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Momusayusa u yenv: Vctopus nzydyeHus KieTku craproBana emie B XVII Beke ¢ pac-
cmotpenus Pobeprom ['ykom cTpykTypbl mpoOku B Mukpockon. C Tex mop HaydHbIe
METO/TBI IIPETEPIIETH MHOKECTBO M3MEHEHHIA, KOTOPBIE IO3BOJIMIH U3yYUTh BCE ACTAIH:
OT CTPOCHHS OTACIHFHOW MOJIEKYJIBI 10 MPUHIMITHAIBHBIX CBSI3€H B KacKaaax MeTaboum-
YECKUX PeaKIMii; OT KOHIIEHTpaIui (pepMeHTOB U METaOOJIUTOB B KJICTKE JIO UX TOYHOH
nokanuzanui. OHAKO COBPEMEHHOW HayKe TaK U He YAaJI0Ch MPUOIN3UTHCS K IIOTHOMY
MMOHUMAaHUIO U OITMCAHUIO BCEX MPOIECCOB KU3HEACSITETHHOCTH KIETKH.

K HacTosieMy MOMEHTY Hay4HBIM COOOIIECTBOM HAKOIUICH OOJBIION 00BEM «MYIIb-
THOMUKCHBIX» TaHHBIX JUIS Pa3TUYHBIX OMOJIOTHYECKHX 00BEKTOB, U3 KOTOPHIX HCCIIe-
JTIOBATEIN HCIONB3YIOT TOJBKO «BEPXYIIKY aicOepra» st MPOBEPKH KOHKPETHBIX TH-
MoTe3, MPH 3TOM THTAaHTCKUH 00BeM WHPOPMAIMH OCTaeTCs HEUCIONb30BaHHBIM. B
CBOIO OYepe/ib, THIATEIbHBINA UX aHAJIU3 MO3BOJUT BBISIBUTH HOBbIE 3aKOHOMEPHOCTH U
MEXaHHU3MbI OpTaHWU3aIlH W PETYJISAINH )KHBOH KIETKH. DTH 3HAHUS HEOOXOIUMBI IS
BO3MOXKHOCTH CO3/IaHUSI MCKYCCTBEHHOW YITPOIIEHHON KIIETKH, KOTOpas OOeCTeduT
MPOPHIB KaK B PyHAaMEHTANBHON HayKe O YKU3HH, TaK U B IPUKJIATHBIX UCCIIEAOBAHMSX.
U B mepByto ouepens Tl peaar3alii JAHHOTO [TOIX0/a B Hamei paboTe Oblia mocTas-
JIeHa CJIEeYIOMas [IeJb: BhISIBICHHE MUHUMAIIBHOTO OEITKOBOTO «KOPay» JKUBOH KIETKH
W aHaJIN3 3aKOHOMEPHOCTEW ero OpraHu3auy 1 QyHKIMOHUPOBAHHS.

Memoowr u ancopummur: Kynerusuposanue Mycoplasma gallisepticum S6. JIuzuc xire-
ToK. TpuncuHonmm3 B pactBope. KonmmdecTBeHHBIH MPOTEOMHBIA aHAIIN3 METOJIAMHU
MRM wu shot-gun. Pacuer z-orenku. Pacuer koaddummenta KOppeasIUH METOIOM
[Mupcona. Ananu3 MeTooM raBHbIX kKoMoHeHT (PCA). Knacrepusanus meronamu t-
SNE, K-cpeaanx u DBSCAN.

