Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2016

Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2016

A novel route for preparing 5’cap mimics and capped RNAs: phosphate-modified
cap analogues obtained via click chemistry

S. Walczak,™ A. Nowicka,® D. Kubacka,® K. Fac,?® P. Wanat,® S. Mroczek, J. Kowalska® and J. Jemielity®

Centre of New Technologies, University of Warsaw, Banacha 2c, 02-097, Warsaw, Poland
bCol/ege of Inter-Faculty Individual Studies in Mathematics and Natural Sciences, University of Warsaw, Banacha 2c, 02-097,
Warsaw, Poland
‘Division of Biophysics, Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Zwirki i Wigury 93, 02-089,
Warsaw, Poland
dDepartment of Genetics and Biotechnology, Faculty of Biology, University of Warsaw, 02-106 Warsaw, Poland
¢Institute of Biochemistry and Biophysics, Polish Academy of Sciences, 02-106 Warsaw, Poland

Supplementary Information

Content

TABIES: e h et e e h bbb b h R b e b e b€ s h e h e eh e R e R e E b e R bR e R e Rt e b e b e e b e s b e s b e e bt b et et enaenne s 4
Table S1. Yields of syntheses of triazole-modified dinucleotide cap aNalOGUES..........couiiiiiiiiiiieciie e srae e saae s 4
Table S2. Yields of the syntheses of azide- and alkyne-modified nucleotide analogUES. ........cc.cecviiiiiiiiiiiiciieceeee e 7
Table S3. The susceptibility of triazole-containing cap analogues to degradation by hDcpS determined by an HPLC assay. .......ccccccveeneen. 9

Table S4. The susceptibility of triazole-containing cap analogues to degradation by hDcpS under high enzyme concentration

AETEIrMINEA DY @GN HPLC @SSAY. ...uviiiiiiiiiieiiieeciee ettt e st e et e eette e s aee s beeesteeeesteeeeabeeesteeassseeasbeeassaeessseesaseeasteeensseesabeeensaeesabeesabaeensseesnbeesnsaeansreeans 10
Table S5. Sequences of DNA and RNA oligonucleotides used in this WOTK. .........ccciiiiiiiiiiiiiieiiieccee ettt re e st a e s 10
Table S6. Optimization of post-transcriptional RNA capping DY CUAAC .........iiiiiiiiiecieeciee ettt et e ee s ae e s tee s tae e sabeesteeesseesabeesntaaensneas 11
[T =0 LSO OO PP RUPPUPRION 12
Figure S1. 'H NMR (400 MHz, D,0, 25 °C) spectra of compound 1a purified by semi-preparative HPLC without Na,EDTA (A) and in the
PreSENCE OF NAZEDTA (B).. iiiiiiiieiitiieiiieeiee ettt eeteeete e e ettt e s teeeteeesabeeebeeasseesabeeassaeensseesabessasse e saeesabeeeasseesseesabasansssesnseeensaseassaessseeesbeasssaeansns 12
Figure S2. Spectroscopic characterization of triazole-containing cap aNalOZUES. .......cccuiiiiiieiiie it e e e ae e aeaeens 12

Figure S3. Chemical stability of representative triazole-containing dinucleotide cap analogues after 24h incubation at different pH. ....13

Figure S4. elF4E fluorescence quenching titration curves for selected cap analogues (1b, 1¢, 1d).......c.ocoveeiiieiiieiieiiiceeceececeeee e 13
Figure S5. The results Of NDCPS SCrEENING @SSAY. ...cccuuiiiiiiiiieeiitiiieeeite ettt e st essteeestaeesbeesssbeessbeesbeeessseessseesbeeessseassseseseeessseessseessseeesseeanses 14
Figure S6. ICsq values for inhibition of hDcpS by analogues 5d and 8d under the conditions of screening assay. ......cccccevvveeriiieiiieenveennns 14
Figure S7. Luciferase activity produced by translation of mRNAs capped with various cap analogues in rabbit reticulocyte lysate. ........ 15
Figure S8. Translation efficiency of luciferase mRNA capped with novel triazole-modified cap analogs. .......ccccevvveriereenieneenienieseeieene 16
Figure S9. Co-transcriptional capping efficiency of triazole-modified cap analogUES. ......c..cerieiiiiiiiieiieeeeeee e 17
Figure S10. Susceptibility of short transcripts capped with 3e (m27’3,’OGppp—triazole—G) and 8e (m27’3,'°Gppp—triazole—C2H4NHpG) to
a]B e o PR o 11V 7d=Te lo [Tor] o] o1 o - OO PTRRPPRRUPPRRPPPINE 17
EXPEITMENTAl PrOCEAUIES: . uiiiiiieitieeeieestee ettt e et e ettt e sttt e e bt e ettt e s beeastseesabeesateeaasseesabeesasseaasseesabeeeabseensbeesabeeaasseessbeeenbeeestaessseesnsbeannsnennsen 18
1. GENEIAL INFOIMATION L.ttt ettt et st s h e s bt e s bt et e e s be e bt e b e e ab e eae e s as e e meesasesatesbb e s bt e b e e beenbeenbeeaseensesaneennes 18
11 Starting materials and ChemMICAl FEAZENTS .....coviiriieieeieee ettt sae e sbe e bt e s be e b e e b e ebe s s e enresanesnnes 18
1.2 CTOMATOZIAPNY .ttt ettt ettt et e it e sat e she e s bt e be e bt e bt et e e a bt e a b e e ab e e Re e ea b e e Rt e sh b e ehe e bt e bt e bt e b e e be e renaneennes 18
1.2.1 10N-eXChaNEE ChIOMATOZIAPNY ...eiuiiiiiieieri ettt ettt e b e sab e et e st e et e sasesmeesbnesseesbeeneenseeneenne 18

1.2.2  Analytical and preparative reverse-phase (RP) HPLC .........ccoiirirererineetete ettt sttt st st st sae sttt saesne b eaes 18

1.3 Yields and concentrations determination ..........ooeeieoriiiiineeee ettt e s s e s e e nn e ne e 18



1.4 NMR sSpPectroscopy and Mass SPECEIOMETIY ..c..uiiiiiiiiieeeiieeiteeetee ettt e st e st eeertreesabeesbaeesbbeesabeesbaeessseessseesssseassseesssesensaeassseenses 18

2. CREMICAL SYNTNESIS .uvvieiiiiciie ettt et et e et e et e e e te e e teeesabeesataeeasseesabeeeasaeaasbeesabeesasaeaasbeesabaeanseeaasseeeabeeesseessbeeannseannseaanses 19
2.1 Synthesis of nucleotide imidazolide derivatives (19a-N): .......cciiiieiiiiecesee et e e e s e et e e beesbeebeerreeareennas 19
2.1.1 Preparation of compounds for imidazole-actiVation.............cciiiiiiiiiiiiiee e sbe e e ae e sbeesbaeessaeeens 19
Preparation of triethylammonium (TEA) SAIES.......cueiuiriiriririeiee ettt sttt ettt st s bt sbesbe bt et et et e besbesbeebeeae e st et etenaenbessenas 19

Synthesis of guanosine 5’-diphosphate (GDP), guanosine 5’-triphosphate (GTP) and 2’-O-methylguanosine 5’-diphosphate (mz”

GDP) ettt b E b bbb a bt h R e R R R Rt h e bR e SRS s R R e e eh s R e Rt Rt bRt et e bt et bt be st et b e et nr s 19
N7-methylation of guanine nucleotides (GIMP, GDP @Nd GTP) ......ccvcvieiiieiieeieeeeseeeeeseesteesseesteesseesseesseessesseesesssesssesssesssesssssseessenns 19
2.1.2 IMIAZOIE-ACHIVATION ....eeuietietee ettt ettt sae e s bt e s bt e bt e s bt et e b e s bt et e sa b e e ateshneeaeeshbenreenbe e be e beenneenee 19
Synthesis of NUCIEOTIAE IMIAAZONAES ...c..eoruiiiiiriieeeee ettt sttt st e s ae e s s e saeesee e s bt e sbeesbeebeebe e st ennesaneennes 19

2.2 Synthesis of phosphoester and C-phosphonate aNaloGUES ..........cocueviirieiieniiieee et 19
2.2.1  Synthesis of O-(2-propynyl) phosphate ester triethylammonium salt (18d) .......ccocevererereriienieniirereseeeeee e 19
2.3.2.  Synthesis of phosphoester NUCIEOLIdE ANAIOGUES ........co.eeuiiiiiiriiieieee ettt sttt be ettt et st e e e 20
General procedure A (GP A): Coupling of nucleotide imidazolides with phosphoester subunit (18d) .......ccccccevverieveereeceeceeeee, 20
General procedure B (GP B): N7—methylation of guanine nucleotides USING CHal ....c.coiiiiiiiiiinieeeeee et 20
General procedure C (GP C): N7-methylation of guanine nucleotides USING (CH3)2S04 . ureeerieriereeriereere et 20

(10a-b, 11a-b, 12a-b) B-C-(2-ethynyl), B-C-(2-propargyl) and B-C-(3-butynyl) guanosine diphosphate and y-C-(2-ethynyl), y-C-(2-

propargyl) and y-C-(3-butynyl) guanosine triphosphate triethylammonium Salts ...........cccvviirierienie s 20
(13a) B-O-(2-propargyl) guanosine diphosphate ammONIUM Sl ........cceeviieiiriieece e e ee e s e e reeseeereenes 20
(13b) y-O-(2-propargyl) guanosine triphosphate ammONIUM SAlL.........ccceiiierieieriiere et e e ee e e seeseaesseesreens 20
(13c) B-O-(2-propargyl) 7-methylguanosine diphosphate ammoniUmM Salt........cccccveiiriiieieiierereer e 21
(13d) y-O-(2-propargyl) 7-methylguanosine triphosphate ammonium Salt ..........cccveveriieriiiere e 21
(10c) B-C-(3-butynyl) 7-methylguanosine diphosphate ammoniUM Salt..........ccceeiieieriiiee e 21
(10d) y-C-(3-butynyl) 7-methylguanosine triphosphate ammoniuM Salt .........cooieiieiiriiiiie e 21
(11c) B-C-(2-propargyl) 7-methylguanosine diphosphate ammOonNiUuM Sl .......ccceecuieiiriiieie e 22
(11d) y-C-(2-propargyl) 7-methylguanosine triphosphate ammonium Salt........cccecveririiiriiniereseee e 22
(12c) B-C-(2-ethynyl) 7-methylguanosine diphosphate ammonium Salt...........ccoiiiiiiiiiiiiieeece e e e 22
(12d) y-C-(2-ethynyl) 7-methylguanosine triphosphate ammonium Salt ..........ccoiiiiiiiiiiiiiicceece e e 22
(12e) y-C-(2-ethynyl) 2’-O-methylguanosine triphosphate triethylammonium salt..........ccccocoieeiiiiiiiiciiice e, 22
(12f) y-C-(2-ethynyl) 2’-0-N7-dimethylguanosine triphosphate ammonium salt ...........ccccveiiiiiiiii e 23
1.1 Synthesis of phosphoramidate NUCIEOTIAE ANAIOGUES.........eieuiiiiiieciie ettt s e e e b e e s b e e s baeesaae e sabeeesbaeessaeeans 23
General procedure D (GP D): Coupling of nucleotide imidazolides with amine lINKer ..........ccccoeeiiiiiiiiiiiicc e 23
1.1.1 Synthesis of alkyne-modified phosphoramidate nucleotide analogUES ...........cocvieiiiiiiiiiiiiice e 23
(15a) N-(2-propargyl) B-phosphoramidate guanosine diphosphate ammonium salt...........ccccveeiiiiiiiieniiecceee e, 23
(15b) N-(2-propargyl) y-phosphoramidate guanosine triphosphate ammonium Salt........c.ccceevveiierieneeneeseee e 23
(15c) N-(2-propargyl) B-phosphoramidate 7-methylguanosine diphosphate ammonium salt.........cccccceevieieeieece e 24
(15d) N-(2-propargyl) y-phosphoramidate 7-methylguanosine triphosphate ammonium salt .........ccccooevirininineniiniieienenese e 24
1.1.2 Synthesis of azide-modified phosphoramidate nucleotide analoGUES .........ccuiiviiiiiiiiiiiiieccee e 24
(17a) N-(2-azidoethyl) phosphoramidate guanosine monophosphate ammonium Salt ..........ccoceeererienienininineeee e 24
(17b) N-(2-azidoethyl) B-phosphoramidate guanosine diphosphate ammonium Salt ........cccevereririeieieniee e 24
(17c) N-(2-azidoethyl) phosphoramidate 7-methylguanosine monophosphate ammonium salt.........cccceeereririneneeiierenesesenene 24
(17d) N-(2-azidoethyl) B-phosphoramidate 7-methylguanosine diphosphate ammonium Salt ........cccccceveririnineniieiieneresesenee 25

S2



1.2 Synthesis of phosphothioester NUCIEOtIAE ANAIOGUES...........cccuiiiiiiicie e e ssba e e bbe e b e e sebaeessaeeeas 25

Synthesis of thiophosphate nucleotide analogues (20@-0) .......c.ccvveiviiriieiieeieeceece ettt et te e e e b e s ae s e e sreestaesaeesbeeseebeeseenseeneas 25
General procedure E (GP E): S-alkylation of thiophosphate nucleotide analogUes............ccvevveeiiecieeiecie e 25
(14a) S-(2-propargyl) B-phosphothioester guanosine diphosphate diammonium Salt ..........ccoecveiieriiieeieececeeeee e 25
(14b) S-(2-propargyl) y-phosphothioester guanosine triphosphate ammonium salt..........cocverereriiiininineeee e 25
(14c) S-(2-propargyl) B-phosphothioester 7-methylguanosine diphosphate ammonium salt........c..coceevevirininininiincceeree e 25
(14d) S-(2-propargyl) y-phosphothioester 7-methylguanosine triphosphate ammonium salt ..........cccceoeveninininininiieicereenee 26
1.3 Synthesis of azide-modified SUANOSINE GNAIOGUES .........coeruiiiiiiieeee ettt ettt s bbbttt estesbesbesbeene 26
(16Q) 57-2ZId0-5" UEOXYBUBNOSINE ....ecueereeereiesieetiesteeiteesteeteeseaseesseasseesssasseesssaseesseasseassessseassssssesssesssesseessessseessesssesnsesssenssesnsesssesseessenns 26
(16b) 5’-azid0-5"deoXY-7-MELNYISUANOSINE ....cvieieeeieeieeieeeeee et e st e et te e e e ste et eeseess e e eseesseesseesse e seeseenseenseensesnsesseesssanseensenns 26
14 Synthesis of dINUCIEOTIAE CAP ANAIOGUES ....c..eervieieeieetiete ettt ee et e st e st e e st e e e st e e e teeseesssesseesseesseesseeseenseesseenseensesnsennes 26
General procedure F (GP F): Synthesis of dinucleotide cap analogues containing triazole directly attached to ribose..................... 26
General procedure G (GP G): Synthesis of dinucleotide cap analogues containing triazole located between P-subunits................ 27
(1a) m7G-triazoIe-C2H4ppG .................................................................................................................................................................. 27
(1b) m7G-triazoIe-C2H4pppG(1b) m7G-triazoIe-C2H4pppG ................................................................................................................... 27
(1c) m7GppC2H4-triazoIe-G .................................................................................................................................................................. 27
(1d) m7GpppC2H4-triazoIe-G ................................................................................................................................................................ 27
(2a) m7G-triazo|e-CH2ppG .................................................................................................................................................................... 28
(2b) m7G-triazo|e-CH2pppG ................................................................................................................................................................. 28
(2¢c) m7GppCH2-triazoIe-G .................................................................................................................................................................... 28
(2d) m7GpppCH2-triazo|e-G ................................................................................................................................................................. 28
(3a) m7G-triazo|e-ppG .......................................................................................................................................................................... 29
(3b) m7G-triazole-pppG ....................................................................................................................................................................... 29
(BC) TN GPPEIAZOIE-G et st st se e sese e seeeese e st eseseeeeseeseseesese e eaesane s e st sseseseanessesesesesesesaseasseeeenesseseseaneseesesennesaees 29
(3d) m7Gppp-triazoIe-G ....................................................................................................................................................................... 29
(3e) m27’ZV’OGppp-triazole-G ................................................................................................................................................................. 30
(43) M GFIAZOIE-OCHAPPG c.reveeeereeeeeseeeeeeesereeeeseese s eseseaseseeeesesesesteseseseeseeseseesese e saesase s et asessesestanessesaseansesesasessssseanesseseseaseseesaseneesanes 30
(D) T GUrTAZOIE-OCHPPPG e veveereeeeereeeeeeeeeseseeeeseeseseesesteseseesestsessessasesesseseeseseesase e sassaseseesasessesestanessesassassssesasesesessasessesestaneseesesesesanes 30
(AC) M GPPOCHLEHAZOIE-G cvreveeereeeeeeseeeeeeeesee et se e vese e sessese s esestese s seeseeseseesese e sassane s et aseeseseetanessesaseansssesanesesseseanessesesteseseesesereesanes 30
(A0) M GPPPOCHYEFZOIE-G et ese e eeee e sese e sestesesesseseeseseesese e sassene et aneesesestanesseseseessssesaseseeseseanessesessaseseesesereesanes 31
(58) M GIIAZOIE-SCHPPG ..o e s ee e ee s ee e se e ss e se s se s ee s seeses e 31
(50) M G-EIAZOIE-SCHAPPPG «..ververeeeeeeeeseeesseess e seeese e ss s sseees s ss e ss e se s e e e se s e s e se s se s se e se s es e seses e seses s eeeses e 31
(5C) M GPPSCHEIIAZOIE-G 1.t ee e e s ese st s e eeeseeseseesese e seseese s eeaseeseseesaseeseseseeesesesaseeesseseeseeseseseessssseseensanes 31
(5) M GPPPSCHIAZOIE-G ...t ee s se s e e s se s ss e es e 32
(62) M G-FIAZOIE-NHCHDDG -eeovreeeeeeeeeeeeseeeee et eeeeeeseese s seseessestese s seeseesesesseseeesassase st aseeseseseeseseesaseeesssesaseeesseseeseeseseseessssseseeesanes 32
(65) M7 GtHTAZOIE-NHCH,DPPG cerveeveeeeeeeseeeeeeese s eese e sseese s seess e se s se e seeese e se e e sseee st ese e ss st sess e es et es e ssses s esesesessases et eseseeses 32
(BC) M GPPNHCHptHAZOIE-G ..ot ee s e se s e ee e e s ee et e e et st st es et eees st eees et eseseseaees et esesees e 32
(6) M7 GPPPNHCHTAZOIE-G ..o ee e e ees e ee e s s s ee et e e es st et es et ees e eseees e sseeeseesaees et esesess e 32
(78) M7 GPNHC H-tFAZOIE-CHAPPG oo eese s eee e ee e se s se e se s e s s e e st e e ee s s st ee et ees e sseees e eseess e ssaees et eseseeses 33
(75) M7 GPNHC H 4tFIAZOIE-CHoPPPG .o eese s es e se e seeese e s e sseee st ees e ss s e ss e ss et ees e sseess e sseessesseeeseeeseseseese 33
(7€) M GPPCH,trTAZ0IE-CoHANHPG ..o se s se e s s e s e et ee e s et es e es e es e esees e es e s sseeeseeeseseseere 33
(70) M7 GPPPCHtHIAZOIE-CoHANHPG ..o se e s s s e e st e s e s e ss e es et es e esess e eeeess e sseeeseeeseseseese 34



