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SHORT COMMUNICATION

BIOINFORMATIC IDENTIFICATION OF PROTEINS WITH VARYING LEVELS
OF POST-TRANSLATIONAL MODIFICATIONS IN A MODEL OF ATHEROGENESIS IN MICE
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Mass spectrometric data obtained using a model of tandem carotid artery stenosis in mice with unstable and
stable atherosclerosis were analyzed to identify differences in the level of post-translational modifications (PTMs)
of proteins. The original proteomic data obtained by Chen et al. [DOI: 10.1038/s42003-023-04641-4] and deposited
in the PRIDE repository (identifier PXD030857) were used. Based on results of the bioinformatic analysis,
12 proteins with PTMs (methylation, acetylation, and phosphorylation) were selected; comparison of healthy
and atherosclerotic vascular sections showed that the selected proteins were characterized by significant changes
in the level of individual modified peptides. According to the literature data, all 12 proteins are involved in the process
of atherogenesis. Our study thus revealed putative points of regulation of the atherogenesis processes at the PTM level.
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INTRODUCTION

After synthesis on ribosomes, proteins undergo
covalent chemical changes known as post-translational
modifications (PTMs). These modifications have
a significant impact on protein features, regulating
such important molecular functions as enzymatic
activity, maintenance of the structure of cells and
extracellular components, formation of various signaling
pathways, and immune defense of the body [1, 2].
PTMs are involved in many biochemical processes
in the body, and any changes in them can be both
a cause and a consequence of diseases development;
they also act as a protective factor or a risk factor
in the development of pathological processes [3, 4].
The main groups of diseases affected by PTM disorders
include neurodegenerative, cardiovascular diseases,
and cancer [5], and the modifications themselves
are increasingly considered as markers of various
groups of pathologies [3, 6]. However, both PTMs
in particular and modified and unmodified proteins
in general do not have sufficient pathogenetic
specificity as markers of certain diseases, and therefore
researchers consider them in combination with other
candidate markers, taking into consideration
not only the fact of PTM/protein detection, but also
their quantitative changes [7]. Analysis of quantitative
changes in PTMs, such as phosphorylation,
methylation, or glycosylation, in combination with
changes in the protein content, provides information
on the functioning of cellular pathways, regulation
of protein functions and cellular responses
to various stimuli [8]. In this context, atherosclerosis

is a classic example of how different cell types
interact and influence each other, contributing
to the development of atherosclerotic plaques and
disease progression, and PTMs can increase or decrease
their functional activity [9].

The liquid chromatography tandem
mass spectrometry (LC-MS/MS) method is the most
versatile and effective method for PTM analysis.
LC-MS/MS provides information without prior
knowledge of a specific modification site and also
allows obtaining quantitative data for each specific ion
even without the use of isotopic labels [10].

In this study we have analyzed a dataset deposited
in the PRIDE repository [11] with the identifier
PXD030857. The authors of the original work [12] used
a mouse model of tandem carotid artery stenosis (TS),
reproducing the mechanism of instability/rupture
of atherosclerotic plaques in humans. Using quantitative
proteomics methods, the authors [12] revealed
differences in the nature of unstable and stable
atherosclerosis and identified protein markers
of these conditions, as well as identified key proteins
and signaling pathway networks that could be used
as a preclinical tool for the development and testing
of plaque-stabilizing drugs. Although peptides with
N-terminal acetylation were taken into account
in the analysis, quantitative changes were considered
only for whole proteins. The authors did not take
into account other possible physiological PTM.
In this work, we have tried to analyze the initial data
of the work [12] in order to search for proteins with
different levels of PTM in the experiment and control.
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MATERIALS AND METHODS

The description of the experimental part on the use
of laboratory mice, the creation of a model of carotid
artery TS for the activation of the atherogenesis
process, sample preparation, and proteomic analysis
of the obtained samples are given in detail in the original
work [12]. Briefly, we have analyzed the data obtained
during the proteomic analysis of vascular segments
representing unstable atherosclerosis (right carotid
artery — unstable plaque), stable atherosclerosis
(aortic arch — stable plaque) and a healthy artery
(left carotid artery without plaques). Vascular segments
from 15 mice were pooled into three groups depending
on the plaque type (U — unstable; S — stable) or
their absence (H — healthy artery); then 8 samples
were selected from each group of segments
for protein extraction, gel electrophoresis, in-gel trypsin
digestion and label-free quantitative proteomic
LC-MS/MS analysis [12].