Peszynomamer: B cucreMHOM MTOAXO0/IE K U3YYEHUIO MUKPOOPTaHU3MOB €CTh HECKOJIBKO
KJIFOUEBBIX ATANOB, B TOM YHCII€ CEKBEHHPOBAHUE T€HOMA U COIYTCTBYIOIIETO T€HETH-
YecKOro Marepuaia, aHHOTAIMs T€HOMa, YCTaHOBJIEHHE MEXaHHU3MOB PETYJIALUHN diie-
MEHTOB KJIETKH, aHHOTAIUs METaOONMYECKUX ITyTed M Pa3IWYHBIX OMOXUMHYECKUX
nporeccoB u T. 1. CylecTBYIOT Kak OOIIeNpH3HaHHBIE MOJIENTbHBIE MEKPOOPTaHU3MBI,
JUTS. KOTOPBIX TIOJTy4eH OOoJbInoi Habop MyJIBTHOMUKCHBIX JaHHBIX [1-3], Tak u jpocra-
TOYHO XOpOIIO W3YYeHHbIE MUHUMAIIbHBIE OakTepuanbHble KieTku [4, 5]. B xonme pa-
0oThl ObLTH OTOOpaHbI MpoTeOMHbIe aaHHble s Mycoplasma gallisepticum S6,
Escherichia coli, Bacillus subtilis u Saccharomyces cerevisiae B pa3nuuHbIX dKCTIEepH-
MEHTAIIBHBIX YCIIOBUSX, OIIEHEHO He00X0JuMOe 3HaUueHHe KOJIMYeCcTBa 00pa3IioB, Mociie
KOTOpOT0 K03()(PHUIMEHT KOppEIAnY IepecTaBai u3MeHsTbes [ 1—4]. B 3aBucumoct ot
9KCIIEPUMEHTAIbHBIX BRIOOPOK (TOYHEE CTETIEHH MX TOMOTEHHOCTH) TpeboBasoch ot 20
10 50 00pa3noB s IOCTHIKEHHsI OIMUOKH orpesenieHus kKoddduimenta Koppensiyn
< 0.5 %. lanee OblIM IOCTPOEHBI B3BELIEHHBIE Ipadbl, T1€ B BEPIINHAX PACIIONaralnuch
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Oenku, a peOpaMH OTMEUEHBI KOPPEISALMOHHBIC CBS3HM, IIPH 3TOM Bec pedpa Oblia 00-
paTHO MPOMOPLUOHATIBHO CBsI3aHa C MOJYJIeM Kod(hduimeHTa koppemsuun. Jis ynoo-
CTBa aHAJM3a CKOPPEIMPOBAHHBIX U AHTHCKOPPEIMPOBAHHBIX Map pedpa ObLIM MOKpa-
IICHBI B Pa3JIMYHbIC [[BeTa (KPACHBIH — IS IOJIOKHUTEILHOTO KO3 (HUIIHeHTa KOpPEIs-
IIMH, CHHUI — JUIsl OTpUIaTeabHOro). Eme Ha 3ToM 3Tane 0bu10 00HAPYKEHO JBYIO0Jb-
HOE pacrpezieseHiHe MUKOIUIa3MEHHOTO MPOTeOMa, T/I¢ IBE TPYIIIbI INIOTHO CKOPPEH-
POBaHHBIX OEJKOB OBUIM aHTHCKOPPEIHUPOBAHBI MKy C000it. IToBbIMICHHE MOIYIIs
3HAYCHUH KOA(PDUITMCHTOB KOPPEISIUN y oToOpaxkaembix pedep ¢ 0.75 o 0.85 npu-
BEJIO K MCUE3HOBCHUIO CBSI3CH MEXKy KJIaCTepaMu, 4TO IMO3BOJISET CIIENIaTh BBIBOA O 0O-
Jiee TUIOTHOM B3aMMOJICHCTBUU BHYTPH OOHAPYKEHHBIX TPYIIIL.