(88) M GPNHCH4EETAZOIE-PPG evrvreveeereeeeesereeeseeseseeseseaseseeseseaeesesteseseeseseeseseesesssesaseaseseeeasesseseseanessesesesssesesaseseeseseasesseseseanessesesersesases 34

(8) M7 GPNHC H At rTAZOIE-PPPG . vreveeereeeeesereeesese s eeeseaseeeeseseseeseseeseseseeseseseesese e saesase s et st sseseseanesseseseassesesaseseseseanesseseseanessesesensesanes 34

(8C) M GPP-EIAZOIE-CoHANHPG oot s et ese e sese e s st s e eseseeseseesese e saesanesees st ssese et anessesaseassssesaneseeseseanessesestaseseesesensesanes 34

(8) M GPPP-HIAZOIE-CoHANHPG .ot vese e s st s e s sseseseseesese e sassese et anessesestanesseseseassssesaseseseseenessesessaneseesasereesanes 35

(8e) m27’2,'OGppp—triazole—C2H4NHpG .................................................................................................................................................. 35

(92) M GPPNHC H4-trTAZ0IE-CaHaPPG oot es e es e ee s se s es e es s s 35

(95) M GPPCoHAITAZOIE-CoHANHPDG ..ot e s es e s se s ss e eseses s 35

] ] o AV 0T L= PSSR PR VSRR 36
[21To] Lo =4 Tor= ISy {0 Lo L= PP RTUPTTTPON 36

3.1 Determination of Kxs Cap analogue-€IFAE COMPIEXES ...ccuviiieriereertiesieeiteeiteetesteeeeseesseeseeesseesssesseesseesseesseeseeseensennseensesnsennees 36
3.2 Incorporation of dinucleotide cap analogues at 5" end Of tranSCriPts .....eccvecercieeierieee e neas 36
3.2.1 POSt-tranSCriptioNal CAPPING ... .eeeiieiiiie ettt e et e e st e e s bt e e be e e sab e e s abeeeabbeesabeeeabbeesabeesbeeebaeesabeesbeeennreenas 36

3.2.2  Synthesis of transcripts for capping efficiency determination ...........coceerieriereecicee s 36

33 TEANSIATION STUTIES ...ttt ettt bttt et et e s b s b e s bt s bt e bt e st et e e e bt b e e b e e b e e aeea e em e e s e nbesbesbesbeebeenn et e e enbenneanean 37
TR 0 A Y 0 1 T T K o = Yol T o) PP 37

3.3.2  TFANSIATION ettt ettt ettt b b b a ettt b e b e h e h e Rt R e e e e b e R e R e e R e R e e R e e R b e R e b e b e nhenb e bt e bt eh b e e e eenbeebeenean 37

34 Studies of susceptibility to degradation DY NDCPS .....c.eeiveiiieriiiieeeee ettt et e s e s e saeesaeeste e beeteesteenaeeneeenseeneas 37
35 SCreeniNg ABAINST MDCPS .. ..viiiiiiiee ettt e e te e et e e et e e e tee e e taeeeateeetseeeaseeesbaeaasaeeasseesabeeensseeaabeesabeeesbeesabeessaeeasaaenns 37
3.6 NDCP2-CatalyZed AECAPPING ...vviiiieeeiie ettt et e et e et e e ettt esbe e et beeestbeesbeeebaeeeabeesabaeesaeeasbeeeasasesaeeasseesasaeessseeseeessaeansseeannns 38

R I BNCES: .ttt bbbttt b b h e h e E e bR E bbb e R e R e R e a e s Rt Rt SRt eh e h e b e e R e et et e bt e bt e Rt e Rt e Rt e a s e s et e nenrenre et 38

Tables:

Table S1. Yields of syntheses of triazole-modified dinucleotide cap analogues.
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Table S2. Yields of the syntheses of azide- and alkyne-modified nucleotide analogues.

Starting material Starting material (nucleotide) Product Yield after purification
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Table S3. The susceptibility of triazole-containing cap analogues to degradation by hDcpS determined by an HPLC assay.
Conditions: 20 uM analogue, 5 nM hDcpS, 50 mM Tris-HCI, 200 mM KCI, 0.5 mM EDTA, 1 mM DTT. Data for m7GpppG is average from 5
repetitions as for practical reasons the experiment was performed independently for groups of no more than 8 analogues.

Analogue Fraction non-degraded at each time point
5 min 10 min 15 min 30 min 60 min 24h
m7GpppG 0.90 £ 0.02 0.86+0.03 0.82+£0.03 0.74£0.04 0.61 £0.09 0.00
la 1.00 1.00 1.00 1.00 1.00 -
1b 1.00 1.00 1.00 1.00 1.00 -
1c 1.00 1.00 1.00 1.00 1.00 -
1d 0.98 0.98 0.97 0.95 0.92 -
2a 1.00 1.00 1.00 1.00 1.00 1.00
2b 1.00 1.00 1.00 1.00 1.00 1.00
2c 1.00 1.00 1.00 1.00 1.00 1.00
2d 0.96 0.95 0.94 0.91 0.88 0.46
3a 1.00 1.00 1.00 1.00 1.00 1.00
3b 1.00 1.00 1.00 1.00 1.00 1.00
3c 1.00 1.00 1.00 0.99 0.99 0.97
3d 0.94 0.92 0.90 0.87 0.81 0.10
4a 1.00 1.00 1.00 1.00 1.00 1.00
a4b 1.00 1.00 1.00 1.00 1.00 1.00
4c 0.98 0.98 0.97 0.96 0.94 0.68
ad 0.94 0.92 0.90 0.86 0.78 0.04
5a 1.00 1.00 1.00 1.00 1.00 1.00
5b 1.00 1.00 1.00 1.00 1.00 1.00
5c 0.99 0.99 0.99 0.99 0.98 0.91
5d 0.92 0.90 0.89 0.76 0.73 0.01
6a 1.00 1.00 1.00 1.00 1.00 -
6b 1.00 1.00 1.00 1.00 1.00 1.00
6¢ 1.00 1.00 1.00 1.00 1.00 -
6d 0.99 0.99 0.98 0.94 0.93 0.84
7a 1.00 1.00 1.00 1.00 1.00 1.00
7b 0.99 0.99 0.99 0.99 0.99 0.96
7c 1.00 1.00 1.00 1.00 1.00 1.00
7d 0.99 0.98 0.98 0.96 0.94 0.44
8a 0.97 0.97 0.97 0.97 0.97 0.94
8b 1.00 1.00 1.00 1.00 1.00 1.00
8c 0.98 0.98 0.97 0.96 0.94 0.74
8d 0.96 0.95 0.93 0.90 0.86 0.24
9a 1.00 1.00 1.00 1.00 1.00 1.00
9b 1.00 1.00 1.00 1.00 1.00 1.00
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Table S4. The susceptibility of triazole-containing cap analogues to degradation by hDcpS under high enzyme concentration
determined by an HPLC assay.
Conditions: 10 uM analogue, 200 nM hDcpS, 50 mM Tris-HCl, 200 mM KCl, 0.5 mM EDTA, 1 mM DTT.

Analogue Fraction non-degraded at each time point
30 min 60 min 120 min
m’GpppG 0.00 0.00 0.00
1a 1.00 1.00 1.00
1b 1.00 1.00 1.00
1c 1.00 1.00 1.00
2a 1.00 1.00 1.00
2b 1.00 1.00 1.00
2c 1.00 1.00 1.00
3a 1.00 1.00 1.00
3b 1.00 1.00 1.00
3c 0.79 0.66 0.41
4a 1.00 1.00 1.00
4b 1.00 1.00 1.00
5a 1.00 1.00 1.00
5b 1.00 1.00 1.00
5c 0.15 0.11 0.10
6a 1.00 1.00 1.00
6b 1.00 1.00 1.00
6C 1.00 1.00 1.00
7a 1.00 1.00 1.00
7b 0.73 0.64 0.63
7c 1.00 1.00 1.00
8a 0.69 0.61 0.54
8bh 0.65 0.62 0.60
9a 1.00 1.00 1.00
9b 1.00 1.00 1.00

Table S5. Sequences of DNA and RNA oligonucleotides used in this work.

Sequence
DNA1 ATACGATTTAGGTGACACTATAGAAGAAGCGGGCATGCGGCCAGCCATAGCCGATCA
DNA2 TGATCGGCTATGGCTGGCCGCATGCCCGCTTCTTCTATAGTGTCACCTAAATCGTAT

1

DNA3 (DNazyme10-23) TGATCGGCTAGGCTAGCTACAACGAGGCTGGCCGC

RNA1 (35nt) GGGAGAGCGGCCGCCAGAUCUUCCGGAUGGCUCGA
RNA2 (35nt) GAAGAAGCGGGCAUGCGGCCAGCCAUAGCCGAUCA
RNA3 (25nt) GAAGAAGCGGGCAUGCGGCCAGCCA
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Table S6. Optimization of post-transcriptional RNA capping by CUAAC

Entry Conditions Capping RNA
5’ Alkyne- 5 -N;-m’G Catalyst and solvent efficiency degradation
RNA (16 b)
1 2.9 uM 14.5 uM CuS0,4(29 uM, 10.equiv.) sodium <1% Medium
(5 equiv.) ascorbate (58 uM, 20 equiv.),
THPTA (58 uM, 20 equiv.), H,0
2 2.9 uM 72.5 uM CuS0,4(0.14 mM, 50 equiv.) sodium 63% Medium
(25 equiv.) ascorbate (0.29 mM, 100 equiv.),
THPTA (0.29 mM, 100 equiv.), H,0
3 2.9 uM 145 uM CuS0,4(0.29 mM, 100 equiv.), 88% Medium
(50 equiv.) sodium ascorbate (0.58 mM, 200
equiv.), THPTA (0.58 mM, 200
equiv.), H,0
4 2.9 uM 145 uM CuBr(0.29 mM, 100 equiv.) TBTA 42% Low
(50 equiv.) (0.58 mM, 200 equiv.), DMSO:t-
BuOH 3:1
5 2.9 uM 722 uM CuBr (1.45 mM, 500 equiv.) TBTA 52% Low
(250 equiv.) (2.9 mM, 1000 equiv.), DMSO:t-
BuOH 3:1
6 2.9 uM 1.45 mM CuBr (2.9 mM, 1000 equiv.) TBTA 53% Low
(500 equiv.) (5.8 mM, 2000 equiv.), DMSO:t-
BuOH 3:1
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Figure S1. 'H NMR (400 MHz, D,0, 25 °C) spectra of compound 1a purified by semi-preparative HPLC without Na,EDTA
(A) and in the presence of Na,EDTA (B). Significant signal broadening is observed in the presence of residual copper ions.
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Figure S2. Spectroscopic characterization of triazole-containing cap analogues.

(A) 'H NMR spectra of m’GpppG and analogue containing triazole directly attached to ribose (3d); (B) *'p NMR spectra of
m’GppppG and an analogue containing triazole located between o and B phosphates (7d).
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Figure S3. Chemical stability of representative triazole-containing dinucleotide cap analogues after 24h incubation at
different pH.
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Figure S4. elFAE fluorescence quenching titration curves for selected cap analogues (1b, 1c, 1d).

S13



100

= 50

=]

x

£

L

£

o

S~

0

r 11T 1r T r T 0y rnr nrnrnrnrmnrnr nri T r r 1r 1T rr 1T 7T r nrnrm r1i
OO Q9 UT QO 00T 0O oT 0O T Q0O 0T O 0T 0o 8T OO e T Oau
00 O %M W®WowOoOoN~MNMNMNNMGO®OOWWLDWOLSL ITTTOH®NOMODANNNN-T -
20
N
5 E
(g. Tested compound
-
£ == Cap analog === Reference

Figure S5. The results of hDcpS screening assay.
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Figure S6. ICso values for inhibition of hDcpS by analogues 5d and 8d under the conditions of screening assay.
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Figure S7. Luciferase activity produced by translation of mRNAs capped with various cap analogues in rabbit reticulocyte
lysate — results of a single experiment.
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Figure S8. Translation efficiency of luciferase mRNA capped with novel triazole-modified cap analogs.
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Figure S10. Susceptibility of short transcripts capped with 3e (m27'3"°Gppp-triazoIe-G) and 8e (m27'3"oGppp-triazoIe-
C,H4NHpG) to hDcp2-catalyzed decapping.
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Experimental procedures:

1. General information

1.1 Starting materials and chemical reagents
All solvents and reagents were synthesis grade and used without further treatment, unless otherwise stated. Guanosine and guanosine
5’-monophosphate disodium salt were purchased from Carbosynth, 2’-O-methylguanosine from Sigma Aldrich. C-phosphonate
nucleotide analogues (10a-b, 11a-b, 12a-b),2 2’-0O-methylguanosine 5’-monophosphate3 and 2-azidoethanamine” were synthesized as
described previously.

1.2 Chromatography

1.2.1 lon-exchange chromatography
The synthesized mononucleotide analogues (10a-d, 11a-d, 12a-d, 13a-d, 14a-d, 15a-d and 17a-d) were purified by ion-exchange
chromatography on DEAE Sephadex A-25 (HCO;3; form) column. After loading the column with reaction mixture and washing it with
water, the products were eluted using different gradients of TEAB in deionized water: 0-0.7 M for nucleoside monophosphates, 0-
1.0 M for nucleoside diphosphates or 0—1.2 M nucleoside triphosphates. Fractions containing the desired product were collected
together after RP HPLC and spectrophotometric analysis (at 260 nm). Evaporation under reduced pressure with repeated additions of
96% ethanol, then 99.8% ethanol and, at the end, MeCN resulted in isolation of nucleotide analogues as triethylammonium (TEA) salts.

1.2.2 Analytical and preparative reverse-phase (RP) HPLC

Both analytical and semi-preparative HPLC were performed on Agilent Technologies Series 1200 with UV-detection at 254 nm and
fluorescence detection (Ex: 260 nm, Em: 370 nm). For chemical and enzymatic reactions, monitoring analytical HPLC was performed
using Supelcosil LC-18-T column (4.6 x 250 mm, 5 um, flow rate 1.3 mL/min) with one of three different linear gradients of methanol in
0.05 M ammonium acetate buffer (pH 5.9): program A — gradient 0—-25% of methanol in 15 min, program B — gradient 0-50% of
methanol in 15 min, program C — gradient 0-50% of methanol in 7.5 min and then isocratic elution (50% of methanol) until 15 min. For
pH-dependent degradation studies and reactions monitoring of different steps of ARCA analogues synthesis analytical HPLC was
performed using Grace VisionHT C18-HL column (4.6 x 250 mm, 5um, flow rate 1.3 mL/min) with linear gradient 0-25% of methanol in
0.05 M ammonium acetate buffer (pH 5.9) in 15 min. Semi-preparative RP HPLC was performed using Discovery RP Amide C-16 HPLC
column (25 cm x 21.2 mm, 5 um, flow rate 5.0 mL/min) with linear gradients of acetonitrile in 0.05 M ammonium acetate buffer (pH
5.9). The products, after at least triple lyophilisation, were isolated as ammonium salts.

1.3 Yields and concentrations determination

The yields of mononucleotide analogues after ion-exchange purification and the concentrations of mono- and dinucleotide analogues
solutions used for biophysical and biological experiments were determined on the basis of absorbance measurements performed at
260 nm in 0.1 M phosphate buffer pH 6.0 for 7-methylguanine mononucleotide analogues and in 0.1 M phosphate buffer pH 7.0 for
dinucleotide analogues and guanine mononucleotide analogues. The quantities of obtained ion-exchange purified products were
expressed as optical density miliunits (opt. mu = absorbance of the solution by volume in mL). For calculations of yields and
concentrations following molar extinction coefficients M*em™] were employed: € = 22600 (dinucleotides), € = 11400 (m7G
mononucleotides), € = 12080 (G mononucleotides). Concentrations of transcripts were determined using NanoDrop 2000c
Spectrofotometer (Thermo Scientific).

1.4 NMR spectroscopy and mass spectrometry

The structure and purity of each final product were confirmed by high resolution mass spectrometry using negative or positive
electrospray ionization (HRMS (-) ESI or HRMS (+) ESI) and "H NMR, 3p NMR, gDQCOSY and gHSQCAD spectroscopy. Mass spectra were
recorded on Thermo Scientific LTQ OrbitrapVelos spectrometer. NMR spectra were recorded on a Varian INOVA 400 MHz or 500 MHz
spectrometer equipped with a high stability temperature unit using 5 mm 4NUC probe, at 25 °C if not stated otherwise, at
399.94/500.61 MHz (lH NMR) and 161.90 MHz (31P NMR). The '"H NMR and *'P NMR chemical shifts were reported in ppm and
referenced to respective internal standards: sodium 3-(trimethylsilyl)-2,2',3,3' tetradeuteropropionate (TSP) and 20% phosphorus acid
in D,0. Signals in '"H NMR spectra of dinucleotides were assigned according to 2D NMR spectra (gDQCOSY, gHSQCAD). In 31p signal
assignment of dinucleotide cap analogues the phosphates were denoted analogously to m7GpvapaG.
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Phosphoramidate cap analogues (6a-d, 7a-9b) hydrolyzed in D,0O gradually. Although pure compounds (see HPLC profiles, Supporting
Information 2) were dissolved in D,0 just before measurements, the spectra indicated some level of hydrolysis. % of hydrolysis is
provided along with compound characterization data, if higher than 5%.

2. Chemical synthesis

2.1 Synthesis of nucleotide imidazolide derivatives (19a-h):
2.1.1 Preparation of compounds for imidazole-activation

Preparation of triethylammonium (TEA) salts

The commercially available guanosine 5’-monophosphate (GMP) disodium salt and tetrasodium pyrophosphate were converted into
triethylammonium forms by passing their agueous solutions (ca. 1 g/20 mL) through Dowex 50 W x 8 cationite. The collected eluates
were evaporated under reduced pressure with repeated additions of ethanol and acetonitrile to dryness yielding the nucleotide
triethylammonium salt as a white solid and triethylammonium pyrophosphate as colorless oil.

Triethylammonium phosphate was prepared by slowly adding triethylamine to the low-concentrated solution of H,PO, in water until
pH 7 was obtained which was followed by evaporation to afford oily, colorless residue.

