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PEKOHCTPYKLUA 3BONNIOLLUN TEHOMHDBIX CTPYKTYP C NMAPAJIOTAMU

Fop6yHos K.10., Tio6eLkuii B.A.

DenepanbHoe rocyaapcTBEHHOE BIOMXKETHOE YUYpeXAeHNe HayKn IHCTUTYT npobem nepeaayun nHpopmaLmm
um. A.A. XapkeBuda Poccuvickon akagemum Hayk, 127051,
. MockBa, bonbLuon KapeTHbivi nepeynok, 4.19 ctp. 1. e-mail: lyubetsk@iitp.ru

[na nobbix Harpy>XeHHbIX OPUEHTMPOBaHHBIX chain-cycle graphs a v b (HasbiBaeMbix CTpyKTypamu) n no6bix
paBHbIX LieH onepauui (nepeksneek 1 aynnvkauum), NoayyeH anroputMm, KOTopblii, NOCNeA0BaTeNbHO NMPUMEHSIS
3TV onepauuu K a, BbIAaET b, ecnu nepeas CTpyKTypa He COLEPXKUT napasnoros (pé6éep ¢ NoBTOPSAIOLWMMCS UMe-
HeM), a BO BTOPOM He 6oiee ABYX NapasioroB s KaXaoro peépa. AnroputM MMeeT MyNIbTUTIMKATUBHYHO OLLNG-
Ky He 6onee 13/9 + €, rie € — NO60e CTPOro MONOXUTENBHOE YMCIIO, M BPeMs ero paboThl nopsiaka n°¢ %, rae n
— pa3mep MCXofHOM Napbl rpacoB. TakxKe NosyyeHbl anropuTMbl PEKOHCTPYKLMK 3BONFOLMU FEHOMHbIX CTPYKTYP
C YCIOBMEM Ha NMpeAKOBble CTPYKTYPbI U BAOMb GUNOreHEeTUYECKOrO AepeBa.

KnioueBble cnoBa: reHoMHas CTPYKTypa; reHOMHble NepecTpoiky; npeobpasoBaHme reHoMa; DCJ-onepauuy;
LynavKaums reHa; MynbTUNIMKATUBHO TOUHbIA anropuTM.

