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AHHOTaUuMA

Monekynbl PHK UrpatoT BaxKHYH PO/ib B Pas/iMyHbIX MONEKYAAPHbIX NPOLLECCaX BHYTPU KNETOK.
BTopuyHan cTpyKTypa monekynbl PHK, a MMeHHO 06pa3oBaHMne A0MNOAHUTENbHbIX BOAOPOAHbIX CBA3EM
MeXAay MasbiMM MOJIEKYNaMU, COCTABAAIOLWMMM Monekyny PHK, yacTo oTBeyaet 3a BbiNoAHEHUE
KAtoUEBbIX GYHKLUMI B X KU3HEHHOM LMK/E KNETOK U BUPYCOB. 1A M3y4eHUA PO BTOPUYHOW CTPYKTYPbI
PHK BaHO MCMO/b30BaTb BbIYUCAUTENbHbIE MHCTPYMEHTbI 414 aHa/M3a Pa3INYHbIX 31€MEHTOB
BTOPUYHOW CTPYKTYPbI, BKAKOYAA WMNWUAbKK, BHYTPEHHWE MNETAN, BbINAYUBAHUA, MHOrOPa3BEeTB/EHHble
netau, ctebaun 1 BHewHMe neTan. B gaHHoM npoekTe s pa3paboTan NporpaMmHbIi NaKeT Ha A3biKe
Python gna aHanM3a anemeHTOB BTOPMYHOM CTPYKTYpbl PHK, KOTOpbI N03BOASET pacnosHaBaTb
OCHOBHbIE MaTTePHbl BTOPMYHOM CTPYKTYPbI, FreHEPMPOBaTb ONMUCATENbHYHO CTAaTUCTUKY ANA 3TUX
CTPYKTYPHbIX 3/1EMEHTOB W NO/y4YaTb NX OCHOBHbIE XapaKTEPUCTUKM. Pa3paboTaHHbIi NakeT 6bin
NPUMEHEH ANA aHaM3a NOHbIX BUPYCHbIX FeHOMOB. [porpammHbIii NakeT, Ha3BaHHbIM RNAsselem,
pasmelleH 414 YCTaHOBKM M UCMONb30BaHKUA Ha cepBepax Github u PyPi.

AKTyanbHOCTb NpoeKTa

OCHOBHbIMUW KOMMOHEHTaMM KneTKku asaatoTca monekynbl AHK, PHK 1 6enkos. Monekyna PHK,
Kak n OHK, aBnaeTca noAMMepom - MOIEKYION, COCTOALLLEN M3 OLHOTUMHbBIX MaJIbIX MONEKY,
Ha3blBaeMbIX HyKieoTugamu [1]. CywecTBytoT 4 BUAA HYKNEOTUAOB: afeHUH, TUMUH, UMTO3UH U TyaHWH,
KoTopble 0603Ha4atoTca cooTBETCTBEHHO bykBamu A, T, C, G. KomniemeHTapHbIMU HYKAeoTUAAMM
ABNAIOTCA Napbl afieHNHa ¢ TUMUHOM (A — T) 1 napbl uuTo3MHa ¢ ryaHuHom (C — G). KomnnemeHTapHble
HyKNneoTugbl 06pasyoT BoAopoaHble ¢BA3K [2]. B oTanuum oT asyxuenodeyHon mosekynbl JHK,
monekyna PHK morkeT 06pa3oBbiBaTb pPas3fiyHble TPEXMEPHbIE CTPYKTYpPbI, 33 CYET CNApUBaAHUA
HYK/N1e0TUA,0B, HAXO4ALWMXCA B MPOU3BOJIbHbIX NO3UUMAX. MHGOpMaUUMIO O CNapeHHOCTM HYKNeoTUA0B
ans monekynbl PHK Ha3biBaloT ee BTOpMYHOM CTPYKTypoli [3]. MHorue Tunbl monekyn PHK, Takue Kak
pubocomanbHas PHK u TpaHcnopTHaa PHK, umetoT onpeaenéHHyo BTOPUYHYIO CTPYKTYPY, BaXKHyo AnA
BbINONAHEHUA UX GYHKUNI [4]. TaKKe BTopuUuHas cTpykTypa PHK nmeet 6onbluoe 3HayeHue y PHK-
BMPYCOB, FTEHOMbI KOTOPbIX AIBAAIOTCA AJIMHHON Mosiekynoi PHK, cocTosAwen 13 Tbicad HykneoTuaos [5].
MN3yyeHunto BTOpMYHOI cTpyKTypbl PHK noceAlLaeTca MHOXECTBO UccneaoBaHui, a MHGOpPMaLUMLo o
BTOPUYHOW CTPYKTYPE, TO eCTb MHOOPMALMIO O CMAPEHHOCTU HYKNEOTUA,0B, MPUHATO XPaHUTb B daiinax
cneumanbHoro ¢opmarta [6]. BTopuyHasa CTPyKTypa MOXKET BbITb SIOrMYECKM pa3buta Ha HEKOTOPbIE
OZHOTUMHbIE CTPYKTYPHbIE 31EMEHTbI, TAKME KaK cTeb6AM, BHYTPEHHUE U BHELLHWE NETAN, WNWbKMY,
MHOropasBeTBAEHHbIE NeTAn, BbinaymMBaHua (Puc 1) [7]. MocneaHue nccnenosaHMsa NOKasbiBatoT
BAXKHOCTb U3yYEHMA INEMEHTOB BTOPUYHbBIX CTPYKTYp PHK, TaK Kak MMEHHO oTAeNbHbIe 3/1eMEHTbI
BTOPUYHOW CTPYKTYPbI MOTYT UIPaTb 3HAYUTENbHYIO PYHKLNOHANBbHYO poab. M3BECTHBIMU NpUMepamm
asnaoTca RRE anemeHT (Rev response element), oTBETCTBEHHbIV 33 CEIEKTUBHbIM 3KCMOPT Mmonekyn PHK
u3 aapa knetku [8] u FSE anemeHnT (frameshifting stimulation element) Bupyca SARS-CoV2,
BbINO/IHAIOLLEro NPorpaMmMHbIi casur pubocomsi [9]. Tak Kak poab BTOPUYHOM CTPYKTYpbl PHK y PHK-