Synthesis of guanosine 5’-diphosphate (GDP), guanosine 5’-triphosphate (GTP) and 2’-O-methylguanosine 5’-diphosphate (mzl'OGDP)
Triethylammonium phosphate (4 equiv.) or triethylammonium pyrophosphate (4 equiv.) was

suspended in DMF (ca. 0.4 M) in the presence of ZnCl, (4 equiv.) and stirred for ~5 min to N i
obtain a solution. Then, GMP-Im (19a) or m* °GMP-Im (19g) (1 equiv.) along with a second 6 o ¢ | j‘\H
portion of ZnCl, (4 equiv.) was added and the mixture was stirred for 1-2 h at room _O/g\o[g\o - N™ °NH
temperature. The reaction was stopped by 10-fold dilution with water and addition of EDTA k=1,2

(8 equiv.) and NaHCO; (ca. 17.6 equiv.). The ion-exchange purification afforded (k+1) HNEts* OH OH
triethylammonium salt of GDP (64%), GTP (79%) and m?°GDpP (95%).

N7-methylation of guanine nucleotides (GMP, GDP and GTP)

An appropriate analogue (GMP, GDP or GTP, TEA salt) was dissolved in dry DMSO to obtain Hic O

ca. 0.1 M solution followed by addition of CH;l (8 equiv.). The mixture was stirred at room N+
temperature for several hours until HPLC analysis indicated more than 90% conversion of o o </ \ jl\H
the substrate and the presence of N7-methylated nucleotide as the major product. The /l‘:‘,\o[‘op‘\o K NTONTONH
reaction was stopped by 10-fold dilution with water and organic-soluble compounds were k=0,1,2
removed by 3-time washing with diethyl ether. The aqueous phase was then treated with a (k+1) HNEts* OH OH

pinch of Na,S,0s to reduce the residual iodine and the pH of solution was set to 7 by addition of solid NaHCO3. The following ion-
exchange purification afforded triethylammonium salt of m’GMP (63%), m’GDP (68%) or m’GTP (58%).

2.1.2 Imidazole-activation

Synthesis of nucleotide imidazolides

Compounds 19a-h were prepared according to Mukaiyama and Hashimoto.” An o
appropriate nucleotide (1 eq., TEA salt), imidazole (10 equiv.), 2,2'-dithiodipyridine v

(3 equiv.) were mixed in DMF (~2.5 mL/100 mg of nucleotide) before addition of ' o </ \ )N\H
triethylamine (3 equiv.) and triphenylphosphine (3 equiv.). The mixture was stirred N//\N/é\o[(‘)‘\o " N">N7NH
for 6-8 h at room temperature. The addition of a solution of anhydrous NaClO, (4 = Y =N, N*-CHs
equiv.) in dry acetone (~ 8 volumes of DMF volume) resulted in precipitation of the (k+)Na* OH OH k=0.1.2

product as sodium salt. The suspension was cooled at 4 °C and the precipitate was filtered off, washed repeatedly with cold, dry
acetone and dried in vacuum over P,40,. Yields 90-100 %.

2.2 Synthesis of phosphoester and C-phosphonate analogues

2.2.1 Synthesis of O-(2-propynyl) phosphate ester triethylammonium salt (18d)
Compound 18d was synthetized according to Lee et al with minor modifications.® Phosphorous acid (2.0 g,
24.4 mmol) was dissolved in propargyl alcohol (42.2 mL, 732.0 mmol, 30 equiv) and then triethylamine (? H
was added (10.12 mL, 73.2 mmol, 3.0 equiv). After 5 minutes of stirring, iodine (12.3 g, 48.8 mmol, 2.0 //\O’E\O_
equiv) was added in portions. Then reaction was stirred for 30 min and then the mixture of Z
cyclohexylamine (14.0 mL, 122 mmol, 5 equiv) in acetone (633 mL) was added. The white precipitate was HNEt;
centrifuged, and after removing the supernatant, resuspended in acetone. Procedure was repeated three times, then the precipitate
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was dried over P,0s in vacuum overnight. Using ion exchange chromatography the cyclohexylammonium salt was converted into the
triethylamine salt to afford a yellowish oil (6.00 g, 17.8 mmol, 73%).

'H NMR (400 MHz, D,0, 25 °C) 8,;: 4.50 (2H, J = 9.6, 2.6, dd, CH,), 3.18 (6H, J = 7.4, g, TEA-CH,), 2.88 (1H, J = 2.4, t, CCH), 1.25 (9H, J =
7.4, t, TEA-CH); **P NMR (162 MHz, D,0, 25°C) &p: 3.16 (1P, t, J = 9.6); HRMS (-) ESI m/z found: 134.9839, calc. for C3H,0,P": 134.9853.

2.3.2. Synthesis of phosphoester nucleotide analogues

General procedure A (GP A): Coupling of nucleotide imidazolides with phosphoester subunit (18d)

Compound 18d (3 equiv.) was stirred in DMF until complete dissolution (to ~0.3 M concentration). Then, 19a or 19b (1 equiv.) along
with ZnCl, (8 equiv.) was added and the mixture was stirred for 1-2 h at room temperature. The reaction was stopped by 10-fold
dilution with water and addition of EDTA (8 equiv.) and NaHCO; (ca. 17.6 equiv.). The product was purified by ion-exchange
chromatography on DEAE Sephadex A-25 and evaporated to dryness as described in General Information. Prior to NMR
characterization the product was additionally purified by semi-preparative HPLC as described in General Information.

General procedure B (GP B): N7-methylation of guanine nucleotides using CH;l

An appropriate nucleotide (TEA salt) was dissolved in dry DMSO to obtain ca. 0.1 M solution followed by addition of CH;l (8 equiv.). The
mixture was stirred at room temperature for several hours until HPLC analysis indicated more than 90% conversion of the substrate
and the presence of N7-methylated nucleotide as the major product. The reaction was stopped by 10-fold dilution with water and
organic-soluble compounds were removed by 3-time washing with diethyl ether. The aqueous phase was then treated with a pinch of
Na,S,05 to reduce the residual iodine and the pH of solution was set to 7 by addition of solid NaHCO3 The product was purified by ion-
exchange chromatography on DEAE Sephadex A-25 and evaporated to dryness as described in General Information. Prior to NMR
characterization the product was additionally purified by semi-preparative HPLC as described in General Information.

General procedure C (GP C): N’-methylation of guanine nucleotides using (CHs),SO,

An appropriate nucleotide (TEA salt) was dissolved at ~0.2 M concentration in ca. 0.5 mM aqueous CH3;COOH (pH 4) to obtain ca. 0.2 M
solution. Then, 5 portions of (CH3),SO, (2 equiv. each) were added every 10 min to the mixture under vigorous stirring and the pH was
maintained at 4 by adding 10% KOH if necessary. The stirring was continued at room temperature for several hours until HPLC analysis
indicated more than 90% conversion of the substrate and the presence of N7-methylated nucleotide as the major product. The reaction
was stopped by 10-fold dilution with water and organic-soluble compounds were removed by 3-time washing with diethyl ether. The
pH of aqueous phase was then set to 7 by addition of solid NaHCO; The product was purified by ion-exchange chromatography on
DEAE Sephadex A-25 and evaporated to dryness as described in General Information. Prior to NMR characterization the product was
additionally purified by semi-preparative HPLC as described in General Information.

(10a-b, 11a-b, 12a-b) B-C-(2-ethynyl), B-C-(2-propargyl) and B-C-(3-butynyl) guanosine diphosphate and y-C-(2-ethynyl), y-C-(2-
propargyl) and y-C-(3-butynyl) guanosine triphosphate triethylammonium salts

Compounds 10a-b, 11a-b, 12a-b were obtained according to Wanat et al.? Briefly, triethylammonium 3-butynyl C-phosphonate (18a),
tributylammonium 3-trimethylsilyl-1-propargyl C-phosphonate (18b) or triethylammonium 2-ethynyl C-phosphonate (18c) (each 2.5
equiv.) was stirred in DMF (ca. 0.4 M) until complete dissolution. Then, 19a or 19b (1 equiv.) along with MgCl, (8 equiv.) were added
and the mixture was stirred for 1-2 h at room temperature. The reaction was stopped by 10-fold dilution with water. The product was
purified by ion-exchange chromatography on DEAE Sephadex A-25 and evaporated to dryness as described in General Information to
afford products in a form of triethylammonium salts. Trimethylsililpropargylophosphonate nucleotide analogues were then
deprotected by incubation in TBAF/THF (1 M) : ACN (1:3, v/v) mixture (1.1 equiv. of TBAF per nucleotide) at room temperature for 24
h. After removing the solvent under reduced pressure, the crude product was directly subjected to click reactions. Yields: 45-90%.

(0]
(13a) B-O-(2-propargyl) guanosine diphosphate ammonium salt
0~ 0O~

N
NH
Obtained according to GP A starting from O-(2-propynyl) phosphate ester (18d) (1.788 i i < | J\
. - . //\O_E\O/H\O N N NH
mmol), guanosine 5-monophosphate P-imidazolide (19a) (300 mg, 7200 mOD, 0.596 = 0O 0O o
mmol), ZnCl, (651 mg, 4.768 mmol) and DMF (6.0 mL). The ion-exchange purification
afforded 5184 mOD (0.429 mmol, 72%) of 13a triethylammonium salt. Additional HPLC
purification of a fraction of obtained product gave 13a as ammonium salt.

2NH,* OH OH

'H NMR (400 MHz, D,0, 25 °C) &,: 8.11 (1H, s, H8), 5.94 (1H, dd, Jy, = 6.3, H1’), 4.82 (1H, dd, Jy = 6.3, Jy.3 = 5.1, H2'), 4.53-4.56 (3H,
overlapped H3’, Heuy and Hepp), 4.35-4.37 (1H, m, H4’), 4.21-4.23 (2H, m, H5’ and H5”), 2.84 (1H, dd, Jonp-ch = 2.4, Jenprcn = 2.7, Hen);
*p NMR (162 MHz, D,0, 25°C) &p: -10.63-(-10.56) (2P, overlapped Pa and PB); HRMS (-) ESI m/z found: 480.0331, calc. for
CysH16Ns04,P,: 480.0322.

(13b) y-O-(2-propargyl) guanosine triphosphate ammonium salt "

Obtained according to GP A starting from O-(2-propynyl) phosphate ester (18d) o O O </N | )N\H

(1.118 mmol), guanosine 5'-diphosphate P-imidazolide (19b) (250 mg, 4500 mOD, / O"“D‘\O’ﬁ\o*"‘?\o N"SNPSNH
z 6 -6 06 o z
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0.372 mmol), ZnCl, (407 mg, 2.980 mmol) and DMF (3.7 mL). The ion-exchange purification afforded 3375 mOD (0.279 mmol, 75%) of
13b triethylammonium salt. Additional HPLC purification of a fraction of obtained product gave 13b as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 84: 8.12 (1H, s, H8), 5.93 (1H, dd, Jy-» = 6.7, H1’), 4.84 (1H, dd, Jy.» = 6.9, Jy3 = 4.7, H2’), 5.58 (2H, dd,
Jeria-py = 9.4, Jenacn = 2.8, Hoa), 4.56 (1H, dd, Jy.y = 4.7, Jy.4 = 3.1, H3'), 4.35-4.38 (1H, m, H4'), 4.23-4.26 (2H, m, H5’ and H5”"), 2.83 (1H,
t, Jenach = 2.4, Hen); *'P NMR (162 MHz, D,0, 25°C) 8p: -10.89-(-10.60) (2P, overlapped Pa. and Py), -22.44 (1P, t, Jpg.po = Jop.py = 19.1, PB);
HRMS (-) ESI m/z found: 559.9995, calc. for C;3H;7NsO1,P5": 559.9985.

(13c) B-O-(2-propargyl) 7-methylguanosine diphosphate ammonium salt H,c O
\ +
Obtained according to GP B starting from B-O-(2-propargyl) guanosine diphosphate (13a) o o /N NH
(3000 mOD, 0.248 mmol), CHsl (0.124 mL, 1.987 mmol) and DMSO (2.5 mL). The ion- P p <N | J\
e ; ] =z 07~07 10— N7 NH,
exchange purification afforded 2262 mOD (0.198 mmol, 80%) of 13c triethylammonium o O

salt. Additional HPLC purification of a fraction of obtained product gave 13c as ammonium NH+  OH OH

salt.

'H NMR (400 MHz, D,0, 25 °C) &,: 6.08 (1H, dd, Jy-» = 3.9, H1’), 4.69 (1H, dd, Jy = 3.9, Jy. = 4.7, H2’), 4.57-4.60 (2H, m, Hewy), 4.51
(1H, dd, Jy.3 = 4.7, Jy.4 = 5.5, H3'), 4.40-4.43 (1H, m, H4’), 4.36 (1H, ddd, Js.5» = 11.9,J = 3.9, 2.4, H5'), 4.23 (1H, ddd, Jss» = 11.9, J = 5.1,
2.4, H5), 4.13 (3H, s, m’), 2.87 (1H, t, Jenz.cn = 2.4, Hew); >*P NMR (162 MHz, D,0, 25°C) 8p: -10.53-(-10.46) (2P, overlapped Pa and PB);
HRMS (-) ESI m/z found: 494.0488, calc. for C;,H1gNsO1;P,: 494.0478.

(13d) y-O-(2-propargyl) 7-methylguanosine triphosphate ammonium salt H,c O

\ +
Obtained according to GP B starting from y-O-(2-propargyl) guanosine triphosphate o o o- /N NH
(13b) (1863 mOD, 0.154 mmol), CHsl (0.077 mL, 1.234 mOD) and DMSO (1.5 mL). The b P p <N | Py
) - = 07 ~07~0 0 NZ > NH,
ion-exchange purification afforded 1299 mOD (0.114 mmol, 74%) of 13d o O ©

triethylammonium salt. Additional HPLC purification of a fraction of obtained product
gave 13d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 64: 6.08 (1H, dd, Jy-» = 3.9, H1’), 4.69 (1H, dd, Jyy = 3.9, Jy.3 = 4.7, H2'), 4.57-4.60 (2H, m, Hgyy), 4.51
(1H, dd, Jy3 = 4.7, J3 4 = 5.5, H3'), 4.40-4.43 (1H, m, H4’), 4.36 (1H, ddd, Js.g» = 11.9, J = 3.9, 2.4, H5’), 4.23 (1H, ddd, Jg.s» = 11.9,J = 5.1,
2.4, H5'), 4.13 (3H, s, m’), 2.87 (1H, t, Jenz.cn = 2.4, Hen); 2P NMR (162 MHz, D,0, 25°C) 8p: -10.87-(-10.63) (2P, overlapped Pa. and Py), -
22.34 (1P, dd, J = 19.1, 20.5 Hz); HRMS (-) ESI m/z found: 574.0150, calc. for C;4H;9NsO14P5: 574.0141.

(10c) B-C-(3-butynyl) 7-methylguanosine diphosphate ammonium salt

Obtained according to GP B starting from B-C-(3-butynyl) guanosine diphosphate H O
triethylammonium salt (10a) (11000 mOD, 0.910 mmol), CH;l (0.454 mL, 7.285 mmol) and N NH
o~ O~ 2 ‘

DMSO (9.0 mL). The ion-exchange purification afforded 7061 mOD (0.619 mmol, 68%) of i i _
_="F-0-0~0 N">NZ>NH,
10c triethylammonium salt. Additional HPLC purification of a fraction of obtained product Z= O O 0]

gave 10c as ammonium salt.
2NH,+ OH OH

'H NMR (400 MHz, D,0, 25°C) 64: 9.21 (1H, s, H8), 6.08 (1H, d, J1.»» = 3.6, H1’), 4.70 (1H, dd, J;-.» = 3.6, J» 3= 4.7, H2’), 4.51 (1H, dd, J» 3
=4.7, Jy.4=5.5,H3'), 4.39-4.43 (1H, m, H4’), 4.34 (1H, ddd, Js.5» = 12.0, J = 4.2, 2.5, H5’), 4.22 (1H, ddd, Js.5» = 12.0, J = 5.2, 2.2, H5"),
4.13 (3H, s, m7), 2.46 (2H, dtd, Jena(cany-cn = 246, Jena(canycHaep) = 8-1, Jenz(cany-pp = 10.1, HCHZ(CZH)): 2.34 (1H, t, Jen-cha(cany = 26, Hcu), 1.94
(2H, dt, Jena(con)-crz(pe) = 8.1, Jenap)-pp = 16.9, HCHz(p)); 3p NMR (162 MHz, D,0, 25°C) 6p: 16.45 (1P, dtt, Jena(cany-pg = 10.1, Jeropypp = 16.9,
Jpo.pp = 26.6, PB),-11.34 (1P, br d, Jpa-pp = 26.6, Pa); HRMS (-) ESI m/z found: 492.0692, calc. for C;5H,oN5010P, : 492.0685.

(10d) y-C-(3-butynyl) 7-methylguanosine triphosphate ammonium salt

Obtained according to GP B starting from y-C-(3-butynyl) guanosine triphosphate H3C\ 16)
triethylammonium salt (10b) (11000 mOD, 0.910 mmol), CHsl (0.454 mL, 7.285 mmol) o- o o </N+‘ NH
and DMSO (9.0 mL). The ion-exchange purification afforded 7677 mOD (0.673 mmol, P ":“’\O/?‘ /,‘_-“,\O NS NP NH
74%) of 10d triethylammonium salt. Additional HPLC purification of a fraction of Z o

obtained product gave 10d as ammonium salt. 3NH,+ OH OH

'H NMR (400 MHz, D,0, 25°C) 6,: 9.23 (1H, s, H8), 6.08 (1H, d, Jy» = 3.5, H1'), 4.69 (1H, dd, Jy.y = 3.5, Jy.5 = 4.7, H2’), 4.54 (1H, dd, Jy.5
= 4.7, Jy.4 = 5.5, H3'), 4.35-4.42 (2H, overlapped H4 and H5), 4.26 (1H, ddd, Jg.g = 12.0, J = 5.2, 1.7, H5”), 4.13 (3H, s, m’), 2.44 (2H,
dtd, Jen-chzican) = 2-5, Jerzipycrzicany= 8-3, Jenaicanyey = 11.2, Henaieany)s 2.26 (1H, t, Jencraicary = 2.5, Hen), 1.99 (2H, dt, Jenap)-chaicany= 8-3,
Jeraeyey = 16.7, Herae); ° P NMR (162 MHz, D,0, 25°C) 8: 16.46 (1P, dtt, Jeyocarry = 11.2, Jeragprpy = 16.7, Jopopy = 25.0, Py), -11.47 (1P, br
d, Jpapp = 19.2, Pat), -23.10 (1P, dd, Jpgpp = 19.2, Jpp.py = 25.0, PB); HRMS (-) ESI m/z found: 572.0357, calc. for CysHyNsOy3P5 " 572.0349.
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(11c) B-C-(2-propargyl) 7-methylguanosine diphosphate ammonium salt

Obtained according to GP B starting from B-C-(2-propargyl) guanosine diphosphate HeC O
triethylammonium salt (11a) (8310 mOD, 0.688 mmol), CH3l 0.343 mL, 5.503 mmol) and ,‘\1" NH
. I o~ O~ 4
DMSO (7.0 mL). The ion-exchange purification afforded 4706 mOD (0.413 mmol, 60%) of 11c NN i i < | _
\\/E’\Omwo N N)\NH

triethylammonium salt. Additional HPLC purification of a fraction of obtained product gave 0

11c as ammonium salt.
2NH,+ OH OH

*H NMR (400 MHz, D,0, 25°C) 8y: 6.06 (1H, d, Jyy = 3.5, H1’), 4.68 (1H, dd, Jy» = 3.5, Jy.3 = 5.0, H2"), 4.50 (1H, dd, Jy3 = 5.0, J3.4 = 5.5,
H3’), 4.40-4.42 (1H, m, H4’), 4.36 (1H, ddd, Js.5» =11.8, J = 4.0, 2.4, H5'), 4.23 (1H, ddd, Jy.s» =11.8, J =5.4, 2.0, H5"), 4.12 (3H, s, m’),
2.76 (2H, dd, Jeraps = 21.4, Jerp.cn = 2.7, Har), 2.34 (1H, dt, Joycrz = 2.7, Jorps = 6.5, Han); P NMR (162 MHz, D,0, 25°C) p: 9.44 (1P,
dtd, Jparp = 24.2, Jeapg = 21.4, Jouep = 6.5, PB), -10.76 (1P, br d, Jppp = 24.2, Pa); HRMS (-) ESI m/z found: 478.0521, calc. for
Cy4H1sNsO10P, : 478.0529.

