doi 10.18699/bgrs2024-12.1-03

CBfI3b reHeTHYeCKOr0 KOAMPOBAHUSA ¢ HUKIUYECKUMH
konamu I'pes. IIpodiiema HacienoBaHus OMOLMKJIIOB

[leryxos C.B.
Hnemumym mawunosedenus um. A.A. bnaconpasoea PAH, Mockea, Poccus
spetoukhov@gmail.com

Kawuesble cioBa: reHetndeckuii kox; aindasutsl [JHK; 6uomornueckne nukibl, Koasl I'pes; MaTpuUIsl;
kapTel KapHo; OyieBsl QpyHKIMK; KprBas [ mis0epTa; OMHApPHBIC OMO3HITUH

Momueayus u yenv: JXuBOW oOpraHm3M TIPENCTaBISICT COOOW OTPOMHEBIH XOp
TE€HETUYECKH  HACleAyeMbIX M  COIJIaCOBAaHHBIX  LMKIWYECKHMX  IPOIECCOB.
XpoHOMEIUITNHA C APEBHUX BPEMEH CUUTala, YTO BCE OOJIE3HU SBISIOTCS PE3yJIbTaTOM
HapylleHus1 3TOM KoopauHauud. HamoMHIO HECKONBbKO MPUMEPOB IUKIUYECKOU
npupoabl 6noten. Hamm Genku NOAYUHSIIOTCS. HETTPEPHIBHBIM IMKIIaM JKU3HU M CMEPTH
cOopkHu U pa30OpKKM Ha aMUHOKHCIOTHL. Hampumep, mepuoa moiypacmana ropMoHa
WHCYJIMHA COCTaBJSICT BCETO HECKOJBKO MHHYT. [IpyrUMHM CIOBaMH, T€HETHYECKU
YHACJIeJ0BaHHbIC YACTH HAILIETO TeJIa [IOCTOSIHHO UHMKIMYHO YMUPAIOT U BO3POKAAIOTCS.
PaccmaTpuBast momoOHbIe siBiIeHUs, M3BeCTHBIN ¢usuonor A.I'. ['ypBuu yrBepxmai:
«[nasnas npobnema 6uonocuu — coxpamenue Qopmvl Npu NOCMOAHHOM OOHOBIEHUU
cyocmpama» [1]. DOTH UUKINYECKHWE SBIEHUS TECHO B3aMMOCBS3aHBI C TEMO
BHYTPEHHHX OHOJIOTUYECKUX 4YacOB, HM3YUYCHHE MOJICKYJISIPHO-UIUKINYCCKUX OCHOB
KOTOpBIX ObII0 oTMeueHo HobeneBckoit mpemueii B 2017 1.: ObIJIO MOKa3aHO, YTO BCe
MHOTOKJICTOYHBIE OPraHU3Mbl HCIIONB3YIOT CXOXKUH IMKIMYECKUH MOJIEKYJISIPHBIN
MEXaHU3M BHYTPEHHHUX YaCOB IJIs1 KOHTPOJISI HUPKaIHBIX OMOPUTMOB.

MuTo3 KIJIETOK OpraHu3Ma MPOUCXOJUT LUKIUYECKH. DHEpreTHMYecKue 3aTpaThl Ha
pasHble HUKINYECKUE COOBITHS OepyTCsl U3 YHUBEPCAIBHOTO LIUKJINIECKH BO30OHOBIIsIE-
MOTO MCTOYHHMKA YHEPTUH BCeX OMOXMMUYECKUX MPOLIECCOB BCEX KUBBIX OPraHU3MOB
Ha 3emiie: AT® (ageno3unTpudochopHOl KHCI0Th). Bpems sku3HM OHON MOJIEKYJIbI
AT® y genoBeka COCTaBIsICT MEHEE OHOW MUHYTHI. B TedeHne CyTOK O7Ha MOJIeKyJa
AT® npoxomutr B cpemnem 2000-3000 mwmkimoB pecuHTe3a (OpraHuU3M 4YellOBEKa
cunTe3upyet okojo 40 kxr AT® B cyTku). Jpyrum HarmsiiHBIM TPUMEPOM LIUKITHYECKOM
OpraHu3aliy )KU3HU SBIIsIETCS MeTaMopdo3a 6abovek, CoCcToAIIas U3 cTaauii 6abouKa-
SAHUI0-TyCEHUIIa-KyKoJKa-0a0ouka. XapakTepHo, 4TO 0a00UYKY HUKTO HE YUUT TOMY, KaK
BBIMTH M3 KYKOJKH W HayaTh JIETaTh, HO OHA BBUIE3ACT M HAYMHAET JIETaTh 3a CYET
yHacleOBaHHBIX NHUKINYECKUX JBIKEHHH KPBUIbEB (I[MKIMYECKass TeHeTHYecKas
Oouomexanuka). Bece HeoOxonumoe A7t 3TOTro YK€ uMeeTcsl B UHPOPMAaTUKE TEHOMHOTO
kona. HelpoHsl W MbllIeuHble €AMHUIBI 0a004YKH pabOTAlOT B COOTBETCTBUH C
(dyHIaMEHTaIbHBIM (U3HOJIOTUIECKUM 3aKOHOM «BCE WIIM HHUYETOY, OMPEIeISIONNM
OWHAPHBIN MPUHIUI UX QYHKIIMOHUPOBAHHS: HEPBHAS KJIETKA WIIM MBIIIEYHOE BOJIOKHO
JAIOT TOJBKO CBOM OTBETHI «J1a» WM «HET» IO ACHCTBHEM Pa3IUYHBIX CTUMYJIOB IO
aHAJIOTHH C OyJIEeBBIMH MEPEMEHHBIMU. JTa KOJUIEKTHBHASA AESTEIHHOCTH 3JIEMEHTOB
0azupyeTcs Ha UX B3aMMHOH JIOTHYECKON KOOPJUHALIMK 1O aHAIOTHUU C TPUTTEPHBIMU
aHCcaMOJIIMU B KOMITBIOTEpE, OCHOBAaHHOM Ha JIOTuKe OyneBoii anredpsl. Takue (hakTe
MIPUBENN aBTOPa K MBICIIH, YTO CHCTEMa FreHETHYECKOr0 KOAUPOBAHUS CIIOCOOHA KOJH-
poBaTh HaCIEACTBEHHBIE MHUKJIMYECKHE MPOIECCH MMOTOMY, YTO cama MpPeICTaBIseT

