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BIOINFORMATIC IDENTIFICATION OF PROTEINS WITH ALTERED PTM LEVELS
IN A MOUSE LINE ESTABLISHED TO STUDY THE MECHANISMS
OF THE DEVELOPMENT OF FIBROMUSCULAR DYSPLASIA

A.L Voronina, Yu.V. Miroshnichenko, V.S. Skvortsov*
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10 Pogodinskaya str., Moscow, 119121 Russia; *e-mail: vladlen@ibmh.msk.su

Data from a mass spectrometry experiment of a mouse line developed to study the mechanisms of fibromuscular
dysplasia and deposited by d'Escamard et al. in ProteomeXchange (PXD051750) have been analyzed. Identification
of peptides with post-translational modifications (PTMs) was repeated using more stringent conditions than
in the original work. The following modifications were considered during analysis of changes in the PTM levels
in experimental and control groups of mice: acetylation of lysine residue and N-terminal protein peptide,
ubiquitination of lysine residue, phosphorylation of serine, threonine and tyrosine residues, and deamination
of asparagine and glutamine residues. The multistage analysis resulted in selection of 23 proteins with PTMs for which
different levels of modification between experimental and control groups could be assumed. These included six proteins
with N-terminal protein acetylation, which were particularly interesting: P80318 (T-complex protein 1 subunit gamma),
P43274 (Histone H1.4), P97823 (Acyl-protein thioesterase 1), P63242 (Eukaryotic translation initiation factor SA-1),
Q3UMT1 (Protein phosphatase 1 regulatory subunit 12C), Q9D8YO0 (EF-hand domain-containing protein D2).
Thus, repeated bioinformatic analysis of the data deposited in the specialized databases resulted in detection of changes
in the level of N-terminal acetylation of proteins that might be functionally significant in the mechanisms underlying

the development of fibromuscular dysplasia.
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INTRODUCTION

Post-translational modifications (PTMs) play
an important role in the regulation of biochemical
processes, including those associated with pathological
conditions [1]. The study of the PTM impact
on various biochemical pathways is often a much
more difficult process than the study of the role
of any particular protein. In many cases the change
in the amount of a modified protein, is more
important than the presence of a specific modification
(which is easier). However, there is a large
layer of data that could help in such studies. These are
the raw data from mass spectrometry experiments,
which are usually deposited on appropriate resources
(e.g., ProteomeXchange [2]). Despite the fact that
detection of modified forms of proteins can be the goal
of mass spectrometric experiments [3], quite often,
researches developing an algorithm for bioinformatic
processing of the obtained data, are either not interested
in this aspect, or they limit themselves to detecting
the very fact of detection of this PTM. It is also important
that to analyze changes in the ratio of amounts
of modified and unmodified protein, special studies with
protein quantification using tags (labels) are performed.
At the same time, the so-called label-free quantitative
proteomic analysis based on the comparison of the areas
under the peaks (“abundance”) of the registered
primary ions can also be used for pilot evaluation [4].
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Important factors in the processing of deposited
raw data include data quality (often depending
on the instrumentation used by the authors),
transparency of the experimental data design
(it happens that the data are basically not described),
and sufficient number of biological samples
for statistical processing of the results. For example,
we have previously estimated changes in the levels
of a number of PTMs in experimental ischemic
stroke in mice [5]; this estimate was based on available
experimental data [6]. Such approach can be applied
to almost any pathology. In this work, we have
analyzed data from the set PXDO051750 deposited
in ProteomeXchange [7], presented in the article
by d'Escamard et al. accepted for publication
by the journal Nature Cardiovascular Research [8]. This
experimental work was performed on mice
created specifically to study the mechanisms
of fibromuscular dysplasia (FMD) development.
FMD is a rare idiopathic, segmental, non-atherosclerotic,
and non-inflammatory disease of small and medium
diameter arteries leading to stenosis [9] due to abnormal
cell proliferation and fibrous tissue formation
on the vessel walls [10]. The authors [7, 8]
have identified 18 gene co-expression networks,
four of which act together as a FMD supernetwork
in the arterial wall. Mice that underwent selective
knockout of a key driver of this network developed
arterial dilation, a hallmark of FMD. Mass spectrometric
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data are available [7, 8] for 10 experimental and
8 mice without gene knockout (littermate control).
Which specific genes were knocked out is not mentioned
in the abstract. Samples of the thoracic and abdominal
sections of the aorta were taken from each animal.