(11d) y-C-(2-propargyl) 7-methylguanosine triphosphate ammonium salt

Obtained according to GP B starting from y-C-(2-propargyl) guanosine triphosphate H,C O
\
triethylammonium salt (11b) (10000 mOD, 0.828 mmol), CHsl (0.412 mL, 6.622 mmol) _ _ _ z NH
. e N 9 9 0 a
and DMSO (8.0 mL). The ion-exchange purification afforded 6324 mOD (0.555 mmol, \\/}‘D\O/P\O’F‘J\o N NJ\NH
67%) of 11d triethylammonium salt. Additional HPLC purification of a fraction of 6 0 0O o 2

obtained product gave 11d as ammonium salt. 3NH,+ OH OH

'H NMR (400 MHz, D,0, 25°C) &,;: 6.06 (1H, d, Jy-» = 3.49, H1’), 4.69 (1H, dd, Jy-» = 3.49, Jy3 = 4.73, H2'), 4.53 (1H, dd, Jy.3 = 4.73, Jy o
= 5.48, H3'), 4.35-4.42 (1H, overlapped H4' and H5'), 4.24-4.28 (1H, ddd, Jss» =11.7, J = 5.2, 2.0, H5"), 4.13 (3H, s, m’), 2.78 (2H, dd,
Jerz-py =217, Jeacn = 2.5, Hena), 2.34 (1H, dt, Jepa.cn = 2.5, Jepy = 6.5, He); P NMR (162 MHz, D,0, 25°C) &p: 9.38 (1P, dtd, Jeyzpy =21.7,
Jogpy = 23.9, Joypy = 6.5, Py), -10.85 (1H, br d, Jpapp = 19.2, Pat), -22.50 (1P, dd, Jpapp = 19.2, Jpg.py = 23.9, PB); HRMS (-) ESI m/z found:
558.0184, calc. for C14H1sNsO13P5: 558.0192.

(12c) B-C-(2-ethynyl) 7-methylguanosine diphosphate ammonium salt

Obtained according to GP C starting from B-C-(2-ethynyl) guanosine diphosphate HsC

triethylammonium salt (12a) (10000 mOD, 0.828 mmol), (CHs3),S0, (0.785 mL, 8.278 mmol) and o- o N%NH
d

CH3COOH solution pH 4 (8.0 mL). The ion-exchange purification afforded 4814 mOD (0.422 PP ¢ P

_—"~o-%-0 N"SNT>NH
mmol, 51%) of 12c triethylammonium salt. Additional HPLC purification of a fraction of Z 579 o 2

obtained product gave 12c as ammonium salt. 2NH,+ OH OH

"H NMR (400 MHz, D,0, 25 °C) 6:6.08 (1H, d, Jy» = 3.7, H1’), 4.70 (1H, dd, Jyy = 3.7, Jy.3 = 4.7, H2"), 4.51 (1H, dd, Jy 5 = 4.7, Jy 4 = 5.5,
H3’), 4.41-4.44 (1H, m, H4'), 4.38 (1H, ddd, Jy.s» = 11.7, J = 4.3, 2.4, H5), 4.24 (1H, ddd, Js.5» = 11.7, J = 5.3, 2.2, H5”), 4. 13 (3H, s, m’),
3.20 (1H, d, Jpy.con = 11.6, Heap); *'P NMR (162 MHz, D,0, 25°C) 8p: -10.58 (1P, br d, Jpqpg = 22.0, Pa),-20.86 (1P, dd, Jp, pg = 22.0, Jpy.con =
11.6, PB); HRMS (-) ESI m/z found: 464.0378, calc. for C;3H1sNsO10P; : 464.0372.

(12d) y-C-(2-ethynyl) 7-methylguanosine triphosphate ammonium salt H,c O
\
Obtained according to GP B starting from y-C-(2-ethynyl) guanosine triphosphate o o o </NJ" NH
triethylammonium salt (12b.) (10000 mOD, 0.828 mmol), (CH3),S0,4 (0785 mL, 8.278 é/ﬁ‘O/ﬁ‘O’ﬁ\o o NSNS,
mmol) and CH3;COOH solution pH 4 (8.0 mL). The ion-exchange purification afforded o O ©O
5569 mOD (0.488 mmol, 59%) of 12d triethylammonium salt. Additional HPLC 3NH+ OH OH
4

purification of a fraction of obtained product gave 12d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) &,: 6.08 (1H, d, Jy» = 3.9, H1’), 4.70 (1H, dd, Jy-» = 3.9, Jy.3 = 4.9, H2’), 4.54 (1H, dd, Jy3 = 4.7, Jy.4 =
5.3, H3'), 4.41-4.44 (1H, m, H4’), 4.38 (1H, ddd, Jg5» = 11.7, J = 4.1, 2.5, H5’), 4.24 (1H, ddd, Js5» = 11.7, J = 5.1, 2.0, H5"), 4. 14 (3H, s,
m’), 3.18 (1H, d, J = 12.9, Heon); >'P NMR (162 MHz, D,0, 25°C) &p: -10.80 (1P, br d, Jp, pg = 20.5, Pat), -21.02 (1P, dd, Jp, pp = 20.5, Jp,.con =
11.7, Py), -22.93 (1P, t, Jpypp = Jpy.pp = 20.5, PB); HRMS (-) ESI m/z found: 544.0042, calc. for Cy3H1;NsO13P5 " 544.0036.

(12e) y-C-(2-ethynyl) 2’-O-methylguanosine triphosphate triethylammonium salt (o]
Analogue 12e was obtained analogously to compounds 12a-b. Triethylammonium 2- o o o ¢ fLNH
ethynyl C-phosphonate (18c) (1.698 mmol, 0.2 M) was stirred in 8.5 mL DMF until //"‘3‘\0/%‘0’%\0 N NJ\NH
complete dissolution. Then, 2’-O-methylguanosine 5’-diphosphate B-P-imidazolide = 0 O 0

trisodium salt (19h) (6842 mOD, 0.566 mmol) along with MgCl, (431 mg, 4.531 mmol)
were added and the mixture was stirred for 1 h at room temperature. The reaction was
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stopped by 10-fold dilution with water. The product was purified by ion-exchange chromatography on DEAE Sephadex A-25 and
evaporated to dryness as described in General Information to afford 6385 mOD (0.528 mmol, 93%) of 12e triethylammonium salt.
Additional HPLC purification of a fraction of obtained product gave 12e as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 64: 8.13 (1H, s, H8), 5.99 (1H, d, Jy-» = 6.5, H1’), 4.74 (1H, dd, Jy.3 = 5.1, Jy.4 = 3.1, H3), 4.56 (1H, dd, J».
»=5.1, Jypy = 6.5, H2), 4.36-4.39 (1H, m, H4’), 4.28 (1H, ddd, Jss» = 11.7, Jpqs = 5.9, Jys = 3.5, H5’), 4.24 (1H, ddd, Js.g» = 11.7, Jpsr =
5.1, Jpas = 3.4, H5”), 3.47 (3H, s, m*®), 3.18 (1H, d, Jeam-py = 13.1, Heaw); >'P NMR (162 MHz, D,0, 25°C) 8p: -10.80 (1P, ddd, Jps.pg = 20.5,
Joas = 5.9, Jpos» = 3.4, Pal), -21.02 (1P, dd, Jeapy = 13.1, Jpppy, = 19.1, Py), -22.99 (1P, dd, Jpgp, = 10.1, Jpypg = 20.5, PB); HRMS (-) ESI m/z
found: 544.0044, calc. for C;3H;7Ns0O43P5": 544.0036.

(12f) y-C-(2-ethynyl) 2’-O-N7-dimethylguanosine triphosphate ammonium salt H,c O
\ +
Obtained according to GP C starting from B-C-(2-ethynyl) 2’-O’methylguanosine oo o o (NﬁNH
. . . | | |
diphosphate triethylammonium salt (12e) (5380 mOD, 0.445 mmol), (CH3)SO, (0.422 mL, é/ﬁ\om\om\o o N“ NP NH
4.454 mmol) and CH3;COOH solution pH 4 (5.0 mL). The ion-exchange purification 0 0
afforded 4014 mOD (0.352 mmol, 79%) of 12f triethylammonium salt. Additional HPLC OH O

purification of a fraction of obtained product gave 12f as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8y: 6.16 (1H, d, Jy» = 3.1, H1’), 4.65 (1H, dd, J = 5.1, 5.5, H3’), 4.36-4.42 (3H, overlapped H2’, H4’ and
H5’), 4.26 (1H, ddd, Js.s- = 12.5, Jpq.s» = 4.8, Jy5» = 2.7, H5”), 4.14 (3H, s, m’), 3.61 (3H, s, m*°), 3.18 (1H, d, Jpy.con = 12.9, Heop); >'P NMR
(162 MHz, D,0, 25°C) &p: -10.80 (1P, ddd, Jpq.pp = 20.5, Jpa.s = 7.3, Jpa.5» = 4.8, Pa), -21.05 (1P, dd, Jpp.py = 19.1, Jpy.con = 12.9, Py), -22.91
(1P, dd, Jpg.py = 19.1, Jpepp = 20.5, PB); HRMS (-) ESI m/z found: 558.0200, calc. for C;4H;5NsO13P5: 558.0192.

1.1 Synthesis of phosphoramidate nucleotide analogues

General procedure D (GP D): Coupling of nucleotide imidazolides with amine linker

Analogues 15a-d were synthesized analogously as described in Guranowski et al. for the reaction of diamine linkers with guanosine 5’-
phosphorimidazolide.7 An appropriate nucleotide imidazolide (19a-f) was dissolved in 0.1 M Tris-HCl buffer pH 8.0 (approx. 1 mL per
100 mg nucleotide) and propargylamine or 2-azidoethyloamine (8 equiv.) was added. The mixture was stirred at room temperature for
24 h. The reaction was diluted with ten volumes of water and extracted with diethyl ether. After setting pH to 7 with 5% HCI, the
mixture was either subjected to ion-exchange chromatography purification as described in General Information to afford the desired
product as triethylammonium salt or directly purified by semi-preparative HPLC to afford the desired product as ammonium salt.

1.1.1 Synthesis of alkyne-modified phosphoramidate nucleotide analogues

(15a) N-(2-propargyl) B-phosphoramidate guanosine diphosphate ammonium salt

Obtained according to GP D starting from guanosine 5’-diphosphate B-P-imidazolide o
disodium salt (19b) (195 mg, 3510 mOD, 0.290 mmol), propargylamine (0.149 mL, 2.324 o NH
mmol) and 2.0 mL of Tris-HCI buffer. The ion-exchange purification afforded 3223 mOD e 9? </N | J\

N NH

PiA-P<
(0.267 mmol, 92%) of 15a triethylammonium salt. Additional HPLC purification of a /H o) o o) o

fraction of obtained product gave 15a as ammonium salt.
2NH,+ OH OH

'H NMR (400 MHz, D,0, 25 °C) &,;: 8.11 (1H, s, H8), 5.93 (1H, d, J;» = 6.2, H1’), 4.82 (1h, overlapped with HDO, dd, J;.» = 6.2, Jy.3 = 5.0,
H2'), 4.54 (1H, dd, Jy.y = 5.0, Jy.4 = 3.7, H3'), 4.33-4. (1H, m, H4’), 4.19-4.21 (2H, m, H5’and H5"), 3.61 (2H, dd, Jeuz.pp = 10.6, Jer.cy =
2.3, Hea), 2.51 (1H, t, Jepa.cn= 2.3, Ha); 'P NMR (162 MHz, D,0, 25°C) 8p: -2.11 (1P, dt, Jpq.pp =22.1, Jerz-pp = 10.6, PB), -10.44 (1P, br d,
Joapp =22.1, Pa); HRMS (-) ESI m/z found: 479.0474, calc. for Cy3H;7NgO 0P, 479.0481.

(15b) N-(2-propargyl) y-phosphoramidate guanosine triphosphate ammonium salt

Obtained according to GP D starting from guanosine 5’-triphosphate y-P-imidazolide 0

trisodium salt (19¢) (400 mg, 7000 mOD, 0.579 mmol), propargylamine (0.297 mL, 4.636 o o o /NfLNH

mmol) and 4.0 mL of Tris-HCl buffer. The ion-exchange purification afforded 4546 mOD P PP <N | A
/N =07, ~0" L0 0 N NH,

(0.376 mmol, 65%) of 15b triethylammonium salt. Additional HPLC purification of a HO

fraction of obtained product gave 15b as ammonium salt. 3NH+  OH OH

'H NMR (400 MHz, D,0, 25 °C) 64: 8.12 (1H, s, H8), 5.93 (1H, d, Jy- = 6.3, H1’), 4.83 (1H, dd, Jy» = 6.3, Jy.3 = 5.5, H2'), 4.56 (1H, dd, Jy.
3 =5.5, Jy.4 = 3.5, H3'), 4.35-4.38 (1H, m, H4'), 4.23-4.36 (2H, m, H5" and H5”), 3.66 (2H, dd, Jpy.ciz = 10.2, Jeuz.cn = 2.4, Haa), 2.51 (1H, t,
Jer-cn = 2.4, Hew); *'P NMR (162 MHz, D,0, 25°C) 8p: -1.92 (1P, dt, Jpy.pg = 20.5, Jpy.cuz = 10.2, Py), -10.58 (1P, dt, Jpepp = 19.1, Jpgg/5» =
5.9, Pa), -22.06 (1P, dd, Jpy.pg = 20.5, Jpepg = 19.1, PB); HRMS (-) ESI m/z found: 559.0152, calc. for C;3H;gN¢O13P3: 559.0145; hydrolysis
in D,0: 8%
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(15c) N-(2-propargyl) B-phosphoramidate 7-methylguanosine diphosphate ammonium salt
Obtained according to GP D starting from 7-methyl guanosine 5’-diphosphate B-P-

H,;C 0]
imidazolide disodium salt (19e) (200 mg, 3060 mOD, 0.268 mmol), propargylamine (0.138 : N+ NH
mL, 2.147 mmol) and 2.0 mL of Tris-HCI buffer. The ion-exchange purification afforded 2077 g_ |C‘:)_ ¢ | _
mOD (0.182 mmol, 68%) of 15c triethylammonium salt. Additional HPLC purification of a /H’é\O’é\O o NTONTONH,

fraction of obtained product gave 15¢c as ammonium salt.
3NH,+  OH OH

*H NMR (400 MHz, D,0, 25 °C) 8,: 6.07 (1H, d, Jy» = 3.5, H1’), 4.68 (1H, dd, Jy» = 3.5, Jy.y = 4.7, H2’), 4.51 (1H, dd, Jy3 = 4.7, Jy.g =
5.5, H3'), 4.42-4.44 (1H, m, H4’), 4.32-4.37 (1H, m, H5'), 4.22 (1H, ddd, Js.5» = 12.0, Jspy =5.1, Jys» = 1.6, H5”), 4.13 (1H, s, m’), 3.68
(2H, dd, Jenapg = 11.0, Jero.cn = 2.0, Hewa), 2.57 (1H, t, Joyacn = 2.0, Hep); *'P NMR (162 MHz, D,0, 25°C) 8p: -2.37 (1P, dt, Jpaupp =22.1, Jop-
o = 11.0, PB), -11.0 (1P, d, Jpq.pg =22.1, Pa); HRMS (-) ESI m/z found: 493.0642, calc. for C;4H;sNgO 1P, : 493.0638.

(15d) N-(2-propargyl) y-phosphoramidate 7-methylguanosine triphosphate ammonium salt
Obtained according to GP D starting from 7-methylguanosine 5’-triphosphate y-P-

H,c O
imidazolide trisodium salt (19f) (398 mg, 5851 mOD, 0.513 mmol), propargylamine ° N NH
0.263 mL, 4.106 mmol) and 4.0 mL of Tris-HCl buffer. The ion-exchange purification o ¢ 0O </ \ )\

i i iti _~"N-P~0-F~0-~0 N">SNZSNH
afforded 4083 mOD (0.358 mmol, 70%) of 15d triethylammonium salt. Additional = HO 578 o)

HPLC purification of a fraction of obtained product gave 15d as ammonium salt.
2NH+  OH OH

'H NMR (400 MHz, D,0, 25 °C) &,: 6.08 (1H, d, Jy- = 3.5, H1’), 4.70 (1H, dd, Jy» = 3.5, Jy3 = 4.7, H2’), 4.55 (1H, dd, Jy3 = 4.7, Jy 4 =
5.5, H3'), 4.40-4.43 (1H, m, H4’), 4.38 (1H, ddd, Jg5» = 11.7, J = 3.9, 2.4, H5’), 4.26 (1H, ddd, Jg.s» = 11.7, J = 5.3, 2.7, H5"”), 4.14 (3H, s,
m’), 3.70 (2H, dd, Jera-py = 10.2, Jerio-ch = 2.7, Hoa), 2.56 (1H, t, Jewacn = 2.7, Hew); >*P NMR (162 MHz, D,0, 25°C) 8p: 1.94 (1P, dt, Jeyopy =
10.2, Jpp.py = 20.5, Py), -10.66 (1P, dt, Jp,.pg = 20.5, Pa), -22.02 (1P, dd, Jpq.pg = 20.5, Jpp.p, = 20.5, PB); HRMS (-) ESI m/z found: 573.03102,
calc. for Cy4H,9NgO15P5: 573.0301.