BGRS/SB-2024 2051


mailto:spetoukhov@gmail.com

c000i1 cucTeMy ITUKIMYECKUX KOJIOB, CBS3aHHYIO C OyJIeBOM anreOpoit moruku. MHbIMEI
CJI0OBaMH, pacCMaTpHUBaeMble (U3MOJIOTUYCCKHE TIPOIECChl ITUKJIUYHBI, MOCKOIBKY
TCHETHYECKH 3aKOIUPOBAHBI IIMKIMYECKUMH KojiaMu. Ho B COBpeMEHHO# MaremaTnke
CyliecTByeT OOJBIIOE Pa3HOOOpa3ue IMUKIMYECKIX KOMoB. [[enblo HacTosIIero ucce-
JTIOBaHMS CTaJ TIOUCK TOTO THITA UKIMYCCKUX KOJOB, KOTOPBIH aJICKBATCH MOJICKYIISIP-
HBIM M CTaTUCTHYECKHM OCOOCHHOCTSIM CHUCTEMbI TEHETHYECKOH WH(POPMATHUKH. DTO
MOXET 00BSICHUTH KOJIOBBIE OCHOBBI ITUKITUYECKUX TPOIIECCOB B JKUBBIX OPTaHU3MaXx.
Memoowvr u aneopummvi: MeTon WCCIeOBaHUS OCHOBaH Ha ydeTe OWHApHO-
OTIMO3UIIMOHHBIX MOJICKYJISPHBIX 0COOCHHOCTeH andapura 4 nykieotuno JJHK. Otu
0COOCHHOCTH TIO3BOJISIIOT TIPeACTaBIATh andasutHbie cructeMbl JJHK B dpopme ocobObix
KBQJIDAaHTHBIX MATPUIl. B 3THUX TIE€HETHYSCKUX MaTpUIlaX CTPOKHM U CTOJOIIBI
HYMEPYIOTCS YIOPSJIOYCHHBIMH YHUCJIaMU N-OMTHBIX KOAOB I'pes Mo aHaioruu c
kaptamu KapHo — 3(ppeKTHBHBIM METOJIOM YIPOIIEHHUS BhIpAKSHUN OyJIeBOH anreOpbl
JUIST MAHUMH3AIAN 4Hclia JIOTHYECKUX TeHTOB B Jormyeckux cxemax [2]. Kaxmoit
siueiiKe MaTpUIlbl PUCBAUBACTCS HOMEP B BUE KOJOBOTO CjoBa ['pesi, mpeacTaBisio-
1ero coboi KOHKaTEeHAIMI0 HOMEPOB COOTBETCTBYIONIECH CTPOKH U cTonbua. Prucynok 1
MOKa3bIBACT TPUMEP TAKUX MATPUI[ Ui 64 TPUIUIETOB TEHETHYECKOro Konaa (CM.
moapoOHOCTH B [2]).