[Tpu 5TOM MHTEPECHBIM PE3yJIBTATOM OKa3ajoCh TO, YTO MEPBBIH KiIacTep CHOpMHpPO-
BaJIM B OCHOBHOM OeJIKH, 00J1a/IatoIie pa3inyHol (pepMEHTAaTUBHOI aKTHUBHOCTHIO, a
BO BTOPOM KJIacTepe OOHAPYKHUIOCh MHOTO OSITKOB, B3aUMO/ICHCTBYIOIINX C HYKJICHHO-
BBIMH KUCIOTaMu. [Ipu 3TOM HaJI0KEHHE METaOOINYECKUX ITyTEH MITH JTaHHBIX O OSITKO-
BBIX KOMILUICKCAX HE MO3BOJIMIO OOBSICHUTH MOJOOHYIO KiacTepu3aiuio. [loaTomy mo-
Jy4eHHBIC Pe3YJIbTAaThI IAIOT BOBMOXKHOCTh MPE/IOI0KHUTh, YTO OCJIKH B KJIACTepax op-
TaHU3YIOTCS 110 ONPEICTICHHBIM TPaBUiIaM, a He CIIy4ailHbIM 00pa3om. Bo3mMokHO, Ta-
Kasi POTEOMHAsl KJIACTePH3alisi HEOOX0AMMa )KHUBOW KIIETKE IS TIOICPIKAHUS ee Me-
TacTaOMIILHOTO COCTOSHHSI.

Jlnst ompeiesieHns KIIacTepH3alliy POTEOMa MHUKOILIA3MbI JIPYTHM CITOCOOOM, € TIOMO-
IIBIO0 METO/Ia TJIABHBIX KOMIIOHEHT, ObLITH OMPEICIICHbI OCHOBHBIC OCIIKH, YIACTBYOIIHE
B opMHUpOBaHUH peakiuu. J{Jsi MEUKOIIa3Mbl OKa3aJI0Ch JOCTaTOYHO Bcero 15 O6eskos,
49T00BI 06ectieunTsh 70 % OTBeTa Ha BHEIIHUHN cTUMYJ. CHU3UB C MOMOLIBI0 MeToza t-
SNE pa3zmepHOCTh 0€TKOBOTO IPOCTPAHCTBA IO IBYMEPHOTO, BCe OeKu Obur 0ToOpa-
’KEHBI Ha KOOPAWHATHO TNIOCKOCTH, a 3aTeM ObUTH Pa3MEUCHBI 110 Pe3yIbTaTaM KJIacTe-
pusanuu ¢ nomoripio MeroaoB K-means u DBSCAN. C momortipio mepBoro ooHapy-
JKWJICS ONTUMANTFHBIN Uara3oH 4rcia kiactepos: oT 3 1o 5. Meron DBSCAN pazne-
JHJI IPoTeoM Ha 4 rpynmbl. OHAKO 3TH Pe3yabTaThl HE yIa0Ch COOTHECTH C Pe3yJlb-
TaTaMH KOPPEJSILIUOHHOTO aHAJH3a, OCTABIISISI BOIPOC TPYIIUPOBKH OSITKOB OTKPBITHIM.
Amnanorununoe uccienoBanue nporeomos Escherichia coli u Bacillus subtilis taxxe mo-
Ka3aJI0 JIBY/I0JIbHYIO KOPPEISAIIMOHHYIO OPTaHU3aIMio, 00pa30BaHHYIO IIOTHBIMH CBSi-
3MH BHYTPH rpymnm u Oosiee ciabbiMu Mexay. OIHAKO yCIOKHEHUE OpraHU3allid U
peryssiin otHocutenbHO Mycoplasma gallisepticum npuBesio K yBeTHUSHUIO MOJTYJICH
K09(HUIMEHTOB KOPpEsIHii Mex 1y Oenkamu. B ciydae ke 9yKapuOTHYECKOro Ipo-
Teoma Saccharomyces cerevisiae nomo0OHasi 1By 10/IbHAsE OpraHu3aliys Oblia yTpaucHa.
Bbi600v1: Bpuin 0TOOpaHbI M MOITOTOBJICHBI IPOTEOMHbIC JIaHHBIC B PA3JIUYHbBIX yCIIO-
Busix 11t Mycoplasma gallisepticum S6 (manubie, monydennsie Hamu), Escherichia coli,
Bacillus subtilis u Saccharomyces cerevisiae (pe3yabTaThl u3 0a3 JaHHBIX).