1.1.2 Synthesis of azide-modified phosphoramidate nucleotide analogues

(17a) N-(2-azidoethyl) phosphoramidate guanosine monophosphate ammonium salt
Obtained according to GP D starting from guanosine 5-monophosphate P-imidazolide
sodium salt (19a) (200 mg, 4800 mOD, 0.397 mmol), 2-azidoethylamine (0.349 mL, 3.179 NH
mmol) and 2.0 mL of Tris-HCI buffer. The ion-exchange purification afforded 4004 mOD N~ g </N \ A\
(0.331 mmol, 83%) of 17a triethylammonium salt. Additional HPLC purification of a fraction Hfé\o 0 N "NH,

O

of obtained product gave 17a as ammonium salt.
NHa* OH OH

'H NMR (400 MHz, D0, 25 °C) 6,: 8.11 (1H, s, H8), 5.93 (1H, d, Jyy = 5.9, H1’), 4.84 (1H, dd, Jy5 = 5.9, Jy.5 = 5.1, H2’), 4.51 (1H, dd, J5.
4= 5.1, Jy. = 3.9, H3), 4.31-4.34 (1H, m, H4"), 4.04 (1H, ddd, Jg.s = 11.7, J = 4.7, 3.1, H5'), 4.00 (1H, ddd, Jy.s = 11.7, J = 5.1, 3.5), 3.24
(2H, br t, Jenomaycramm = 5.9, Heramay), 2:89 (2H, dt, Jenopaycramiy = 5:9, Jeramarea = 10.2, Haopr); >'P NMR (162 MHz, D,0, 25°C) 6p:
9.37-9.55 (1P, m, Pa); HRMS (-) ESI m/z found: 430.0991, calc. for C;,H;7;NgO,P": 430.0989.

(17b) N-(2-azidoethyl) B-phosphoramidate guanosine diphosphate ammonium salt

Obtained according to GP D starting from guanosine 5’-diphosphate B-P-imidazolide o
disodium salt (19b) (458 mg, 8244 mOD, 0.682 mmol), 2-azidoethylamine (0.600 mL, 5.460 o o- (NﬁNH
mmol) and 4.5 mL of Tris-HCl buffer. The ion-exchange purification afforded 7085 mOD N3\/\N/I"‘-“\O_I‘:“’\O N"SNZSNH,
(0.586 mmol, 86%) of 17b triethylammonium salt. Additional HPLC purification of a fraction Ho O 0

of obtained product gave 17b as ammonium salt. 2NH+  OH OH

'H NMR (400 MHz, D,0, 25 °C) 6,: 8.12 (1H, s, H8), 5.93 (1H, d, J;.» = 6.3, H1’), 4.80 (1H, overlapped with HDO, H2’), 4.53 (1H, dd, J =
3.7, 5.3, H3'), 4.33-4.36 (1H, m, H4’), 4.18-4.21 (1H, m, H5’ and H5"), 3.32 (2H, br t, Jeuaa)chai) = 5:9, Herapay)s 3-03 (2H, dt, Jeuans)-
a2ty = 5:9, Jenaarep = 10.4, Horani); > P NMR (162 MHz, D,0, 25°C) 6p: -1.04 (1P, dt, Jorana)-pp = 10.4, Jpapp = 22.0, PB), -10.26 (1P, br d,
Joapp = 22.0, Pa); HRMS (-) ESI m/z found: 510.0657, calc. for C;,H15NgO10P, : 510.0652; hydrolysis in D,0: 15%.

(17c) N-(2-azidoethyl) phosphoramidate 7-methylguanosine monophosphate ammonium salt
Obtained according to GP D starting from 7-methyl guanosine 5’-monophosphate P- H,C O

imidazolide sodium salt (19d) (450 mg, 9900 mOD, 0.868 mmol), 2-azidoethylamine (0.764 _ N NH
%
mL, 6.944 mmol) and 4.5 mL of Tris-HCl buffer. The directly following HPLC purification NB\/\N b <N | NJ\NH
afforded 3520 mOD of 17¢ (0.309 mmol, 36%) as ammonium salt. H O © o)
'H NMR (400 MHz, D,0, 25 °C) 8,: 6.08 (1H, d, Jy, = 3.9, H1’), 4.68 (1H, dd, Jy.y = 3.9, Jy.5 = NH;”  OH OH
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4.9, H2'), 4.48 (1H, dd, Jy 3 = 4.9, J3o = 5.4, H3'), 4.38-4.41 (1H, m, H4’), 4.18 (1H, ddd, J5.5» = 11.7, J = 4.4, 2.4, H5'), 4. 12 (3H, s, m7),
4.06 (1H, ddd, Js.5» = 11.7, = 4.9, 2.9, H5"), 3.35 (2H, t, -/CHZ(N3)-CH2(NH) =5.9, HCHZ(N3))/ 3.0 (2H, dt, -,CHZ(NS)-CHZ(NH) =5.9, JPOL-CHZ(NH) =10.3,
HCHZ(NH)); p NMR (162 MHz, D,0, 25°C) 6p: 9.32-9.44 (1P, m, Pa); HRMS (-) ESI m/z found: 444.1146, calc. for C;3H.gNgO,P": 444.1145.

(17d) N-(2-azidoethyl) B-phosphoramidate 7-methylguanosine diphosphate ammonium salt
Obtained according to GP D starting from 7-methylguanosine 5’-diphosphate B-P-

H,C ©
imidazolide disodium salt (19e) (238 mg, 3641 mOD, 0.319 mmol), 2-azidoethylamine _ B }\f NH
(0.281 mL, 2.555 mmol) and 2.5mL of Tris-HCl buffer. The ion-exchange purification Nao g g </N | A\
afforded 1785 mOD (0.156 mmol, 49%) of 17d triethylammonium salt. Additional HPLC H/(‘ﬁ 0 a™o o N™ "NH,

purification of a fraction of obtained product gave 17d as ammonium salt.
2NH#  OH OH

*H NMR (400 MHz, D,0, 25 °C) 8,: 6.08 (1H, d, Jyy = 3.5, H1'), 4.68 (1H, dd, Jy- = 3.5, Jy3 = 4.7, H2), 451 (1H, Jy3 = 4.7, Jy4 = 5.5,
H3'), 4.39-4.42 (1H, m, H4’), 4.34 (1H, ddd, Js5» = 12.1, J = 4.3, 2.4, HS’), 4.22 (1H, ddd, Js.s» = 12.1, J = 5.5, 2.4, H5”), 4.13 (3H, s, m’),
3.41 (2H, 1, , Jeramarcraoum) = 5:9, Heravay), 3-10 (2H, dt, , Jenamay-crammy = 5:9, Jerapures = 105, Henaury); > P NMR (162 MHz, D,0, 25°C) 8p:
-0.82 (1P, dt, Jeyp-pp = 10.5, Jpgpp = 22.7, PB), -10.28 (1P, br d, Jpgpp = 22.7, Pa); HRMS (-) ESI m/z found: 524.0819, calc. for
C13HoNoO10P; : 524.0808.

1.2 Synthesis of phosphothioester nucleotide analogues

Synthesis of thiophosphate nucleotide analogues (20a-d)

Analogues containing thiophosphate moiety at the terminal position of the phosphate chain (20a-d) were synthesized as described
previously.8 To a suspension of appropriate nucleotide imidazolide derivative (1 equiv.) and thiophosphate triethylammonium salt in
DMF anhydrous ZnCl, was added (8 equiv.). The resulting solution was stirred for 20 min at room temperature. The reaction was
qguenched by 10-fold dilution with water and addition of EDTA (8 eqg.) and NaHCO; (ca. 17.6 equiv.). The ion-exchange purification
afforded triethylammonium salt of GDPBS (20a), GTPyS (20b), m7GDPBS (20c) and m7GTPvS (20d). Yields: 80-95%.

General procedure E (GP E): S-alkylation of thiophosphate nucleotide analogues

An appropriate nucleotide (20a-d) was dissolved in DMSO to a concentration of ca. 0.1 M and propargyl bromide (1 equiv.) was added.
The mixture was stirred at room temperature for approx. 15 min. Then the reaction was diluted with ten volumes of water and
extracted with diethyl ether. After setting pH to 7 (if needed), the mixture was subjected to ion-exchange chromatography purification
as described in General Information to afford the desired product as triethylammonium salt.

(14a) S-(2-propargyl) B-phosphothioester guanosine diphosphate diammonium salt

Obtained according to GP E starting from guanosine 5’-(B-thiodiphosphate) 0

triethylammonium salt (20a) (3383 mOD, 0.280 mmol), propargyl bromide (21 uL) and ~ ~ N NH

DMSO (2.8 mL). The ion-exchange purification afforded 1819 mOD (0.150 mmol, 54%) of e 9 </N \ J\
N”>NH,

P .~-P<
14a triethylammonium salt. Additional HPLC purification of a fraction of obtained product %S o o o o o]

gave 14a as diammonium salt.
ANH+ OH OH

'H NMR (400 MHz, D,0, 25 °C) &,: .12 (1H, s, H8), 5.92 (1H, d, Jy» = 6.3, H1’), 4.82 (1H, dd, Jy» = 6.3, Jy.3 = 5.3, H2'), 4.54 (1H, dd, J»3
= 5.3, Jy = 3.3, H3'), 4.35 (1H, qd, J34 = 3.3, Jy5 = 2.1, H4'), 4.20-4.25 (2H, m, H5’ and H5"), 3.53 (2H, dd, Jezpp = 12.5, Jeach = 2.7,
Hen), 2.55 (1H, dd, Jeo-cn = 2.7, Hew); *'P NMR (162 MHz, D,0, 25°C) 8p: 7.43 (1P, ddd, Jpg.pa = 28.6, Jera.pp = 12.5, PB), -11.10 (1P, dt, Jpp.
ba = 28.6, Js/57.pa = 5.4, Pa); HRMS (-) ESI m/z found: 496.0084, calc. for Cy3H;gNsO1oP,S : 496.0099.

(14b) S-(2-propargyl) y-phosphothioester guanosine triphosphate ammonium salt

Obtained according to GP E starting from guanosine 5’-(y-thiotriphosphate) 0
triethylammonium salt (20b) (2998 mOD, 0.248 mmol), propargyl bromide (19 uL) o- o o- /N NH
and DMSO (2.5 mL). The ion-exchange purification afforded 2218 mOD (0.184 mmol, P P p <N | J\

. . . S ) = 8" ~0-5~0"5~0 N”NH
74%) of 14b triethylammonium salt. Additional HPLC purification of a fraction of % O O O o

obtained product gave 14b as ammonium salt.
3NH,+ OH OH

'H NMR (400 MHz, D,0, 25 °C) &,: 8.11 (1H, 5, H8), 5.91 (1H, d, Jy.» = 6.3, H’), 4.79 (1H, overlapped with HDO, H2’), 4.55 (1H, dd, J,.3
=5.0, Jy.4 = 3.5, H3"), 4.35 (1H, qd, Jy.4 = 3.5, Jyg = Jy.s = 1.9, H4’), 4.25 (2H, m, H5’ and H5"), 3.57 (2H, dd, Jer.py = 12.5, Jera- o = 2.7,
Hewa), 2.54 (1H, dd, Jera.cn = 2.7, Hew); >*P NMR (162 MHz, D,0, 25°C) 8p: 9.69 (1P, ddd, Jp,.pg = 25.6, Jea.py = 12.5, Py), -8.51 (1P, dt, Jop.pq
= 19.0, Js/s7pq = 5.2, Pat), -20.82 (1P, dd, Jp,.pp = 25.6, Jpp.pq = 19.0, PB); HRMS (-) ESI m/z found: 575.9755, calc. for Ci3H;7N5O13P3S:
575.9762.

(14c) S-(2-propargyl) B-phosphothioester 7-methylguanosine diphosphate ammonium salt
Obtained according to GP E starting from 7-methylguanosine 5’-(B-thiodiphosphate)
triethylammonium salt (20c) (1700 mOD, 0.149 mmol), propargyl bromide (11 pL) and |
0" o ¢ "

P.g-P- e
=8 L0750 o N7 NH,

2NH+  OH OH

A\
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DMSO (1.5 mL). The ion-exchange purification afforded 1125 mOD (0.099 mmol, 66%) of 14c triethylammonium salt. Additional HPLC
purification of a fraction of obtained product gave 14c as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) &,: 6.07 (1H, d, Jy» = 3.9, H1’), 4.70 (1H, dd, Jy.3 = 5.2, Jyy = 3.9, H2’), 4.51 (1H, dd, Jy.y = J3.4 = 5.2,
H3’), 4.41 (1H, dq, J3.4 = 5.2, Jys = Jyg = 2.5, H&), 4.35 (1H, ddd, Jg.5» = 11.9, J = 4.2, 2.5, H5'), 4.22 (1H, ddd, Jsg = 11.9, J = 5.1, 2.5,
H5”), 4.13 (3H, s, m’), 3.58 (2H, dd, Jeya-pg = 12.5, Jerach = 2.7, Hea), 2.59 (1H, t, Jenacn = 2.7, He); > NMR (162 MHz, D,0, 25°C) &p:
7.43 (1P, ddd, Jop.pq = 28.6, Joz-pg = 12.5, PB), -11.23 (1P, dq, Jpp.pe = 28.6, J5/57.pa = 4.2, P); HRMS (-) ESI m/z found: 510.0257, calc. for
C14H1sN5010P,S™: 510.0255.

(14d) S-(2-propargyl) y-phosphothioester 7-methylguanosine triphosphate ammonium salt
Obtained according to GP E starting from 7-methylguanosine 5’-(y-thiotriphosphate)

H;C O
triethylammonium salt (20d) (2246 mOD, 0.197 mmol), propargyl bromide (15 pL) and 3,’\‘+ NH
DMSO (2.0 mL). The ion-exchange purification afforded 1669 mOD (0.146 mmol, 74%) o 9 g ¢

P_g-Peg-Pe N—~N7
of 14d triethylammonium salt. Additional HPLC purification of a fraction of obtained /S o) °© o o o) °© o N™ NH;

product gave 14d as ammonium salt.
3NH+  OH OH

'H NMR (400 MHz, D,0, 25 °C) &,: 6.07 (1H, d, Jy» = 3.5, H1'), 4.70 (1H, dd, Jy 3 = 4.9, Jy» = 3.5, H2’), 4.54 (1H, dd, Jy3 = 4.9, Jy.4 =
5.3, H3'), 4.35-4.43 (2H, overlapped H4’, H5'), 4.26 (1H, ddd, Js.s»= 11.9, J= 5.6, 2.3, H5”), 4.13 (3H, s), 3.60 (2H, dd, Jeua.py =12.1, Jeo.ch
= 2.5, o), 2.58 (1H, t, Jeuaci = 2.5, Ho); >'P NMR (162 MHz, D,0, 25°C) 8p: 9.40 (1P, dt, Jpy.pg = 26.5, Jeuapy = 12.1, Py), -8.57 (1P, dq,
Jop-pa = 20.0, Jsrpg = 2.3, Jspq = 1.8, Pat), -20.83 (1P, dd, Jp,.pg = 26.5, Jpg.pq = 20.0, PB); HRMS (-) ESI m/z found: 589.9920, calc. for
C14H19NsO43P3S™: 589.9918.

1.3 Synthesis of azide-modified guanosine analogues

(16a) 5’-azido-5’deoxyguanosine
Analogue 16a was obtained according to Lee et al with minor modifications.® Guanosine (1.43 g, 5.05

mmol), imidazole (2.25 g, 33.05 mmol), triphenylphosphine (4.32 g, 16.47 mmol) were vigorously stirred 2

in DMP (18 mL). After complete dissolution, iodine (4.02 g, 15.84 mmol) solution in DMP (2 mL) was ¢ j‘\H
gradually added to the mixture. Stirring was continued at room temperature for 3 h after which 200 mL N3 o N">N">NH,
of CH,Cl, and 60 mL of water were added and the mixture stored at 4 °C overnight. Next, resulting white

precipitate was filtered and dried in vacuum over P,0; to afford 5’-iodo-5'deoxyguanosine (21) (1.59 g, OHOH

4.04 mmol, 80%) which was directy used for next step of the synthesis.

5’-iodo-5’'deoxyguanosine (21) (1.59 g, 4.04 mmol) and NaN; (1.04 g, 16.00 mmol) were stired in DMF (18 mL) at 70 °C for 24 h.
Afetrwards, the mixture was concentrated to approx. 1 mL by evaporation of DMF and 20 mL of water was added. The suspension was
dissolved after heating to approx. 50°C and then stored at 4 °C overnight. Resulting white precipitate was filtered off, washed with
water (5 mL), cold ethanol (5 mL) and diethyl ether (2 mL) and then dried in vacuum over P,0s to afford 16a (711 mg, 2.31 mmol, 57%).

*H NMR (500 MHz, D,0, 25 °C) &: 10.76 (1H, br s, NH(1)), 7.96 (1H, s, H8), 6.58 (2H, br s, 2-NH,), 5.78 (1H, d, Jy» = 5.8, H1’), 5.61 (1H,
br s, 2’-OH or 3'-OH), 5.37 (1H, br s, 2’-OH or 3'-OH), 4.63 (1H, dd, Jy» = 5.8, Jy.3 = 5.2, H2’), 4.12 (1H, Jy.3 = 5.2, Jy.4 = 3.7, H3'), 4.04
(1H, ddd, J3.4 = 3.7, Jsg = 7.0, Js»p = 4.0, H4’), 3.72 (1H, dd, J5.4 = 7.0, H5’), 3.58 (1H, dd, Js-o = 4.0, H5”); HRMS (-) ESI m/z found:
307.0910, calc. for CoH1,NgO,: 307.0903.

(16b) 5’-azido-5’deoxy-7-methylguanosine HsC 0O
5’-azido-5'deoxyguanosine (16a) (350 mg, 1.14 mmol) was dissolved in DMF (4 mL) and CHjsl (566 pl, 9.09 [\\jfLN H
mmol) was added. The mixture was stirred at room temperature for 3h (until 95% conversion into the ¢ | _
desired product as determined by HPLC). The excess CHsl was removed under reduced pressure and the N3 0 NTENTNH,
solution was concentrated to 0.5 mL. The resutling DMSO solution of 16b at 2.3 M concentration was oh OH

stored at -20 °C and used for click reactions without any further treatment.

*H NMR (500 MHz, D,0, 25 °C) &,: 6.02 (1H, d, Jy» = 3.8, H1'), 4.78 (1H, dd, Jy» = 3.8, Jy.3 = 5.2, H2’), 4.42 (1H, dd, Jy3 = 5.2, Jy.4 =
5.7, H3'), 4.34 (1H, ddd, Jy 4 = 5.7, Jys = 3.2, Jy» = 5.0, H4’), 4.11 (3H, s, m’), 3.84 (1H, dd, Jy 5 = 3.2, J 5 = 13.7, H5’), 3.84 (1H, dd, J,-
& =5.0, Jg.s» = 13.7, H5”); HRMS (+) ESI m/z found: 323.1210, calc. for C;3H15Ng0,": 323.1216.

