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Momusayusa u yens: Hekogupyroiue, HO IpH 5TOM KOHCEPBATHUBHBIE SJIEMEHTHI TEHOMA
COXPaHWJIUCHh MPAKTHUYECKU HEU3MECHHBIMH OT KYPUIIBI M JPYTUX 3BOJIIOIUOHHO OoJiee
YJAJEHHBIX TIO3BOHOYHBIX JO0 4YenoBeka. IIpuunmHBI Takol 3BOJKOLIMOHHON
CTaOMIPHOCTH HCCIENYIOT C TOYKM 3pEeHHS MX HYKICOTHTHOTO COCTaBa,
SMUNCHETUYECKON  PeryssalvM, acCOLMMPOBAHHOCTH C CaliTaMU  CBS3BIBAHUS
TPAHCKPHUIIIIUOHHBIX (AKTOPOB M TPaHHMIIAMU TOMOJOTHMYECKH aCCOIMUPOBAHHBIX
momeHoB [1, 2]. Hama mens — pacmmpuTh aHANIH3 W ONPEACIUTH BO3MOXKHYIO POJb
MIPUMBIKAIONINX YYACTKOB B SBOIONIMOHHON KOHCEPBATUBHOCTH JAHHBIX AJIEMEHTOB.
Memoowr u  ancopummul:  Mpl  TpOaHATU3WPOBAIM  YIbTPAaKOHCEPBATUBHBIC
Hekoaupyromme dneMenTsl (YHD) B Tpex opranmsmax — uenoBeke (Homo sapiens),
mbimi (Mus musculus) u peioke Jlanumo (Danio rerio). IMonoxenns YHD Obutn
ucnons3oBansl 13 UCNEbase [3]. ITomoxkeHHS IOCIEI0BATEILHOCTEH, CIIOCOOHBIX
(hopMHUPOBATH CTPYKTYPBI, OTJIMYHBIE OT B-(opMbl, ObLTH MOJyYEHBI M3 CICIYFOIINX
HMCTOYHHUKOB:

e [l KBaJpyIJIIEKCHBIX YYaCTKOB HCIOJIb30BAIHCH JaHHBIC dKcriepuMenTa G4-seq
[4].

e Jlnsa mpenckazanus MotuBoB JIHK Tpuriekcos (H-MOTHBOB) 1 KpecTo0Opa3HBIX
crpykryp npumensuicst Inverted Repeats Finder sepcuu 3.08 [5], rme onn ObLan
ompezeneHbl KaK 3epKajbHBIE IOJHIMPUMHIUHOBEIE/ TIOJHUITYPUHOBBIE U
WHBEPTHPOBAHHBIE IOBTOPHI COOTBETCTBEHHO.

CTaTUCTUYECKUH aHaIW3 TPOBOJUIICS OTHOCUTEIBHO MEPEMEIIAHHBIX ITOJIOKEHUH
CTPYKTYp, OTIMYHBIX OT B-cdopmer. [lns mnpenoOpaboTknm © aHanmmM3a JaHHBIX
HCIIOJIb30BAIUCH CKPHIITHI, HANMCaHHbIe Ha si3bike Python Bepcum 3.11 B pemakTope
kona Visual Studio Code Bepcun 1.87.0. Ananu3 oboraieHusi o QyHKIIHOHATBHON
MPUHAIEKHOCTH ObLUT BITTOHEH ¢ moMorsio STRING-db epcun 12.0.
Pesynomamer: 1lpn aHanmm3e HYKICOTHIHOTO COCTaBa YYacTKOB, NMPHUMBIKAIOMIUX K
YJIBTPAKOHCEPBATUBHBIM 3JICMEHTAM, Mbl OOHApPYXWUJIM OOOTaIllCHUE TyaHUHOM U
[IUTO3WHOM YYaCTKOB, CMEKHBIX ¢ YHD BO Bcex Tpex reHomax. MBI TakXe 3aMETHIIH
aCUMMETPHIO 00OTallleH!s] TYaHHHOM ¢ 3’ KOHIIa AeMeHToB. Hanbosee BbpaxkeHHOE
oborarienre ObLIIO OTMEYEHO TSl peIOKK JlaHno.

OTMedeHHasT HEPaBHOMEPHOCTh  HYKJICOTHUJHOIO COCTaBa IMOJTOJKHYJa Hac
MPOaHAIM3UPOBATE CTPYKTYPBI, OTINYHBIE OT B-hopMmsbl, cneruduyunbie K TeHOMHOM
MOCIIE0BATEIIEHOCTH, KOTOPhIE MOTIH OBl 00Pa30BBIBATHCS HAa y4acTKaX BHYTPH H B
HENoCpeACTBEHHOU On3octu K YHD.