In our work, peptide identification based
on raw files was performed again using
the PEAKS-X Pro software [13]. The search
was performed by the amino acid sequences of mouse
proteins (Mus musculus, UniProtKB/Swiss-Prot
release 2024 03, 17823 records [14]) using the following
search parameters: the cleavage enzyme was trypsin;
the peptide mass tolerance was 10 ppm; the fragment
mass tolerance was 0.02 Da; the max missed trypsin
cleavage sites 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 oxidation
of methionine, acetylation of lysine and the N-terminal
peptide of the protein, methylation of aspartic and
glutamic acid residues, lysine, arginine and serine,
phosphorylation of serine, threonine and tyrosine, and
deamination of asparagine and glutamine. All options
for additional filtering and formation of chimeric
spectra were disabled. Modifications of the lysine
residue were considered only if the modified lysine
was not the 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 [15].
The peptide identification data were imported into
the Progenesis LC-MS program project, combining
the alignment results with the peptide identification
results for subsequent comparison of the quantitative
data of the vascular segment samples.

Analysis of significance of changes in the level
of peptides with PTM, the parameters of the analysis

of variance (ANOVA) performed by the computational
algorithms implemented in the Progenesis LC-MS
program were evaluated. The change in the level
of modified peptides was considered significant
at Anova p-value < 0.05 and Max fold change > 2.
The max fold change is a measure that describes
the changes in the mean NA value between
the control (H) and experimental groups (U, S);
for example, for two values of NA}; and NA, the range
of change in NAy relative to NAy; is NA/NAy.

RESULTS AND DISCUSSION

A total of 165,998 primary ions were selected,
of which 9,143 ions were identified with sequences
of 4,526 peptides for 839 proteins. The final
selection was made for proteins for which at least
5 peptides were used for quantitative determination
by the Progenesis LC-MS program. The full set of data
on the alignment of the identified ions is presented
in the Supplementary Materials.

Table 1 shows identified peptides with PTMs,
corresponding to the conditions of Anova p-value <0.05
and the max fold change > 2 during evaluation
of the NA mean differences between experimental
groups and the control. Peptides with methylation
of aspartic and glutamic acid residues, tyrosine
phosphorylation were not identified under
the given selection parameters. Peptides with
deamination of asparagine and  glutamine
residues were not considered significant, since
the deamination process might depend on the conditions

of sample preparation and mass spectrometric
determination. For one of the 13 peptides
(YIQVVYLHNNNISAVGQNDFCR, decorin),

no significant quantitative changes were noted
relative to the total protein content. For the others,
the change in the average NA of the peptide between
the experiment and the control differed from the same
parameter for the protein by at least 1.5 times.
The peptide DQSILCTGESGAGK (myosin-11) with
phosphorylation was the only one for which an increase
in quantity was noted in the experiment, while
the content of the protein itself (myosin-11) decreased.