BMPYCOB OblNIa OTKPbITA OTHOCUTE/IbHO HEAABHO, HA AaHHbIA MOMEHT MPAKTUYECKM He cylecTByeT
CneLumann3mpoBaHHbIX MPOrPaMMHbIX MAaKETOB A1 aHA/1M3a 3/IEMEHTOB BTOPMYHOM CTPYKTYpbl PHK.
Moatomy pa3paboTKka NPOrpammMHOro naketa, KOTopbli Bbl MOT BbINOHATb PAacNO3HaBaHWE 3/1EMEHTOB
BTOPUYHOW CTPYKTYPbl HAa OCHOBE BXOAHbIX Ppainnos ¢ MHGopmaumneln o cnapeHHOCTU HYK1eoTUAoB, a
TaK)Ke BbIMOJIHATb MX aHA/IM3 M NOACYMTLIBATb ONMUCATE/IbHYIO CTaTUCTURY, ABAAETCA aKTyalbHOM

3a/,a4ent.
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Llenu npoekTa

3agaveit npoekTa 6bi1a pa3paboTKa NPOrpaMmMHOro NakeTa, KOTOpPbI BbINOAHAN Bbl cieaytolme
3a4aum:

e KoHBepTaumio BTOPUYHOM CTPYKTYpbl M3 dopmaToB dot-bracket nam CT 8 popmat WUSS, rae
Ka*KablI HyKNeoTua, KnaccudumumpyeTcs Kak YacTb cTebia Man ogHOro U3 NATU TUMOB NeTNeBbIX
obnacten: wnunbKa (hairpin loop), BHyTpeHHAs neTas (internal loop), BbinAunBaHume (bulge
loop), mHoropasseTBnéHHanA netna (multifurcation loop) unun BHewHAs netns (external loop);

e Cbop KnaccnPpuuMpoBaHHbIX HYKEOTUAOB B OTAE/bHbIE 3/1IEMEHTbI BTOPUYHOW CTPYKTYPbI;



MonyyeHune nHdopmaumnm o6 snemeHTe BTOPUYHON CTPYKTYPbI ANA KOHKPETHOM NO3ULMN B
nocnenoBaTeibHOCTU monekynbl PHK;

leHepaunto CNMCKa CTPYKTYPHbIX 3/IEMEHTOB ONpeaenEHHOro TMNa € yKasaHMeM UX No3ULLUMi 1
pa3mepoB, BKIOYAA WNUABbKKU, BHYTPEHHWE NETAM, BbIMYKAOCTU U PA3BETB/IEHUSA;

BbluncneHne CTaTUCTMKM MOKPbLITUA TEHOMA Pa3/IMYHbIMU TUMAMM CTPYKTYPHbIX 3/IEMEHTOB;
BbluncneHne CTaTUCTMKM ANA CTPYKTYPHbIX 91EMEHTOB OnpeaeIEHHOrO TMNa, BKAKYAA YacToTy
MX BCTPEYAEMOCTM B reHOME, a TaK¥Ke PaCcUYET cpeaHero, MeAnaHbl, CTaHAAPTHOIO OTK/IOHEHUA
pa3mepoB 3/1IEMEHTOB 1 UX 06LLEN ANINHbI B TeHOME.

BbluncneHne CTaTUCTMKM ANA CNAPEHHbIX U HECMAPEHHbIX HYKNe0TUAOB;

MeToAabl paboThbl

Tunsbl BMOPUYHLIX CMPYKMYP

1)

2)

3)

4)

5)

6)

CyLLecTBYIOT pasINyHbIE TUMbl 31EMEHTOB BTOPUUHBIX CTPYKTYP:

stem (cTebesb) - CTPYKTYPHbIN 3/1EMEHT, COCTOALMI U3 ABYX CMAapPEHHbIX Y4aCTKOB MOJIEKY /bl
PHK, pacnonoxeHHbIx yaaneHHo Apyr OT Apyra B npeaenax uenu PHK. B aaHHoM paboTe
cTebenb, NpepbIBaOLMNCA BHYTPEHHUMM NETAAMM U BbINAYNUBAHUAMM, CHUTAETCA OLHUM
aNeMeHTOM, a cTeb1, MpepbIBalOLLMECS MHOTOPA3BETB/EHHbIMM NETNIAMM, CYUTAIOTCA PA3HbIMU
aNeMeHTaMMU.

internal loop (BHYTpPeHHAS NeTAA) - 3TO Y4acTOK BTOPUYHOM CTPYKTYpbl PHK, KOTOpbIV coaepKuT
HecnapeHHble HyK1eoTuabl Ha obeunx uensax ctebaa. BHyTpeHHMe neTain orpaHuyeHbl napamm
CMapeHHbIX HYKNeoTUA0B, KOTOPbIE 3aMbIKatOT NET/A0 ¢ 06enx CTOPOH.

bulge loop (BbINAYMBaHUE) - 3TO Y4ACTOK BTOPUYHOM CTPYKTYypbl PHK, B KOTOpOM HecnapeHHble
HYKNeoTUAbl NPUCYTCTBYIOT TO/IbKO Ha OAHOW M3 Lienen ctebaa. BbinaymMBaHMe orpaHUYeHO
CNapeHHbIMW HYKIe0TUAAMM, KOTOPbIE 3aMbIKAOT MET/H0 C 06enX CTOPOH.

multifurcation loop (MHoropasseTsaeHHaA NETAA) - 3TO Y4ACTOK BTOPUYHOM CTPYKTYpbl PHK,
npeacTaBAsoLWMA coboit 061acTu Koblia, COeANHAIOLLErO Mmexay cobol Tpu unu 6onee
cTebnsa. CTeban He ABNAIOTCA YaCTblO MHOTOPA3BETBIEHHOM NET/MW.

hairpin loop (NeTaa WNMAbKK) — 3TO Y4aCTOK MeXAy ABYMS KOMMNEMEHTAPHbIMKU 061aCcTAMM
cTebns, CoCToALMIA M3 HECMAaPEHHbIX HYKNEO0TUA0B, KOTOPbI 06pasyeT “lanoyuky” Hag ctebiem
external loop (BHeLWHAS NeTAA) - y4aCTOK HECMAPEHHbIX HYKNEOTUAOB, HE OTHOCALLMICA K
OPYTUM CTPYKTYPHbBIM 31€MEHTaM.

