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Momusayus u yenv: TepmunanbHas Ae30kcuHykiaeoTuaaTpancdepasa (TdT) BmecTe ¢
nonmumepazamMu B, A, u u X mnpunamiexut Kk X-cemeiictsy JHK-momumepas. TdT
SBJISCTCS YHUKAIBHOU ITOJIMMEPA30 JUIsl TIO3BOHOYHBIX M YYaCTBYET B IPUCOSTUHEHIH
ciy4aiiHbix HykineotunoB Ha koHuel JJHK B mpomnecce V(D)J-pexomOunaimm [1].
brnaromapss yHumKampHOW crmocoOHOCTH K 5'-3'-0€3MaTpUYHOMY CHHTE3y 3a CUeT
cTpyktypsl ietin 1, TdT Haria npuMeHeHHe B MOJIEKY ISIPHO# OMOJIOrUH U GHOTEXHO-
noruu [2]. OgHAKO CYLIECTBCHHBIM OIpaHUYCHHEM NPUMEHEHUs JaHHOTO (epMeHTa
SIBJISICTCS BBIP@KCHHAs CeNIeKTMBHOCTh 1dT delloBeka K MPUCOCTUHSEMBIM HYKJICO-
tunam, nagaroomas B psaxy: dGTP > dCTP =~ dATP > dTTP [3]. ITosTomy 1esbto
uccienoBanus crano in Silico monenupoBanue myrantHbix Gopm TdT, obGmamarommx
W3MCHCHHOW CENeKTUBHOCThIO Mo oTHomeHHto kK ANTP, a Takke yBeTUuCHHON
KaTaJTUTHIeCKOH 3P (HEKTUBHOCTEIO.

Memoowr u anecopummer: C nomorsto mporpammel Modeller 6butr nonmydenst npe- u
noctkaranuTuaeckue komruiekcbl TdT ¢ rekcameprbiv JTHK-nipaiimepom Ha ocHOBaHUH
kpucramorpapuueckux ctpykryp (PDB ID: 4127 u 4129 coorBerctBeHHO). s
napamerpusaiui ANTP B mpekaTaluTHUecKOM KOMILIEKCE HCIIOIb30BAJICS CepBep
R.E.D. [4]. Jlnsa nonos Mg?" B aktuBnom nentpe (ALL) Obuia B3sta dummy-model ¢
pa3HeceHHBIMU 3apsfaMu. MolekysapHas auHaMmuka nposoawiack B [I0 GROMACS
¢ cunoBeiMH TosiMu 14SB gnst 6enxa u OL15 mna JJHK ¢ mopensio Boael TIP3P u
nobasnennemM oo Na u Cl B konentpaimu 0.1 M. MojenupoBanue MpoOBOANIIH IPU
temmeparype 300 K. Pe3ynsTaThl aHaTH3UpOBAIH Ha s3bike Python ¢ ucmons3oBanmem
makeToB pandas, matplotlib.pyplot, seaborn u scipy.stats.

Pesynomamur: ViccnenoBanue BKIIIOYAET JIBE OCHOBHBIC YacTH: 1) H3yUeHHE POJIH psiaa
aMUHOKHCIIOTHBIX OcTaTkoB B memiie 1 u All depmenra; 2) npencka3aHue 3aMeH,
MOTEHIIHATBHO U3MEHSIOIIUX CEJICKTUBHOCTD M KaTaIuTH4YecKyto dddexriuBrocts TdT.
Ha ocHOBaHMM (DMIIOTEHETHYECKOTO aHalN3a, KPHCTALIOrPaUUecKuX CTPYKTYp H
MOJIENIMPOBaHus (pepMeHTa AUKOro THIIA JUIS MPOBeACHUs (YHKIIMOHAIBHOTO aHAIN3a
orobpanbl octatku Asp345, Asp395, Leu397, Phe400, Glu456, Asp4d72, Bxozsiie B
coctaB ALl mwim netiu 1. /{1 pepMeHTa JUKOTO TUITAa U MyTaHTHBIX (POPM, COJIepIKaIINX
3aMeHbI JaHHBIX AaMUHOKUCIIOTHBIX OCTAaTKOB, OBLIH MOJYYE€HBI MOJIEIBbHBIE CTPYKTYPHI
nBoitHbix 6enok-JIHK u tpoitabix 6emok-IHK-dNTP xoMruiekcos.