All the proteins listed in the Table 1
are involved in the atherogenesis process.
For example, transgelin-2 (Q9WVA4) modulates
actin-myosin interaction, maintains the stability
of actin filaments, regulates muscle contractility
and cell migration; a decrease in the transgelin
level has been described in vascular diseases,
including atherosclerosis [16, 17]. Destrin (Q9ROPS)
cleaves actin, inhibits the differentiation of smooth
muscle cells, reduces their number and causes
impairments in proliferation and migration [18].
Myosin-9 (Q8VDDS5) is an actin-binding protein
involved in pathological processes associated
with the transmission of cellular signals and,
consequently, with cell division, endo- and exocytosis,
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cellular adhesion, migration, as well as with
the inflammatory response; it is a biomarker of early
atherosclerotic lesions [19, 20]. Filamin-A (Q8BTMS)
is an actin-binding protein that stabilizes actin
networks and integrates them with cell membranes,
providing cell motility; it participates in cellular
signaling and transcription, determining the functions
of vascular cells, and is characterized by an increased
level of expression in macrophages, which
are involved in the development of atherosclerosis [21].
Calponin-1 (Q08091) regulates actin-activated
myosin motor activity (regulation of smooth muscle
contractility); it controls proliferation and migration
of vascular smooth muscle cells, inhibits calponin,
slowing down atherogenesis [22]. A specific heparan
sulfate proteoglycan (Q05793) is an important
component of basement membranes that promotes
atherosclerotic plaque formation; it plays an important
role in maintaining endothelial barrier functioning,
vascular homeostasis, and inhibiting smooth muscle
cells proliferation [23]. Cytoplasmic actin 1 (P60710)
is involved in the formation of cell structure and
integrity; its level is decreased in patients with carotid
plaque ruptures [23]. The cytoskeletal protein
transgelin (P37804) is expressed exclusively and
in high amounts in visceral and vascular smooth
muscle cells; it modulates the phenotype of vascular
smooth muscle cells during atherogenesis [18, 24].
Dipeptidase 1 (P31428) has been detected
in the adventitia of all arteries; it serves as a marker
of adventitial fibroblasts [25]. Decorin (P28654)
is a rate-limiting enzyme of the polyol
pathway, involved in aldehyde detoxification;
it has proinflammatory functions. It plays a role
in downregulation of immunosuppressive TGFp and
autophagy, which may be important for the development
of an inflammatory environment during atherosclerotic
plaque formations [26]. Lactadherin (P21956)
is a multifunctional glycoprotein involved in many
biological and physiological processes, including
phagocytosis, angiogenesis, atherosclerosis, tissue
remodeling, and regulation of hemostasis. Impairment
of lactadherin signaling contributes to aging processes
leading to atherosclerosis and neurodegeneration;
this protein is considered as a therapeutic target
for the treatment of atherosclerosis by preventing
plaque formation [27]. Myosin-11 (O08638)
is expressed in the medial layer of arteries
in human atherosclerotic lesions, where the level
of apoptosis is increased. A significant relationship
was found between the level of myosin-11 and
the presence of multiple atherosclerotic lesions;
when a significant number of smooth muscle cells
are damaged, both in the aorta and in other
arteries, the concentration of circulating myosin-11
may increase [28, 29].

Thus, our analysis of previously published
raw data [12] resulted in identification of putative
points of regulation of atherogenesis processes
at the PTM level. The results obtained

require additional verification by more accurate
methods than the label-free method of quantitative
proteomic analysis.

FUNDING

The work was performed within the framework
of the Program for Basic Research in the Russian
Federation for a long-term period (2021-2030)
(No. 122030100170-5).

COMPLIANCE WITH ETHICAL STANDARDS

This article does not contain any research involving
humans or the use of animals as objects.

CONFLICT OF INTEREST

The authors declare conflicts of interest.

Supplementary materials are available in the electronic
version at the journal site (pbmc.ibmc.msk.ru).

REFERENCES

1. Knorre D.G, Kudryashova N.V., Godovikova T.S. (2009)
Chemical and functional aspects of posttranslational
modification of proteins. Acta Naturae, 1(3), 29-51.

DOI: 10.32607/20758251-2009-1-3-29-51

2. Ke M., Shen H, Wang L., Luo S, Lin L., Yang J.,, Tian R. (2016)
Identification, quantification, and site localization of protein
posttranslational modifications via mass spectrometry-based
proteomics. Adv. Exp. Med. Biol., 919, 345-382.

DOI: 10.1007/978-3-319-41448-5 17

3. Thygesen C., Boll I, Finsen B., Modzel M., Larsen M.R.
(2018) Characterizing disease-associated changes
in post-translational modifications by mass spectrometry.
Expert Rev. Proteomics, 15(3), 245-258.

