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cuHTe3; peakuus llTayauHrepa; onTUMH3aIMs MPOTOKONIA CHHTE3A

Momusayus u yen. B mocrnenHue AecATHICTUS MOJCKYISpHAs OHOJIOTHS H
MEAWIMHCKAs XHMHUS HEpa3fesbHO CBS3aHbl C HCIIOJIb30BAHUEM CHHTETUYECKUX
omuronykineotuioB (ON) [1, 2]. [ns wu3MeHEeHUS HyKIea30yCTOWYHBOCTH HITH
s dexTrBHOCTH cBs3biBanus ¢ kKomiuieMeHTapabiMu JJHK nan PHK oco0blit nHTEpec
BEI3BIBAIOT MOIMU(UITUPOBaHHBIE MO caxapo-docdarHomy octoBy ON, B YaCTHOCTH
¢dochar-momubunmpoBannple aHamoru [3, 4]. VX mupokoe HCHOIH30BaHHE
OTPaHUYMBACTCS BO3MOXKHOCTSIMH CTaHJIAPTHOTO aBTOMAaTHYECKOTO TBepA0(ha3HOrO
cunresa. Cpeau ocdar-moauduunpoBanHbix ON MOKHO BBLICTHTH N-He3aMellleHHbIC
amunodocdarapie  aHamorwm, wm  P-NH,  omuromykmeorwmer.  SIBnssich
WU30CTPYKTYPHBIMH TPUPOAHBIM (ochomudPUpHbIM HYKICHHOBBIM KHCIOTaM, OHU
00712/1a10T CIIOCOOHOCTHIO (HOPMUPOBATH YCTOMYMBBIC KOMILIEKCHI C KOMIZICMEHTAPHOMN
nocnenoBatenbHOCTEIO JIHK/PHK nipn cHMkeHHO# MOHHOM cuie pacTtBopa. OmHaKo,
IUTaHOMEpHOE Hucnoib3oBaHue P-NH: aHamoroB HyKJIEMHOBBIX KUCIOT B KauecTBE
00BEKTOB W/WIIM WHCTPYMEHTOB B MOJEKYJIAPHOH Ouonorun u OWOMEAUIMHE
OTpPaHUYEHO CIIOKHOCTBIO WX cHuHTe3a. Ha mpoTtskenue okoso 40 jeT BemeTcs MOUCK
5 EeKTUBHBIX CHHTETHYEeCKHX cxeM monydeHus: P-NH: onuronykneornnos. B
00JBIIMHCTBE paboOT 3a ocHOBY B3AT H-ochonarHsiii mporokon cunTe3a ON,
BKJIFOUAIOIIHI 3Tal OKUCIUTENBHOTO aMUIMPOBaHuUs (Harp., [5, 6]). OgHako moaxomsl,
¢ ucnonbs3zoBanueM H-poconaTHoM XMMUH, HE TTOKa3aal BHICOKUX BBIXOJOB IEJIEBOIO
npoaykTa. lopa3mo mo3mHee ObUI  MPEJIOKEH METOA  HOCTCHHTETUYECKOM
MomuduKanuu 00paHpocHOHATHBIX OJUTOIC30KCHHYKICOTHIOB IMOCPEICTBOM HOJ-
3aBHCUMOTO0 3amerieHus npu arome pocdopa [7]. Ilogxon, xapakrepusyercsi BHICOKUMU
BBIXOJaMH, HO OCHOBaH Ha WCIIOJIb30BaHMU CIEU(PHUUECKOH XHMHH, B HACTOALIEE
BpeMsi KOMMepYeCcKH HeaocTymHoi. HecMoTpsi Ha KomudecTBO padoT, MOCBSIIEHHBIX
CHHTE3Y U uccienoBaHuio cBOMCTB P-NH2 onuronykineotunos, nanbHEHIIET0 pa3BUTHS
JaHHble aHAJOrM He nonydwnd. llenpro naHHON paboThl SBISUIOCH CO3JAHHE
amanTUpPOBaHHOW MeTonuku monydeHuss P-NH. anamoroB, ocHoBaHHOW Ha
amugodochuTHom npotokosie cuHreza ON, B kauecTBe OoJiee MPOCTOM M JIOCTYITHOM
aIbTEPHATHUBBI CYIIECTBYIOIIUM II0IX0/1aM.