[lomyueHHble pmaHHBIE BBISIBIIIM, 4TO 3amMeHa D345E, wmenstomas omuH w3
AMHUHOKHUCIIOTHBIX OCTATKOB, KOOPIMHUPYIOIIMX KaTaJuTudeckue nousi Mg?* B All, B
OJIHOW U3 TPAaeKTOPHIA MPUBOJUT K CTAOMILHOMY YBEIHMUCHHIO PAacCTOSTHUS My Pa-
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¢docdaTa nprucoeANHAEMOr0 HyKJICOTHAA U 3'-KOHLEBEIM Kuciopoaom JHK-mpaiimepa.
B npyrux tpaekTopusax HaONI0JaeTCs BRIBOpauMBaHUE O0KOBOro paaukana His342 u3
All. M3BecTHO, 4TO 3aMeHa ero Mo3WIMOHHOTO romojora H429A B momumepasze p
YeJIOBeKa INPHUBOAMUT K CHIDKCHUIO HE3aBHCHMOI OT MAaTpHIlbl akTUBHOCTU [5], a
mytanTHas hpopma TdT, conepxarias 3ameny D345E, nmeet Ha 1Ba OpsiKa MEHBIIYIO
0 CPAaBHEHHUIO C IUKMM THIIOM aKTUBHOCTD [6]. B CBSI3M ¢ 3THM MOXKHO 3aKJIIOUUTh, YTO
TdT oGnamaer cTaOMIBHBIM aKTHBHBIM IIGHTPOM M JIa)Ke HE3HAYMTEIbHOC U3MEHEHHE
€ro reOMETPHH MOKET IPUBOJHUTH K YMEHBIICHUIO ()epMEHTATUBHOW aKTUBHOCTH.

Ha cnenyromem sTame ObUIO MPOBENEHO AlaHMHOBOE CKAHWPOBAaHHE TPEX aMHHO-
KHCJIOTHBIX octarkoB Leu397, Phe400 u Asp472. CoriacHo KpuCTaLIOrpapuIecKuM
cTpykTypam, Leu397 «packiauauBaeT» a30TUCThIe ocHOBaHMs (AQ) mociaegHero u npe-
nocienHero HykneotuaoB JAHK, Hapymias ux CTIKUHT-B3aUMOACHCTBUE M CTaOMIN3H-
pys cTakuHr-s3aumoaeiictue AO nociegHero 1 BCTpauBaeMoro Hykieotunos. Ipu 3a-
mere L397A onmcannsrii 3pdekr ucuesaer: AO dNTP, mocneqHero u npeamnocieHero
HYKJICOTHIOB PACIONaraloTcs MapajiebHO, IPH 3TOM HECKOJIBKO MEHSIETCS MOJI0okKe-
uue ANTP B AIl, 9TO, BUAUMO, SIBISETCS KATAIUTHYECKH HEKOMIIETEHTHBIM COCTOS-
areMm. Ocratok Phe400 yuactByet B cTokuHr-B3aumoseiictsuu ¢ Phe384 u Trp449 u
onocpenoBanHo crabumusupyet nonoxenue AO dNTP. Ipu 3amene FA00A napyia-
eTCs IEMoYKa CTIKMHT-B3auMOIeHCTBHM, a AO mTUpUMHUIXHOBEIX HykiIeoTHI0B (ACTP,
dTTP) B 1/3 TpaekTopHii IPUHUMAIOT TEPIICHIUKYIIIPHOE MOJIOKCHUE TI0 OTHOMICHHUIO
K AO 3'-KOHLEBOro HYKJIEOTHAA, YTO, MO-BUAMMOMY, HNPUBOIUT K KaTaJIUTHYECKH
HEKOMITETCHTHOMY COCTOSTHHIO.