DOI: 10.1080/14789450.2018.1433036

4. Zhao G, Zhen J., Liu X., Guo J., Li D., Xie J., Xie L.

(2022) Protein post-translational modification by lysine
succinylation: biochemistry, biological implications, and
therapeutic opportunities. Genes Dis., 10(4), 1242-1262.
DOI: 10.1016/j.gendis.2022.03.009

5. Ramazi S., Zahiri J. (2021) Posttranslational modifications
in proteins: resources, tools and prediction methods.
Database, 2021, baab012. DOI: 10.1093/database/baab012

6. Gajjala PR., Fliser D., Speer T, Jankowski V., Jankowski J.
(2015) Emerging role of post-translational modifications
in chronic kidney disease and cardiovascular disease.
Nephrol. Dial. Transplant., 30(11), 1814-1824.

DOI: 10.1093/ndt/gfv048

7. Kaysheva A.L., Kopylov A.T, Ponomarenko E.A., Kiseleva O,
Teryaeva N.B., Potapov A.A., Izotov A.A., Morozov S.G,
Kudryavtseva V.Yu., Archakov A.I. (2018) Relative abundance
of proteins in blood plasma samples from patients with
chronic cerebral ischemia. J. Mol. Neurosci., 64(3), 440—448.
DOI: 10.1007/s12031-018-1040-3

311



PROTEINS WITH ALTERED PTM LEVELS DURING ATHEROGENESIS IN MICE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Prus G, Hoegl A., Weinert B.T., Choudhary C. (2019) 21. Bandaru S., Ala C., Zhou A.-X., Akyiirek L.M. (2021)
Analysis and interpretation of protein post-translational Filamin A regulates cardiovascular remodeling.

modification site stoichiometry. Trends Biochem. Sci., Int. J. Mol. Sci., 22(12), 6555. DOI: 10.3390/ijms22126555
44(11), 943-960. DOI: 10.1016/j.tibs.2019.06.003 22. Rasmussen M., Jin J.-P. (2024) Mechanoregulation and
Jiang W., Agrawal D.K., Boosani C.S. (2018) Cell-specific function of calponin and transgelin. Biophys. Rev.,

histone modifications in atherosclerosis (review). 5(1), 011302. DOI: 10.1063/5.0176784

Mol. Med. Rep., 18(2), 1215-1224. 23. Mohr T., Haudek-Prinz V., Slany A., Grillari J., Micksche M.,
DOI: 10.3892/mmr.2018.9142 Gerner C. (2017) Proteome profiling in IL-1$ and VEGF-
Tuli L., Tsai TH., Varghese R.S., Xiao J.F., Cheema A., activated human umbilical vein endothelial cells delineates
Ressom H.W. (2012) Using a spike-in experiment to evaluate the interlink between inflammation and angiogenesis.
analysis of LC-MS data. Proteome Sci., 10, 13. PLOS One, 12(6), €0179065.

DOI: 10.1186/1477-5956-10-13 DOI: 10.1371/journal.pone.0179065

Martens L., Hermjakob H., Jones P, Adamski M., Taylor C., 24. Norby F.L., Tang W., Pankow J.S., Lutsey P.L., Alonso A.,
States D., Gevaert K., Vandekerckhove J., Apweiler R. Steffen B.T., Chen L.Y., Zhang M., Shippee N.D.,

(2005) PRIDE: the proteomics identifications database. Ballantyne C.M., Boerwinkle E., Coresh J., Folsom A.R.
Proteomics, 5(13),3537-3545. DOI: 10.1002/pmic.200401303 (2021) Proteomics and risk of atrial fibrillation in older adults
Chen Y.-C., Smith M., Ying Y.-L., Makridakis M., Noonan J., (from the atherosclerosis risk in communities [ARIC] study).
Kanellakis P, Rai A., Salim A., Murphy A., Bobik A., Am. J. Cardiol., 161, 42-50.