000 (0) 001 (1) 011 (2) 010 (3) 110 (4) [11(5) 101 (6) 100 (7)
000 CCC CCA CAA CAC AAC AAA ACA ACC
(0) | 000000 (0) | 000001 (1) | 000011 (2) | 000010 (3) | 000110 (4) | V00111 (5) | 000101 (6) | 000100 (7)
001 CcCT CCG CAG CAT AAT AAG ACG ACT
(1) 1 001000 (15) | 001001 (14) | 001011 (13) | 001010 (12) f 001110 (11) | 001111 (10) | 001101 (9) | 001100 (8)
011 CTT CTG CGG CGT AGT AGG ATG AIT
(2) 1011000 (16) | 011001 (17) | 011011 (18) | 011010 (19) | 011110 (20) | 011111 (21) | 011101 (22) | 011100 (23)
010 CTC CTA CGA CGC AGC AGA ATA ATC
(3) 1010000 (31) | 010001 (30) | 010011 (29) | 010010 (28) f 010110 (27) | 010111 (26) | 010101 (25) | 010100 (24)
110 TTC TTA TGA TGC GGC GGA GTA GTC
(4) | 110000 (32) | 110001 (33) | 110011 (34) | 110010 (35) | 110110 (36) | 110111 (37) | 110101 (38) | 110100 (39)
111 TTT TTG TGG TGT GGT GGG GTG GTT
(5) | 111000 (47) | 111001 (46) | 111011 (45) | 111010 (44) | 111110 (43) | 111111 (42) | 111101 (41) | 111100 (40)
101 TCT TCG TAG TAT GAT GAG GCG GCT
(6) ] 101000 (48) | 101001 (49) | 101011 (50) | 101010 (51) | 101110 (52) | 101111 (53) | 101101 (54) | 101100 (55)
100 TCC TCA TAA TAC GAC GAA GCA GCC
(7) ] 100000 (63) | 100001 (62) | 100011 (61) | 100010 (60) | 100110 (59) | 100111 (58) | 100101 (57) | 100100 (56)

Puc. 1. Pacnionoxenne 64 TpurieToB B MaTpuie THIA I'pes, CTPOKH M CTOIOIBI KOTOPOH
YIIOPSI0UCHBI B COOTBETCTBHU C 3-OMTHBIM KomoM I['pes. B ckoOkax ykas3aHbl JiecSTHYHBIC
SKBUBAJICHTHI KOJOBBIX CJIOB 6-OnTHOTO Kona I'pes

Kpome Toro, mpu yuere emie OJHOW W3BECTHOW OMHAPHOW OMNIO3UIMH B CHCTEME
TeHETUYECKOTO KoJa, AeJsIeil MHOXXeCTBO 64 TPUIUIETOB Ha J(Ba PaBHBIX IMOJMHO-
skecTBa (32 TpuIUleTa ¢ CHIIBHBIMH KOPHAMHU M 32 TpUILIETa CO CIIA0BIMU KOPHSIMH),
TeHeTHYeCKHe MaTpHUIlbl THUIIA TOKa3aHHOW Ha pucC. | MpeacTaBiIsIOTCS B BUAE MO3aHy-
HBbIX OWHApPHBIX MATpHIl U3 31eMeHTOB +1 u —1 (cM. [2]). DTH MaTpHUIBl U3y4YarOTCs
JITOPUTMOM WX AHAJI0-CABUTOBOW JEKOMITO3WUIIUH IS YCTAHOBJICHUS HMX aireOpo-
FEOMETPUYECKUX CBOMCTB. [laHHBIMM MeETOJaMM M aICOPUTMAMH aHAIU3UPYIOTCA
CUMMETPHUH B PACIIONIOKEHUH JIEMEHTOB CHCTEMbI TeHETUYECKOT'0 KOJUPOBAHUS B 3TUX
MaTpULIAX, YCIOBHO HA3bIBaEMbIX TE€HETHYECKMMM MaTpuiamu Tuna ['pes.
OOHapy)XeHHE TaKMX CHMMETPUH II03BOJISIET TOBOPUTH O CBSI3M TI'€HETHYECKOIO
KOZMPOBAHMS C UepapXUeil IUKINIECKUX N-OUTHBIX KOJOB [ pes.
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Pesynomamer: Kax xonupyemble aMHHOKHUCIIOTBI M CTOI-KOJIOHBI PACIIOJNIOKEHBI B
MOKa3aHHOW MaTpulle U3 64 MOCTPOCHHBIX TakKUM 00pazoMm TpurieToB? KomuuecTBo
BapUAHTOB PACIIOJIOKCHHUS aMHHOKHCIIOT ¢ MX IOBTOPEHUSMH IS 3aITOJTHCHHS BCEH
(8%8)-marpunsl orpoMuo: >>10% (11 cpaBHenus, B pusnKe BpeMs KHU3HH BeeneHHoi
ouenusaercs B 10Y cexynn). Byner au Takoe pacronoKeHHe XaoTHYHBIM WIH BAPYT
OKa)KeTCS TMPaBWIBHBIM cuMMeTpudHbIM? Ha pwuc. 2 mokazaH ciaydail MHTOXOHII-
pHATBHOTO KOAA TO3BOHOYHBIX, CUHTAIOIIETOCS CaMBIM JPEBHHM M CHMMETPHYHBIM
Cpellu TUajIeKTOB TEHETHYECKOTO KOJIa.