1.4 Synthesis of dinucleotide cap analogues

General procedure F (GP F): Synthesis of dinucleotide cap analogues containing triazole directly attached to ribose

An aqueous solution of an alkyne-containing nucleotide (1 equiv., 0.2-1.0 M) and an azide-containing nucleoside in DMF (3 equiv., 0.6-
3.0 M) were mixed together followed by addition of aqueous solutions of CuSO,-5H,0 (0.2 equiv., 0.5-6.0 M) and sodium ascorbate
(0.4 equiv., 1-12 M). The reaction was stirred at room temperature for several hours and monitored by RP HPLC. Additional portions of
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CuSO, or sodium ascorbate solutions or solvents (DMF or H,0) were added upon precipitation or slow kinetics. Final concentrations of
reagents are given in the detailed procedures below. When completed, the reaction was quenched by 5-fold dilution with water and
addition of Na,EDTA (ten equivalents of added CuSO,) followed by direct semi-preparative RP HPLC purification.

General procedure G (GP G): Synthesis of dinucleotide cap analogues containing triazole located between P-subunits

Aqueous solutions of an alkyne-containing nucleotide (1 equiv., 0.2-1.0 M) and an azide-containing nucleotide (1 equiv., 0.2-1.0 M)
were mixed together followed by addition of H,0 (to the concentration of each analogue ca. 50-150 mM) and aqueous solutions of
CuS0,4-5H,0 (0.2 equiv., 0.5-6.0 M) and sodium ascorbate (0.4 equiv., 1-12 M). The reaction was stirred at room temperature for
several hours and monitored by RP HPLC. Additional portions of CuSO, or sodium ascorbate solutions were added upon slow kinetics.
Final concentrations of reagents are given in the detailed procedures below. When completed, the reaction was quenched by 5-fold
dilution with water and addition of Na,EDTA (ten equivalents of added CuSO,) directly followed by semi-preparative RP HPLC
purification.

(1a) m7G-triazoIe-C2H4ppG
Obtained according to GP F from 10a (1812 mOD, 0.150 mmol, 335 mM) and 16b o
(0.450 mmol, 1004 mM) while stirring with CuSO,-5H,0 (15.0 mg, 0.060 mmol, 134 OHOH o o (NﬁNH

mM) and sodium ascorbate (23.8 mg, 0.120 mmol, 268 mM) in 0.448 mL of N N O N%(\/g\o—g\o o N TONTINH,
‘N=N

2

DMF/H,0 (2:1, v/v) for 8 h. After quenching the reaction with Na,EDTA (223.5 mg, HKJNE 2NHa* OH OH
0.60 mmol), the product was subjected to RP HPLC purification which afforded 1a as 0 GH,

ammonium salt.

'H NMR (400 MHz, D,0, 25°C) &,;: 8.88 (1H, s, H8 m’G), 8.06 (1H, s, H8 G or Hyizzore)s 7.42 (1H, s, H8 G oF Hyiazote), 5.88 (1H, d, Jy» = 2.0,
H1’ m’G), 5.82 (1H, d, J;» = 6.0, H1’ G), 4.70-4.73 (3H, overlapped H5’' and H5” m’G, H2' G), 4.65 (1H, dd, Jy = 2.0, Jy.3 = 5.1, H2’
m’G), 4.49 (1H, dd, J = 4.0, 4.7, H3' G), 4.35-4.43(1H, overlapped H3’ and H4' m’G), 4.31-4.32 (1H, m, H4’ G), 4.18-4.20 (2H, m, H5'and
H5” G), 4.10 (3H, s, m’), 2.75-2.83 (2H, M, Heraeriazole)), 1.93-1.97 (2H, M, Heaey); >'P NMR (162 MHz, D,0, 25°C) 8p: 17.05-17.54 17.28
(1P, m, PB), -10.84 (1P, br d, Jpe.pp = 26.9, Pa); HRMS (-) ESI m/z found: 800.1675, calc. for C,sH3,N;301 4P, 800.1667.

(1b) m7G-triazoIe-C2H4pppG(1b) m7G-triazoIe-C2H4pppG

Obtained according to GP F from 10b (1812 mOD, 0.150 mmol, 335 mM) and o

16b (0.450 mmol, 1004 mM) while stirring with CuSO,-5H,0 (15.0 mg, 0.060 QH oH 0" o o (”fL NH
mmol, 134 mM) and sodium ascorbate (23.8 mg, 0.120 mmol, 268 mM) in  H,N_N_{ © N.TE‘O/E\O’E‘O o) TNTINH,
0.448 mL of DMF/H,0 (2:1, v/v) for 8 h. After quenching the reaction with H\N( ‘N\+ N aNH+ OH OH
Na,EDTA (223.5 mg, 0.60 mmol), the product was subjected to RP HPLC O CHi )

purification which afforded 1b as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 6: 8.02 (1H, s, H8 G Or Hyiszote), 7.70 (1H, s, H8 G or Hyiazore), 5.91 (1H, d, Jy» =2.0, H1’ m’G), 5.82 (1H, d,
Jyy=5.7, Hl' G), 4.68-4.76 (4H, overlapped H5" and H5” m’G, H2’ m’G, H2’ G), 4.53 (1H, dd, J = 4.0, 5.0, H3’ G), 4.48 (1H, dd, J = 4.4,
7.8, H3’ m’G), 4.39-4.42 (1H, m, H4' m’G), 4.30 (1H, m, H4 G), 4.23-4.25 (2H, m, H5’ and H5” G), 4.08 (3H, s, m’), 2.83-2.89 (1H, m,
Herattriazoley), 1.99-2.09 (1H, m, Hewaey); *'P NMR (162 MHz, D,0, 25°C) 6p: 17.45-18.01 (1P, m, Py), -10.68 (1P, br d, Jpepp = 19.3, Pa), -
22.40 (1P, dd, Jpq.pp = 19.3, Jpy.pp = 25.1, PB); HRMS (-) ESI m/z found: 880.1337, calc. for CpsH33N;3047P5: 880.1330.

(1c) m7GppC2H4-triazoIe-G

Obtained according to GP F from 10c (1710 mOD, 0.150 mmol, 335 mM) and 16a OH OH
(138.6 mg, 0.450 mmol, 1004 mM) while stirring with CuSO,4-5H,0 (15.0 mg, 0.060 5 /gf ‘F?; </N ‘ /I\JI\H
mmol, 134 mM) and sodium ascorbate (23.8 mg, 0.120 mmol, 268 mM) in 0.448 HaN N ‘ NB 078707 \/N o0 NTONTONH,
mL of DMF/H,0 (2:1, v/v) for 3.5 h. After quenching the reaction with Na,EDTA HN I "(\‘;H N+ SHoOH

3

(223.5 mg, 0.60 mmol), the product was subjected to RP HPLC purification which
afforded 1c as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8,;: 9.15 (1H, s, H8 m’G), 7.66 (1H, s, H8 G of Huyiazte), 7.62 (1H, s, H8 G or Hyiagote), 6.00 (1H, d, Jyry = 3.7,
H1' m’G or G), 5.84 (1H, d, Jy = 3.0, HI’ m’G or G), 4.75-4.76 (2H, m, H5’ and H5” G), 4.65-4.68 (2H, m, H2’ G and H2’ m’G), 4.51 (1H,
dd, J= 6.7, 5.2, H3’ G), 4.49 (1H, dd, J = 5.0, 5.2, H3' m’G), 4.41 (2H, dt, J = 7.0, 3.7, H4’ G), 4.36-4.38 (1H, m, H4’ m’G), 4.31 (1H, ddd,
Jys» =12.0,J=4.0,2.5, H5’ m’G), 4.20 (1H, ddd, Js.s» = 12.0, J = 5.2, 2.2, H5” m’G), 4.05 (3H, s, m’), 2.77-2.85 (2H, M, Heraeriazole)), 1.95-
2.05 (2H, M, Heae)); >'P NMR (162 MHz, D,0, 25°C) &p: 16.68-17.19 (1P, m, PB), -11.34 (1P, br d, Jep.p, = 27.3, Py); HRMS (-) ESI m/z
found: 800.1671, calc. for C;5H3,N;3014P,: 800.1667.

(1d) m7GpppC2H4-triazoIe-G

Obtained according to GP F from 10d (1710 mOD, 0.150 mmol, 335 mM) and 16a OH OH 0

(138.6 mg, 0.450 mmol, 1004 mM) while stirring with CuSO,-5H,0 (15.0 mg, 0.060 N O b

mmol, 134 mM) and sodium ascorbate (23.8 mg, 0.120 mmol, 268 mM) in 0.448 HZh//N ‘N+ 07470780y N\/NN o N TNTNH,
hut ,\::Ha 3NH,+ OH OH
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mL of DMF/H,0 (2:1, v/v) for 3.5 h. After quenching the reaction with Na,EDTA (223.5 mg, 0.60 mmol), the product was subjected to
RP HPLC purification which afforded 1d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8,;: 9.16 (1H, s, H8 m’G), 7.69 (1H, s, H8 G or Hyizzore), 7.67 (1H, s, H8 G or Hyiazore), 5.98 (1H, d, Jyy = 3.2,
H1’ m’G or G), 5.82 (1H, d, Jy» = 2.2, H’ m’G or G), 4.75-4.76 (2H, m, H5’ and H5” G), 4.68-4.71 (2H, m, H2’ G and H2’ m’G), 4.53-4.56
(2H, overlapped H3’ G and H3’ m’G), 4.33-4.41 (3H, overlapped H4’ m’G, H4’ G, H5’ m’G), 4.24 (1H, ddd, H5” m’G), 4.06 (3H, s, m’),
2.80-2.86 (2H, M, Heuriazole)), 1.98-2.09 (2H, m, Heap)); >'P NMR (162 MHz, D,0, 25°C) 6p: 17.87-18.06 (1P, m, PB), - 10.69 (1P, d, Jp,.ps
=19.5, P§), - 22.32 (1P, dd, Jp.ps = 19.5, Jp,.pp = 24.9, Py); HRMS (-) ESI m/z found: 880.1333, calc. for CysHs3N;3047P5: 880.1330.

(2a) m7G-triazoIe-CHzppG

Obtained according to GP F from 11a (2000 mOD, 0.166 mmol, 229 mM) and OH OH o)
16b (0.497 mmol, 687 mM) while stirring with CuSO,-5H,0 (24.8 mg, 0.099
mmol, 138 mM) and sodium ascorbate (39.4 mg, 0.199 mmol, 275 mM) in 0.722
mL of DMF/H,0 (2.2:1, v/v) for 6 h. After quenching the reaction with Na,EDTA
(368.8 mg, 0.99 mmol), the product was subjected to RP HPLC purification which
afforded 2a as ammonium salt.

I

N - o N~ >NH
N O 0 ¢
N D I
N \=L_R-0-Po o N N)\NHQ
i 60

\
O CHj 2NH,+ OH OH

'H NMR (400 MHz, D,0, 25 °C) 6,: 8.00 (1H, s, H8 G), 7.83 (1H, d, J = 2.4, Hyiasote), 5.88 (1H, d, Jy» = 3.3, HI’ m’G), 5.82 (1H, d, Jp» = 5.9,
H1’ G), 4.79 (2H, overlapped with HDO, H5’ and H5” m7G), 4.69 (1H, dd, Jy»» = 5.9, J 3 =5.5, H2’ G), 4.52 (1H, dd, J;,»= 3.3, J 3 = 5.5,
H2' m’G), 4.44-4.48 (2H, overlapped H3’' G, H4' m’G), 4.32 (1H, dd, Jy.3 = 5.5, J3.4 = 8.8, H3 m’G), 4.25-4.28 (1H, m, H4’ G), 4.09-4.12
(2H, m, H5’ and H5” G), 4.08 (3H, s, m’), 3.2 (1H, dd, Jeuy-crz = 15.7, Jenz-pp = 20.0, Hepz), 3.14 (LH, dd, Jepycrz = 15.7, Jerrpp = 20.4,
Henz'); >'P NMR (162 MHz, D,0, 25°C) 8p: 11.22 (1P, dt, Jpqpg = 26.4, Jpp.cyz = 20.2, PB), -10.65 (1P, br d, Jpqpp = 26.4, Pa); HRMS (-) ESI
m/z found: 786.1509, calc. for C,4H39N13014P,: 786.1510.

(2b) m7G-triazoIe-CH2pppG

Obtained according to GP F from 11b (2000 mOD, 0.166 mmol, 229.3 mM) and OH OH o

16b (0.497 mmol, 687.3 mM) while stirring with CuSO,4-5H,0 (24.8 mg, 0.099 N o N=y o o o </N )N\H
mmol, 138 mM) and sodium ascorbate (39.4 mg, 0.199 mmol, 275 mM) in 0.722 HWN/” \ N} ~~Fo-Lf-ofo N"SNSNH,
mL of DMF/H,0 (2.2:1, v/v) for 6 h. After quenching the reaction with Na,EDTA o, NH,+ Oh oH

(368.8 mg, 0.99 mmol), the product was subjected to RP HPLC purification which
afforded 2b as ammonium salt.

4 NMR (400 MHz, D,0, 25 °C) &,: 8.03 (1H, s, H8 G), 7.98 (1H, s, Hiriasore), 5.90 (1H, d, Jy» = 3.1, HI’ m’G), 5.83 (1H, d, Jy» = 6.3, H1’ G),
4.78 (overlapped with HDO, H5’ and H5” m’G), 4.73 (1H, dd, Jy-» = 6.3, Jy» = 4.7, H2’ G), 4.46-4.53 (3H, overlapped H2' m’G, H3’ G, H4’
m’G), 4.36 (1H, dd, J = 5.5, 6.6, H3' m’G), 4.29-4.31 (1H, m, H&’ G), 4.19-4.23 (2H, m, H5' and H5” G), 4.09 (3H, s, m’), 3.14-3.31 (2H, m,
Hena); >'P NMR (162 MHz, D,0, 25°C) 8p: 11.30-11.71 (1P, m, Py), -10.72 (1P, br d, Jpa.pp = 19.1, Pa)), -22.49 (1P, dd, Jpq.pp = 19.3, Jpy.pp =
22.0, PR); HRMS (-) ESI m/z found: 866.1174, calc. for CyqHs;N13017P5: 866.1174.

(2c) m’GppCH,-triazole-G 0
Obtained according to GP F from 11c (2000 mOD, 0.175 mmol, 200 mM) and 16a QH OH o~ o neN </:\ 7NLH
(192.0 mg, 0526 mmol, 599 mM) while stirring with CuSOy5H;0 (26.3 mg, 0.105 x| obo b SN NN
mmol, 120 mM) and sodium ascorbate (41.6 mg, 0.210 mmol, 240 mM) in 0.878 mL HN ‘Né o OH OH

of DMF/H,0 (2.2:1, v/v) for 3 h. After quenching the reaction with Na,EDTA (391.1 O CH, )

mg, 1.05 mmol), the product was subjected to RP HPLC purification which afforded 2c as ammonium salt.

*H NMR (400 MHz, D,0, 25 °C) 8,: 7.78 (1H, d, J = 2.0, Hiiasore), 7.67 (1H, s, H8 G), 5.98 (1H, d, J;-» = 3.5, H1’ m’G), 5.82 (1H, d, J;.» = 3.5,
H1’ G), 4.78 (2H, overlapped with HDO, H5' and H5” G), 4.62 (1H, dd, Jy- = 3.5, Jy.3 = 5.1, H2 m’G), 4.56 (1H, dd, Jy» = 3.5, Jy.3 = 4.7,
H2’ G), 4.43-4.49 (2H, overlapped H3' G, H4' G), 4.41 (1H, dd, Jy 3 =5.1, Jy4# = 5.5, H3’ m’G), 4.30-4.34 (1H, m, H4' m’G), 4.20 (1H, ddd,
Jys» =117, J = 2.4, 4.3, H5’ G), 4.10 (1H, ddd, Js.5» = 11.7, ) = 2.4, 5.5, H5' G), 4.03 (3H, s, m’), 3.22 (1H, dd, Jeuy-crz = 15.7, Jorz-pg =
20.4, Heyy), 3.09 (1H, dd, Jepa-crizr = 15.7, Joparpp = 20.4, Hewp); >'P NMR (162 MHz, D,0, 25°C) 8p: 11.48 (1P, dt, Jop.py = 27.1, Jpp.chz
=20.4, PB), -10.50 (1P, br d, Jpg.p, = 27.1, Py); HRMS (-) ESI m/z found: 786.1511, calc. for CyH3oN13014P,: 786.1510.

(2d) m7GpppCHz-triazole-G o
Obtained according to GP F from 11d (2000 mOD, 0.175 mmol, 200 mM) and 16a QH oH o o o NN </: | j‘\H
(192.0 mg, 0.526 mmol, 599 mM) while stirring with CuSO,-5H,0 (26.3 mg, 0.105  HN_N_  © o~g\o—g\0'g\/§/N N NR:
mmol, 120 mM) and sodium ascorbate (41.6 mg, 0.210 mmol, 240 mM) in 0.878 HN ‘Né N+ OHOH

mL of DMF/H,0 (2.2:1, v/v) for 2.5 h. After quenching the reaction with Na,EDTA o cH

(391.1 mg, 1.05 mmol), the product was subjected to RP HPLC purification which afforded 2d as ammonium salt.
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'H NMR (400 MHz, D,0, 25 °C) &,;: 7.90 (1H, s, H8 G or Hyiszore), 7-68 (1H, s, H8 G or Hyiazore), 5.98 (1H, d, Jy» = 3.5, H’ m’G), 5.80 (1H, d,
Jy» = 3.9, HI’ G), 4.80 (2H, overlapped with HDO, H5’ and H5” G), 4.63 (1H, dd, Jy-» = 3.5, Jy.» = 5.1, H2’ m’G), 4.57 (1H, dd, Jy» = 3.9,
Jyy=4.3, H2' G), 4.44-4.51 (3H, overlapped H3’ G, H3’ m’G, H4’ G), 4.41 (1H, dd, Jy.3 = 5.1, Jy»= 5.5, H3’ m’G), 4.35-4.38 (1H, m, H4’
m’G), 4.30-4.35 (1H, m, H5’ G), 4.20-4.24 (1H, m, H5” G), 4.05 (3H, s, m’), 3.26 (1H, dd, Jor.cz- = 16.4, Jorz-pp = 20.0, Horz), 3.16 (1H,
dd, Jepz-crzr = 16.4, Joz-pp = 20.0, Hez); >'P NMR (162 MHz, D,0, 25°C) 8p: 11.53 (1P, dt, Je.pg = 20.0, Jp, o = 26.4, PB), - 10.77 (1P, br
d, Jpy.ps = 19.1, P8), - 22.37 (1P, dd, Jpy.p5 = 19.1, Jpy.pg = 26.4, Py); HRMS (-) ESI m/z found: 866.1176, calc. for C,4H3;N130,P5": 866.1174.

