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Momusayus u yenv: IIpoOiieMy T€HOB «IOMAIITHETO XO3SHWCTBa» U TEHOB Pa3BUTHS MBI
paccMatpuBanu enie B 1975 . It 3TOro KCHONB30BAINA MOJUTEHHBIE XPOMOCOMBI
Drosophila melanogaster. 3t XpoMOCOMBI TMOCTOSIHHO HAaXOISTCSI B COCTOSHHH
uHTEepda3bl, YTO MO3BOJIHMIO HAONIONATh TEHBI KaK B aKTHBHOM, TaK U B HEAKTHBHOM
COCTOSIHUH.

[TonuTeHHBIE XPOMOCOMBI UIMEIOT MONIEPEYHBII PUCYHOK AMCKOB U MEXIMCKOB, a TAKXKE
THTAaHTCKUE Pa3Mepbl M XOPOLIO Pa3lIMuMMble JBa THMA JWCKOB: YEPHBIE U CEpHIC.
O reHeTH4ecKOi OpraHu3aly 3TUX XPOMOCOMHBIX CTPYKTYp OBbLIO Majio u3BecTHO. B
Havyane 1970-X IT. BHUMaHHWE aBTOPOB MPHUBIEKIO TO OOCTOATENHCTBO, UTO JUIS
MOCTOSIHHON aKTUBHOCTH T€HOB MaTepHal XpOMOCOMBI TaKKe TOJKEH OBITh TOCTOSHHO
OTKPBITBIM Ul TPAHCKPUMIMKM (WM JCKOHICHCHPOBAHHBIM). OTHM CBOHCTBOM
001aJaf0T TOJIBKO MEXIUCKH, a HEaKTUBHBIC TE€HBbl JOJKHBI OBITH PACIIOIOKEHBI B
IUIOTHO KOHJCHCUPOBAHHBIX JAUCKAaX, IO3TOMY BCE I'€HbI FT€HOMa OBbIIIM TMUIOTETUYECKU
paszesicHbl Ha IBE TPYMITBI TEHOB: Pa3BUTHS U IOMAIIHETO X03HCTBA, JTOKaTM30BaHHbIC
COOTBETCTBEHHO B MEXKIUCKAaX — I'CHbI JIOMAIIHEr0 XO3SIMCTBAa, U B AMCKAaX — TEHBI
pasButus [1].

Peszynomamur: Jlulib MHOTO JIET CIYCTS MBI pa3padoTalyl METOJbI, MO3BOJISIOIIUE
WACHTH(QHUIMPOBATh MaTepuall JUCKOB M MEXIMCKOB XPOMOCOM Ha MOJIEKYJISIPHON
(¢usnueckoit) xapre HHK, B pesymbraTe 4ero MOXXKHO OIpPEIETUTb, KaKHE TI'EHBI
pacroyioKeHbl B TOM WM WHOH CTPYKTYpE XPOMOCOMBI. BbUI mpemioxkeH MeTox
JIOKAJM3alUK TPAHCIIO30HOB B MOJUTEHHBIX XPOMOCOMAX IO/ 3JIEKTPOHHBIM MHKPO-
ckornoM (OM) u nocieayIoero BhISIBICHUS caiiTa BCTpauBaHUsl IOCIEA0BATEILHOCTH
HYKJIEOTH/IOB Ha (pu3nveckoil kapte (Hampumep, Tpancroson P-IArB, comepskamimii
KOHIIEBBIC TOCJIE0BATEILHOCTH P-ayemMenTa, a Takke dactu lac-onepona E. coli u
qacTi TeHOB Jnpo3odwmasl ADH, rosy u rmumasmumgsr Bluescript). M3 marepuana
TPAaHCIO30HA B XpOMOCOME 00Pa30BbIBAJICS HOBBIH ANCK, YTO MOXKHO OBIJIO YBHIIETH 1OJ
OM, ecnu BHEAPEHUE TIPOUCXOTUIO0 B MEXKIUCK [2].