000 (0) 001 (1) 011 (2) oo Y 110 (4) 111.(5) 101 (6) 100 (7)
coo CCA CAA CAC AAC AAA ACA ACC
3 Lhr
000 | 000000 (©) | 000001 (1) | 000011 (2) | 000010 (3) | 000110 (4) | 0OOL11 (5) | 000101 (6 | OOO100 (7)
)y
coT CCG CAG CAT AAT AAG ACG ACT
Gln P Lys Lhr Thr /
001 001000 (15) | 001001 (14) 001011 (13) 001010 (12) 001110 (11) 001111 (10) 001101 (9) 001100 (8) i
(§5]
T CTG CGG CGT AGT AGG ATG ATT
. Arg S Stop Met e
011 011000 ¢16) | 011001 (17) [ 011011 (18) | 011010 (19) [ 011110 (20) | 011111 (21) | 011101 (22) | 011100 (23)
()
cTC CTA CGA cGo AGC AGA ATA ATC
Leu Leu g rg Ser Stop Met
010 | 010000 ¢31) | 010001 (30) [ O10011 (29 | 010010 (28) | V10110 (27) | 010111 (26) | 010101 (25) | 010100 (24)
[E))
TTC TTA TGA TGO GGO GGA GIA GIC
Leu ep Cys Gly Gly ‘2 Val
110 | 110000 (32) | 110001 (33) | 110011 (34) [ 110010 (35) | 110110 (36) | 110111 (37) | 110101 (38) | 110100 (39)
)
TIT ITG TGG TGT GGT GGG GTG GTT
Phe cu Lrp Cys Sy TR Val x /
111 | 111000 (47) | 111001 (46) | 111011 (45) | 111010 (44) | 111110 ¢43) | 111111 ¢42) | 111101 (41) | 111100 (40) T
[E)]
TCT TCG TAG TAT GAT GAG GCG GCT
. 3
101 | 101000 ¢48) | 101001 (49) | 101011 (50) [ 101010 (51) | 101110 (52) | 101111 (53) [ 101101 (54) | 101100 (55)
%)
rCC TCA TAA TAC GAC GAA GCA GOC
1
100 | 100000 (63) | 100001 (62) | 100011 (61) | 100010 (60) | 100110 (59) | 100111 (58) | 100101 (57) | 100100 (56) /
7y

Puc. 2. Pacnionoxenne 64 TpUIUIETOB, a TaKKE aMHUHOKUCIOT M CTON-KOJOHOB, KOTOPBIE OHH
KOZIUPYIOT, B TeHEeTHUYeCKOH Matpuie Tuma ['pes (u3 puc. 1) B ciiydae MUTOXOHAPHAIBHOTO KOAA
M03BOHOYHBIX. Mcronp3yroTcss oOLIenpuHSTEIE COKPALIEHUS] aMUHOKUCIOT M CTOII-KOJOHOB.
[Momykpyrnele ckoOkn 1Mo OokaM MaTpumbl THIA ['pes MOKa3bIBAIOT HAINPABICHHS IOPSAAKA
KOJIOBBIX CIIOB 6-OuMTHOTO Koza ['pesi, Hymepyommx 64 sueiiki MaTpuLbl U 64 reHeTHYeCKUuX
TPUILTIETA B HUX

Oxka3pIBaeTcsi, YTO W3 OKeaHa BO3MOXHOCTEH MNpHpoja BbIOpajga CHMMETPUYHO-
MPaBWJIBHBIA BapUaHT MOBTOPEHUS U PACIIONIOKEHUS aMUHOKHUCIIOT U CTON-KOJOHOB B
Matpuue tuna I'pes g 64 TtpuruteroB. IlokasaHHas MaTpuma KOJIUPYEMBIX
AMUHOKHUCIIOT U CTON-KOJOHOB COCTOUT M3 Iap COCEIHUX CTPOK C JECSATHUYHBIMU
guciamu 0-1, 2-3, 4-5, 6-7, 0IMHAKOBBIX 110 COCTABY M PACIIONIOKCHUI0 aMUHOKHUCIIOT U
CTOTI-KO/IOHOB, ITOKa3aHHBIX I[BeToM. Hanmpumep, ctpoku 0 u 1 coaep aT 0 JuHAKOBBII
M0 COCTaBY U PacIIOJIOKEHHIO Ha0Op KpacHBIX aMuHOKucioT Pro, Gln, His, Asn, Lys,
Thr. Crpoku B kaxmoi m3 ykazanHeix map 0-1, 2-3, 4-5, 6-7, umerommx B cebe
MOBTOPEHHE  aMHUHOKHCIOT W CTON-KOJOHOB,  OTJIMYAOTCS ~ TE€M,  YTO
MOCJIEI0BATENIFHOCTh O-OMTHBIX KOZOBBIX cloB Ipes ux 16 sueex oOpasyer
LHUKIAYECKYIO TOCIEN0BATEIbHOCTh C €IMHUYHBIM DPACCTOSIHUEM X3MMUHIA MEXIY
COCEHUMHM SYEMKAaMHU, €CIIM YUTATh ABOMYHBIE 4ucia ['pes sueek B NEpBOH U3 JBYX
CTPOK CJIEBa HAIPaBO, a BTOPOH CTPOKHM — CIIPaBa HAJIEBO.