Ilpu mopenupoBanuu TAT auKoro Tuma OBUIO OOHAPYKEHO MHOMXECTBO HOHHBIX
MOCTHKOB W BOJOPOJHBIX CBsizeld Mexmy meried 1 um ocroBom Oenka. Hambomee
cTabmibHBIME  OKazamuchk ASpP395-Arg457 (obpasyer B cpemnem 1.5 BogopoaHoii
cBs3n), Asp398-Trp449 (1.3), GIn401-Leud36 (1.5), Ser391-Asp472 (1.6). Ilpeamnona-
ranoch, 4to mnpu 3amere D472A ncde3HeT ofrH M3 KOHTAKTOB U ITOJIOKEHUE TeTian 1
cTaHeT MeHee CTaOWiIbHbIM. OHAKO MPH UCUYC3HOBEHUM BOJOPOAHON cBszu Ser391l-
Asp472 B cocraBe MyraHTHOW (opmbl DA72A npyrue cBs3u cranu cTaOWIIbHEE:
Asp395-Argd57 (2), Asp398-Trp449 (1.7), GIn401-Leud36 (1.9). Takum obGpaszom,
00111351 HOABMKHOCTH NETIH | He M3MEHWIIACh ITPU BHECEHUH JAHHOW 3aMEHBI.

[Mpr MonenmupoBaHWU KOMIUIEKCOB (pepMeHTa JUKOTO THIa OBUIO OOHApPYKEHO, YTO
ocratku Asp395 u Glud56 obpasyror crabuibHble BOgOpoaHbIe CBsizu ¢ AGTP
(Haubosee 3(PEeKTHBHO BCTpAHMBACMBIM HYKJICOTHIOM) M MPAKTHYECKU HE 00pa3ykoT ¢
npyrumu ANTP. Bbij1o BBIABUHYTO HPEAONIOKEHHE, YTO JaHHBIC OCTATKA MOTYT HIPaTh
KIIIOYEBYIO pOJIb B MeXaHHM3Me CyOCTpaTHOW CEeNEeKTUBHOCTH (epMeHTa, W, TaKuM
o0pa3om, Uil BBIPABHUBAHMS CEJEKTUBHOCTH HEOOXOAMMO YBEIMYUTH KOJIUYECTBO
BOJIOPOJHBIX CBSI3€H C APYrMMH HYKJIEOTHIAaMH. BOKOBbIE Ilenmd aMHHOKHCIOTHBIX
octatkoB ASp u GlU BBICTYNarT aKIENTOPaMu BOJOPOTHOI CBSI3H, MOTOMY ObLIN
MPEIJIOKEHBI U MPOAHATU3UPOBaHBI UX 3aMeHbl Ha Asn 1 Gln, criocoOHBIE BBICTYNATh U
aKIIeTITOpaMH, C IEJIBI0 YBEITUYECHHUS KOJIMYECTBA BOJOPOIHBIX CBsizel Mexay AO dNTP
u 6enkoM. Cpenu opronioroB TdT B coorBeTcTBYyrOmIEM ASp395 TOIOXKEHUH Y YETBEPTH
ot obmiero uymcia mnocienoBatenbHocTeld npeacraieH Glu. [lomomHuTensHO, 1O
ananoruu ¢ TdT Cottoperca gobio, 6bu1a BeiOpana popma D395SK+E456Q. Utoro Obuin
MOJY9YEHBI MOJIETH PEepMEHT-CyOCTpaTHBIX KOMILIEKCOB, cojepkanmx 3amenbl: D395E,
D395N, D395Q, E456Q, E456N, D395K+E456Q, D395N+E456N, D395Q+E456Q,
D395Q+E456N.
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AHanu3 KOJMYECTBA BOJAOPOIHBIX CBszel Mexay OeiaxoM U AO (puc. 1) mokasan, 4to
Cpeay OJMHOYHBIX MyTAaHTHBIX GOPM HaUOOJNbIIIEe KOTMUYECTBO BOJIOPOTHBIX CBS3EH MO
cpaBHeHHIO ¢ (pepmeHTOM auKkoro tuma oOpasoBeiBaan D395N u E456N, cpemu
nBoiHbIX — D395N+E456N. JIBoitHas acnaparnHoBasi MyTaHTHas hopMa eIMHCTBEHHAS
rmokasajia CTATHCTHYCCKH YBEIMUYCHUE KOJIHUYECTBA BOAOPOIHBIX CBSI3CH OTHOCHTEIBLHO
nuKoro tumna ¢ Tpems mykiaeotuaamu: JATP, dTTP u dCTP.
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Puc. 1. CpenHee KOIMUYECTBO BOJOPOAHBIX CBsA3eH Mexxny Oenkom m AO BcTpanBaemoro/3'-
KOHIIEBOTO HYKJICOTHA JJIs IIpe- (A) 1 nocT-KaTanuruieckux (b) KOMIUIEKCOB COOTBETCTBEHHO