3areM OBUTH HCIIOJB30BaHBI JAHHBIC, TIONYUYEHHBIE B XOJ€ peau3alliid MPOrpaMMBbI
mModENCODE (monenshbiii opranusm ENCyclopedia of DNA Elements) [3], u, Takum
o0pa3oMm, KapTUpOBajM OEJKH, PACIONOKEHHbIE B MEXIUCKax OJNM3KO K MECTY
BCTpaWBaHUsA TpaHcTo30oHa [2]. Mcmonp3oBanu Takke JaHHBIE TPEX THIOB KIIACCH-
¢ukanmii XpoMaTHHAa B TOJHOM reHome npo3oduibl [4, 6]. [dna knaccuduxaunit
UCIIONIb30BAIM Moan(UKanuu ructoHoB u Oenku xpomatuHa (H3K36Me, RNApolll,
Myc, uacynsropusie 6enxku BEAF-32, Mod (mdg4), Su(Hw), Zw5, CTCF, CP190),
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aCCOIMMPOBaHHbIE C TpoMoTopamu TeHoB Oenku Z4 u Chriz, a take Oenkw,
nokanu3oBaHHble B opukuHax permkanuu (ORC2 u ORC6). Otn u apyrue Oenku
aKTHBHOTO XpOMaTHWHa OBUTM WCIOJB30BAHBI IS TIOCTPOEHHS TEIUIOBBIX KapT
KOJIOKAJIM3aITi! TaHHBIX 0eTTKOB [4—6]. J{anee MbI cOCpeIOTOUMINCH Ha pacpeIeICHIH
Y aHaJIM3¢ TUIIOB XpPOMAaTHHA, KOTOPBIC OBUTH WACHTU(UITUPOBAHBI ¢ momMolsio 4HMM
(cKpbITast MapKOBCKasi MOJIEIb). DTa MOJIETh YUUTHIBACT JaHHBIE CBI3BIBAHUSA OCIIKOB
«OTKPBITOTO XPOMAaTHHA» U JPyrux OenkoB s kierounbix ymHui Kc, S2, BG3 un
Clone8. B pesynbrare chopMUPOBAIH YETHIPE OCHOBHBIX THIIA XPOMAaTHHA, HA3BAaHHBIX
HaMHU aKBaMapHHOM, JIa3yPUTOM, MaJIaXUTOM U pyOuHoM [2, 7].

CormacHO 3TOW MOAENHM W MJAHHBIM TIOCIENYIOIINX WCCIEAOBaHUM, YCTAaHOBIEH
OEJIKOBBIM COCTaB BceX YETHIpeX cocTosHWi. COCTOSHUE XpOMAaTHHA «aKBaMapuH»
(13 % reHoma), JOKAJIM30BAaHHOTO B MEXKIUCKAX MOJIUTCHHBIX XPOMOCOM, HMEET
HapOoJjiee OOIMMPHBIA TepedeHh OENKOB M MomuduKamuii THcToHOB. CaMbIM
pacipoCTpaHEHHBIM COCTOSHHUEM XPOMAaTHHA B TEHOME SIBIISIETCS PYOHH (YepHBIE TUCKH)
(48 % renoma). ITpoBepka JIOKATH3AIMKA STHX THIIOB XPOMAaTHHA SICHO MOKa3aja, 4To
aKBaMapWH CBSI3aH C MEXIUCKAMH CO 3HAYMTEILHBIM OOOTAIIEHUEM MEXKIUCKOBOTO
oenka CHRO (CHRIZ) [2, 72] u 5'-UTR renos. JIa3ypHTOBbIi XpOMaTHH COOTBETCTBYET
TeJaM reHOB ¥ MOP(OJIOrHIeCKH COOTBETCTBOBANI CEPHIM JHCKaM, COCECTBYIOIIUM C
Mexauckamu. CrienaH BBIBOA O TOM, YTO T'eH «JOMAIIIHETO XO3HCTBa» 3aHUMAET JIBE
CTPYKTYPBI IOITUTEHHBIX XPOMOCOM: IIPOMOTOP HAXOTUTCS B MEXIUCKE [2, 7], a Temno
TeHa — B CEPOM JWCKE HUKE.