It is known from the dataset abstract that analyzing
mass spectrometric data, the authors considered
such PTMs as oxidation of lysine, methionine, and
proline, and asparagine deamination. Methionine
oxidation and asparagine deamination are often
considered in the analysis of mass spectrometric
data without associating these phenomena with
any Dbiological functions. Hydroxyproline and
hydroxylysine play an important role in the formation
of collagen spatial structure [1], the disruption of which
is associated with the development of FMD [11].
In this work, such modifications as acetylation,
phosphorylation and ubiquitination, as well
as deamination of asparagine and glutamine residues
have been investigated.

MATERIALS AND METHODS

As mentioned above, the raw data are well
annotated and all procedures performed by the authors
have been described in detail [7]. Peptide
identification in our work was performed again
using the PEAKS-X Pro program [12]. The search
was performed against amino acid sequences of mouse
proteins (Mus musculus, UniProtKB/Swiss-Prot
release 2024 03, 17823 entries [13]). The mass
tolerances for identification were more stringent
than in [7]: 2 ppm for primary ions and
0.01 Da for fragment ions. Carbamidomethylation
of cysteine was considered as a permanent
modification. Acetylation of lysine and the N-terminal
peptide of protein, ubiquitination of lysine,
phosphorylation of serine, threonine, and tyrosine,
deamination of asparagine and glutamine, and oxidation
of methionine were allowed as variable ones.
No more than two variable modifications per peptide
and two missing cleavage sites (cleavage enzyme —
trypsin) were allowed; in the final analysis only
peptides containing just one examined modification
were considered. The false discovery rate (FDR)
for the final selection of identified peptides was 0.01%.
Identification was performed for each sample
independently. All options for additional filtering and
chimeric spectra formation were disabled. Variants with
acetylation and ubiquitination of the lysine residue
were only considered provided that the modified
lysine was not the last residue in the peptide.
Variants with modification at the C-terminal lysine
residue are likely to be misidentifications if trypsin
is considered to cleave the protein with a high
degree of specificity.

Based on the data from RAW files,
the Progenesis LC-MS program [14] was used to align
all features and normalize the value of the area

under the peak for each primary ion (Normalized
abundance, NA). The use of this value allowed direct
comparison between data for different biological
samples. For subsequent analysis, after combining
the alignment results with the peptide identification
results, the NA values for ions of different charge
of the same peptide were summarized.

The significance of changes in the PTM levels
was assessed using NA values, which were compared in
mice with gene knockout (KO group, 20 values)
and without knockout (WT group, 16 values).
Although certain distinctions between samples
of thoracic and abdominal aorta were noted for some
of the peptides they were not taken into consideration
and treated as individual samples thus doubling
the number of analyzed biological samples. Only those
peptides that were identified for at least half
of the biological samples in each of the two groups
were taken into the analysis. The significance
of the differences in the mean values were assessed
using Mann-Whitney test. In addition, the significance
of NA changes between KO and WT samples
was assessed (as the ratio of the mean NA values
of the sample with gene knockout to the sample
without knockout, NAgo/NAy). For this purpose,
we calculated the average NAy,/NAyr for peptides
without modifications of the same protein. Extreme
values (10% each of “bottom” and “top”) were
discarded during calculation of the mean NAgo/NAy
for a protein, and the number of unmodified peptides
with a significant difference in the mean for mice
from KO and WT samples was also estimated.
If the number of identified unmodified peptides
for a protein was less than 5, the comparison
was not considered as significant.