(3a) m7G-triazoIe-ppG

Obtained according to GP F from 12a (1500 mOD, 0.124 mmol, 99 mM) and 16b o
(0.372 mmol, 0.296 mM) while stirring with CuSO,4-5H,0 (6.2 mg, 0.025 mmol, 20 OH OH o o /N‘ NH
mM) and sodium ascorbate (9.9 mg, 0.050 mmol, 39 mM) in 1.260mL of DMF/H,0 NN O N.WS‘O’E‘O o N7J\NH2
(1.7:1, v/v) for 1 h. After quenching the reaction with Na,EDTA (365.0 mg, 0.98 HN/ \N\+ N=N S v 6

mmol), the product was subjected to RP HPLC purification which afforded 3a as 0 CH,

ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8: 8.26 (1H, s, H8 G or Hyiozote), 7-89 (1H, s, H8 G or Hyiagote), 5.84 (1H, d, Jy» = 3.9, H’ m’G), 5.79 (1H,
d, Jy» = 6.3, HI’ G), 4.88-4.90 (2H, m, H5’ and H5” m’G), 4.60 (1H, dd, Jy» = 6.3, Jy3 = 5.1, H2’ G), 4.50-4.53 (1H, m, H4 m’G), 4.48
(1H, dd, Jyy = 3.9, Jy.3 = 5.5, H2’ m’G), 4.38 (1H, dd, Jy.3 = 5.1, Jy 4 = 3.5, H3’ G), 4.31 (1H, dd, Jy.3 = 5.5, Jy = 5.9, H3 m’G), 4.21 (1H,
m, H4’ G), 4.08-4.09 (2H, m, H5" and H5” G), 4.06 (3H, s, m’); *'P NMR (162 MHz, D,0, 25°C) &p: -7.52 (1P, d, Jpeep = 25.1, PB), -10.81
(1P, dt, Joqpg = 25.1, Jpq5/5» = 4.4, Pat); HRMS (-) ESI m/z found: 772.1362, calc. for Cy3HysN13014P; : 772.1354.

(3b) m7G-triazoIe-pppG

Obtained according to GP F from 12b (1500 mOD, 0.124 mmol, 85 mM) and 16b [
(0.372 mmol, 254 mM) while stirring with CuSO,-5H,0 (12.4 mg, 0.050 mmol, 34 mM) HOH o o o A \H
and sodium ascorbate (19.6 mg, 0.099 mmol, 68 mM) in 1.470 mL of DMF/H,0 (1.2:1, w,n_n_ §7© N.NS\O/E\O’g\O o TNTONH,
v/v) for 2 h. After quenching the reaction with Na,EDTA (186.3 mg, 0.50 mmol), the H\N(/ ‘NE Nt anH, SHon
product was subjected to RP HPLC purification which afforded 3b as ammonium salt. 0 CHs

*H NMR (400 MHz, D,0, 25 °C) 84: 8.36 (1H, s, H8 G or Hyiazote), 7.99 (1H, s, H8 G or Hyiazoe), 5.88 (1H, d, Jy» = 3.5, H1’ m’G), 5.81 (1H,
d, Jy» = 5.9, H1' G), 4.92 (1H, dd, Js.5» = 15.1, Jy5 = 3.3, HS’ m’G), 4.84 (1H, dd, Js5» = 15.1, Jy.5 = 5.9, H5” m’G), 4.68 (1H, dd, Jy» =
5.9, Jy.3 = 5.4, H2’ G), 4.50-4.54 (1H, m, H4' m’G), 4.51 (1H, dd, Jy» = 3.5, Jy.3 = 5.5, H2’ m’G), 4.46 (1H, dd, Jy.5 = 5.4, J3.4 = 3.3, H3'
G), 4.30 (1H, dd, Jy3 = 5.5, Jy4 = 6.3, H3’ m’G), 4.25-4.26 (1H, m, H4’ G), 4.09-4.11 (2H, m, H5’ and H5” G), 4.08 (3H, s, m’); *'P NMR
(162 MHz, D,0, 25°C) &p: -7.21 (1P, d, Jpy.pg = 22.0, Py), -10.62 (1P, dt, Jpq.pg = 19.1, Jpe.5/5 = 5.1, Pa), -22.46 (1P, dd, Jpy.pp = 22.0, Jpypp =
19.1, PB); HRMS (-) ESI m/z found: 852.1031, calc. for Cp3H,oN13047P5: 852.1017.

(3c) m’Gpp-triazole-G

Obtained according to GP F from 12¢ (1000 mOD, 0.088 mmol, 162 mM) and 16a OH OH o

(81.0 mg, 0.485 mmol, 485 mM) while stirring with CuSO,-5H,0 (8.8 mg, 0.035 mmol, m gf gf (NﬁNH

65 mM) and sodium ascorbate (13.9 mg, 0.070 mmol, 129 mM) in 0.542 mL of M\ N N O'é\o/éFN o N7LNH2
=N

DMF/H,0 (1.2:1, v/v) for 24 h. After quenching the reaction with Na,EDTA (130.3 mg, Hn, N
0.35 mmol), the product was subjected to RP HPLC purification which afforded 3c as O CHs
ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 6,: 8.94 (1H, s, H8 m’G), 8.27 (1H, s, H8 G of Hyiawre), 7.77 (1H, s, H8 G or Hyiagote), 5.90 (1H, d, Jyp = 3.3,
H1’ m’G), 5.79 (1H, d, Jy» = 5.5, H1’ G), 4.95 (1H, dd, Js5» = 14.9, Jy.5 = 7.2, H5’ G), 4.89 (1H, dd, Js5» = 14.9, Jy.5 = 3.5, H5” G), 4.58
(1H, dd, Jyy = 3.3, Jyy = 4.7, H2’ m’G), 4.53 (1H, dd, Jy-y = 5.5, Jy.3 = 5.5, H2’ G), 4.48-4.51 (1H, m, H4’ G), 4.37-4.40 (2H, overlapped
H3’ G and m’G), 4.25-4.27 (1H, m, H& m’G), 4.22 (1H, ddd, Jg.s» = 11.7, J = 4.3, 2.4, H5’ m’G), 4.12 (2H, ddd, Js.5» = 11.7, J = 5.3, 2.2,
H5” m’G), 3.94 (3H, s, m’); **P NMR (162 MHz, D,0, 25°C) 8p: -7.25 (1P, d, Jpp.p, = 2.5, PB), -10.86 (1P, br d, Jpg.p, = 2.5, Py); HRMS (-) ES|
m/z found: 772.1363, calc. for C,3H,5N13014P,: 772.1354.

(3d) m’Gppp-triazole-G
Obtained according to GP F from 12d (1000 mOD, 0.088 mmol, 162 mM) and 16a OH OH i 0
(81.0 mg, 0.485 mmol, 485 mM) while stirring with CuSO,-5H,0 (8.8 mg, 0.035 9 o ¢ )

. . HoN_N 0L o-P~0-B~0-F~= I L
mmol, 65 mM) and sodium ascorbate (13.9 mg, 0.070 mmol, 129 mM) in 0.542 mL 2"y ‘ Nx 006 07:“ o NONTONH,
of DMF/H,0 (1.2:1, v/v) for 4 h. After quenching the reaction with Na,EDTA (130.3 AN N*
mg, 0.35 mmol), the product was subjected to RP HPLC purification which afforded
3d as ammonium salt.

"H NMR (400 MHz, D,0, 25 °C) 8,: 9.11 (1H, s, H8 m’G), 8.33 (1H, s, H8 G or Hyiamore), 782 (1H, s, H8 G or Hyiagore), 5.96 (1H, d, Jyp = 3.5,
H1’ m’G), 5.84 (1H, d, Jy.» = 5.9, H1’ G), 4.90-4.91 (2H, m, H5' and H5” G), 4.62 (1H, dd, Jy-» = 3.5, Jy. = 5.1, H2’ m’G), 4.50-4.55 (2H,
overlapped H2’ and H4’ G), 4.45 (1H, dd, Jy.3 = 5.1, Jy.o = 4.7, H3’ m7G), 4.41 (1H, dd, J = 5.1, 5.5, H3’ G), 4.30-4.33 (1H, m, H4’ m7G),
4.23 (1H, ddd, Js s+ = 11.7, J = 4.3, 2.7, H5’ m’G), 4.14 (2H, ddd, Js.5» = 11.7, J = 5.5, 2.4, H5” m’G), 4.01 (3H, s, m’); P NMR (162 MHz,
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D,0, 25°C) 8p: -7.12 (1P, d, Jpp.py, = 22.0, PB), -10.68 (1P, br d, Jps.p, = 17.6, P8), -22.50 (1P, dd, Jpp.py = 22.0, Jps.py = 17.6, Py); HRMS (-) ESI
m/z found: 852.1030, calc. for C,4H3;N;3047P5: 852.1017.

(3e) mz7'z"°Gppp-triazoIe-G
Obtained according to GP F from 12f (650 mOD, 0.057 mmol, 100 mM) and 16a ~o o o
(52.7 mg, 0.171 mmol, 300 mM) while stirring with CuSO,-5H,0 (2.7 mg, 0.011 Q g* g‘ g‘ ) NH
mmol, 20 mM) and sodium ascorbate (4.4 mg, 0.022 mmol, 40 mM) in 0.570 mL HZNY/N ‘ Nx 0"‘\0’5‘0'5KN o N NANHZ
of DMF/H,0 (1:1, v/v) for 2 h. After quenching the reaction with Na,EDTA (41.0 HN\C,)II\JC*H N Nyl

3

mg, 0.11 mmol), the product was subjected to RP HPLC purification which
afforded 3d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 84: 9.10 (1H, 0, Jug.m7 = 0.8, H8 m’G), 8.34 (1H, s, H8 G Or Hyizsole), 7-85 (1H, s, H8 G of Hyizsole), 6.00 (1H,
d, Jyy = 3.1, H’ m’G), 5.84 (1H, d, Jy» = 4.7, H1’ G), 4.91-4.91 (2H, m, H5" and H5” G), 4.52-4.56 (2H, overlapped H4’ G and H3’ m’G),
4,51 (1H, dd, Jy = 4.7, Jy.3 = 4.3, H2’ G), 4.40 (1H, t, J = 5.5, H3’ G), 4.23-4.30 (3H, overlapped H2, H4’ and H5’ m’G), 4.14 (1H, ddd, Js.
& =12.5, Jy5r = 5.1, Jpgsr = 2.9, H5” m’G), 4.02 (3H, d, Jug.my = 0.8, m’), 3.58 (3H, s, m>©); >'P NMR (162 MHz, D,0, 25°C) &p: -7.14 (1P,
d, Jog.py = 22.0, PB), -16.69 (1P, ddd, Jps.py = 19.1, Jps. = 4.4, Jpss» = 2.9, P8), -22.45 (dd, Jpp.py = 22.0, Jps.p, = 19.1, Py); HRMS (-) ESI m/z
found: 866.1192, calc. for C;,H3,N;30,7P5: 866.1174.

(4a) m’G-triazole-OCH,ppG

Obtained according to GP F from 13a (890 mOD, 0.074 mmol, 97 mM) and 16b o
(0.221 mmol, 291 mM) while stirring with CuSO, (3.7 mg, 0.015 mmol, 19 M) and QH OH o~ o </N ‘ /NLH
sodium ascorbate (5.9 mg, 0.030 mmol, 39 mM) in 760 mL of DMF/H,0 (1:1.9, . n_ 0 Ly~ 05075 0— o V7 NNk,
v/v) for 2 h. After quenching the reaction with Na,EDTA (55.9 mg, 0.15 mmol), the H\N(/ ‘ N? N=N 2NH OH OH

product was subjected to RP HPLC purification which afforded 4a as ammonium O CHs

salt.

*H NMR (400 MHz, D,0, 25 °C) 8,: 7.99 (1H, s, H8 G or Hyinseic), 7-87 (1H, s, H8 G of Hiyiasore), 5.88 (1H, d, Jy» = 2.7, H’ m’G), 5.81 (1H,
d, Jyy = 5.9, HI' G), 4.98 (1H, dd, Jenz-ciz = 12.7, Joyrpp = 6.6, Hepy), 4.94 (1H, dd, Jenz-chzr = 12.7, Jorrpg = 7.0, Hepz), 4.80 (2H,
overlapped with HDO, H5’ and H5” m’G), 4.70 (1H, dd, Jy» = 5.9, Jy. = 5.5, H2’ G), 4.60 (1H, dd, Jy» = 2.7, Jy5 = 5.1, H2’ m’G), 4.46
(1H, dd, Jy.3 = 5.5, Jy.4 = 3.1, H3' G), 4.40-4.43 (2H, m, H& m’G), 4.36 (1H, dd, Jy.5 = 5.1, Jy.4 = 7.8, H3’ M’G), 4.28-4.29 (2H, m, H4’ G),
4.12-4.22 (2H, m, H5’ and H5” G), 4.08 (3H, s, m’); >'P NMR (162 MHz, D,0, 25°C) &,: -10.77-(-10.14) (2P, overlapped Pa and PB); HRMS
(-) ESI m/z found: 802.1476, calc. for C,4H3oN;3015P,: 802.1460.

(4b) m’G-triazole-OCH,pppG

Obtained according to GP F from 13b (800 mOD, 0.066 mmol, 79 mM) and 16b o
(0.198 mmol, 238 mM) while stirring with CuSO, (6.6 mg, 0.026 mmol, 32 mM) and OHOH o o o </N i J\I\H
sodium ascorbate (10.5 mg, 0.053 mmol, 64 mM) in 0.834 mL of DMF/H,0 (1:1.8,  n_ (O Ly~ 0 f0Fogo o V7N NH,
v/v) for 2 h. After quenching the reaction with Na,EDTA (245.9 mg, 0.66 mmol), " ‘NE N M OH OH

the product was subjected to RP HPLC purification which afforded 4b as O CHs

ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) &,;: 8.02 (1H, s, H8 G Or Hyizzore), 8.01 (1H, s, H8 G or Hiiagore), 5.90 (1H, d, Jyr» = 2.4, HI’ m’G), 5.81 (1H,
d, Jyy = 6.3, H1’ G), 5.0 (2H, d, Jeuzpy = 7.0, Hera), 4.84 (1H, dd, Js 5 = 15.3, Jys = 2.5, H5’ m’G), 4.78 (1H, dd, Js.5» = 15.3, Jys = 3.1,
H5” m’G), 4.74 (1H, dd, Jyy = 6.3, Jy3 = 5.5, H2’ G), 4.64 (1H, dd, Jyy = 2.4, Jy.3 = 4.7, H?’ m’G), 4. 51 (1H, dd, Jy.3 = 5.5, Jz4 = 3.5, H3’
G), 4.40-4.46 (2H, overlapped H3’ and H4' m’G), 4.27-4.31 (1H, m, H4’ G), 4.20-4.26 (2H, m, H5’ and H5” m’G), 4.08 (3H, s, m); *'P
NMR (162 MHz, D,0, 25°C) &p: -10.83 — (-10.51) (2P, overlapped Pa and Py), -22.27 (1P, t, Jegpy = Jpapy = 19.1, Py); HRMS (-) ESI m/z
found: 882.1140, calc. for C;;H3,N;30,gP5: 882.1123.

(4c) m7GppOCHz-triazoIe-G

Obtained according to GP F from 13c (890 mOD, 0.078 mmol, 83 mM) and 16a OH OH

(72.1 mg, 0.234 mmol, 250 mM) while stirring with CuSO, (3.9 mg, 0.016 mmol, 5 /g: /‘F?,: </N J\I\H
16.7 mM) and sodium ascorbate (6.2 mg, 0.031 mmol, 33 mM) in 0.937 mL of HZh;\’\‘(/N ‘NB 0879 OEN o} TNTNH,
DMF/H,0 (1:1.4, v/v) for 4 h. After quenching the reaction with Na,EDTA (59.6 mg, g ’\\JHB 2NH,+ OH OH

0.16 mmol), the product was subjected to RP HPLC purification which afforded 4c
as ammonium salt.

*H NMR (400 MHz, D,0, 25 °C) 84: 7.92 (1H, s, H8 G or Hyiagore), 7.68 (1H, s, H8 G or Hyiagote)s 5.96 (1H, d, Jy» = 3.9, H1’ G or m’G), 5.82
(1H, d, Jy» = 3.2, HI’ G or m’G), 4.98 (1H, dd, Jenz-ciz» = 12.5, Jez-pp = 6.6, Hez), 4.90 (1H, dd, Jerz-cuzr = 12.5, Jerzr-pg = 6.6, Heriz), 4.81-
4.82 (2H, overlapped with HDO, H5’ and H5”G), 4.65 (1H, dd, Jy» = 3.5, Jy.3 = 5.1, H2' G or m’G), 5.82 (1H, dd, Jy = 3.9, Jy.3 = 4.7, H2'
G or m’G), 4.40-4.48 (3H, overlapped H3’ G, H3’ m’G and H4’ G), 4.31-4.34 (1H, m, H4’ m’G), 4.26 (1H, ddd, Jg.s» = 11.7, J = 3.5, 2.5, H5’
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m’G), 4.16 (1H, ddd, Jss» = 11.7, J = 4.7, 2.5, H5” m’G), 3.99 (3H, s, m’); >’P NMR (162 MHz, D,0, 25°C) &p: -10.77-(-10.34) (2P,
overlapped Po and PB); HRMS (-) ESI m/z found: 804.1607, calc. for Cy,H3,N;13045P,": 804.1616.

(4d) m’GpppOCH,-triazole-G

Obtained according to GP F from 13d (690 mOD, 0.061 mmol, 59 mM) and 16a OH OH o
(56.3 mg, 0.183 mmol, 176 mM) while stirring with CuSO, (3.0 mg, 0.012 mmol, o g_ CF‘,Y gf </N‘ NH

. . HN_ N N 07370°3~0" 50" Yy N NANH
12 mM) and sodium ascorbate (4.8 mg, 0.024 mmol, 24 mM) in 1.033 mL of H\N(” [ o O " Ny O 2
DMF/H,0 (1:2.0, v/v) for 1 h. After quenching the reaction with Na,EDTA (44.7 & &, 3NH,+ OH OH

mg, 0.12 mmol), the product was subjected to RP HPLC purification which
afforded 4d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 6,: 9.15 (1H, s, H8 m’G), 8.00 (1H, s, H8 G or Hyiapore), 7-74 (1H, s, H8 G or Hyinsore), 5.98 (1H, d, Jy» = 3.5,
H1’ G or m’G), 5.82 (1H, d, Jy» = 3.1, H’ G or m’G), 5.02 (1H, dd, Jeuy-criz = 12.5, Jerz-pp = 7.0, Hew), 5.96 (1H, dd, Jepy-crz = 12.5, Jera.
op = 7.0, Hepy), 4.81-4.83 (2H, overlapped with HDO, H5’ and H5"G), 4.67 (1H, dd, Jy.y = 3.1, ). = 3.9, H2’' G or m’G), 5.66 (1H, dd, J;.»
=35, Jy3=3.5 H2 Gor m7G), 4.50-4.53 (2H, overlapped H3’ G, H3’ m7G), 4.41-4.45 (1H, m, H4’ m7G), 4.32-4.37 (2H,overlapped H4’
and H5' m’G), 4.24 (1H, ddd, Jy.s» = 11.7, J = 5.1, 2.4, H5” m’G), 4.05 (3H, s, m’); *!P NMR (162 MHz, D,0, 25°C) &p: -10.77 — (-10.56)
(2P, overlapped Pa and Py), -22.17 (1P, t, J = 19.1, 20.5, Py); HRMS (-) ESI m/z found: 882.1143, calc. for C;,H3;N130,5P5: 882.1123.