Bce 371 Tunbl NpeacTaBaeHbl HA pUCyHKe 1.
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PucyHok 1. Budel anemeHmos emopu4yHoli cmpyKkmypel

BxoOHble OaHHbIe
BXOAHbIMW A@HHbIMM ANA NPOrPAaMMHOr0 NakeTa ABAAANCDE dainbl ¢ MHOpPMaLMen O BTOPUYHOM

CTPYKTYpe B TPeX pas3ndHbix GopmaTax.

e ®aiin dopmarta dot-bracket. daitn Takoro dopmata ycTpoeH cneayromm obpasom
KOMM/IEMEHTaPHbIE HYKeoTHabl 0603HAYatOTCA OTKPbLITbIMU M 3aKPbITbIMW CKOBKaMu B
COOTBETCTBYHOLLMX NO3ULUMAX. HecnapeHHble HyKAeoTuabl 0603HaYatoTcs TouKamu (Puc 2)

>Example
1)) (((eeennene

AGCCUUGAAGAUGAUCAUGACUTCUGGAGGUCACAGACUCCAUUACUACAUGUCAGUGUCUCUGUUCAGAGCUGC
(R (G (R )))) .- )))e)))eeee)))ee))) e
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PucyHok 2. ®alin popmama dot-bracket (npumep 018 emopuyHol cmpykmypel, uzobpaxceHHol Ha puc.1)

e ®aiin dopmarta connectivity table (CT). B paline gaHHoro ¢popmara Bce nosnumm monekynol PHK
NPOHYMEepPOBaHbl, U HOMep CNAapeHHOro HYKNeoTUAA YKasblBaeTca B 0TAe/bHOM cTonbue (Puc

3).
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PucyHok 3. ®alin popmama CT (npumep 015 8mopu4Hol cmpykmypsl, uzobpaxceHHol Ha puc.1)..

e  daiin dopmata CT-WUSS. JaHHbil daiin aHanornyeH dainy tuna CT, 3a UCKAKOYEHUEM
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PucyHok 4. ®alin popmama CT-WUSS.
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Bbina paspaboTtaHa pyHKUMA dotbracket2ct nna npeobpasosBaHus daina popmata dot-bracket B

daiin popmata CT. B KauecTBe BXOAHbIX AAaHHbIX GYHKLMA NPUHUMAET ABa aprymeHTa: input

path — nyTb K dot-bracket daiiny n output path — nyts kK CT daiiny, B KOTopbIi byaeT 3anncaH

pe3ynbtat paboTbl AaHHON GYHKLUMKN. PYHKLMA YCTPOEHa cneayowmm obpasom:

1)

2)

3)

4)

NHdopmauma ns dot-bracket panna nepeHocutca B ABYMEPHbIA CMUCOK, B KOTOPOM i-i
CMUCOK COAEPKUT TPU 3N1EMEHTA: HOMEP HYK/1IeoTMAa, CUMBOJ, 0603HaYatoWMIi Haanyme
cnapeHHocTu (panee — CHC) n byksa, 0603HavatolLas TMN OCHOBaHMA HYKNeoTMAa (CTPOKM
naketa 1103 — 1115 Ha pwuc. 5).

Co3paertcs oTAe/bHbIA ABYMEPHbIV CMUCOK ANSA HYKNeoTUA0B, NpUHageKawmux ctebnio. Y
KaXkgoro Takoro Hykneotnga CHC — ato

ll(ll

mnun “)” (cTpoku naketa 1117 — 1121, puc. 5).
Mporpamma Haxo4uT B cnucke ctebelt Takme ABa noapaa naywmux Hykneotmaa, yto CHC
nepsoro — aTo “(“, a CHC BTOpOro — ato

ll)ll

. Takune aBa HyKNeoTMAa cnapeHbl mexKay coboi,

No3ToMy OHM A06aBAAIOTCA B CIOBAPb C Napamu, Noc/e Yero yAanaoTca U3 cnucka ctebnei.
[aHHbII War BbINOAHAETCA, MOKa CNMUCOK cTebiei He cTaHeT NycTbiM (CTPOKM NakeTa 1123 —

1151, puc. 6).

TaK KaK Tenepb M3BECTHbI Napbl CNAaPeHHbIX HYKAe0TMAO0B, BCA MHPOPMALMA 3aMMCbIBAETCA B
CT dalin (cTpoku naketa 1153 — 1170, puc. 6)

2 FedorKazanov +1

dotbracket2ct(input_path, output_path)1

2 FedorKazanov

jef read_dot_bracket(path):
file = (path, )
name = file.readline()
letters = list(file.readline().strip())
symbols = list(file.readline().strip())
n = (letters)
dot_bracket_list = []

for i i (n):
nucleotide = [i + 1, symbols[i], letters[il]
dot_bracket_list.append(nucleotide)

[name, dot_bracket_list]

name, dot_bracket_list = read_dot_bracket(input_path)
brackets_list = []

nucleotide in dot_bracket_list:

if nucleotide[1] in ["(", 1

brackets_list.append(nucleotide)

PucyHok 5. ®yHKkyus dotbracket2ct , cmpoku nakema RNAsselem 1095 — 1121.