Kaxnpii THII aMMHOKHCIIOT B MaTpuie tuna I'pest (cM. puc. 2) crpyniMpoBaH TaKUM
00pa3om, 4TO 3aHUMAET TOJILKO T€ SYEHKH, 6-OMTHAsI Hymepalus KOTOPhIX o0pasyer
IUKIMYECKYIO TOCIIE0BATENBHOCTh C €AMHUYHBIM PAcCTOSHHEM XA3MMHHTA MEXIY
COCEIHMMH KOJOBBIMHU ciioBamMH. Hanpumep, aMmuHokuciora Pro Haxonures B KileTKax
¢ mHomepamu 000000, 000001, 001001, 001000 u T. 1. OOHaApPY>KEHO MHOKECTBO IPYTHUX
B3aMMOCBsI3eH MeX Ty Kogamu ['pest 1 cucTeMol TeHeTHYeCKoro Koja [2].
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Sueiikn Ha kaprax KapHO HM3BECTHBI KaKk MHUHTEPMBI, a KaXJ0€ 3HAUCHHE SYEHKHU
MpEeICTaBiIsieT COOTBETCTBYIOIIEE BBIXOJHOE 3HAUYEHHE JIOTHYECKOHW (YHKUWH. OTH
AQHAJIOTUM MEXAy ONHCAaHHBIMU I€HETHYECKMMH MaTpuLaMH Tuma ['pes, uMerommmu
PETYJSIPHYIO CTPYKTYPHYK0 CHUMMETPHIO, U KapTamMu KapHO OTKpBHIBalOT MHTEpPECHbIE
BO3MO>KHOCTH JJIi MHTEPNPETALNN T€HETHUECKUX N-TUIETOB KaK COOTBETCTBYIOIUX
BBIXOJHBIX 3HaueHWH OyneBblXx (YyHKIMH B paMKax aBTOPCKOM KOHLETLNHU
HacJIelyeMOM JIOTUKH T€HETHYECKOTO MHTEIIEKTA. JTH HCCIICAOBAHMS CBSI3U MEXIY
CHUCTEMOHN F€HETHYECKOT0 KOJUPOBAHUA U IUKINYECKUMH KOAaMHU I'pest ConpsiKeHBl ¢
MBICJISIMH OCHOBOIOJIOXKHHMKA MaTeMarndeckod joruku I'. Byns um ero 3sHameHuToit
KHUroi «/ccienoBanue 3aKOHOB MBIIICHHS, HA KOTOPbIX OCHOBAHbI MaTEMaTHUECKHUE
TEOPHH JIOTUKH U BepOsTHOCTHY [3]. MOKHO 100aBUTH, YTO Pa3pabOTUYUKH HUPPOBOIM
JIOTHKH IIUPOKO HMCIONB3YIOT KoAbl ['pest ans mepesaun MHOTOOUTHOM CUETYMKOBOM
HHPOPMALMHM B CUCTEMAX C CHHXPOHHOMH JIOTMKOH, paOOTar0MX Ha pa3HbIX TAKTOBBIX
gacToTax. B Takux cilyyasx cuMTaercs, 4TO JOIMKa paboTaeT B pasHbIX «PErHOHaX
9acoB». DTO HMMEET OCHOBOIOJAraloliee 3HA4YeHHE Il MPOCKTUPOBAHUS OOJBIINX
MHUKpPOCXEM, PadOTAIOIINX Ha Pa3HBIX TAKTOBBIX YACTOTax [2].

Kogsr I'pest TecHO cBsizaHbl ¢ (hpakTanbHOW KpuBOM | minpbepra, KOTOpas MO3BOJSET
«IUCKPETH3UPOBATh» J000E TMPOCTPAHCTBO, CO3JaB B HEM YIOOHYIO CHCTEMY
KOOpAMHAT. DTO MMEET OTHOILICHHE K po0ieMe TOro, Kak TeHeTHYecKas HHPOopMaIus,
3ancanHas Ha omHoMmepHBIX HHUTAX JIHK, ompenensier TpexmepHyr0 MOPQOIOTHIO
JKUBBIX Tel [2]. BaxkHO, YTO NPOCTpaHCTBEHHAs YNAKOBKA XpOMaTvHa B T'E€HOME
OKa3bIBaeTCs COOTBETCTBYIOIIEH KpuBoil [mnpOepra, mpexacraBisitomeld coboil ero
nonuMepHyo (ppaktanbHyo 3D rnobymy [4], cBOOOAHYIO OT y3JIOB U BRIHECEHHYIO Ha
06s10kKy xypHaia Science (2009, T. 326).

[uano-cnBuroBas JEKOMIIO3WIUS YIOMSHYTHIX BBIIIE MO3AaWYHBIX T'€HETUYECKUX
MaTpHIl C KOMIOHEHTaMu +1 u —1 oOHapyKWBaeT, YTO OHU ABISAIOTCS MATPUYHBIMU
MPEICTABICHUSIMH TUIIEPKOMILIEKCHBIX YHCEN, CBSI3aHHBIX CO CIUIUT-KBaTCpPHHUOHAMHU
Koxma u auckoBoii koHpopMHON Mozenbto Ilyankape rumepOoiIMyeckoil TeoMeTprun
JlobGaueBckoro, MMEMIIEH OOIMpPHBIE MPUMEHEHHST B CHCTEMax HCKYCCTBEHHOTO
HUHTEeJJIeKTa [2].