CTpyKTypo# Ha3blBaeTCA 060N OPUEHTUPOBAHHDBIN rpad, KOMMNOHEHTbI KOTOPOro — LIEMM U LKJbl, @ péépam
npunucaHbl UMeHa (B 3TOM COCTOWT Harpy>XeHHocTb rpada). Pe6po Bceraa paccmaTpuBaeTcs B Nnape C ero ume-
HeM (Ho He ¢ opueHTauueit). CTpyKTypa OnUCbIBaeT reHoM, rae Kaxaasi KOMNoHeHTa UrpaeT posib XpOMOCOMBI, a
pebpo rpada — ponb reHa. NoBTopeHue pebpa COCTOUT B MPUCYTCTBUM B CTPYKTYype BTOPOro pedpa C TeM e Ume-
HeM; YNCNO paspeLLEHHbIX MOBTOPEHUN CYLLLECTBEHHO BIUSIET HA CNOXHOCTb 3afa4n. PaccmaTtpusatoTesa 3ajadu
npeo6pa3oBaHns U PEKOHCTPYKLMU CTPYKTYP, KOTOPbIe COCTOST B noucke: (1) kpaTyasiLluero npeo6pa3oBaHus op-
HOW CTPYKTYpbI @ B Apyryto b NoCpeACTBOM 3afaHHbIX Onepauuit Hag CTPYKTypaMu; U (2) KpaTdarillesi peKOHCTPYK-
Ly CTPYKTYP, 3aflaHHbIX B ICTbSIX AEPEBA, Ha ero BHYTPeHHWeE BeplunHbl. 3afavy (2) MHorga onucbiBaloT Kak
NMOWUCK KpaTya#lLles paccTaHOBKM CTPYKTYP, 3aflaHHbIX B JIMCTbAX AepeBa, MO ero BHYTPEHHUM BepLuMHaM. B aTux
3ajayax «kpaTyaiiwee» 03Ha4YaeT MMHUMYM COOTBeTCTBYIoLWero dyHKLMoHana. B nepsom cnyyae gyHkumMoHan
9TO — cyMMapHasi LieHa npeobpa3oBaHuns a B b, a BO BTOPOM cJlyyae — CyMMapHasi LjeHa pacCTaHOBKM CTPYKTYp
Nno BHYTPEHHUM BepluvHaM fAepeBa. B Touke MMHMMYyMa roBopAT, COOTBETCTBEHHO, O «KpaTyanLlen LeHe» npe-
06pa3oBaHMA/pacCTaHOBKM M «KpaTyailleM npeobpas3oBaHnu»/«KpaTyallleinl paccTaHOBKE». TakuM 06pasom,
obe 3aa4m ONUCbIBAIOT IBOJTIIOLMIO FTEHOMHbIX CTPYKTYP @ B b, U pEKOHCTPYKLMIO 3BOOLMMN BAOSb hUIOreHeTH-
YyecKoro Agepesa BUAOB. B cTpykType pe6po c NOBTOPSAIOWMUMCH UMEHEM Ha3blBaeTCs 1apasiormyHbiM, a Kaxaoe
€ro NoBTOpeHWe — napassorom (COOTBETCTBYyOLLEro peépa). 3Be3401 Ha3biBaeTCs [1epeBo, COCTOSILLEE U3 KOPHS
U pé6ep, KOTopble BeAyT U3 KOPHS B NINCTbS. JTokaibHO KpaTyaillas peKOHCTPYKLUMs (paccTaHOBKa) — Takas, uTo
B 110601 OAHON BEPLUMHE fepeBa 3aMeHa CTPYKTYPbl B HEW Ha NHO6YIO APYryIO He YMeHbLuaeT 3HayeHne QyHKLm-
oHana. Ecnu gBe nnu 6onee CTPyKTYp He MMEIOT NapasioroB U B HAX MHOXEeCTBa UMEH pE6ep paBHbl, TO FOBOPST,
YTO 3TO — CTPYKTYPbI C paBHbIM COCTaBOM; ECIIN HE UMEIOT NapanoroB U MHOXECTBa UMEH pébep He 06s13aTesIbHO
paBHbl — C HepaBHbIM cocTaBOM. CTPYKTYpbl, B KOTOPbIX Napasaorn MoryT NpUCYTCTBOBaTb, HO MHOXeCTBa UMEH
paBHbl, Ha30BE&M C KBa3upasBHbIM cocTasoM. DCJ-Onepauuu, KOTOPbIMU paspeLleHo Npeobpa3oBbliBaTb CTPYK-
TYpy a B b, B nocnefoBaTe/IbHOCTU NMPOMEXYTOYHbIX CTPYKTYP OT @ A0 b MOryT NOBTOPSATbCS HEOrpaHWYeHHoe
yucno pas. Kaxpgasa onepaumsi MMeeT CBOO LieHy — CTPOro MOJIOXUTeNbHOE paLyoHanbHoe YnCo. 3aecb CHOBa
pasnuyaloT ABa cryyasi: LeHbl BCeX ornepauui paBHbl (TOrAa UX MOXHO CYMTaTb paBHbIMK 1) UM 3TO He Tak
(pasHbie LeHbl). PasnuyatoT ABa criyyas 3agaum npeobpa3oBaHus: BCe CTPYKTYpbl 6€3 napasioros Unv napaaoru
pa3peLuatoTCsi; COOTBETCTBEHHO rOBOPSAT O 3ajaye npeobpa3oBaHusi 6e3 napasoroB U ¢ napajaoramy. 3apavda c
MapasoraMy anropuTMOM JIMHENHON CNOXHOCTU CBOAMTCSA K 3aAaye LieIoYMCIEHHOMO JIMHEWHOMO NporpaMmu-
poBaHus. B npucytctBuu napasioroB 3ta 3agadya NP-TpyaHas. Ons NP-TpygHbIX 3ajay Ba)KkHa pa3paboTka ad-
(DEKTMBHBIX NPUBANKEHHDBIX, HO C XOPOLLEN TOYHOCTbLIO aropuTMoB. 3PdEeKTUBHOCTL NpeAnonaraeT, YTo BpeMS
paboTbl anropMTMa OnucbiBaeTcs NOJIMHOMOM HU3KOW CTENEHU; 06bIYHO 1-0¥ MM 2-011 CTENEHM OT pasmepa uc-
XOLHbIX AaHHbIX. KpoMme anropuTma, ykasaHHOro B abCTpakTe, MoslyyYeHbl, B YaCTHOCTH, CNeaytoLmne pesynbraThl.
MNpv paBHOM MHOXeCTBe UMEH B CTPYKTYpax 1 paBHbIX LieHax onepaunii pacCMOTPeHbI CrieaytoLue yCroBus Ha
HWX: BCe CTPYKTYPbl M3 OAHOrO LiMK1a, BCe M3 OGHON Lienu, Bce U3 Lenen. s Kaxaoro ycnoBus nosyyeH TOUYHbINA
(T.€. c HyneBoW OLWIMGKOIA) anropuT™M Npeo6bpasoBaHus faHHbIX @ B b, KBagpaTUYHbIN MO BpeMeHu paboTbl. [ns
Lpyroro crnvcka onepauuit (ckneiika u packieiika BEpLUMHDI, yaaneHue v fobaBneHve pebpa) HaZl CTPYKTypamu 1
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-\I/-\/%ELIE)I SALAYN BMOVHOOPMATIKN B FTEHOMHBIX MCCNEAOBAHUAX N PASPABOTKE TEHETUYECKIX TEXHOMOM Ui