Viahou A., Greening D.W., Peter K. (2023) Quantitative DOI: 10.1016/j.amjcard.2021.08.064

proteomic landscape of unstable atherosclerosis identifies 25. van Kuijk K., McCracken L.R., Tillie R.J.H.A.,

molecular signatures and therapeutic targets for plaque Asselberghs S.E.J., Kheder D.A., Muitjens S., Jin H.,
stabilization. Commun. Biol., 6(1), 265. Taylor R.S., Wichers Schreur R., Kuppe C., Dobie R.,

DOI: 10.1038/s42003-023-04641-4 Ramachandran P, Gijbels M.J., Temmerman L.,

Ma B.,, Zhang K., Hendrie C., Liang C., Li M., Doherty-Kirby A., Kirkwoord PM., Luyten J., Li Y., Noels H., Goossens P,
Lajoie G. (2003) PEAKS: powerful software for peptide Wilson-Kanamori J.R., Schurgers L.J., Shen YH., Mees BM.E.,
de novo sequencing by tandem mass spectrometry. Biessen E.A.L., Henderson N.C., Kramann R., Baker A.H.,
Rapid Commun. Mass Spectrom., 17(20), 2337-2342. Sluimer J.C. (2023) Human and murine fibroblast

DOI: 10.1002/rcm.1196 single-cell transcriptomics reveals fibroblast clusters

The UniProt Consortium (2020) UniProt: the universal are differentially affected by ageing and serum cholesterol.
protein knowledgebase in 2021. Nucleic Acids Res., 49(D1), Cardiovasc. Res., 119(7), 1509-1523.

D480-D489. DOI: 10.1093/nar/gkaal100 DOI: 10.1093/cvr/cvad016

Progenesis LC-MS version 4.0, Nonlinear Dynamics, 26. Erbel C., Rupp G, Domschke G, Linden F., Akhavanpoor M.,
Newcastle upon Tyne, UK. Doesch A.0O., Katus H.A., Gleissner C.A. (2016)

Jimenez Jimenez A.M., Haddad Y., Jemelikova V., Adam V., Differential regulation of aldose reductase expression
Merlos Rodrigo M.A. (2025) Multifaceted role of transgelin during macrophage polarization depends on hyperglycemia.
isoforms in cancer hallmarks. Carcinogenesis, 46(2), bgaf014. Innate Immun., 22(3), 230-237.

DOI: 10.1093/carcin/bgaf014 DOI: 10.1177/1753425916632053

Eslava-Alcon S., Extremera-Garcia M.J., Gonzadlez-Rovira A., 27. Kaminska A., Enguita F.J., Stepien E.£. (2018) Lactadherin:
Rosal-Vela A., Rojas-Torres M., Beltran-Camacho L., an unappreciated haemostasis regulator and potential
Sanchez-Gomar L, Jiménez-Palomares M., Alonso-Piriero JA., therapeutic agent. Vascul. Pharmacol., 101, 21-28.

Conejero R., Doiz E., Olarte J., Foncubierta-Fernandez A., DOI: 10.1016/j.vph.2017.11.006

Lozano E., Garcia-Cozar F.J., Rodriguez-Piiiero M., 28. Takahashi L., Ishigami T., Tomiyama H., Kato Y., Kikuchi H.,
Alvarez-Llamas G., Duran-Ruiz M.C. (2020) Molecular Tasaki K., Yamashita J., Inoue S., Taguri M., Nagao T.,
signatures of atherosclerotic plaques: an up-dated panel Chikamori T, Ishikawa Y., Yokoyama U.J. (2021) Increased
of protein related markers. J. Proteomics, 221, 103757. plasma levels of myosin heavy chain 11 is associated

DOI: 10.1016/j.jprot.2020.103757 with atherosclerosis. J. Clin. Med., 10(14), 3155.

Wang J., Kang Z., Liu Y, Li Z., Liu Y, Liu J. (2022) DOI: 10.3390/jem10143155

Identification of immune cell infiltration and diagnostic 29. Yokoyama U., Arakawa N., Ishiwata R., Yasuda S., Minami T,
biomarkers in unstable atherosclerotic plaques by integrated Goda M., Uchida K., Suzuki S., Matsumoto M., Koizumi N.,
bioinformatics analysis and machine learning. Taguri M., Hirano H., Yoshimura K., Ogino H., Masuda M.,
Front. Immunol., 13, 956078. Ishikawa Y. (2018) Proteomic analysis of aortic smooth
DOI: 10.3389/fimmu.2022.956078 muscle cell secretions reveals an association of myosin

Zhai K., Deng L., Wu Y, Li H., Zhou J., Shi Y, Jia J., Wang W., heavy chain 11 with abdominal aortic aneurysm.