RESULTS AND DISCUSSION

The data obtained using the Progenesis LC-MS
program resulted in selection of 89621 primary ions;
for 24719 ions the 19050 peptide sequences were
identified. These included peptides with medications.
The peptides were registered for 2212 proteins.
This study was not aimed at reliable protein
identification, which was obviously performed
by the authors of [8]. The final selection included
proteins for which at least 6 peptides were found.
Figure 1 shows the distribution in the number
of biological samples for which a particular peptide
was identified. The limits we set on the number
of identifications in the samples corresponded
to 12356 peptides. For the remaining peptides, changes
in the mean values were considered insignificant.
The full set of identification data is available
in the Supplementary Materials.

Table 1 shows statistics on the number of identified
peptides with each analyzed PTM and lists of identified
proteins containing these PTMs (full data for each
peptide with PTMs are given in the Supplementary
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Figure 1. Distribution of peptides by the number of biological samples in the KO and WT groups of animals, for which

a specific peptide was identified.

Materials). In the case of protein ubiquitination
two variants of mass changes (+114.04 and +383.23)
were considered due to existence of known (weak)
chymotrypsin-like activity in trypsin. No peptides
with a phosphorylated tyrosine residue were
identified under the given selection parameters.
A small number of identified peptides with PTMs
can be explained by application of strict selection
criteria. In this context it should be noted that in the case
of the use of the identification parameters from [7]
(10 ppm for primary ions, 0.02 Da for secondary
fragments, and the FDR level of 1%), the number
of identified peptides was 27309, while the number
of peptides required to satisfy the condition
of the number of samples with identifications was 17018.
However, in such case the probability of error increases.
In 24 of the 47 proteins for which peptides with
deamination of a glutamine residue were identified,
peptides with deamination of an asparagine residue
were also found. This is an expected result, because
the intensity of deamination processes is associated
with the environmental conditions in the cells, in which
the proteins are located, and the deamination rate
of asparagine residues is higher [1]. Unfortunately,
in the case of deamination, we cannot rule out
the possibility that the process takes place during
sample preparation and/or mass spectrometric
determination. In this case, however, it seems
unlikely that accumulation of the modified peptide
would differ in mice with and without the gene
knockout. In the lists of proteins containing peptides
with deamination of the asparagine residue and
with acetylation of the N-terminal protein residue,
67 proteins coincided. However, only for three proteins
the difference for the acetylation level between
the KO and WT groups can be considered
as significant (P62737, P37804, P16045 — hereafter
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UNIPROT identifiers are used to list the proteins).
These changes are determined by the changes
in the content of the protein of interest.

Figure 2 shows an example that -clearly
illustrates the variation in the ratio of NA wvalues
for different peptides of the same protein.
For protein P62737 (Fig. 2A), the shift of the mean
between KO and WT groups for all peptides
changed slightly and always in the same direction
(NAgo/NAwr = 0.87+0.08), the NAgy/NAyr ratio
for the PTM-containing peptide was almost
the same (0.75). For protein P80318 (Fig. 2B),
the shift in the mean NA between KO and WT
peptides without modifications was insignificant
and multidirectional (NAgo/NAyr = 1.06+0.05),
and the NAy,/NAy; ratio for the peptide with
N-terminal acetylation was 2.15. In this work,
a threshold of 20% was set for changes in NAgo/NAy
for a PTM-containing peptide relative to the ratio
NAgo/NAy for non-PTM peptides of the same protein.
This threshold is arbitrary; in general, the larger
the difference, the more likely it is that the difference
is not accidental. All peptides with PTMs that meet
this criterion are listed in Table 2.