Buvisoowi: BeisicHEHa pollb aMHHOKHCIOTHBIX octaTkoB AsSp345, Asp395, Leu397,
Phe400, Glu456, Asp472 B cBssbiBanmd u craOwimmsanuu mojoxenus dNTP.
[pemnoxensl amuHoOkucaOTHBIe 3ameHbl D395N, E456N u D395N+E456N,
MOTEHIIMABHO MOBHIIIAoIHe cyocTpaTHyio cenekTuBHOCTh K JATP, dACTP n dTTP.
Qunancuposanue: Viccnenoanue nogaepxano rpantom PH® Ne 21-64-00017.
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Motivation and Aim: Terminal deoxynucleotidyl transferase (TdT), along with
polymerases B, A, u, and X, belongs to the X-family of DNA polymerases. TdT serves
as a unique polymerase for vertebrates and participates in the addition of random
nucleotides at DNA termini during V(D)J recombination [1]. Due to its distinctive ability
for 5'-3' template-independent synthesis facilitated by loop 1 structure, TdT has found
applications in molecular biology and biotechnology [2]. However, a significant
limitation in the application of this enzyme is the pronounced selectivity of human TdT
towards the added nucleotides, ranking as follows: dGTP > dCTP = dATP > dTTP [3].
Therefore, the research objective encompasses in silico modeling of mutant forms of
TdT, possessing altered selectivity towards dNTPs as well as increased catalytic
efficiency.

Methods and Algorithms: Pre- and post-catalytic complexes of TdT with a hexameric
DNA primer were obtained using the Modeller program based on crystallographic
structures (PDB ID: 4127 and 4129 respectively). The parameterization of dNTP in the
pre-catalytic complex utilized the R.E.D. server [4]. For Mg?* ions in the active site (AS),
a dummy model with distributed charges was employed. Molecular dynamics
simulations were conducted using the GROMACS software package with 14SB force
fields for the protein and OL15 for DNA, employing the TIP3P water model, and adding
Na* and CI- ions at a concentration of 0.1 M. The simulations were performed at a
temperature of 300 K. Results analysis was carried out using the Python language with
the utilization of the pandas, matplotlib.pyplot, seaborn, and scipy.stats packages.
Results: This study comprised two main parts: (1) investigating the role of several amino
acid residues within loop 1 and the active site (AS) of the enzyme, and (2) predicting
substitutions potentially altering the selectivity and catalytic efficiency of TdT.

Based on phylogenetic analysis, crystallographic structures, and wild-type enzyme
modeling for functional analysis, residues Asp345, Asp395, Leu397, Phe400, Glu456,
and Asp472, which are part of the AS or loop 1, were selected. Model structures of
double protein-DNA and triple protein-DNA-dNTP complexes were obtained for both
the wild-type enzyme and mutant forms containing substitutions of these amino acid
residues.

The obtained data revealed that the substitution D345E, altering one of the amino acid
residues coordinating catalytic Mg?* ions in the AS, led to a stable increase in the
distance between the Pa phosphate of the incoming nucleotide and the 3'-end oxygen of
the DNA primer in one trajectory. In other trajectories, a flipping of the sidechain of
His342 from the AS was observed. It is known that the substitution of its positional
homolog H429A in human polymerase u leads to a decrease in template-independent
activity [5], and the mutant form of TdT containing the D345E substitution exhibits
activity two orders of magnitude lower compared to the wild type [6]. Hence, it can be
concluded that TdT possesses a stable active site, and even minor changes in its geometry
may lead to decreased enzymatic activity.