0NA 30PABOOXPAHEHMA, CENTIbCKOI0 XO3AMCTBA M MPOMbILLNEHHOCT M

y>Ke NPOM3BOJbHbIX LieH ornepaLymii Nosly4YeH anropuTM NpoAo/HKEHNA CTPYKTYP, 3aAaHHbIX B JIMCTbAX AEPEBA, Ha
€ro BHYTPEHHUE BEPLLMHbI. AJIFOPUTM TOYEH, EC/N AEPEBO — 3BE33; MPU 3TOM B JINCTbSIX CTPYKTYPbl MOTYT 6bITb
JlaXke C HepaBHbIM MHOXXECTBOM MMEH UK ¢ NapanoraMu. Bpems pa6oTbl anroputma nopsigka nX + n?log(n), roe
N = YMCNO UMEH B NUCTbAX U X — NTErKO BblYMCNIMMAs XapaKTEPUCTUKA CTPYKTYpP B NIUCTbsIX. B obLiem cnyyae an-
rOpPMTM HaxoAMT NTOKaNbHO MUHUMasbHOE PeLleHne 1 BpeMsi ero paboTbl Kybuyeckoe.

BnarogapHocTb. MiccnefoBaHue BbINOMHEHO Npu GuHaHcoBoOW noaaepxke PO®U B pamkax HaydHOro npo-
ekTa N2 18-29-13037.

UDC 575.83 DOI:10.37747/2312-640X-2021-19-207-209
RECONSTRUCTION OF EVOLUTION OF GENOME STRUCTURES WITH
PARALOGS

Gorbunov K.Yu., Lyubetsky V.A.

Institute for Information Transmission Problems of the Russian Academy of Sciences (Kharkevich Institute), Moscow,
Russia,
Bolshoy Karetny per. 19, build.1, Moscow 127057 Russia. e-mail: lyubetsk@iitp.ru

For any weighted directed chain-cycle graphs a and b (referred to as structures) and any equal costs of operations
(intermergings and duplication), we obtain an algorithm which, by successively applying these operations to a,
outputs b if the first structure contains no paralogs (edges with a repeated name) and the second has no more
than two paralogs for each edge. The algorithm has a multiplicative error of at most 73/9 + g, where ¢ is any strictly
positive number, and its runtime is of the order of no¢™, where n is the size of the initial pair of graphs. We also
obtain algorithms for reconstruction of the evolution of genome structures with a condition on ancestor structures
and along the phylogenetic tree.

Keywords: genome structure; genome rearrangements; genome transformation; DCJ operations; gene duplication;
multiplicatively exact algorithm.