No peptides with phosphorylation or acetylation
of a lysine residue have been included, and the only
protein with ubiquitination (P15105, glutamine
synthetase) is unlikely to be associated with FMD
in any way. For six proteins, a change in the N-terminal
amino acid acetylation level of can be proposed.
The increase in the amount of the modified
peptide was registered for: P80318 (T-complex
protein 1 subunit gamma), P43274 (histone H1.4),
P97823 (acyl-protein thioesterase 1), P63242 (eukaryotic
translation initiation factor 5A-1). The decrease
in the amount of the modified peptide was found
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Figure 2. An example demonstrating the variants of the NA ratio for different peptides of the same protein.
The abscissa axis shows biological sample numbers, 1 to 20, KO group, 21 to 36, WT group, 1 to 10 and 21 to 28
are samples of the abdominal part of aorta, 11 to 20 and 29 to 36 are samples of the thoracic part of aorta, and
the ordinate axis shows log(NA). Horizontal lines designate mean NA values for the peptide across KO and WT groups.
A. Protein P62737, PTM is E(+42.01)EEDSTALVCDNGSGLCK peptide, P1-P6 are unmodified peptides.
B. Protein P80318, PTM is M(+42.01)MGHRPVLVLVLSQNTK peptide, P1-P6 are unmodified peptides.

in the case of: Q3UMTI (protein phosphatase 1
regulatory subunit 12C), Q9D8Y0 (EF-hand domain-
containing protein D2). No data on direct
association of these proteins with FMD were found
in the literature. Nevertheless the functions
of these proteins that may be relevant to this
pathology include: chaperone-mediated protein folding
(P80318, the following protein roles are taken from
the corresponding entry in UNIPROT), regulation
of macroautophagy and protein transport from
the Golgi system to the plasma membrane (P97823),
regulation of apoptosis (P63242, Q9D8YO0), and
regulation of actin cytoskeleton assembly (Q3UMTT1).
We also selected 16 proteins with significant
changes in the level of deamination (Table 2).
There are indications in the literature that deamination
of asparagine residues of extracellular matrix
proteins, particularly fibronectin and tenascin C,
has been associated with FMD and may result
in increased monocyte adhesion [15]. For tenascin,
only one unmodified peptide was identified
in this study. For fibronectin (P11276), 88 peptide
variants were identified, 11 of which contained
a deaminated asparagine residue. None of them
showed a significant difference in the mean NA
between the KO and WT groups.

Changes in the deamination level are determined
by the conditions at the site of protein localization
in the cell [1]. This is an indirect parameter, dependent
on the condition of a particular animal. The variation
of NA values within each group is very large.
For example, for protein Q9Z0X1 (Apoptosis-inducing
factor 1) NA varies within 2 orders of magnitude
in the KO group and up to 2.5 orders of magnitude
in the WT group. For unmodified peptides
the range of NA variation is not more than 1.5 orders
of magnitude. In addition, deaminated peptides

are more often not identified in any particular
sample. Nevertheless, these data may also be useful.
For example, occurrence of a deaminated form
of the VSAQDLPNIENGGVAVLTGK peptide
of the Q9Z0X1 protein in the KO group is 5 times
higher than in the WT group. Taking into consideration
that that one of the main biological functions
of this protein consists in the regulation of apoptosis,
this may be important. Other proteins in this group
also have functions that may be related to FMD.
These include argin (A2ASQ1, argin), which regulates
microtubule cytoskeleton organization; calmodulin 2
(PODP27, calmodulin 2), part of the calcium signal
transduction pathway, which controls a large number
of enzymes, ion channels, aquaporins, and other
proteins; structural proteins (Q7TPR4, Alpha-actinin-1)
and collagen (088207, Collagen alpha-1), which
are also crucial for the arterial wall.

In conclusion, it is important to note that
the results obtained in this study cannot be considered
as direct evidence of the involvement of these proteins
in the process of FMD development. Especially since
the study [8] used mice with knockout of genes
only presumably important for FMD development.
Nevertheless, repeated bioinformatic analysis of data
deposited in the specialized databases resulted
in identification of changes in the level of N-terminal
acetylation of proteins that could be functionally
important in the mechanism of fibromuscular
dysplasia development.
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BUOMH®OPMATHNYECKAA HIEHTUOUKALIUA BEJIKOB C MEHAIOIIINMCA YPOBHEM IITM
V JJUHUU MBIIIEH, CO3IAHHOM JJ1s1 U3YUEHUSI MEXAHU3MOB PA3BUTHSA
®UBPOMYCKYJISAPHOM TUCILIAZUA