2 FedorKazanov

jef delete_pair(brackets_list):

empty
pairs
(brackets_list)):

nucleotide = brackets_list[i]
previous_nucleotide = brackets_list[i - 1]
if nucleotide[1] == and previous_nucleotide[1] ==
1 = nucleotide[6]
r = previous_nucleotide[6]
pairs[1] = r
pairsir] = 1
brackets_list[i] = empty
brackets_list[i - 1] = empty

nile empty in brackets_list:
brackets_list.remove(empty)

pairs, brackets_list

connections_dict = {}
hile len(brackets_list) !'=
pairs, brackets_list = delete_pair(brackets_list)

connections_dict.update(pairs)

output_file = (output_path,
length = len(dot_bracket_list)

output_file.write("{length} {name[1:-11}
n = len(str(length)) + 1

maximum = (List(connections_dict.keys()))

(str(maximum)) + 1
ii ge(length):
line = f"{i + 1:>{n}}
line += + dot_bracket_list[il[2]
line += f"{i:>{n}}
line +=
if 1 + 1 in connections_dict:

line += f"{connections_dict[i + 1]

line += f"{0:>{m}}
line += f"{i + 1:>{n}}

output_file.write(line +

output_file.close()

PucyHok 6. ®yHKyus dotbracket2ct , cmpoku nakema RNAsselem 1123 — 1170.



e bblna pa3paboTtaHa ¢yHKUMA ans npeobpasosaHua dpaina popmata CT B pain dopmarta CT-
WUSS. AnropuTm onpegeneHms TUNOB BTOPUYHbBIX CTPYKTYP Obl1 afanTMpoBaH M3 6ubaMoTeku
Ha A3blke C Easel.

Paboma ¢ anemeHmamu emopuyHoli cmpykmypsl PHK

e [peaBapuTtenbHO 6blia paspabotaHa ¢yHKUMA get bulge and internal _loop list (puc. 7),
BO3BPALLAOWAA CMMCOK C/I0BApei OTAENbHO KaK AN BbIMNAYMBAHWIA, TaK U NS BHYTPEHHUX
neTenb, rae i-i cnoBapb coaepKUT MHGOPMaLMIO 06 OAHOM CTPYKTYPHOM 3/1EMEHTE, TaKyH0 KaK:
OJIMHA 3/1eMeHTa, MacCKB C MHAEKCaMM Hayasna U KOHL,@ BCEX MHTEPBAJIOB, COAEPKALUMX AaHHbIN
anemeHT. B KauyecTBe BXOAHbIX AaHHbIX OQYHKUMA MNPUHUMAET MHOFOMEPHbIM CMNUCOK C
nHpopmaumen, cumtaHHo u3 CT-WUSS odaiina. Anroputm ¢yHKUMU YCTPOEH Ccleaylowmm
obpasom:

1) ANropuUTM IMHENHO NPOXOAMUT MO KaxKAaoMy HyKneoTtuay B uenun PHK.

2) HaxoamMTca napa 3aMblKaloLWMX HYK1eoTUA0B, KOTOpble 0603HaYatOTCA OTKPbIBAOLLMMMUCA UK
3aKpbIBAOWMMUCA CKOBKAaMM, MeXKy KOTOPbIMM €eCTb HenpepbiBHaA MNoCAeA0BaTe/IbHOCTb
HecnapeHHbIX HYKNeoTUa0B, KoTopble 0603HaYalTCA CMMBOIOM “-“,

3) HaxoauTca napa HYKNeoTnA0B, KOTOPble COOTBETCTBEHHO CNapeHbl C 3aMblKaoLWMMM
HyKNeoTuagamu. Ecam mexay AaHHOM Napoi TaKkKe ecTb HenpepbiBHan NOC/AeA0BaTeIbHOCTb

o u

HecrnapeHHbIX HYKNeoTUA0B, KOTOPble 0603HaYaTCA CUMBOIOM “-“, TO AaHHbIN 3/1@eMEHT — 3TO
internal loop, noatomy Bca MHbopmauma 06 anemeHTe 406aBAAETCA B MacCMB AR BHYTPEHHNX

netenb, a MHaye — 3710 bulge loop, 1 Bca MHPopmauma nobaBnseTca B MacCMB ANA BbINAYNBAHUINA.



(wuss_list):

1

left_index = -

i (len(wuss_list)):
nucleotide = wuss_Llist[i]
previous_nucleotide = wuss_List[i - 1] if i 1= © else 8 * [-3

if nucleotide[symbol_column_number] in brackets:

F previous_nucleotide[structure_column_number] in loops:
right_index = nucleotide[index_column_number] - 1

left_connection_index = wuss_list[right_index][connection_column_number]

-1
right_connection_index =

wuss_list[1eft_index] [connection_column_number] - 1
quantity = right_connection_index - left_connection_index - 1
if quantity > 0:
total_length = length + quantity
intervals = [[left_index + 2, right_index], [left_connection_index + 2
d = get_structure_dict(wuss_list, total_length, intervals)
interior_loops.append(d)

right_connection_index]]

used.append([left_connection_index, right_connection_index])

dictionary = get_structure_dict(wuss_list, length, [[left_index +
bulge_loops.append(dictionary)
length = 8

2, right_index]])

nucleotide[symbol_column_number] in cl_brackets:

if previous_nucleotide[structure_column_number] in loops:
right_index = nucleotide[index_column_number] - 1

if [left_index, right_index] not in used:
dictionary = get_structure_dict(wuss_list, length, [[left_index
bulge_loops.append(dictionary)

length = 0

2, right_index]1)

otide[structure_column_number] in loops:

vious_nucleotide[symbol_colunn_number] in (brackets + cl_brackets):

left_index revious_nucleotide[index_column_number] - 1
length += 1

eturn [interior_loops, bulge_loops]

PucyHok 7. ®yHKyus get_bulge_and_internal_loop_list nakema
RNAsselem.