Memoowr u aneopummur: Jlns cunresa P-NH: ananoroB 3a ocHOBy ObUT B3ST
CTaHJAPTHBIM, [IHPOKO  HCIIOJB3YyeMbId B  HACTOSILEE BpPEMS  IIPOTOKOJI
aMu0(hOCPUTHOTO CHUHTE3a ONUTOHYKIeoTunoB. Bmemnenune P-NH; momudukanuum
OCYILECTBIISUIM Ha CTaAMU OKUCIIEHHs] C WCIOJb30BaHMEM a3una, (9-¢uyopenun)-
Metokcukapoormiazuaa (FmocNsz), mo peakmmm Illtaymuarepa. Ilocnemyromiee
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¢opmupoBanne N-HezamenienHoro amupodochaTHOro ¢parMeHTa B COCTaBe
OJIUTOHYKJICOTHA OCYIIECTBISUIM TOCPEACTBOM yhaleHus FMmoc-rpymnmel  mpu
00paboTKe CHUIBHBIM OCHOBaHHEM. [lONy4eHHBIH MO ONTHUMU3NPOBAHHOW METOIMKE
HabOp MOHO- U OHC-MOAM(DHUIMPOBAHHBIX OKTAMEPHBIX  OJMTOHYKJICOTHIIOB
WCTIONB30BAIN JIJIsl MCCIIEIOBaHUsl TepMoAnHamMuueckux cBoiictB P-NH: anamoros B
cocTtaBe KoMIuieMeHTapHbIX HK-KOMIIIEKCOB B yCIIOBUSAX HNOHUKEHHON MOHHOM CHJIBI
pacTBOpa METOAOM TEPMHUUECKOUN JE€HATYypaluy ¢ ONTHYECKON PETUCTPALMEN CUTHAIIA.
Pe3zynomamur: B xone onTUMHU3alMM METOJUKH TEPBOHAYAIBLHOE MPENINOJIOKEHHE O
BO3MOXHOCTHU MOCTCHHTETUYECKOTO (hopmupoBaHUs N-He3aMereHHOro
amuaodocdara ObUIO OIPOBEPTHYTO B CBS3H € TAOMIBHOCTHIO IIPOMEXKYTOIHOTO FMOC-
N-3amernieHHOro (h)parMeHTa B YCIOBHSX CHHTETHYECKOTO LHUKJIA. B CBs3M ¢ uem, B
paspabaTeiBaeMblii POTOKOJI ObUIa BHEAPEHA NOMOJHHUTENbHAS CTaausl OTILEIUICHHS
(ITyOpeHWIBHOM TPYIIBL, CIEAyIOIas 32 KaKIOW CTaAWeld OKHCICHHS IO PEeaKIIiH
Iraygunrepa. YkazaHHas NOCIEAOBATENIBHOCTh CTAAUN IO3BOJIMJIA OCTUTHYTH HE
MeHee 80 % KOHBepCHMM Ui KaXKAOro IMKIa Mogudukaiuu. OTCYTCTBHE
KOJINYECTBEHHOW KOHBEPCHHM B MOAM(DUIMPOBAHHBIX (parMeHT CBS3aHO C JOJel
HEMOJHOTo OKucieHus mo peaknuu llltaynuarepa. B Hacrosimee Bpems mpoBOIUTCS
MOUCK TPUYMH, MPEMSATCTBYIOIIUX TOJHOMY OKHCIEHHIO (POCPHUTHOrO KOMITOHEHTA
OpPraHU4eCcKUM a3ufoM. IIpoeMOHCTPHPOBAHO OTCYTCTBUE SIBHOM 3aBUCUMOCTH
BbIxoma P-NHz-omuronykineotunoB kak ot nmonoxkenus: P-NH>-3BeHa B menu, Tak u oT
HYKJIEO3UIHOTO cocTaBa Monudummpyemoro ¢pparmerra. C momMomrsio pa3paboTaHHOTO
MIPOTOKOJIa CHHTE3UPOBaH Habop MOHO- u Ouc-MOIU(DUITUPOBAHHBIX
OKTa/Ie30KCUPUOOHYKIICOTHAOB  JIISl  JIETAHOTO  HWCCIIEAOBAaHUS  TEPMHUECKOM
crabunpHOCTH KoMmIuiemeHTapHbIX JIHK/JIHK xommekcoB B pasnudsbx OydepHBIX
YCIIOBUSX. 3HayeHus TEMIICPATYp IUIABJICHHUA B YCJIOBHAX BBICOKOM HMOHHOMN CHIIBI
pactBopa (1 M NaCl, pH 7.2) cornacyroTcs ¢ paHee MoJyuYeHHBIMU B JIuTeparype [6] u
CBUJIETENBCTBYIOT O CHIDKEHHH TepMocTadmnbHOocTH KoMmimiekca JJHK B cpennem Ha
1.3 °C mpu BBeaenun ognoro P-NH2-3BeHa. [Ipy yMeHbIIIEHUN HOHHOM CHITBI pacTBOpa
necrabummsupytoumii 3gdexkr P-NH2-mogudukanmm mocToBepHO CHIKAETCS, HYTO
JIOTIOJTHATENIPHO ~ TIOATBEPIKAAET  DIEKTPOHEHTPANBHBI  CTAaTyC  BBOJUMOTO
amuohocdaTHOTO 3BEHA.