B pesynbrare ananu3a 6a3 naHHbIx 1o gaHHeiM RNA-Seq o0HapyKeHo, 4TO KOJIUYEeCTBO
TPAHCKPUIITOB B XPOMATHUHE COCTOSIHUSA «aKBaMapuH» B 22—27 pa3 MpEBbIIAET TAKOBOE
B XpOMAaTHHE COCTOSTHUS «pyOuH». [lyTem momcyera TpaHCKPHUIITOB B Pa3IMYHBIX THITAX
KIIETOK JAPO30QHIIbI, CICHM(PUIHBIX JJIS TOW WIIM MHOH CTaJuy pa3BUTHUS, B TKAHSIX WIN
opraHax JMYMHOK M B3POCHBIX MYX, KYJbTYpax KICTOK M T. . ObUIO MOKa3aHO, YTO
TPAHCKPHUIIIIMOHHO AaKTUBHBIE TEHHl B OCHOBHOM pAaCHOJOXEHBI B MEXKIHCKAaX
(axBaMapHHOBOM XpOMATHHE).

[ Gonee riryOOKOro MOHUMAaHHUSI OMOJIOTUYECKUX (DYHKIHMH OEIKOB, KOAMPYEMBIX
TeHAMH, JIOKAIM3YIOMIMMHUCS B YETHIPEX PA3IMYHBIX COCTOSIHHAX XpPOMATHHA B TEHOME
Jp030¢HIIBI, MBI HCITOJIB30BaK OnonH(popmaTnueckuii pecype Gene Ontology-DAVID
[8] muist aHamM3a OOJIBLINX YHUCEN ICHOB. Y CTAHOBJICHO, UTO T'€HBI, IPOMOTOPHI KOTOPBIX
CBS3aHBI C XPOMAaTHHOM «aKBaMapWH», YYaCTBYIOT B METaOOJMYECKUX IMpOoleccax,
TaKUX KaK TPOTEOJIH3, OKHUCIUTEIHHO-BOCCTAHOBHUTEIBHBINA MPOIECC, B Pa3IUIHBIX
nporeccax ouocuntesa JJHK, PHK, GenkoB, qunumoB u nenTuaoB U T. 1. [ eHbl pa3Bu-
THS y4aCTBYIOT B BOCIIPUSTHY 3allaxa, BKyca, XHMHUYECKUX pa3ipaKuTenei, TpaHcIopTe
WOHOB, Pa3BUTHH KYTUKYJIBl W METabOJMYECKOM IIPOIECCe XHUTWHA, PAa3MHOKEHUHU
MHOTOKJIETOYHBIX OPTaHHW3MOB, DKM Ha OAKTEpPHUH, IMOBEJACHHUE, HEHPOTICTITHIHBII
CUTHAJIbHBIN IIyTh, PEAKLIUAX Ha YIVIEKUCIIBIA Ta3, IUPKAIHbIIA PUTM U T. 1.

B pesynbrare manpHeiiniero OMOWHGOPMATHYECKOTO aHAIM3a MBI YCTAaHOBHJIHM, YTO
TeHOM COJIEP)KUT JBa THIA TEHOB: M3 13 574 GenoK-KOIUPYIOUINX TE€HOB JIPO30(HIIBI
(FlyBase R 5.57) 6562 rena, 5'-o6mactu kotopsix (o —300 mo +200 m. H.) Jexar B
akBamapuHe, ¥ 3162 reHa pa3BuTHS — B pyOHHE.

Ucnons3ys uncrpyment STREME, MbI ipoBesii HOMCK MOTHBOB (€ NOVO B KaXKIOM U3
COCTOSIHUI XpOMaTHHa U 00OHAPYKHITH YETHIPEe MOTHBA, XaPaKTEPHBIX TOIBKO JIJIsi TEHOB
JTOMAIITHET0 X0341cTBa. bblto 00Hapy)XKEeHO, 9TO OHM COZIEPIKAT YETHIPE CTIEHMN(UIECKIX
MOTHBA, TOTJa KakK reHbl pa3BuTHs — Toibko oguH TATA Ooxc. Okomno 30 % reHoB
JIOMAIITHETO XO3SHCTBA HE HECYT B ce0e HU OJTHOTO U3 BHIILICYOMSHYTHIX MOTHBOB.
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BrIsiBIICHBI 0COOCHHOCTH PACIIONIOKECHUS TEHOB 3TUX TPYIII B TCHOME: OHH Pa3IMyYaoTCs
MO0 JJIMHAM TE€HOB, WHTPOHOB, 5K30HOB WM MEXKICHHBIX CIICHCEPOB, a TakKkKe II0
KOJMYECTBY TPAHCKPHUIITOB, MPOIYIIUPYEMBIX STHMH T'€HAMH, ¥ KOTUIECTBY IK30HOB B
TeHax 3THUX JIBYX TPYIIIL