Bui6oowi: Cucrema reHETHUECKOTO KOAMPOBAHMS CTPYKTYPHO CBsi3aHA C MepapXuei
MUKINYecKuX KojoB ['pes, PppakranbHOll KpuBoil ['MinbOepra, THIEPKOMITIEKCHBIMU
qyuciIaMu U reomeTpuer JlobaueBckoro. Itu (hakThl CBUACTENBCTBYIOT B MOJIB3Y TOTO,
YTO OHA SIBJISIETCS CUCTEMOW LMKIMYECKOTO KOJUPOBAHUS, ONpEACISIONeil MHOToe B
HACJIEJOBAHUN OTPOMHOT0 XOpa HUKINYECKUX MPOIECCOB U CTPYKTYP B KUBBIX TENaX.
[Ipucymue cucteme reHeTHYeCKOro KOAUPOBAHUS CUMMETPUN OOHAPYKMBAIOTCA IMPH
ee MpeACTaBiIeHuH B (pOpMe FeHETHUECKHX MaTpull Tuna ['pesi, aHaOrMuHbIX KapTam
Kapao u3 teopum OyneBbIXx (QyHKIMHA MaTeMaTHYECKOH JIOTHKH. OTO IO3BOJISIET
WHTEPIPETUPOBATh TeHETUUECKHUE N-TIJIETHI KAK BHIXO/IHBIC 3HAUCHUS OyNeBBIX PYHKITHHA
B TEME JIOTMKO-MaTeMaTHYEeCKUX OCHOB TE€HETHYECKOrOo HAacJeNOBaHUs, a TaKxKe
BO3BpamlaeT K MbIcisaM k. Bynst B ero KHUre o JIOTMKO-MaTeMaTHYECKHX 3aKOHAaX
MbinuieHns [3]. [lomyyeHHBIE pe3ynbTaThl MO3BOJSIOT Pa3BUBAaTh HOBBIE MOJIENbHBIE
noJXo/bl B chepe anredpanuecKol OMONOTHH, TEHETHKH, a8 TaKKe TeHETHYECKOTO W
HCKYCCTBEHHOI'O MHTEIUIEKTA [2, 5].
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Relationship between genetic coding and cyclic Gray codes.
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Motivation and Aim: A living organism is a huge chorus of genetically inherited and
coordinated cyclic processes, the mutual coordination of which is maintained throughout
ontogenesis. Since ancient times, chronomedicine has believed that all diseases are the
result of a violation of this coordination. Let me remind some examples on cyclic nature
of bio-bodies. Our proteins are obeyed to continuous life-death cycles of their
assembling and disassembling into amino acids. For example, the half-life of the
hormone insulin is only a few minutes. In other words, genetically inherited parts of our
body are constantly dying and being reborn in a cyclical manner. Considering such
phenomena, the renowned physiologist A.G. Gurvich claimed: “The main problem in
biology is maintaining shape while constantly renewing the substrate” [1]. These cyclic
phenomena is closely interrelated with the topic of internal biological clock, studying of
molecular cyclic bases of which was awarded by Nobel prize in 2017: it was shown that
all multicellular organisms, including humans, utilize a similar cyclic molecular
mechanism of the internal clock to control circadian biorhythms. Somatic cells of the
body divide cyclically. The energy costs for these cyclic events are taken from the
universal source of energy for all biochemical processes of all living organisms on Earth:
ATP (adenosine triphosphoric acid). The lifetime of one ATP molecule in humans is less
than one minute. During the day, one ATP molecule goes through an average of 2000—
3000 cycles of resynthesis (the human body synthesizes about 40 kg of ATP per day).
Another illustrative example of cyclic organization in life is the metamorphosis of
butterflies, consisting of the stages butterfly-egg-caterpillar-pupa-butterfly.

The neurons and muscle units of the butterfly work in accordance with the fundamental
physiological law of all-or-none, which determines the binary principle of their
functioning: a nerve cell or a muscle fiber give only their answers “yes” or “no” under
the action of different stimulus by analogy with the Boolean variables. The collective
activity of those elements is based on their mutual logical coordination by analogy with
the coordination of trigger ensembles in a computer based on Boolean algebra logic.
Such facts led the author to the idea that the genetic coding system is capable of encoding
inherited cyclic processes because it itself is a system of cyclic codes connected with
Boolean algebra of logic. In other words, the physiological processes in question are
cyclical because they are genetically encoded by cyclic codes. But in modern
mathematics there is a wide variety of types of cyclic codes. The aim of the present study
is to search for the those type of cyclic codes that is adequate to the molecular and
statistical features of the genetic informatics system. This can explain coded bases of
cyclic procecesses in living bodies.

Methods and Algorithms: The research method is based on taking into account the binary
oppositional molecular features of the 4 nucleotides of DNA alphabet. These features
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make it possible to represent DNA alphabetic systems in the form of special quadrant
matrices. In these genetic matrices, the rows and columns are numbered by ordered
numbers of n-bit Gray codes, similar to Karnaugh maps, an effective method for
simplifying Boolean algebra expressions to minimize the number of logic gates in logic
circuits [2]. Each cell of the matrix is assigned a number in the form of a Gray code
word, which is a concatenation of the numbers of the corresponding row and column.
Figure 1 shows an example of such matrices for 64 triplets of the genetic code (see
details in [2]).