Buisoowi:  PaspabareiBaemass Mmetoosorus Juis  cuHTe3a P-NHz  aHajoros
OJIMTOHYKJICOTHJIOB Ha OCHOBE CTAaHAAPTHOTO aMUA0(GOCPHUTHOrO MPOTOKONIA CHHTE3a
OJIMTOHYKJICOTHIOB TIO3BOJISIET IOJIy4aTh C XOPOIIUMH BBIXOJAaMH MOHO- W OwWC-
MoaudunupoBannsie  mociaemoarenbaoctd  ON.  Bpemenume 60mbiero  umcia
MO)Z[I/I(bI/IHI/IpOBaHHBIX 3BCHbLCB COIIPSIZKEHO C 6OJ'IBIHI/IMI/I MOTEPAMU
OJIMTOHYKJICOTHIHOTO MaTepuana u TpeOyeT JAONOJHUTENHHOW ONTHMHU3AIUU
CHHTETHYECKOTO TIporiecca. Pe3ynbraTel mccienoBaHusl TEPMUYECKOH CTaOMIBHOCTH
koMIuiekcoB ¢ P-NHz MomuuiupoBaHHBIMH — LENSMH  IPOACMOHCTPUPOBAIIO
MOTEHIIMAN WCIIOJIb30BaHUSl JAaHHBIX AaHAJIOTOB B CHUTYAIWsSIX I10/IPa3yMEBArOIINX
MPUMEHEHUE PACTBOPOB C IOHWKEHHON HOHHOMW CHIION pacTBOpA.