Nian S., Khan J.G, El-Seedi H.R., Duan H., Li L., Wei Z.J. Am. J. Physiol. Heart Circ. Physiol., 315(4), H1012-H1018.
(2025) Extracellular vesicle-derived miR-146a as a novel DOI: 10.1152/ajpheart.00329.2018

crosstalk mechanism for high-fat induced atherosclerosis

by targeting SMAD4. J. Adv. Res., 73, 729-741.

DOI: 10.1016/j.jare.2024.08.012

Chung J., Shim H., Kim K., Lee D., Kim W.J., Kang D.H.,

Kang S.W., Jo H., Kwon K. (2016) Discovery of novel

peptides targeting pro-atherogenic endothelium in disturbed

flow regions-targeted siRNA delivery to pro-atherogenic .

endothelium in vivo. Sci. Rep., 6, 25636. Received:  20.06.2025.

DOI: 10.1038/srep25636 Accepted: 23.07.2025.

312



Miroshnichenko et al.

BUONH®OPMATUYECKASA UAEHTUOUKALINA BEJIKOB
C MEHAIOIIAMCS YPOBHEM NOCTTPAHCJISAIIMOHHBIX MOAU®UKAIIAN
IPY MOJIEJTMPOBAHUM ITPOIIECCA ATEPOTEHE3A YV MBIIIEA

10.B. Mupownuuenxo*, A.B. Puiouna, B.C. Cxeopuyos

HayuHo-nccnenoBaresibCkuii MHCTUTYT OnomenuuuHckor xumun umenu B.H. OpexoBuua,
119121, Mockaa, yi. [Toromusckas, 10; * amn. moura: yuliana.miroshnichenko@gmail.com

IIpoananu3upoBaHbl Macc-CIEKTPOMETPHUECKUE AAHHBIC, MONYy4YEHHBIE B HKCIEPHUMEHTE C HCIIOIb30BAHUEM
MOJZIENN TaHAEMHOTO CTEHO3a COHHBIX apTepHil y MBI NMpu HecTaOMIIBHON M CTaOMIBHON (hopMe aTepocKieposa,
JUT BBIBJICHUS P3Nl B YPOBHE MOCTTpaHCIIIUOHHBIX Moaupukarmii (IITM) GenkoB. VcxomHble MpOTEOMHEBIE
nmanabie momydeHsl Chen u coaBt. [DOI: 10.1038/s42003-023-04641-4] u nenonupoBansl B penosutopuu PRIDE
(upentudpukarop PXD030857). Ilo pesynbratam ananu3a orobOpanbl 12 6GenkoB ¢ [ITM (MmerunupoBaHue,
aleTHIMpoBaHue U (QocPopuiinpoBaHUE), HUMEIOIIMX CYLNIECTBEHHbIE M3MEHEHHST B YPOBHE OTIEIbHBIX
MOANGHUINPOBAHHBIX MENTHIOB NPH CPAaBHEHUH 3JIOPOBBIX M IMOPAXEHHBIX aTEPOCKIEPO30M YHAaCTKOB COCYHOB.
CornacHo JIMTEpaTypHBIM JaHHBIM, Bce 12 GeKOB BOBIICUEHBI B MpoIiecc areporeHesa. IIpoBenéHHOE MccIenoBanue
TI03BOJIMJIO BBISIBUTH BO3MOXKHBIE TOUKH PETYJIALIUH IIPOLECCOB areporenesa Ha yposHe [1TM.

Tonuwiii mexcm cmamuvu Ha PyCccKOM A3bIKe docmynel Ha cavume xcypuana (http://pbmc.ibmc.msk.ru).
KirroueBble CJ10Ba: NOCTTPAHCIALMOHHBIE MOAU(DHKALMK; ATEPOCKIEPO3; OnonH(pOopMaTrKa

dunancupoBanue. Pabora BbimonHeHa B pamkax [Iporpammbl QyHIaMEHTAIBHBIX HAY4YHBIX HCCIIEIOBaHUIl
B Poccuiickoit @enepanun Ha gonrocpounsiit nepuoa (2021-2030 roasr) (Ne 122030100170-5).
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