'eHbl pa3BuTHS UMEIOT TOpa3io OoJjiee JUIMHHBIC HHTPOHBI, YeM HMHTPOHBI TEHOB
JIOMAaITHero Xo3sicTBa (B 4.5 pa3a Oombie). ['eHbl JoMamTHero Xo3sHcTBa pacupene-
JIEHBI 3HAYUTENHFHO TIOTHEE B TEHOME: MEXTEHHBIE CIIEHCephI B MATh pa3 KOpode, 4eM
B KJIaCTepaxX T'CHOB Pa3BUTHSI.

Buvisoowi: TlpemyioxkeHa MoOJENb OpPraHHM3allMA TEHOMA, TO3BOJISIFONIAS BBIICIUTH U
0XapakTepru30BaTh JIBE TPYIIIHI T€HOB — JOMAIITHETO XO35ICTBA U Pa3BUTHA, KOTOPHIE
pa3aMyYalOTCs IO MHOTUM TIPU3HAKaM: JIOKAJM3aluMell B CTPYKTYpax XpPOMOCOM,
pa3IUYUSAMU COCTOSHUIM XPOMAaTHHA, CTENCHBIO YKJIAJKH MaTepuaia XPOMOCOMBI U
HabopaMu OCIKOB M MOAM(HUKAIINNA THCTOHOB B MECTaX WX JIOKAITHH, OpraHHu3aIHneH
Tpoliecca peTuIKanry (paHHs | TO3IHsI ), OOMIHEeM CaWTOB WHUITMAIINH PETUTUKAIINT
(ORC). 3HauuTeNbHO PA3TUYAIOTCS CTPYKTYpa CaMUX T'€HOB, paclpeaesieHne MOTHBOB
B IIPOMOTOpax I'€HOB, pa3MEpPbl MEXIECHHBIX CIIEHCEPOB, JJIMHA U 4YUCIa UHTPOHOB U
SK30HOB, YWCIIa TPAHCKPUIITOB C OJHOTO TeHa, Y4acTHE B MPOIECccax HHCYISAIUN
XpOMaTHHA Pa3IUYHbIX OenkoB. Takum o0pa3oM, (PaKTHYECKH B TpEIesiaX OJHOTO
r€HOMa CYIIECTBYIOT JiIBa T€HOMa, KaXblil CO CBOEU OpraHu3alue.

Qunancuposanue: Pabora nognepxana rpantom PH® (Ne 24-14-00133).
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Motivation and Aim: We considered the problem of “housekeeping” genes and
developmental genes back in 1975. For this purpose we used polytene chromosomes of
Drosopila melanogaster. These chromosomes are constantly active in interphase, which
allowed us to observe genes in both active and inactive states.

Polytene chromosomes have a transverse pattern of bands and interbands, as well as
giant size and well-distinguishable two types of bands: black and gray. Little was known
about the genetic organization of these chromosomal structures. In the early 1970s, the
authors' attention was drawn to the fact that for constant gene activity, the chromosome
material must also be permanently open for transcription (or decondensed. Only
interbands have this property, however inactive genes should be located in densely
condensed bands, so all genes of the genome were hypothetically divided into two
groups: developmental and housekeeping, localized respectively in interbands —
housekeeping genes, and in bands — developmental genes [1].

Results: It was not until many years later that we developed methods to identify the bands
and interbands material of chromosomes on a molecular (physical) map of DNA, which
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could then determine which genes are located in a particular chromosome structure.
A method was proposed to localize transposons in polytene chromosomes under an
electron microscope (EM) and then identify the nucleotide sequence insertion site on the
physical map (e. g., the P-IArB transposon containing the P-element end sequences, as
well as parts of the lac operon of E. coli and parts of the Drosophila ADH, rosy, and
Bluescript plasmid genes. The transposon material formed a new band in the chromo-
some, which can be seen under EM if the insertion took place in the interband [2].
Then, we used the data from the modENCODE program (model organism
ENCyclopedia of DNA Elements) [3] and thus mapped proteins located in interbands
close to the transposon insertion site [2]. We also used data from three classifications of
chromatin in the full Drosophila genome [4, 6]. These are histone modifications
H3K36Me, RNApolll, Myc, insulator proteins BEAF-32, Mod (mdg4), Su(Hw), Zw5,
CTCF, CP190, gene promoter-associated proteins Z4 and Chriz, and proteins localized
in replication origins (ORC2 and ORCG6). These and other active chromatin proteins
were placed on a heat map [4-6]. Next, we focused on the distribution and analysis of
chromatin types that were identified using 4HMM (hidden Markov model). This model
takes into account the binding data of “open chromatin” proteins and other proteins for
Kc, S2, BG3 and Clone8 cell lines. As a result, four main types of chromatin were
formed, which we named aquamarine, lazurite, malachite, and ruby [2, 7].