A structure is any directed graph in which the components are chains and cycles, and edges are assigned with
names (in this respect, the graph is weighted). An edge is always considered in a pair with its name (but not with its
direction). A structure describes a genome, where every component plays the role of a chromosome and every edge
of the graph plays the role of a gene. Repetition of an edge consists in the presence of another edge with the same
name in the structure; the number of allowed repetitions strongly influences the complexity of the problem. We
consider the problems of transformation and reconstruction of structures, which consist in (1) finding the shortest
transformation of one structure, a, into another, b, using pre-fixed operations over structures; and (2) finding the
shortest reconstruction of structures specified at leaves of a tree at its interior vertices. Problem (2) is sometimes
described as finding the shortest arrangement of structures specified at leaves of a tree over its interior vertices.
In these problems, ‘the shortest’ means the minimum value of the corresponding functional. In the first case, the
functional is the total cost of the transformation of a into b; in the second, the total cost of arrangement of structures
over interior vertices of the tree. At the minimum point, the terms ‘shortest cost’ of a transformation/arrangement
and, respectively, ‘shortest transformation’/‘’shortest arrangement’ are used. Thus, the two problems describe the
evolution of genome structures, a into b, and reconstruction of the evolution along the phylogenetic tree of species.
An edge with a repeated name in a structure is said to be paralogic, and each of its repetitions is called a paralog
(of the corresponding edge). A star is a tree consisting of a root and edges leading from the root to leaves. A
reconstruction (arrangement) is said to be locally shortest if at any single vertex of the tree, changing the structure
in it to any other does not reduce the value of the functional. If two or more structures have no paralogs and sets
of edge names in them are the same, these structures are said to have equal content; if there are no paralogs but
the sets of edge names are not necessarily the same, they have unequal content. Structures where paralogs may
occur but sets of names are the same will be called structures with quasi-equal content. DCJ operations allowed
to be used to transform a structure a into b can be repeated unlimitedly many times in a sequence of intermediate
structures from a to b. Each operation has its own cost, a strictly positive rational number. Here, again two cases
are distinguished: costs of all operations are equal (in this case we may assume them to be equal to 1), or this is not
so (unequal costs). Two cases of the transformation problem are distinguished: all structures have no paralogs, or
paralogs are allowed; accordingly, we speak about the transformation problem without or with paralogs. The problem
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with paralogs can be reduced by a linear complexity algorithm to an integer linear programming problem. When
paralogs are allowed, this problem is NP-hard. For NP-hard problems, designing efficient approximate algorithms
but with good accuracy is of importance. The efficiency assumes that the algorithm runtime is described by a
low-degree polynomial; usually, of degree 1 or 2 in the size of initial data. Besides the algorithm mentioned in the
abstract, we have obtained, in particular, the following results. For equal sets of names in the structures and equal
operation costs, we have the following conditions on them: all structures are from one cycle, all are from one
chain, all are from chains. For each of the conditions, we have obtained an exact (i.e., zero-error) algorithm for the
transformation of a given a into a given b with quadratic runtime. For another list of operations (join and cut of a
vertex, deletion and insertion of an edge) over structures and now arbitrary operation costs, we have obtained an
algorithm for the extension of structures specified at leaves of a tree onto its interior vertices. The algorithm is
exact if the tree is a star; in this case, structures in the leaves may even have unequal sets of nhames or paralogs.
The runtime of the algorithm is of the order of nX + n?log(n), where n is the number of names in the leaves and X is
an easily computable characteristic of the structures at the leaves. In the general case, the algorithm finds a locally
minimal solution, and its runtime is cubic.

Acknowledgments. This research was funded by the Russian Foundation for Basic Research under research
project No. 18-29-13037.
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PENO3NLUWOHUPOBAHUE NNEKAPCTB A1 TEPANUN COVID-19

MNopoiikoB B.B., [ipy>xunoeckuii [1.C., CaBocuHa N.U., lomaskoe O.A., Co6oneB b.H.,
Becenoeckui A.B., TapacoBa O.A., busiokoBa H.10., UoHos H.C., UeaHoB C.M., Pyauk A.B.,
Ctoné6oe J1.A., MoroguH MN.B., Kapaces [.A., Amutpues [I.A., JlaryHuH A.A., dunumonos [1.A.

VIHCTUTYT 6romeanumHCKon xummm nm. B.H.Opexouya, Mocksa, Poccusi
119121, MockBa, yn. lNoroguHekas, 4. 10, cTp. 8
e-mail: vwp1951@yandex.ru

PenosununoHmpoBaHue nekapcTB — BbIsiB/IeHME HOBbIX MOKa3aHU y paspeLleHHbIX K MeAULNMHCKOMY NpUMeHe-
HUIO JIeKapCTBEHHbIX NpenapaToB — ABMAAETCH €CTECTBEHHbIM OMNepaTUBHbIM OTBETOM Ha BUPYCHYHO MHMbEKLNIO
SARS-CoV-2/COVID-19. B goknafie pacCMOTPEHO COBPEMEHHOE COCTOsIHME Moucka U pa3paboTKu neKapCcTBeH-
HbIx NpenapaTtoB Ans Tepanum COVID-19 ¢ npumeHeHuneM in silico v in vitro meTogoB.