A.U. Boponuna, 10.B. Mupownuuenxo, B.C. Ckéopyog*

HayuHo-nccnenoBaresibCkuii MHCTUTYT OnoMenuuuHckor xumun umenu B.H. OpexoBuua,
119121, Mocksa, yi. [Toromunckas, 10; *amn. moura: vladlen@ibmh.msk.su

[TpoaHanu3upoBaHbl JTaHHBIE Macc-CIIEKTPOMETPHUYECKOTO ODKCIIEpUMEHTa JHHWM MBIIIEH, CO3MaHHOM
JUISL W3yYEHUs] MEXaHW3MOB pa3BUTHS (PUOPOMYCKYNSpHOH IUCIUIa3MH, KOTOpbIe OBUIM JIEITOHMPOBAHBI
d’Escamard u coaBT. B ProteomeXchange (PXDO051750). WpueHTH(HKaNNsA MENTHIOB C MOCTTPAHCISIIHOHHBIMI
monudukanusmu (IITM) Oputa mpoBeeHa 3aHOBO C HCIIONB30BaHMEM OoJiee KECTKUX YCIOBHH, YeM B OpPUTHHAIBHOMN
pab6ote. [Ipu ananuze n3amenenus ypots [ITM y skcriepuMeHTaNbHON M KOHTPOJIBHOM IPYIIT MBIIIEH paccMaTprBaliu:
aleTHJIMPOBaHUE OCTarka JHu3MHa M N-KOHIEBOro Ientuja Oenka, yOMKBUTHHMPOBAHHE OCTaTKa JIM3WHA,
(hochopumpoBaHre 0CTaTKOB CEpUHA, TPEOHWHA M TUPO3HHA, /Ie3aMUHIPOBAaHNE OCTATKOB aclaparnHa U DIyTaMHHa.
B pesynbsrare MHOrocTynenyaroro oroopa Oeim orodpansl 23 6enka ¢ [ITM, i KOTOPBIX MOXXHO MPEIITONOKNTD
pa3HBIil ypOBEHb MOAU(DUKAIIIH MEKIY SKCIIEPUMEHTAIBHON U KOHTPOJIbHOU rpynmaMu. V3 HIX HanOombIInii HHTEpEC
MpeAcTaBSIIOT 6 OenkoB ¢ N-KoHIEBBIM anermiupoBanneM Oemka: P80318 (T-complex protein 1 subunit gamma),
P43274 (Histone H1.4), P97823 (Acyl-protein thioesterase 1), P63242 (Eukaryotic translation initiation factor SA-1),
Q3UMT1 (Protein phosphatase 1 regulatory subunit 12C), Q9D8Y0 (EF-hand domain-containing protein D2).
Takum 00pa3oM, MOBTOpHBINH OMOMH(OpPMATHYECKHH aHAJIM3 JAHHBIX, JACTOHMPOBAHHBIX B CIIEIHAIM3HPOBAHHBIX
6a3ax JaHHBIX, TIO3BOJIMII BEISIBUTH N3MEHEHHS B ypOBHE N-KOHIIEBOTO allETHIIMPOBAHUS OCJIKOB, KOTOPHIE MOTYT OBITH
(DYHKIIMOHAIBHO 3HAYMMBIMU B MEXaHU3ME Pa3BUTUS GHOPOMYCKYISIPHON ANCILIA3HH.

THonuwiili mexcm cmamuvu Ha PyccKOM A3biKe 0ocmynel Ha caume xcypuana (http://pbmc.ibmc.msk.ru).
KiroueBble ¢J10Ba: IOCTTPAHCISIIHOHHbBIE MOAU(UKAIMK; GUOPOMYCKYISIpHAs! AUCIUIA3UsT, OUOMH(pOpPMATHKA

®uHancupoBanue. Pabora BeimonHeHa B paMkax [Iporpammsl (yHIZaMEHTaNbHBIX HAy4YHBIX HCCIIEIOBAHUI
B Poccutickoit @eneparuu Ha gonrocpounsiid meproxa (2021-2030 roasr) (Ne 122030100170-5).
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