In the next stage, alanine scanning of three amino acid residues, Leu397, Phe400, and
Asp472, was conducted. According to crystallographic structures, Leu397 “wedges” the
nitrogenous bases (NB) of the last and penultimate nucleotides of DNA, disrupting their
stacking interaction and stabilizing the stacking interaction between the NB of the last
nucleotide and the embedded nucleotide. Upon substitution with L397A, this effect
disappears: the NB of dNTP, the last, and penultimate nucleotides align parallelly, with
a slight alteration in the position of dNTP in the AS, which appears to be a catalytically
incompetent state.
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The residue Phe400 participates in stacking interactions with Phe384 and Trp449,
indirectly stabilizing the position of dNTP NB. Upon substitution with F400A, the
stacking interaction chain is disrupted, and in one-third of the trajectories, the NB of
pyrimidine nucleotides (dCTP, dTTP) adopt a perpendicular position with respect to the
NB of the 3'-end nucleotide, presumably leading to a catalytically incompetent state.
During the modeling of the wild-type TdT enzyme, numerous ionic bridges and
hydrogen bonds between loop 1 and the protein backbone were identified. The most
stable ones were found to be Asp395-Arg457 (averaging 1.5 hydrogen bonds), Asp398-
Trp449 (1.3), GIn401-Leu436 (1.5), and Ser391-Asp472 (1.6). It was hypothesized that
upon substitution D472A, one of the contacts would disappear, rendering the position of
loop 1 less stable. However, when the hydrogen bond Ser391-Asp472 vanished in the
mutant form D472A, other bonds became more stable: Asp395-Arg457 (2), Asp398-
Trp449 (1.7), GIn401-Leud36 (1.9). Thus, the overall mobility of loop 1 remained
unchanged following this substitution.

During the modeling of wild-type enzyme complexes, it was discovered that residues
Asp395 and Glu456 formed stable hydrogen bonds with dGTP (the most efficiently
incorporated nucleotide) and practically did not form bonds with other dNTPs. It was
postulated that these residues might play a crucial role in the enzyme's substrate
selectivity mechanism, and thus, to equalize selectivity, it was necessary to increase the
number of hydrogen bonds with other nucleotides. The side chains of Asp and Glu amino
acid residues act as hydrogen bond acceptors, hence substitutions with Asn and Gln,
capable of acting as acceptors, were proposed and analyzed to increase the number of
hydrogen bonds between dNTP NBs and the protein. Among the TdT orthologs, Glu
was present at the corresponding position to Asp395 in a quarter of the total sequences.
Additionally, following the analogy with TdT Cottoperca gobio, the D395K+E456Q
form was selected. As a result, models of enzyme-substrate complexes containing
substitutions D395E, D395N, D395Q, E456Q, E456N, D395K+E456Q),
D395N+E456N, D395Q+E456Q, D395Q+E456N were obtained.

The analysis of the number of hydrogen bonds between the protein and NBs (Fig. 1)
revealed that among the single mutant forms, D395N and E456N formed the highest
number of hydrogen bonds compared to the wild-type enzyme. Among the double
mutants, D395N+E456N showed the highest increase in the number of hydrogen bonds
relative to the wild type with three nucleotides: dATP, dTTP, and dCTP.

Conclusion: The role of the amino acid residues Asp345, Asp395, Leu397, Phe400,
Glu456, and Asp472 in binding and stabilizing the position of dNTP has been elucidated.
Amino acid substitutions D395N, E456N, and D395N+E456N have been proposed,
potentially enhancing substrate selectivity towards dATP, dCTP, and dTTP.

Funding: The study is supported by the grant from the Russian Science Foundation,
No. 21-64-00017.
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Fig. 1. Mean number of hydrogen bonds between the protein and the NB of the incoming/3'-end
nucleotide for pre- (ternary) (A) and post-catalytic (binary) complexes (B) respectively
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