KnioueBble cnoBa: SARS-CoV-2; COVID-19; dhapmMakonormyeckne MuLLIeHu; peno3mLMoHUpoOBaHne NeKapcTB; BUP-
TyasnbHbI CKPUHWHT; MOJIEKY/IIPHOE MOLEeNNpOoBaHue; MallMHHOE 0By4eHune; uccnefoBaHus in vitro

MoA penosnunoHMpoBaHNEM N1eKapCTB MOHNUMAIOT BbIIB/IEHWE HOBbIX NMOKas3aHUi Ans paspeLlleHHbIX K MegnuuH-
CKOMY MpUMEHEeHMIO nNpenapaToB. Hannume nHdopmaumm o GpapMakonormyecknx u TOKCUKOIOrMYECKUX XapaKTe-
pUCTMKax M3BECTHOrO MpenapaTta obecrnevynBaeT yC0BUS A1 ero 6bICTPOro NPUMeEHeHUs Mo HOBO HO30/10rMK
(Poroikov and Druzhilovskiy, 2019). Heo6xoanMOCTb onepaTMBHOIO pearpoBaHus Ha naHaeMuio COVID-19 ctumy-
nvpoBana MacluTabHble uccneioBaHua B 3TOM HanpaeneHuu. Monck B Google no 3anpocy «COVID-19 AND drug
repurposing» AaeT OKOs0 5 MUAJIMOHOB AOKYMEHTOB. JlekapcTBeHHble npenapatbl Pempaecusup, ®asrnupasup 1
YmudeHosup (Ap6uaon) ucxogHo paspabaTbiBanuch AAs APYrMX NMOKasaHuii U 6blM penosuLMoHMpPOBaHbl Afs
Tepanuu nHpekumm SARS-CoV-2. Ciofia ke MOXXHO OTHeCTM npenapaTbl TpuasaBupuH, Ho6aauT, HadamocTat u
psa Apyrux, ANns KOTOpbIX B HACTosLLLee BpeMs MPOBOAATCS KIMHUYECKUE UCMbITaHUA Ha naumneHTax ¢ COVID-19.
[ns novcka HoBbIx hapMakoniornyecknx aPheKkToB y M3BECTHbIX IEKapCTB NPOBOAAT UccnefoBaHus in silico n
in vitro. KOMNbloTepHble OLeHKKW NosyyatoT nyTeM MOAeNnpoBaHuUa B3aMMOAenCcTBUS aHaIn3npyeMblix coenHe-
HWUWA C MONEKYNAPHbIMU MULLEHAMM, AeHTUdMKaLMeN aHaIoroB Ha OCHOBE CTPYKTYPHOr0 CXOACTBA, aHan3om
3aBMCMMOCTEN «CTPYKTYpa-aKTMBHOCTb» MeTOAaMMN MalUMHHOIO 0By4eHus], yCTaHOBNEHMEM accoumaunin MeTo-
Jamu ceTeBoi dapmakonoruu (Muratov et al., 2021). NepBoHayYasbHbI 0OTEOP «XMTOB» MPOBOAAT C NMOMOLLbIO
MeToZoB in silico, KOTopble MOTyT MPUMEHSITbCS K BUPTYalibHbIM (eLlle He CUHTE3UPOBaHHbIM) MOJIEKYNaM, C Mo-
chnefytoLlen aKCnepMMeHTanbHON Banmaaumnein KOMNbTEPHbIX NpeAcKasaHui in vitro. OnpegeneHne aHTUKOPO-
HaBUPYCHOW aKTUBHOCTM in Vitro OCYyLLEeCTBAAIOT C UCNOJIb30BaAHNEM BUOXMMUYECKUX U KNETOUYHbIX MOAENbHbIX
cucTem (Savosina et al., 2021; Mslati et al., 2021). MNpeaBapuTenbHbiit 0T6OP NOTEHLMANbHO aKTUBHbIX COeanHe-
HWIN Ha OCHOBE OLIEHOK in silico cylecTBeHHO NoBbIWaeT LWaHcbkl Ha ycnex (Gentile et al., 2020).
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