Bbina paspaboraHa pyHKUMA load_ctwuss (puc.8), KoTopan 3arpyskaeT daiin dopmarta CT-WUSS,
BO3BpalLas BCe [AaHHble B BUAE MHOTOMEPHOrO MacCMBa, KOTOPbIM B AasibHENWEM MOXKHO
nogaBaTb B KayecTBe BXOAHbIX AAaHHbIX B BONbLIMHCTBO APYrMX OYHKLMIA. B KayecTBe BXOAHbIX
AaHHbIX PYHKUMA NpUHMMaeT NyTb K ¢ainy CT-WUSS. DyHKUMA cunTbiBaeT gaHHble 13 ¢aiina u

BbI3blBaeT BHYTPeHHIO dyHKUMIO get bulge and_internal loop list, 4yTo6bl pa3nnUnTb, K Kakom

CTPYKTYPE OTHOCATCA HYKNEOTU bl C CUMBOIOM “-“. [1NA HYKNEOTMUA0B C APYTMMU CUMBOIAMU HE

TpebyeTca AONOAHUTENbHbIX AENCTBMWA, 4YTOObl ONpPeaennTb, K KaKOW CTPYKType OTHOCUTCSA
OaHHbIM HYKNeoTua.



ctwuss(ctwuss_path):

e(ctwuss_path, list):

ctwuss_path

input_file = en(ctwuss_path
input_file.readline()
wuss_list = []

line in input_file:

nucleotide = line.split()

ii ge(len(nucleotide)):
symbol = nucleotide[i]
if symbol.isdecimal():

nucleotide[i] = int(symbol)

symbol = nucleotide[-1]

if symbol ==

structure_type

structure_type
if symbol ==

structure_type

structure_type
1if symbol in [

structure_type

structure_type

nucleotide.append(structure_type)
wuss_list.append(nucleotide)

wuss_list = change_letters(wuss_list, symbol_column_number + 1)
bulge_loops = get_bulge_and_internal_loop_list(wuss_list)[1]
bulge_indexes = []

bulge_loop in bulge_loops:
interval = bulge_loopl 1[e]
interval_range = ( (intervall®], intervall1] + 1))

bulge_indexes += interval_range

i in range(len(wuss_list)):

nucleotide = wuss_list[i]

if nucleotide[structure_column_number] ==
if 1 + 1 in bulge_indexes:

wuss_list[i]l[structure_column_number]

wuss_list[i][structure_column_number]

n wuss_list

PucyHok 8. ®yHKkyus load_ctwuss nakema RNAsselem.



Bbinn paspaboTaHbl GYHKLUKM, KOTOPbIE BO3BPALLAIOT MHPOPMALMIO O KOHKPETHbIX TUMAX
BTOPWMYHOW CTPYKTYPbl B BUAE MACCMBOB, COA4EPKALWMX MHPOPMALLMIO O ASIMHE KaXKA0ro 13
3/1eMEHTOB BTOPUYHOW CTPYKTYPbI U MHTEPBAJIbI C MHAEKCAMM Hayana U KOHLA KaxKaoro us
anemeHToB. Takne GpyHKLMM Obinn pa3paboTaHbl 417 BCEX TUMOB BTOPUYHBIX CTPYKTYP, BKAOYas
hairpin loop, internal loop, bulge loop, multifurcation loop, stem, external loop, dyHKLMM
COOTBETCTBEHHO Has3blBatoTca get _hairpin_loop_list, get_internal_loop_list, get_bulge loop_list,
get_multifurcation_loop_list, get_stem_list, get_external_loop_list.

Kaxkpas 13 aTux GyHKLMIN BO3BpALLLAET CMCOK CioBapel, rae i-i cnoBapb COAEPKUT
MHbOPMaUMIo 06 04HOM CTPYKTYPHOM 3/IEMEHTE, TaKyIO KaK: AJ/IMHA 3/1eMeHTa, MaccuB C
WMHAEKCaMM Hauyana U KOHLA BCEX MHTEPBAJIOB, COAEPKALWMX AAHHbIA SINEMEHT, O4HAKO Y
dyHKUMK get_hairpin_loop_list ecTb AONONHUTENBHBIN NapameTp — A/INHa cTebns,
CoAEeprKaLLEro AaHHYIO WNWAbKY. B KauecTBe BXO4HbIX AAaHHbIX 3TU QYHKUUKM NpuHMMatoT CT-
WUSS dain nnm cnnucok, noay4eHHbIn ¢ nomoubio pyHKumm load_ctwuss.

e  O®yHKumsa get_hairpin_loop_list (puc. 9) ycTpoeHa cieayolmm obpasom:

1) ANropuUTM NIMHENHO NPOXOAMUT MO KaxKAaoMy HyKneoTuay B uenun PHK.

o on

2) HaxoguTtca HenpepbiBHaA NOCNeA0BaTE/IbHOCTb HYK/1e0TUA0B C CUMBO/IOM

3) C nomoupto dyHKUMM get_stem_list HaxoaAUTCA ANMHA CTebNA, CoaeprKallero AaHHY
LWUMNWUABKY.
4) BcAa MHPopmMaLMA 3anmcbiBaeTCA B CN0Bapb, C10Bapb A06aBAAETCA B CMIUCOK.

get_hairpin_loop_list(ctwuss):

wuss_list = load_ctwuss(
stems = get_stem_list
hairpin_loops = []
length = ©

idr ¢
nucleotide = w
nucleotide
if length
1_inde:

length +=

if length != 0:

r.i
stem_dictionary = get_interval(stems, l_index - 1)

stem_length = stem_. onary| ]

d = get_s e K length, [[l_index, r_index]])
dl l=5s

hairpin_loops.append(d)

length = 0

hairpin_loops

PucyHok 9. ®yHKyus get_hairpin_loop_list nakema RNAsselem.



o  OyHKumsa get internal _loop_list ncnonb3yeT BHYTPEHHIO PYHKLMIO
get _bulge and_internal_loop_list, onnucaHHyto paHHee.

o  OyHKumA get bulge loop list ucnonb3ayeT BHYTPEHHIOK QYHKLUIO
get _bulge _and_internal_loop_list, onnucaHHyto paHHee.

e  OyHKuma get_multifurcation loop_list ycTpoeHa cneayowmm obpasom:
1) U3 cnucKa, copeprkallero Bcto Uenb PHK, nonyyeHHoro ¢ nomolubio yHKunm load ctwuss,
nooyepenHo, B 3aBUCUMOCTM OT YPOBHA BNIOXKEHHOCTU, YAANAOTCA HYKNIEOTUAbI,
npuvHagnexKawme cTebio U HYKNeoTUAbl, HaXoAALWMECA BHYTPM cTebNA, TaKMe KaK LWNUIbKH,
BbINAYNBAHMA U BHYTPEHHME NeTAn. [epBbIMM yAANAOTCA BCE HYKNEOTMAbI cTebnen nepsoro
(BHelLHero) ypoBHS BNOXEHHOCTM, 0603HavatoLmMecs cMMBosiom “<” uaum “>”, BTopbimu —

Il(ll

O603HaanOLLI,M€CFI CMMBOJIOM

nnun “)”, TpeTbMmu - obo3Havalowmecs cumsosiom “[“ unm “1”,
yeTBepTbiMU - 0603HaYatowmecs cumsonom “{“ mnum “}”.

