved protein involved
in the regulation of microtubule dynamics. Increased
stathmin levels and decreased microtubule stability,
particularly in the insular cortex and hippocampus,
may play an important role in the development
of epileptic fear [21]. The protein septin-11 (QINVA2)
is co-localized with microtubules and stress fibers
in various epithelial cell lines, and changes in septin-11
solubility may disrupt cytoskeletal function and
lead to cellular toxicity, a mechanism established
for proteinopathies in neurodegenerative diseases [22].
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Figure 2. An example demonstrating changes in the ratio of NA values for 2+ and 3+ ions for a peptide with PTM
and a peptide without PTM. The abscissa axis shows sample numbers, and the ordinate axis shows NA values.

Another cytoskeletal component, coronin-1 (Q9ULV4),
is actively expressed in the adult central nervous
system, binds F-actin, and plays an important role
in cell migration and brain morphogenesis [23].

Another group includes proteins involved
in neurogenesis, cell signaling, and other neuronal
regulatory mechanisms. For example, the P13591
protein (neural intercellular adhesion molecule 1)
provides recognition and adhesion of neurons;
it participates in axon growth, neuronal synaptic
reconstruction, and neuronal migration processes.
Thus, the P13591 protein promotes neurogenesis and
synaptic plasticity, for example, after a brain injury.
In rats with epilepsy, it plays an important

role in the impairment of spatial memory [24].
Secretogranin-1 (P05060) interacts and is secreted
together with various hormones; it regulates the level
of intracellular calcium, cellular signaling, in various
(including hippocampal) cells; this is important
in the context of various neurological diseases, such as
Alzheimer's disease, epilepsy, and schizophrenia [25].
Proline-rich transmembrane protein 2 (Q7Z6L0)
is responsible for neuronal stability; it negatively
affects intrinsic excitability by causing pleiotropic
paroxysmal syndromes, including epilepsy, kinesigenic
dyskinesia, episodic ataxia, and migraine [26].
The synaptic protein rabphilin 3A (Q9Y2J0)
is indirectly responsible for synaptic plasticity and
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cognitive functions. Disturbances in the RPH3A gene,
encoding rabphilin 3A, are associated with
developmental disorders of the nervous system,
manifested either as drug-resistant epilepsy with
mental retardation or as autism spectrum disorder
with learning disabilities [27]. Collapsin response
mediator protein 2 (Q16555) is localized primarily
in the nervous system, is highly conserved,; it is required
for stimulation of axon growth and maintenance
of neuronal polarity in hippocampal neurons.
A significant decrease in the level of this protein
may indicate neurodegeneration, impaired neural
plasticity and brain pathways in multiple system
atrophy, and may be involved in the etiology
of epilepsy and age-related cognitive decline [28].
Isoaspartyl  peptidase/L-asparaginase (Q7L266)
is an enzyme that may be involved in the formation
of the neurotransmitter amino acid L-aspartate, which
can act as an excitatory neurotransmitter in some areas
of the brain, and also reduces the accumulation
of some toxic peptides in the brain and other mammalian
tissues [29]. Band 4.1-like protein 3 (Q9Y2J2) plays
a critical role in oligodendrocyte differentiation,
and its loss impairs oligodendroglial function and
cell survival in mice. Biallelic variants of the gene
encoding this protein cause impaired oligodendrocyte
myelination, accompanied by seizures in patients [30].
Tubulin polymerization-promoting protein (094811)
is expressed exclusively in oligodendrocytes
in the normal brain. Its nonphysiological levels
are closely linked to the etiology of Parkinson's
disease, multiple system atrophy, multiple
sclerosis, and glioma [31]. Alpha-internexin (Q16352)
is characterized by early expression, which may stabilize
neurons and their processes and provide a scaffold
for the co-assembly of other proteins during
development. Alpha-internexin is the only expressed
intermediate filament protein, suggesting a role for this
protein in neuronal maturation and regeneration
after injury [32].

Reactive oxygen species and oxidative
stress are involved in the pathogenesis of some
neurodegenerative diseases and brain injuries.
Catalase (P04040), an enzyme responsible for hydrogen
peroxide decomposition, remains an important
target for antioxidant therapy [33]. Phosphoglycerate
kinase-1 (P00558), a key enzyme in the glycolytic
pathway, is involved in biological processes
such as angiogenesis, autophagy, and DNA repair.
Deficiency of phosphoglycerate kinase-1 leads
to hemolytic anemia, rhabdomyolysis, myopathy, and
central nervous system damage, including idiopathic
stroke, stroke-like episodes, and epilepsy [34].
Iron-bound fibrinogen alpha chain (P02671) accelerates
plasma coagulation in patients with various diseases
accompanied by increased heme oxygenase activity;
accumulates during the deposition of amyloid-f3
in nerve cells and blood vessels of the brain and
affects the progression of Alzheimer's disease [35].
The alpha-2 subunit of Na”/K*-ATPase (P50993)
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is an enzymatic version of the sodium-potassium pump,
which is responsible for various important cellular
functions, such as maintaining cation balance
and restoring the resting membrane potential
in neurons [36]. Golgi-associated protein 1, associated
with plant pathogenesis (Q9H4G4, GAPR-1), belongs
to the superfamily of cysteine-rich proteins. It has been
shown that this protein efficiently binds to prefibrillar
oligomeric structures of B-amyloid in the early stages
of fibril formation [37]. Protein kinase C alpha-type
(P17252) is activated in response to a variety of stimuli
and is translocated from the cytosol to specialized
cellular compartments (nucleus, caveolae, etc.), where
it is obviously involved in various cellular functions
such as proliferation, apoptosis, differentiation,
motility, and inflammation [38].

It should be noted that all other proteins
from Table 1 not listed in this section are also
considered in the literature and are directly
involved in one or more important (patho)biological
processes, such as neuroprotection, neurogenesis,
neurodegeneration, epileptogenesis, seizure activity
in epilepsy, atherogenesis in diseases of the nervous
system, and mental illness in humans [9, 39-57].

In conclusion, our analysis resulted in identification
of PTMs of proteins that may be important
in the pathogenesis of neurological diseases.
The obtained results require further verification,
either using more accurate methods than label-free
quantitative proteomic analysis, or using independent
methods adapted to detect changes in PTM levels.
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[Tpoananmu3upoBaHbl Macc-CHEKTPOMETPUYECKUE AaHHbIC, IMOJyYEHHbIE MPHM aHallM3e TKAaHEH TUMIoKaMIa
MalUEeHTOB CKJIEPOTHYECKON M HECKIIEPOTHYECKON BUCOYHON SIMJICTICHH 1 0e3 Heé JUIs BBISIBJICHUS PAa3JIMUYMii B ypOBHE
NOoCTTpaHCIAIUOHHBIX Moandukanuii (IITTM) GenkoB. McxonHble NpoTeOMHBIE JaHHBIE, TOy4eHHbIe Mathoux 1 coaBT.
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