According to this model and the data of subsequent studies, the protein composition of
all four states has been established. The aguamarine chromatin state (13 % of the
genome), localized in the interbands of polytene chromosomes, has the most extensive
list of proteins and histone modifications. The most common chromatin state in the
genome is ruby (black disks) (48 % of the genome. Inspection of the localization of these
chromatin types clearly showed that aquamarine is associated with interbands, with
significant enrichment of the interband protein CHRO (CHRIZ) ([2, 7] and 5'-ends of
genes; lazurite chromatin corresponds to gene bodies and morphologically corresponded
to gray bands adjacent to interbands. It is concluded that the housekeeping gene occupies
two polytene chromosome structures: the promoter is located in the interband [2, 7] and
the gene body is located in the gray band below.

Analysis of the RNA-seq databases revealed that the number of transcripts in the
aquamarine state chromatin is 22—27 times higher than that in the ruby one. By counting
transcripts in different types of Drosophila cells specific for this or that developmental
stage, in tissues or organs of larvae and adult flies, cell cultures, etc., it was shown that
transcriptionally active genes are mainly located in interbands (aquamarine chromatin).
To better understand the biological functions of proteins encoded by genes localized in
four different chromatin states in the Drosophila genome, we used the Gene Ontology-
DAVID bioinformatics resource [8] for large gene number analysis. Genes whose
promoters are associated with aquamarine chromatin were found to be involved in
metabolic processes such as proteolysis, redox, various biosynthesis processes, DNA,
RNA, proteins, lipids and peptides, etc. Developmental genes are involved in odor
perception, taste, chemical stimuli, ion transport, cuticle development and chitin
metabolic process, reproduction of multicellular organisms, response to bacteria,
behavior, neuropeptide signaling pathway, response to carbon dioxide, circadian
rhythm, etc.

Through further bioinformatics analysis, we found that the genome contains two types
of genes: of the 13,574 protein-coding genes in Drosophila (FlyBase R 5.57),
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6,562 genes whose 5'-regions (-300 to +200bp) lie in aquamarine, and
3,162 developmental genes lie in ruby.

Using the STREME tool, we searched for de novo motifs in each of the chromatin states
and found four motifs unique to housekeeping genes. Genes were found to contain four
specific motifs, whereas developmental genes contain only one TATA box. About 30 %
of housekeeping genes do not carry any of the above motifs.

The arrangement of genes from these groups in the genome was found to differ in the
lengths of genes, introns, exons and intergenic spacers, as well as the number of
transcripts produced by these genes and the number of exons in the genes of these two
groups.

Developmental genes have much longer introns than the introns of housekeeping genes
(4.5 times longer). Housekeeping genes are distributed much more densely in the
genome: intergenic spacers are five times shorter in storage than in developmental gene
clusters; their median value is 3769.5 bp in developmental stage genes and only 706 bp
in housekeeping genes.

Conclusion: Genome organization model has been proposed to identify and characterize
two groups of genes: housekeeping and developmental. They differ in many ways:
localization in chromosome structures, differences in chromatin states, degree of
stacking of chromosome material and sets of proteins and histone modifications at their
localization sites, organization of the replication process (early and late), and abundance
of replication initiation sites (ORCs). The structure of genes themselves, the distribution
of motifs in gene promoters, the size of intergenic spacers, the length and number of
introns and exons, the number of transcripts from one gene, and the participation of
various proteins in chromatin insulation processes differ significantly. Thus, there are
actually two genomes within one genome, each with its own organization.

Funding: The study is supported by RFS grant (No. 24-14-00133).
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