2) Mocne yaaneHus KaXkaoro U3 yposHei, nocseA08aTe/IbHOCTb NOAPAA UAYLINX HYKNEOTUA0B C
cMMBOJIOM “,” ABNAKOTCA POBHO OAHOM MHOropa3sBeTaeHHon netneit. UHdopmauma o gaHHOM
3/1eMeHTEe 3anuncbiBaeTca B CNOBapb U A06aBAAETCA B CMUCOK MHOTOPa3BEeTB/IEHHbIX MeTesb,
nocne Yyero Bce HyKAeoTUApbl, NPUHaANEKaLLME AaHHOMY /IeMEHTY TaKXKe yaanarTcs.

3) Anroputm npoaonkaet paboTy, Noka He 6yayT yaaneHbl BCe YPOBHMU.

jef get_multifurcation_loop_list(ctwuss):

wuss_list = load_ctwuss(ctwuss)

wuss_list_copy = deepcopy(wuss_list)

Kazanov
i_bracket(bracket, array):
ii (len(array)):

line = array[i]

if bracket in line:

PucyHok 10. ®yHkyua get_multifurcation_loop_list. cmpoku nakema RNAsselem 857 — 881.



2 FedorKazanov +1

jef delete_bracket(array, bracket_index):

beginning = array[bracket_index]

connection_number = beginning[connection_column_number] - 1
r = array[bracket_index:]

start_index = 1

previous_index =

otides = []

ii (ten(r)):
nucleotide = r[i]
if nucleotide[structure_column_number] ==

m_nucleotides.append(nucleotide)

if nucleotide[index_column_number] - 1 == connection_number
last_index = bracket_index + i

(m_nucleotides) =
intervals = [[m_nucleotides[8][6], m_nucleotides[e][©]]]

intervals = []

for i i (len(m_nucleotides)):

nucleotide = m_nucleotides[i]
index = nucleotide[index_column_number] - 1

start_index = index

index - previous_index != 1:
intervals.append([start_index + 1, previous_index + 1])
start_index = index

(m_nucleotides) - 1:

intervals.append([start_index + 1, index + 1])

previous_index = index

el array[bracket_index: last_index + 1]
multifurcation_loop = get_structure_dict(wuss_list, (m_nucleotides), interval

[array, multifurcation_loop]

multifurcation_loops = []
for bracket in ["<",

bracket_index = find_bracket(bracket, wuss_list_copy)
if bracket_index < ©:

wuss_list_copy, multifurcation_loop = delete_bracket(wuss_list_copy, bracket_index)
if multifurcation_loopl 1'=o0:
multifurcation_loops.append(multifurcation_loop)

multifurcation_loops.sort( lambda x: x[ 1lelle])

multifurcation_loops

PucyHok 11. ®yHkyua get_multifurcation_loop_list. cmpoku nakema RNAsselem 883 — 938.



o  OyHKumA get stem loop_list ycTpoeHa cneaytowmm obpasom:
1) ANropuUTM NIMHENHO NPOXOAMUT MO KaxKAoMy HyKneoTuay B uenun PHK.
2) HaxogsaTca nogpsag aywme HyKneotTuabl, NpuHaanexalume ctebto, ¢ 04MHAKOBbIM
CMMBOJ/IOM OTKPbIBAIOLLENCA CKOOKM, MPM 3TOM, EC/IM OHW NPEPBIBAIOTCA BbINAYNBAHUAMU UM
BHYTPEHHMMM NETAAMM, OHN BCE PABHO CYMTAOTCA MAYLLMMM NOLPAL.
3) HaliieHHOMY y4acTKy Haxo4MTCA COOTBETCTBYIOLLMIA KOMMNIEMEHTAPHbIM y4yacToK. [Ba
[OaHHbIX YYacTKa COCTaBAAOT MOJIHbIA 31eMeHT cTebns, MHPOPMALLMA O KOTOPOM 3aMNMCbIBAETCA B
cnosapb U f,06aBNAETCA B CMIUCOK.

wuss_list = load_ctwuss(ctwuss)
pairs = [["(", 1, [*[=, 1, [
stem_list = []

length = 0

left_index = -1

intervals = []
for pair in pairs:
bracket = pair[6]
cl_bracket = pair[1]
or ii (len(wuss_list)):

nucleotide = wuss_list[i]

if nucleotide[symbol_column_number] == bracket:

previous_nucleotide = wuss_list[i - 1]

next_nucleotide = wuss_list[i + 1] if i !I= (wuss_list) - 1 else 8

if length == 0:
end_index = nucleotide[connection_column_number] - 1

length += 1

if previous_nucleotide[symbol_column_number] != bracket:
left_index = nucleotide[index_column_number] - 1

if next_nucleotide[symbol_column_number] != bracket:
intervals.append([left_index + 1, nucleotide[index_column_number]])

f nucleotide[symbol_column_number] == cl_bracket:

previous_nucleotide = wuss_list[i - 1]
next_nucleotide = wuss_list[i + 1] if i != len(wuss_list) - 1 els
length += 1
if previous_nucleotide[symbol_column_number] '= cl_bracket:
left_index = nucleotide[index_column_number] - 1
if next_nucleotide[symbol_column_number] != cl_bracket:
intervals.append([left_index + 1, nucleotide[index_column_number]])
if nucleotide[index_column_number] - 1 == end_index:
d = get_structure_dict(wuss_list, length, intervals)
stem_list.append(d)
length = ©
intervals = []

stem_list.sort(key=lambda x: x[

i stem_list

PucyHok 12. ®yHKyua get_stem_list nakema RNAsselem.