000 (0) 001 (1) 011 (2) 010 (3) 110 (4) L1 (5) 101 (6) 100 (7)
oo0[  ccc CCA CAA CAC AAC AAA ACA ACC
(0) | 000000 (0) | 000001 (1) | 000011 (2) | 000010 (3) | 000110¢4) | 000111 (5) | 000101 (6) | 000100 (7)
001 CCT CCG CAG CAT AAT AAG ACG ACT
(1) J 001000 (15) | 001001 (14) | 001011 (13) | 001010 (12) | 001110 (11) | 001111 (10) | 001101 (9) | 001100 (8)
011 CTT CTG CGG CGT AGT AGG ATG ATT
() | 011000 (16) | 011001 (17) | 011011 (18) | 011010 (19) | 011110 (20) | OLLLLI (21) | 011101 (22) | 011100 (23)
ol cr1c CTA CGA CGC AGC AGA ATA ATC
3) 1010000 (31) | 010001 (30) | 010011 (29) | 010010 (28) J 010110 (27) | 010111 (26) | 010101 (25) | 010100 (24)
110 TTC TTA TGA TGC GGC GGA GTA GTC
@ 1110000 (32) | 110001 (33) | 110011 (34) | 110010 (35) | 110110 (36) | 110111 (37) | 110101 (38) | 110100 (39)
111 TTT TTG TGG TGT GGT GGG GTG GTT
(5) | 111000 (47) | 111001 (46) | 111011 (45) | 111010 (44) | 111110 (43) | 111111 (42) | 111101 (41) | 111100 (40)
101 TCT TCG TAG TAT GAT GAG GCG GCT
(6) | 101000 (48) | 101001 (49) | 101011 (50) | 101010 (51) | 101110 (52) | 101111 (53) | 101101 (54) | 101100 (55)
wo] Tcc TCA TAA TAC GAC GAA GCA GCC
(7 | 100000 (63) | 100001 (62) | 100011 (61) | 100010 (60) | 100110 (59) | 100111 (58) | 100101 (57) | 100100 (56)

Fig. 1. The arrangement of 64 triplets in the Gray-type matrix whose rows and columns are
ordered in accordance with 3-bit Gray code. The decimal equivalents of codewords of 6-bit Gray
code are indicated in parentheses

000 (0) 001 (1) 011 (2) 010 3% 110 (4) 111 (5) 101 (6) 100 (7)
cCC CCA CAA CAC AAC AAA ACA ACC
Pro Pro Gln His Asn Lys Thr Thr
000 | 000000 (0) | 000001 (1) | 000011 (2) | 000010 (3) | 000110 (4) | 000111 (¢5) | 000101 (6) | 000100 (7)
(] )
CCT CCG CAG CAT AAT AAG ACG ACT
Pro Pro Gln Llis Asn Lys Thr Thr
001 | 001000 (15) | 001001 (14) | 001011 (13) | 001010 (12) | 001110 (11) | 0O1111 (10) | 001101 (9) | 001100 (8)
(1) |
CTT CTG CGG CGT AGT AGG ATG ATT
Leu Leu Arg Arg Ser Stop Met 1le
011 J 011000 (16) | 011001 (17) | 011011 (18) | 011010 (19) | 011110 (20) [ 011111 (21) | 011101 (22) | 011100 (23)
2y |
cTC CTA CGA CGC AGC AGA ATA ATC
Leu Leu Arg Arg Ser Stop Met lle
010 | 010000 (31) | 010001 (30) | 010011 (29) | 010010 (28) | 010110 (27) | 010111 (26) | 010101 (25) | 010100 (24)
| 3
TTC TTA TGA TGC GGC GGA GTA GTC
Phe Leu Irp Cys Gly Gly Val val
110 | 110000 (32) | 110001 (33) | 110011 (34) | 110010 (35) | 110110¢36) | 110111 (37) | 110101 (38) | 110100 (39)
D I
TTT TTG TGG TGT GGT GGG GTG GTT
Phe Leu Trp Cys Gly Gly Val Val
111 | 111000 (47) | 111001 (46) | 111011 (45) | 111010 (44) | 111110 ¢43) | 111111 (42) | 111101 (41) | 111100 (40)
[&)]
TCT TCG TAG TAT GAT GAG GCG GCT
Ser Ser Stop Iy Asp Glu Ala Ala
101 | 101000 (48) | 101001 (49) | 101011 (50) | 101010 (51) | 101110 (52) | 101111 (53) | 101101 (54) | 101100 (55)
(6)
TCC TCA TAA TAC GAC GAA GCA GCC
Ser Ser Stop Ly Asp Glu Ala Ala
100 | 100000 (63) | 100001 (62) | 100011 (61) | 100010 (60) | 100110 (59) | 100111 (58) | 100101 (57) | 100100 (56)
7y