BbLi prMEHEHBI METO/IbI KJIACTEPH3ALIUH IIPOTEOMHBIX IAHHBIX C TIOMOIIBIO AJITOPUT-
MOB KOPPEJAIMOHHOTO aHAIIN3a, a Takke ¢ momotisio PCA, k-means, t-SNE, DBSCAN,
a TaKKe MPOaHaTU3UPOBAHBI PE3YIbTATHI KOPPEISIIMOHHOTO aHAIN3a M BBISIBICHBI 00-
M 3aKOHOMEPHOCTH. J[Jisl MOTy4eHHBIX KIaCTepPOB XapaKTepHa JBYAO0JIbHAs OpTraHHU-
3arus B mpoteomax mpokapuot (Mycoplasma gallisepticum, Escherichia coli, Bacillus
subtilis) u otcyrcTBue mOMOOHOTO pasneneHus s dykapuor (Saccharomyces
cerevisiae). A wmeromsr Kiactepmsanuu k-means m DBSCAN Ha [maHHBIX IS
Mycoplasma gallisepticum mokasanu cyiecTBoOBaHHE TPYITIT OETKOB CO CXOKUM TTOBE-
JICHUEM TIPH U3MEHEHHH YCIOBHIA CYIIECTBOBAHHS KIICTKH.
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Hns Mycoplasma gallisepticum S6 GbuIH 1OTOTHUTENBHO MOATOTOBICHBI IPOTCOMHBIC
JIAHHBIC IS KYJIBTYP B HOPMaJIbHBIX 1 OCMOTHYECKHUX YCIOBHsX. B KaXk0M 13 HaOOpOB
JAHHBIX TPOBEICH KOPPEIALHNOHHBIN aHAJIH3, TOKAa3aBIINI ANHAMUKY H3MEHEHHS COOT-
HOIIEHUM B IPOTEOMAaX MPU CTPECCOBBIX BO3JAECHCTBUSIX.

Qunancuposanue. ViccrnienoBanue nojajepxkaHo YmpasienueM Pocnorpebnamzopa '3
Ne 1022040800170-3-1.6.23 «Co31aHue HCKYCCTBEHHBIX KIETOYHBIX CHCTEM).
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Motivation and Aim: The history of cell research started back in the XVII century with
Robert Hooke's examination of the structure of a cell in a microscope. Since then, scien-
tific methods have undergone many changes that have made it possible to study all the
details: from the structure of a single molecule to the fundamental connections in the
cascades of metabolic reactions; from the concentrations of enzymes and metabolites in
the cell to their exact localization. However, modern science has not been able to come
close to a complete understanding and description of all the processes of cell activity.
Up to the present time, the scientific community has accumulated a significant amount
of “multiomics” data on various biological objects, of which researchers have only uti-
lized a small fraction to test specific hypotheses, while a huge amount of remains un-
tapped. A thorough analysis of this data could reveal novel patterns and mechanisms of
organization and regulation of living cells. This knowledge would be essential for the
development of an artificial simplified cell that could lead to a breakthrough in both
fundamental life sciences and applied research. And first, in order to implement this
approach, we set the following objective in our work: to identify the minimum protein
“core” of a living cell and to analyze the patterns of their organization and function.
Methods and Algorithms: Cultivation of Mycoplasma gallisepticum S6 cells. Cell lysis.
Trypsinolysis in solution. Quantitative proteomic analysis using MRM and shotgun
methods. Calculation of the Z-score. Pearson correlation analysis. PCA (Principal Com-
ponent Analysis). TSN (T-SNE) (t-distributed stochastic neighbor embedding). K-
means clustering. DBSCAN (Density-based spatial clustering of applications with
noise).