o  OyHKumA get external loop list ycTpoeHa cnegyowmm obpasom:
1) ANropuUTM NIMHENHO NPOXOAMUT MO KaxKAoMy HyKneoTuay B uenun PHK.
2) Haxoautca HenpepblBHAA NOC/ieA0BaTe/IbHOCTb HYKNEOTUA0B C CUMBOAOM “:”, MHbOpMaLms
0 AaHHOM 3/1eMEHTE 3anuMCbiBaeTCs B C1I0BAPb, C/I0BAapPb A006aBAAETCA B CMIUCOK.

gdef get_external_loop_list(ctwuss):

wuss_list = load_ctwuss(ctwuss)
external_loops = []

length = 0

ii (len(wuss_list)):
nucleotide = wuss_list[i][structure_column_number]

if nucleotide ==
if length ==
Liindex = i + 1
length += 1
if length != 0:
r_index = i

d = get_structure_dict(wuss_list, length, [[1_index, r_index]])

external_loops.append(d)
length = @

if length != 0:
r_index = len(wuss_list)
d = get_structure_dict(wuss_list, length, [[1_index, r_index]])
external_loops.append(d)

external_loops

PucyHok 13. ®yHkyus get_external_loop_list nakema RNAsselem.

e bBbina paspabortaHa dyHKUMs get_structure_type_full, KoTopas no Homepy NO3ULMU HYKNEOTUAA
BO3BpPALLAET AaHHble 00 31eMeHTe BTOPUYHOM CTPYKTYPbI, BKAIOYAOWMM B cebs AaHHbIMI
HYKNeoTUA: TUM 3N1eMEHTa BTOPUYHOWM CTPYKTYPbI, SAMHA 3/IeMEHTA BTOPUYHON CTPYKTYPbI,
WHTepBa/ibl C UHAEKCAMM Havyana 1 KOHLA AAHHOTO 3/1eMeHTa BTOPUYHOM CTPYKTYPbI, CTPOKM C
¢dparmeHTamum uenm PHK aToro anemeHTa BTOPUYHOM CTPYKTYpbI.



ef get_structure_type_full(ctwuss, position_index):

wuss_list = load_ctwuss(ctwuss)

structure = wuss_list[position_index - 1][structure_column_number]

if structure ==

structures_list = get_external_loop_list(wuss_list)
1if structure == :

structures_list = get_bulge_loop_list(wuss_list)
elif structure == E

structures_list = get_internal_loop_list(wuss_list)

if structure = E

structures_list = get_hairpin_loop_list(wuss_list)
1if structure = E

structures_list = get_stem_list(wuss_list)

1if structure ==

structures_list = get_multifurcation_loop_list(wuss_list)

structure_dictionary = get_interval(structures_list, position_index)
sequences = get_sequences(wuss_list, structure_dictionary[ 1, position_index)

final_dict = { : structure, : structure_dictionary[ s
: structure_dictionary[ - : sequences}
if structure == 3
final_dict[ 1 = structure_dictionary[

final_dict

PucyHok 14. ®yHkyus get_structure_type_full nakema RNAsselem.

OnucamenbHas cmamucmuKa 371eMeHmMo8 8Mopu4YHoll CMpyKmMypbl

e bbina paspaboTaHa BHYTPeHHAR GyHKUMA statistics, KOTopaa AR KOHKPETHOro TUMa 3/1IEMEHTOB
BTOPUYHOW CTPYKTYpPbl BO3BPALLAET Pas/INyHbIe CTaTUCTUYECKNE AaHHbIE, TAKUE KaK KOANYEeCTBO
3/1IeMEHTOB KOHKPETHOrO TUMa BTOPUUYHOW CTPYKTYpbI, CpeaHAa AAnHa, MeamaHa ANMHbI,
CTaHAAPTHOE OTKNOHEHUWE AJ/INHbI 9N1EMEHTA KOHKPETHOrO TUMa BTOPUYHOM CTPYKTYPbI M 06Luan
O/IMHA BCEX 3/1eMEHTOB KOHKPETHOrO TUMa BTOPUYHOMN CTPYKTYPbI.



ef statistics(results_list):
length_list = []
for element in results_list:
length = element[ ]
length_list.append(length)

count = len(length_list)
length_list.sort()
mean_length = (length_list) / count

if count % 2 == O:
r = count // 2
l=r-1
median_length = (length_list[r] + length_list[1]) / 2

i= (count +1) // 2
median_length = length_list[i]

sq = []
for n in length_list:
m = n - mean_length
sq.append(m *x 2)
d = (sq) / count
std_length = sqrt(d)

total_length = (length_list)

values = [count, (mean_length, 2), (median_length, 2), (std_length, 2), total_length]
keys = [ ; ; 0 0 1

stat_dict = dict(zip(keys, values))

return stat_dict

PucyHok 15. ®yHkyus statistics nakema RNAsselem.

o [lna ypobcTBa NPUMEHEHMA MPOrPaMMHOro nakeTa 6blv f00aB/eHbl OTAENbHbIE YHKLMM oA
BbIYMCNIEHMA ONUCATENIbHOMN CTAaTUCTUKMN 418 KaXKA0TO U3 CTPYKTYPHbIX 3/1€MEHTOB
onpeaenéHHoro Tuna. ®yHKUMKM HasbiBatoTcA get_stem_stat, get_external_loop_stat,
get_internal_loop_stat, get_bulge loop_stat, get_multifurcation_loop_stat,
get_haitpin_loop_stat. B KauecTBe BXOAHbIX AAaHHbIX Kaxaaa u3 GyHKuni npuHmumaet CT-WUSS
daiin nnm maccus ¢ Hpopmaumei ns CT-WUSS dainna. Kaxkgaa us atnux pyHKUMIA cHavana
BbI3blBaeT QYHKLUMIO 418 NOAYHEHUA CMTUCKA C KOHKPETHBIMM 31EMEHTAMU AAHHOM BTOPUYHOW
CTPYKTYpbI, 3aTeM NepeaaeT NnoslydeHHbIn CNMCcoK B GyHKUMIO statistics, nocne yero Bo3Bpalyaer
CMWUCOK CO CTAaTUCTUYECKUMU AAHHBIMMU.