Qunancuposanue. VccnenoBanue mojepkaHo PoccuiickuM HaydHBIM — (QOHIOM
(Ne 21-64-00017).
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Motivation and Aim: In recent decades, molecular biology and medicinal chemistry have
been inextricably linked to the use of synthetic oligonucleotides (ON) [1, 2]. To modify
nuclease stability or binding efficiency to complementary DNA or RNA, sugar-
phosphate modified ON, in particular phosphate-modified analogs, are of particular
interest [3, 4]. Their wide application is limited by the possibilities of standard automated
solid-phase synthesis. Among phosphate-modified ON we can distinguish N-
unsubstituted phosphoramidate analogs, or P-NH: oligonucleotides. Being isostructural
with respect to natural phosphodiester nucleic acids, they have the ability to form stable
complexes with complementary DNA/RNA sequence at reduced ionic strength of
solution. However, the systematic use of P-NH.-analogs of nucleic acids as objects
and/or tools in molecular biology and biomedicine is limited by the complexity of their
synthesis. The search for efficient synthetic schemes for the preparation of P-NH:
oligonucleotides has been going on for about 40 years. In most studies, the H-
phosphonate protocol for the synthesis of ON including an oxidative amidation step has
been taken as a basis (e. g., [5, 6]). However, approaches using H-phosphonate chemistry
did not show high yields of the target product. Much later, a method for the post-
synthetic modification of borphosphonate oligodeoxynucleotides by iodine-dependent
substitution at the phosphorus was proposed [7]. The approach is characterized by high
yields, but is based on the use of specific chemistry, currently commercially unavailable.
Despite the large number of works devoted to the synthesis and study of the properties
of P-NH: oligonucleotides, these analogs have not been further developed. The aim of
this work was to develop an adapted methodology for the preparation of P-NH; analogs
based on the ON phosphoramidite synthesis protocol as a simpler and more affordable
alternative to existing approaches.

Methods and Algorithms: For the synthesis of P-NHz-analogs, a standard, currently
widely used protocol for the phosphoramidite synthesis of oligonucleotides was taken as
a basis. The introduction of the P-NH, modification was carried out in the oxidation step
using the azide, (9-fluorenyl)-methoxycarbonylazide (FmocNs), via the Staudinger
reaction. Subsequent formation of an N-unsubstituted phosphoramidate moiety in the
oligonucleotide was accomplished by removal of the Fmoc group by strong base
treatment. A set of mono- and bis-modified octameric oligonucleotides obtained by the
optimized method was used to study the thermodynamic properties of P-NH. analogues
as part of complementary nucleic acid complexes under conditions of reduced ionic
strength of solution by thermal denaturation with optical signal registration.

Results: During the optimization of the methodology, the initial assumption about the
possibility of post-synthetic formation of N-unsubstituted phosphoramidate was refuted
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due to the lability of the intermediate Fmoc-N-substituted fragment under synthetic cycle
conditions. Therefore, an additional cleavage step of the fluorenyl group following each
oxidative step of the Staudinger reaction was introduced into the developed protocol.
The above sequence of steps allowed achieving a conversion of at least 80 % for each
modification cycle. The lack of quantitative conversion in the modified fragments is due
to the fraction of incomplete oxidation by the Staudinger reaction. The reasons
preventing the complete oxidation of the phosphite component by the organic azide are
searched for. It is shown that there is no obvious dependence of the yield of P-NH:-
oligonucleotides both on the position of the P-NH2 link in the chain and on the nucleoside
composition of the modified fragment. Using the developed protocol, a set of mono- and
bis-modified octadeoxyribonucleotides was synthesized for a detailed study of the
thermal stability of complementary DNA/DNA complexes under various buffer
conditions. The values of melting temperatures under conditions of high ionic strength
of the solution (1 M NaCl, pH 7.2) agree with those previously obtained in the literature
[6] and indicate an average decrease in the thermostability of the DNA complex by
1.3 °C upon introduction of a single P-NH: linkage. When the ionic strength of the
solution is reduced, the destabilizing effect of the P-NH:-modification decreases
significantly, which further confirms the electroneutral status of the introduced
phosphoramidate linkage.

Conclusion: The developed methodology for the synthesis of P-NH:-analogs of
oligonucleotides based on the standard phosphoramidite protocol for oligonucleotide
synthesis allows to obtain mono- and bis-modified ON-sequences with good yields. The
introduction of a larger number of modified links is associated with large losses of
oligonucleotide material and requires additional optimization of the synthetic process.
The results of the study of thermal stability of complexes with P-NH,-modified chains
showed the possibility of using these analogs in situations involving the use of solutions
with reduced ionic strength of the solution.

Funding: The study is supported by Russian Science Foundation (No. 21-64-00017).
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