Fig. 2. The location of 64 triplets and the amino acids and stop-codons they encode in the Gray-
type matrix (from Fig. 1) in the case of the Vertebrate Mitochondrial Code. Common
abbreviations for amino acids and stop codons are used. Semicircular brackets on the sides of the
Gray-type matrix show the directions of the codewords order of the 6-bit Gray code, which
numerates 64 matrix cells and their 64 triplets
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In addition, taking into account another well-known binary opposition in the genetic
code system, dividing the set of 64 triplets into two equal subsets (32 triplets with strong
roots and 32 triplets with weak roots), genetic matrices of the type shown in Figure are
represented in the form of mosaic binary matrices of elements +1 and —1 (see [2]). These
matrices are studied by their dyadic-shift decomposition algorithm to establish their
algebraic-geometric properties. These methods and algorithms analyze symmetries in
the arrangement of elements of the genetic coding system in these matrices,
conventionally called Gray-type genetic matrices. The discovery of such symmetries
allows us to talk about the connection between genetic coding and the hierarchy of cyclic
n-bit Gray codes.

Results: How are the encoded amino acids and stop codons arranged in the shown matrix
of 64 triplets constructed in this way? The number of options for the arrangement of
amino acids with their repetitions to fill the entire (8x8) matrix is huge: >>10% (for
comparison, in physics the lifetime of the Universe is estimated at 107 seconds). Will
this arrangement be chaotic or will it suddenly turn out to be correctly symmetrical?
Figure 2 shows the case of the Vertebrate Mitochondrial Code, which is considered the
most ancient and symmetrical among the genetic code dialects.

It turns out that from the ocean of possibilities, nature chose a symmetrically regular
variant of the repetition and arrangement of amino acids and stop-codons in the Gray-
type matrix of 64 triplets. The shown matrix of encoded amino acids and stop-codons
consists of pairs of adjacent rows with decimal numbers 0-1, 2-3, 4-5, 6-7, identical in
composition and arrangement of amino acids and stop-codons, shown in color. For
example, lines 0 and 1 contain the same set of red amino acids Pro, GIn, His, Asn, Lys,
Thr in composition and location. The lines in each of the indicated pairs 0-1, 2-3, 4-5, 6-
7, having the repetition of amino acids and stop-codons in them, differ in that the
sequence of 6-bit numbers of their 16 cells forms a cyclic sequence with unit Hamming
distance between adjacent cells, if you read the binary Gray numbers of the cells in the
first of the two rows from left to right, and the cell numbers of the second row reversely
from right to left.Each type of amino acids in the Gray-type matrix (Fig. 2) is grouped
in such a way that it occupies only those cells whose 6-bit numbering forms a cyclic
sequence with a unit Hamming distance between adjacent codewords. For example, the
amino acid Pro is located in cells numbered 000000, 000001, 001001, 001000; and so
on. Many other interconnections between Gray codes and the genetic code system are
additionally discovered.

Cells in Karnaugh maps are known as minterms, while each cell value represents the
corresponding output value of the Boolean function. These analogies between the
described genetic Gray-type matrices, having regular structural symmetries, and
Karnaugh maps open interesting opportunities to interpret genetic n-plets (duplets,
triplets, etc.) as appropriate output values of Boolean functions within the framework of
the author's concept of inherited logic of genetic intelligence. This corresponds in some
degree to the thoughts of the founder of mathematical logic, G. Boole in his famous book
on mathematical-logical bases of thoughts [3]. One can add that digital logic designers
widely use Gray codes to transfer multi-bit counter information in systems with
synchronous logic that operate at different clock frequencies. In such cases, logic is
considered to operate in different “clock regions”. This is fundamental to the design of
large chips that operate at many different clock speeds (see detail in [2]).

Gray codes are closely related to the fractal Hilbert curve, which allows you to
“discretize” any space, creating a convenient coordinate system in it. This relates to the

BGRS/SB-2024 2057



problem of how genetic information recorded on one-dimensional DNA strands
determines the three-dimensional morphology of living bodies [2]. It is important that
the spatial packaging of chromatin in the genome turns out to correspond to the Hilbert
curve, which is its polymer fractal 3D globule [4], free of nodes and featured on the
cover of the journal Science (2009, Vol. 326).

Dyadic-shift decomposition of the above-mentioned mosaic genetic matrices with
entries +1 and —1 reveals that they are matrix representations of hypercomplex numbers
associated with Cockle split-quaternions and the disk conformal Poincaré model of
Lobachevsky hyperbolic geometry, which has extensive applications in artificial
intelligence systems [2].

Conclusion: The genetic coding system is structurally related to the hierarchy of cyclic
Gray codes, the fractal Hilbert curve, hypercomplex numbers and Lobachevsky
geometry. These facts indicate that it is a cyclic character of coding system that
determines much of the inheritance of a huge chorus of cyclic processes and structures
in living bodies. The symmetries inherent in the genetic coding system are revealed when
it is represented in the form of genetic Gray-type matrices, similar to Karnaugh maps
from the theory of Boolean functions of mathematical logic. This allows us to interpret
genetic n-plets as output values of Boolean functions in the topic of logical-mathematical
foundations of genetic inheritance, and also returns to the thoughts of J. Boole in his
book on logical-mathematical laws of thinking [3]. The results obtained allow the
development of new model approaches in the field of algebraic biology, genetics, as well
as genetic and artificial intelligence [2, 5].
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