e bbina paspaboTaHa GyHKLMA save_stat 4na coxpaHeHMa BCeX CTaTUCTUYECKUX AaHHbIX A1 BCex
TUMNOB 3/1IEMEHTOB BTOPUYHOW CTPYKTYpbl PHK BUpyca B KauecTBe TekcToBOro daitna.



f save_stat(ctwuss_path, output_path, is_append=

lines = [ , , - ,

stat = [get_external_loop_stat(ctwuss_path), get_hairpin_loop_stat(ctwuss_path),
get_internal_loop_stat(ctwuss_path),
get_bulge_loop_stat(ctwuss_path), get_multifurcation_loop_stat(ctwuss_path), get_stem_stat(ctwuss_path)]

if isfile(output_path) a t is_append:
(
n -1

output_file = (output_path,
if is_append:
output_file.write( * 2)

linel = basename(ctwuss_path)
output_file.write(linel + "\n")
line2 = "\t it it
output_file.write(line2)

for i i (OF
line = lines[i] +
stat_values = list(stat[i].values())
for i in range(5):
stat_values[i] = str(stat_values[i])

line += "\t".join(stat_values) + '\r

output_file.write(line)
eturn @

PucyHok 16. ®yHkyusa save_stat nakema RNAsselem.

e  bbian HanucaHbl GyHKUMKM get_paired v get_unpaired pna nopacyeta KOAMYECTBA CNAPEHHbBIX U
HecnapeHHbIX HyKneoTuaos B PHK.

4 ? get_unpaired(ctwuss):

wuss_list = load_ctwuss(ctwuss)

connection_indexes = get_columns(wuss_list, connection_column_number)
unpaired_cnt = connection_indexes.count(0)

) unpaired_cnt

PucyHok 17. ®yHkyua get_unpaired nakema RNAsselem.



total_length = get_total_length(ctwuss)
unpaired = get_unpaired(ctwuss)
paired_cnt = total_length - unpaired

r n paired_cnt

PucyHok 18. ®yHkyusa get_paired nakema RNAsselem.

Pe3ynbTaThbl

Pa3spaboTaHHbIV NakeT A8 aHaAu3a BTOpMUHOM cTpyKTypbl PHK RNAsselem 6bin nomelleH B
peno3sutopuii cepsepa Github no agpecy https://github.com/KazanovLab/RNAsselem ans
npeaocTaBNeHNA BOSMOXKHOCTU 0bLLEero AoCTyna K NaKeTy, BeAeHWNA BepPCUil NakeTa u
NPOTOKONMPOBaHMA OLINMBOK, 3amedaHnin n npeanoxenuii (Puc 19).

2 github.com/KazanovLab/RNAsseler

00 README 18 MIT license 7 =

RNAsselem

RNAsselem is a Python package for analyzing RNA secondary
structure elements in viral genomes, which includes the

recognition of common secondary structure patterns, the \
generation of descriptive statistics for these structural elements, \ Mmrcatonicop
and the provision of their basic properties. \ _—

Intemal loop

Installation

pip install git+https://github.com/KazanovLab/RNAsselen. git#egg=RNAsselem
or

pip install rnasselem
Features

« conversion of secondary structure representations from dot-bracket or CT format to WUSS format, where each
nucleotide is categorized as part of a stem or one of five types of loop regions: hairpin, internal, bulge,
multifurcation, or external;

o assembling classified nucleotides into complete secondary structure elements;

obtaining information about the secondary structure element at a particular sequence position;

* generation a list of structural elements of a particular type with information on position and size, including
hairpin loops, internal loops, bulges, and multifurcation loops;

calculation of statistics on the pairing and unpairing of nucleotides;

calculation of statistics on genome coverage by different types of structural elements;

calculation of statistics on structural elements of a given type, providing a frequency of occurrence in the
genome, as well as compiting the mean, median, standard deviations of the element size, and the total length of
the elements in the genome.

Quick start

PucyHok 19. Makem RNAaasselem Ha cepsepe Github.



[na BO3MOXKHOCTN CBOBOAHOM YCTAaHOBKM /15 BCEX NOJIb30BaTe/1el, MaKeT Obla pasmeLleH B
penosutopum Python Package index (PyPi), npegHa3sHaYyeHHOM A/18 XPaHEHWUS U PAciPOCTPAHEHUSA
nakeToB Ha fA3blke Python (Puc 20).

25 pypi.org/project/RNAsselem/

(o Y

RNAsselem 1.2

pip install RNAsselem @

a Python package for descriptive analysis of RNA secondary structure elements in viral genomes

PucyHok 20. Makem RNAsselem e perosumopuu PyPi.

Pa3paboTaHHbI MHOM NakeT 6bl1 NPUMEHEH COTPYAHUKAMM LLEHTPA MOEKYIAPHOM U KNETOYHOM
61onornmn CKOIKOBCKOTO YHUBEPCUTETA HAYKM M TEXHOJIOTUI ANA aHanu3a Bupyca [eHre, Tpex
noasMaos supyca renatmta C 1 yeTbipex WTammoB KopoHasupyca SARS-CoV-2. Mo pe3ynbTatam
aHann3a coTpyAHMKamu bblna onybaMKoBaHa CTaTbsA B MEXAYHAPOAHOM peLeH3MPOBaHHOM Hay4YHOM
*KypHane Scientific Reports (Puc 21).



23 nature.com/articles/s41598-024-80240-5
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Abstract

Recent advancements in experimental and computational methods for RNA secondary
structure detection have revealed the crucial role of RNA structural elements in diverse
molecular processes within living cells. It has been demonstrated that the secondary structure
of the entire viral genome is often responsible for performing crucial functions in the viral life
cycle and also influences virus evolution. To investigate the role of viral RNA secondary
structure, alongside experimental techniques, the use of bioinformatics tools is important for
analyzing various secondary structure patterns, including hairpin loops, internal loops,
multifurcations, external loops, bulges, stems, and pseudoknots. Here, we have introduced a
Python package for analyzing RNA secondary structure elements in viral genomes, which
includes the recognition of common secondary structure patterns, the generation of
descriptive statistics for these structural elements, and the provision of their basic properties.

We applied the developed package to analyze the secondary structures of complete viral
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