Results: As previously mentioned, there are several crucial stages in the examination of
an organism. These include sequencing the genome and associated genetic material, es-
tablishing a connection between a gene and protein, identifying the functions and meth-
ods of regulating cellular components, annotating metabolic pathways and diverse bio-
chemical processes, among others. There are both widely recognized model microorgan-
isms, for which a significant volume of multiomics data has been collected [1-3], and
well-researched minimal bacterial cells [4, 5]. During the course of this work, proteomic
data was collected for Mycoplasma gallisepticum S6, Escherichia coli, Bacillus subtilis,
and Saccharomyces cerevisiae under various experimental conditions. The required
number of samples was then estimated, following which the correlation coefficient
stopped changing [1-4]. Depending on the experimental samples and the degree of their
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homogeneity, it took between 20 and 50 samples to achieve an error of less than 0.5 %
in determining the correlation coefficient. Next, weighted graphs were created, with pro-
teins as vertices and correlation connections represented by edges. The edge length was
inversely proportional to the absolute value of the correlation coefficient. To facilitate
analysis of correlated and anticorrelated pairs, edges were color-coded, with red indicat-
ing a positive correlation and blue indicating a negative correlation. Even at this stage, a
bipartite distribution of the Mycoplasma proteome was observed, where two groups of
highly correlated proteins were anticorrelated with each other. An increase in the mag-
nitude of the correlation coefficient for the observed edges from 0.75 to 0.85 resulted in
the disappearance of connections between clusters, indicating a denser interaction within
the identified groups.

Interestingly, the first cluster consisted primarily of proteins with diverse enzymatic ac-
tivities, while the second cluster contained proteins interacting with nucleic acids. The
overlap of metabolic pathways or information on protein complexes was insufficient to
explain this clustering. Consequently, the findings suggest that proteins within clusters
are organized in a manner consistent with specific rules, rather than randomly. It is pos-
sible that such proteomic clustering plays a role in maintaining the metastable state of a
living cell.

To identify the clustering of mycoplasma proteomes in another manner, using the prin-
cipal components analysis, the key proteins involved in reaction formation were identi-
fied. For mycoplasmas, only 15 proteins were sufficient to account for 70 % of the re-
sponse to external stimuli. By reducing the protein space dimension to two dimensions
through the t-SNE method, all proteins were plotted on a two-dimensional coordinate
plane and then categorized according to the clustering results obtained from the k-means
and DBSCAN methods. Using the first one, the optimal number of clusters range was
found to be between 3 and 5. However, the DBSCAN approach divided the proteome
into four groups, which could not be correlated with correlation analysis results, leaving
the issue of protein grouping unresolved.

A similar study of the proteomic profiles of Escherichia coli and Bacillus subtilis also
revealed a bipartite organization, characterized by strong intra-group interactions and
weaker inter-group connections. However, due to the complexity of the regulatory mech-
anisms and organization in Mycoplasma gallisepticum, there has been an increase in the
number of modules of correlation coefficients between proteins compared to other or-
ganisms. In contrast, the eukaryotic proteome of Saccharomyces cerevisiae exhibits a
more complex organization and lacks the bipartite structure observed in other organisms.
Conclusion: Proteomic data were collected and processed under various conditions for
Mycoplasma gallisepticum S6 (data generated by our team), Escherichia coli, Bacillus
subtilis, and Saccharomyces cerevisiae (data retrieved from publicly available data-
bases).

Methods of clustering proteomic data were applied using correlation analysis algorithms
as well as PCA, k-means, t-SNE and DBSCAN. The results of correlation analysis were
used for identifying general patterns. The clusters obtained were characterized by a bi-
partite organization in prokaryotic proteomes, such as Mycoplasma gallisepticum,
Escherichia coli and Bacillus subtilis, and the absence of such separation in eukaryotic
proteomes like Saccharomyces cerevisiae. Additionally, clustering methods such as k-
means, t-SNE and DBSCAN on data for Mycoplasma gallisepticum showed the exist-
ence of groups of proteins that exhibit similar behavior under varying conditions of cel-
lular existence.
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Proteomic data for cultures under normal and osmotic conditions was additionally pre-
pared for Mycoplasma gallisepticum S6. For each data set, a correlation analysis was
conducted, which revealed the dynamics of changes in proteome ratios under stress con-
ditions.

Funding: The study is supported by Rospotrebnadzor service state task
No. 1022040800170-3-1.6.23.
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