MpbI 00HAPYXKHJIH, YTO YYACTKH, IPUMBIKAIOIIUE K YIIbTPAKOHCEPBATUBHBIM 3JIEMEHTaM
¢ 3’ KOHI[a, 3HAYUMO 00OTaIleHbl KBaJpYIUIEKCAMH B T€HOMaX 4ellOBeKa M MbIi. B
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reHoMe pbiOku JlaHMO NTOCTOBEpHOE OO0OTallcHHE XapaKTEPHO JUIS MPUMBIKAFOIINAX
YYaCTKOB B 00OWX HAIPABIICHUSX, TIPY 3TOM 3’ KOHEIl 000TallleH B OOJIBIICH CTENCHH.,
H-motuBer  Takke  3HayMMO ~ oOoramiajgd  yYacTKH,  MNPWIETalIiue K
YIBTPaKOHCEPBATHBHBIM 3JIEMEHTaM, B T€HOMax BceX Tpex opranm3moB. s H-
MOTHBOB HE XapaKTepHa aCHMMETPUYHOCTh 00OTAIICHHS C OJHOTO KOHIIA, HO TIPU 3TOM
OHU NPEUMYLIECTBEHHO JOKanu3oBaHel Ha koaupyromuid nenu JHK. MutepecHo
OTMETUTh, YTO pa3HbIE€ YIBTPAKOHCEPBATHBHBIE DJJIEMEHTH  (DIIAaHKHPOBAHEI
KBagpyIuiekcamu U H-MmoTuBamu.

AHanu3 MOTHBOB KpECTOOOpa3HBIX CTPYKTYp HE IIOKa3ajl HaJIW4yusl [aTTepHa
aCCOIMUPOBAHHOCTH C YJIBTPAKOHCEPBATHBHEIM 3JIeMEHTaMHU.

Buvisoowi: Mpbl BHEpBbIC TIPOBEIIM aHAIW3 aCCOLHUAIUM  YILTPAKOHCEPBATUBHBIX
HEKOJIMPYIOIIUX 3JJIEMEHTOB C aibTepHAaTUBHBIMU cTpykTypamu JIHK. 3nauumoe
oboramienre KBaJpyIUIEKCHBIMH CTPYKTypaMU H TPHUILIEKCHBIMA MOTHBaMH MOJKET
SIBIIATHCS KITFOYOM K IIOHIMAaHHWIO YCTOMYMBOCTH HYKIICOTHIHBIX MTOCIIET0BATEIEHOCTEH
B 3BOJIOIMM. Hame wucciiejoBaHMe OTKPHIBACT NEPCHCKTUBBI H3ydeHUs (YHKITHO-
HAJIHOW 3HAYMMOCTH W DBOJIONHMOHHOW CTaOMIIBHOCTH YIBTPAKOHCEPBATHBHBIX
HEKOJAMPYIOIINX AIIEMEHTOB.
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Motivation and Aim: Non-coding, yet highly conserved genomic elements persist
virtually unchanged from chickens and other evolutionarily distant vertebrates to
humans. The reasons for such evolutionary stability are explored in terms of their
nucleotide composition, epigenetic regulation, association with transcription factor
binding sites and boundaries of topologically associated domains [1, 2]. Our aim is to
expand the analysis and determine the potential role of adjacent regions in the
evolutionary conservation of these elements.

Methods and Algorithms: We analyzed ultraconserved non-coding elements (UCNES) in
three organisms — human (Homo sapiens), mouse (Mus musculus), and zebrafish (Danio
rerio). Positions of UCNEs were retrieved from UCNEDbase [3]. Positions of sequences
capable of forming non-B DNA structures were obtained from the following sources:

e For quadruplex regions, data from G4-seq experiment [4] were utilized.

e For predicting regions of DNA triplexes (H-motifs) and cruciform structures
Inverted Repeats Finder version 3.08 [5] was used. H-motifs and cruciform motifs
were defined as mirror polypyrimidine/polypurine repeats and inverted repeats,
respectively.

Statistical analysis was carried out regarding the shuffled positions of non-B DNA
structures. Data preprocessing and analysis were conducted using Python 3.11 scripts in
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the Visual Studio Code editor. Gene-set enrichment analysis was performed using
STRING-db version 12.0.

Results: In all three genomes, we observed enrichment of guanine and cytosine in regions
adjacent to UCNEs. We also noted an asymmetry in guanine enrichment at the 3’ end of
the elements, with the most pronounced enrichment observed in zebrafish.

The observed unevenness in nucleotide composition prompted us to examine non-B
DNA structures that are specific to the genomic sequence and could form within or in
close proximity to UCNEs. We found significant enrichment of quadruplexes in regions
adjacent to ultraconserved elements at the 3” end in the human and mouse genomes. In
the zebrafish genome, enrichment was observed in both directions, with a greater extent
at the 3” end.

H-motifs were also significantly enriched in regions adjacent to UCNEs in all three
organisms. Unlike quadruplexes, H-motifs did not exhibit enrichment asymmetry from
one end but were predominantly localized on the coding DNA strand. Interestingly,
different ultraconserved elements were flanked by quadruplexes and H-motifs.
Analysis of cruciform structure motifs did not reveal a pattern of association with
ultraconserved elements.

Conclusion: We conducted, for the first time, an analysis of the association between
ultraconserved non-coding elements and non-B DNA structures. Significant enrichment
with quadruplex structures and triplex motifs may be key to understanding the stability
of nucleotide sequences in evolution. Our study opens up perspectives for investigating
the functional significance of ultraconserved non-coding elements.
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