(5a) m’G-triazole-SCH,ppG

Obtained according to GP F from 14a (750 mOD, 0.062 mmol, 93 mM) and 16b o
(0.186 mmol, 279 mM) while stirring with CuSO, (6.2 mg, 0.025 mmol, 37 M) and OHOH o o </N‘ J\I\H
sodium ascorbate (9.8 mg, 0.050 mmol, 74 mM) in 0.668 mL of DMF/H,0 (1.5:1, . n_ O LTS5 040 o} N NH
v/v) for 3 h. After quenching the reaction with Na,EDTA (93.1mg, 0.25 mmol), the H\r\r ‘NE NR INH OH OH
product was subjected to RP HPLC purification which afforded 5a as ammonium o CHy

salt.

'H NMR (400 MHz, D,0, 25 °C) 8: 8.04 (1H, s, H8 G or Hisiasoie), 7-63 (1H, s, H8 G or Hisiagoe), 5-86 (1H, d, Jy» = 2.4, HI’ m’G), 5.82 (1H,
d, Jy» = 5.9, H1’ G), 4.75-4.76 (2H, m, H5’ and H5” m’G), 4.73 (1H, dd, Jy.» = 5.9, Jy.3 = 5.3, H2’ G), 4.60 (1H, dd, Jy» = 2.4, Jy.z = 4.9,
H2’ m’G), 4.48 (1H, dd, Jy3 = 5.3, Jy4 = 3.5, H3' G), 4.37-4.43 (2H, overlapped H3’ and H4' m’G), 4.29-4.31 (1H, m, H4' G), 4.15-4.17
(2H, m, H5" and H5” G), 4.10 (3H, s, m’), 4.02 (1H, dd, Jery.chz = 14.1, Jenzpp = 12.1, Henz), 3.93 (1H, dd, Jop o = 18.1, Jeuyrpp = 11.4,
Henz); >'P NMR (162 MHz, D,0, 25°C) 8p: 6.72 (1P, dt, Jpq.pp = 28.6, Jpp.cha =11.7, PB), -11.97 (1P, br d, Jpy.ps = 28.6, Pat); HRMS (-) ESI m/z
found: 818.1244, calc. for Cy;H3oN;3044P,S: 818.1231.

(5b) m’G-triazole-SCH,pppG

Obtained according to GP F from 14b (800 mOD, 0.066 mmol, 98 mM) and 16b o
(0.198 mmol, 295 mM) while stirring with CuSO, (6.6 mg, 0.026 mmol, 39 M) and QH o T oo </:\ j\“
sodium ascorbate (10.5 mg, 0.053 mmol, 79 mM) in 0.674 mL of DMF/H,0 (2:2, v/v) = HaN.N N ° N~js 67676 NN
for 2 h. After quenching the reaction with Na,EDTA (96.8 mg, 0.26 mmol), the AR 3NH," OHOH

O CHg
product was subjected to RP HPLC purification which afforded 5b as ammonium salt.

*H NMR (400 MHz, D,0, 25 °C) 8: 8.03 (1H, s, H8 G or Hyiazote), 7-89 (1H, s, H8 G or Hyiazoe), 5.90 (1H, d, Jy» = 2.4, H1’ m’G), 5.83 (1H,
d, Jy» = 6.3, H1’ G), 4.73-4.84 (3H, overlapped H5’ and H5” m’G, H2’ G), 4.65 (1H, dd, Jyy = 2.4, Jy.3 = 4.7, H2’ m’G), 4.53 (1H, dd, J =
3.5, 5.1, H3' G), 4.41-4.47 (2H, overlapped H3’ and H4’ m’G), 4.30-4.32 (1H, m, H4' G), 4.23-4.27 (2H, m, H5’ and H5” G), 4.09 (1H, s,
m’), 4.07 (1H, dd, Jenr-chz = 143, Jenz-py = 11.9, Hany), 3.93 (1H, dd, Jeur-cuzr = 143, Jezrpy = 11.9, Heppr); P NMR (162 MHz, D,0,
25°C) &p: 8.01 (1P, dt, Jpy.pp = 27.9, Jpycrz = 11.9, Py), -10.58 (1P, dt, Jpupp = 19.1, Jpuss» = 5.1, Pat), -22.92 (1P, dd, Jpy.pg = 27.9, Jpq.pp =
19.1, PB); HRMS (-) ESI m/z found: 898.0911, calc. for CyqH33N;301,P5S: 898.0894.

(5¢) m7GppSCHz-triazoIe-G

Obtained according to GP F from 14c¢ (825 mOD, 0.072 mmol, 113 mM) and 16a (66.5 OH OH

mg, 0.216 mmol, 340 mM) while stirring with CuSO, (3.6 mg, 0.014 mmol, 23 mM) and w0 O/?:o/;":s% (: jl\H
sodium ascorbate (5.7 mg, 0.029 mmol, 45 mm) in 0.639 mL of DMF/H,0 (1.7:1, v/v) H\N(/ \N} 0707 nyyMo NTNH;
for 1.5 h. After quenching the reaction with Na,EDTA (52.2 mg, 0.14 mmol), the 0 CH, g OH OH

product was subjected to RP HPLC purification which afforded 5c as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8,: 7.76 (1H, s, H8 G or Hyiazote), 7-63 (1H, s, H8 G or Hyiagote), 5.98 (1H, d, Jy» = 3.5, H’ m’G), 5.82 (1H,
d, Jy» = 3.1, H1' G), 4.78-4.79 (2H, m, H5' and H5” m’G), 4.62-4.66 (2H, overlapped H2’ G and m’G), 4.49 (1H, dd, J = 5.1, 6.7, H3’ G),
4.46 (1H, dd, J = 4.3, 5.1, H3’ m’G), 4.41-4.44 (1H, m, H4' G), 4.34-4.37 (1H, m, H4 m’G), 4.26 (1H, ddd, Js.s» = 11.9, J = 4.3, 2.5, H5’
m’G), 4.14 (2H, ddd, Js.5- = 11.9, ) = 5.5, 2.4, H5” m’G), 4.03 (3H, s, m’), 4.01 (1H, dd, Joyz-cra- = 14.5, Jozps = 12.5, Hewy), 3.93 (1H, dd,
Jor-crzr = 14.5, Jor-pp = 12.3, Hap); >'P NMR (162 MHz, D,0, 25°C) 8p: 7.85 (1P, dt, J = 29.4, 12.4 Hz), -11.22-(-11.04) (1P, m); HRMS (-)
ESI m/z found: 818.1249, calc. for CqH3oN13014P,S": 818.1231.
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(5d) m’GpppSCH,-triazole-G

Obtained according to GP F from 14d (700 mOD, 0.061 mmol, 100 mM) and 16a OH OH o
(56.4 mg, 0.183 mmol, 300 mM) while stirring with CuSO, (3.0 mg, 0.012 mmol, wv . O OELOE:OEZS%N (:‘ Ni':lH
20 mM) and sodium ascorbate (4.8 mg, 0.024 mmol, 40 mM) in 0.614 mL of HN” R 0 00" Ny 1oO 2
DMF/H,0 (1.4:1, v/v) for 1 h. After quenching the reaction with Na,EDTA (44.7 J '\\‘CHS 3NH,+ OH OH

mg, 0.12 mmol), the product was subjected to RP HPLC purification which
afforded 5d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) &,;: 7.85 (1H, s, H8 G or Hiaore), 7-67 (1H, s, H8 G or Hyiazore), 5.98 (1H, d, Jyy = 3.5, H1’ G or m’G), 5.82
(1H,d, Jyy = 2.7, HI’ G or m7G), 4.78 (2H, overlapped with HDO, H5’ and H5” G), 4.65-4.68 (2H, overlapped H2’ G and H2’ m7G), 451-
4.54 (2H, overlapped H3’ G and H3’ m’G), 4.40-4.44 (1H, m, H4’ m’G), 4.34-4.48 (2H, overlapped H4’ G and H5’ G), 4.22-4.27 (1H, m,
H5"G), 4.07 (1H, s, m’), 4.06 (1H, dd, Jory-ciz» = 143, Jerzpp = 11.7, Her), 3.98 (1H, dd, Jeuy-crzr = 14.3, Joprp = 11.7, Hap); P NMR
(162 MHz, D,0, 25°C) &p: 10.10 (1P, dt, Jop.py = 27.1, Jpg.cz = 11.7, PB), -8.46 (1P, d, J = 19.1, P8), 20.70 (1P, dd, Jpg.p, = 27.1, Jpspy = 19.1,
py); HRMS (-) ESI m/z found: 898.0913, calc. for C,4H3;N13017P5S": 898.0894.

(6a) m’G-triazole-NHCH,ppG

Obtained according to GP F from 15a (6057 mOD, 0.501 mmol, 358 mM) and 16b (462.9 o
mg, 1.503 mmol, 1074 mM) while stirring with CuSO, (25.0 mg, 0.100 mmol, 72 mM) julg 0" o «Nﬁ””
and sodium ascorbate (39.6 mg, 0.200 mmol, 143 mM) in 1.400 mL of DMF/H,0 (1:14, . . 4 N.Njﬁﬁ’g\o’g\o o) TNTINK,
v/v) for 1 h. After quenching the reaction with Na,EDTA (372.5 mg, 1.00 mmol), the HN I ‘NCH 2NHs* OH OH

3

product was subjected to RP HPLC purification which afforded 6a as ammonium salt.

*H NMR (400 MHz, D,0, 25 °C) 6,: 8.04 (1H, s, H8 G), 7.69 (1H, s, Hy/insore), 5.90 (1H, d, Jy = 2.5, H’ m’G), 5.82 (1H, d, Jy» = 6.0, H1’ G),
4.77-4.80 (2H, overlapped with HDO, H5’ and H5” m’G), 4.73 (1H, dd, Jy» = 6.0, Jy.3 = 5.2, H2' G), 4.64 (1H, dd, Jy» = 2.5, Jy.3 = 5.2,
H2' m’G), 4.47 (1H, dd, Jy.3 = 5.2, Jy 4= 3.7, H3' G or m’'G), 4.41-4.45 (1H, m, H4 G or m’G), 4.38 (1H, dd, Jy 3= 5.2, Jy.4 = 7.2, H3' G
or m’G), 4.29-4.31 (1H, m, H4’ G or m’G), 4.14-4.17 (2H, m, H5’ and H5” G), 4.10 (3H, s, m’), 4.08 (1H, dd, Jery-crz = 15.4, Jenz-ep = 9.7,
Henz), 4.01 (1H, dd, Jeny-chzr = 15.4, Juzrpp = 10.0, Hap); >'P NMR (162 MHz, D,0, 25°C) 8p: -2.53) (1P, dt, Jeyapp = 10.0, Jpq.pp = 22.2,
PB), -11.03 (1P, br d, Jpq.pg = 22.2, Pa); HRMS (-) ESI m/z found: 801.1626, calc. for Cy4H33N14014P,: 801.1619.

(6b) m’G-triazole-NHCH,pppG

Obtained according to GP F from 15b (1000 mOD, 0.083 mmol, 124 mM) and 16b 0
(0.249 mmol, 373 mM) while stirring with CuSO, (8.3 mg, 0.033 mmol, 25 mM) and jal 9 o e /:\ j‘\”
sodium ascorbate (13.1 mg, 0.066 mmol, 50 mM) in 0.667 mL of DMF/H,0 (1.7:1, v/v) ~ HaN- N N ° N\N//\]/” 69806 0o M N
for 6 h. After quenching the reaction with Na,EDTA (122.9 mg, 0.33 mmol), the HNO '\!Hs SNH,” OHOH

product was subjected to RP HPLC purification which afforded 6b as ammonium salt.

*H NMR (400 MHz, D,0, 25 °C) 8,: 8.03 (1H, s, H8 G or Hyiazote), 7.93 (1H, s, H8 G or Hyiazoe), 5.90 (1H, d, Jy» = 2.7, H’ m’G), 5.82 (1H,
d, Jy» = 5.9, HI’ G), 4.77-4.84 (2H, m, overlapped with HDO, 5’ and 5” m’G), 4.74 (1H, dd, Jy» = 5.9, Jy.3 = 5.1, H2’ G), 4.60 (1H, dd, Jy.
» =27, )y =51, H2? m’G), 4.51 (1H, dd, Jy.3 = 5.1, Jyp = 3.9, H3’ G), 4.44-4.47 (1H, m, H& m’G), 4.40 (1H, dd, Jyz = 5.1, Jy 4 = 7.4,
H3’ m’G), 4.30-4.32 (1H, m, H4’ G), 4.18-4.28 (1H, m, H5” and H5” G), 4.06-4.18 (1H, m, Hey), 4.08 (3H, s, m’); **P NMR (162 MHz, D,0,
25°C) 8p: -1.59 (1P, dt, Jpyp = 22.0, Jpychz = 10.3, Py), -10.49 (1P, ddd, Jpupp = 19.1, Jpas = 4.4, Jpas = 5.9, Pat), -21.94 (1P, dd, Jp.pg =
22.0, Jpypp = 19.1, PB); HRMS (-) ESI m/z found: 881.1301, calc. for CyqH3,N1401,P5 : 881.1283; hydrolysis in D,0: 19%.

(6¢c) m7GppNHCHZ-triazoIe-G

Obtained according to GP F from 15c¢ (1026 mOD, 0.090 mmol, 208 mM) and 16a OH OH o
(83.2 mg, 0.270 mmol, 625 mM) while stirring with CuSO, (9.0 mg, 0.036 mmol, 83 . Mo?: ,?: - (:fL/NH
mM) and sodium ascorbate (14.3 mg, 0.072 mmol, 166 mM) in 0.432 mL of DMF/H,0 g 60 B
(1:2.3, v/v) for 2.5 h. After quenching the reaction with Na,EDTA (134.1 mg, 0.36 I L, 2NH,+ OHOH
mmol), the product was subjected to RP HPLC purification which afforded 6c¢ as

ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8;: 7.82 (1H, s, H8 G or Hyizzole), 7-65 (1H, s, H8 G of Hyiagote), 6.00 (1H, d, Jy» = 3.5, HI’ m’G or G), 5.82
(1H, d, Jy»=3.2, HY’ m’G or G), 4.79 (overlapped with HDO, H5’ and H5” G), 4.63-4.66 (2H, overlapped H2’ G and H2’ m7G), 4.42-4.51
(3H, overlapped H3' m’G, H3' G and H4' G or m’G), 4.34-4.37 (1H, m, H4 G or m’G), 4.26 (1H, ddd, Js5- = 11.8, J = 2.5, 4.4, H5' m’G),
4.16 (1H, ddd, Js.s» = 11.8,J = 3.0, 5.2, H5” m’G), 4.11 (1H, dd, Jenz-crz» = 15.4, Jewz-pp = 11.2, Hewy), 4.04 (1H, dd, Jeuy-crz = 15.4, Jeuzpp
=10.7, Heuy), 4.06 (3H, s, m’); >'P NMR (162 MHz, D,0, 25°C) 8p: -2.24 (1P, dt, Jeup.pp = 11.0, Jpg.p, = 22.0, PB), 11.00 (1P, d, Jpp.p, = 22.0,
Py); HRMS (-) ESI m/z found: 801.1618, calc. for CyqH3;N14014P,: 801.1619.

(6d) m7GpppNHCHZ-triazoIe-G
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Obtained according to GP F from 15d (800 mOD, 0.070 mmol, 92 mM) and 16a OHOH o

o o~ O
(64.7 mg, 0.210 mmol, 277 mM) while stirring with CuSO, (7.0 mg, 0.028 mmol, 37, (o Fotobu=, ¢] Ni*:wz
mM) and sodium ascorbate (11.1 mg, 0.056 mmol, 74 mM) in 0.760 mL of HN \NE Nen (0
DMF/H,0 (1:1.6, v/v) for 2.5 h. After quenching the reaction with Na,EDTA (104.3 O CH, e oHOH

mg, 0.28 mmol), the product was subjected to RP HPLC purification which afforded 6d as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 84: 7.91 (1H, s, H8 G or Hysiamore), 7.71 (1H, s, H8 G or Hiiagore), 6.00 (1H, d, Jy-» = 3.5, HI’ m’G or G), 5.82
(1H, d, Jyr» = 3.1, HY’ m’G or G), 4.79 (2H, overlapped with HDO, H5" and H5” G), 4.67-4.70 (2H, overlapped H2’ G and H2’ m7G), 4.53-
4.56 (2H, overlapped H3’ G and H3’ m7G), 4.41-4.45 (2H, m, H4’ G), 4.34-4.39 (2H, overlapped H4’ m’G and H5’ m7G), 4.25 (1H, ddd, Js.
s =119, J =57, 2.2, H5” m’G), 4.05-4.18 (2H, m, Heyy), 4.07 (3H, s, m’); *'P NMR (162 MHz, D,0, 25°C) 8p: -1.59 (1P, dt, Jpg.p, = 20.5,
Jog.chz = 10.3, PB), -10.55 (1P, d, Jpy.ps = 19.1, PS), -21.86 (1P, dd, Jp,.ps = 19.1, Jpp.p, = 20.5, Py); HRMS (-) ESI m/z found: 881.1300, calc.
for C4H3,N140,7P5: 881.1283; hydrolysis in D,0: 15%.

(7a) m7GpNHC2H4-triazoIe-CH2ppG

Obtained according to GP G from 11a (848 mOD, 0.070 mmol, 150 mM) and 17¢ OH OH o

(800 mOD, 0.070 mmol, 150 mM) while stirring with CuSO, (3.5 mg, 0.014 BN @O’g:NNNN:N o o «NﬁNH
mmol, 30 mM) and sodium ascorbate (5.5 mg, 0.028 mmol, 60 mM) in 0.701 mL g [ oH “Eo o o fTNTNK,
of H,0 for 1 h. After quenching the reaction with Na,EDTA (52.2 mg, 0.14 0 CH, 3N OH OH

mmol), the product was subjected to RP HPLC purification which afforded 7a as
ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 6,: 8.03 (1H, s, H8 G), 7.84 (1H, s, J = 2.0, Hyiazore), 5.98 (1H, d, Jy-» = 3.9, H1’ m’G), 5.88 (1H, d, J;.» = 5.9,
H1' G), 4.77 (1H, dd, Jy = 5.9, J» 5 = 5.1, H2’ G), 4.69 (1H, dd, Jy-» = 3.9, Jy.3 = 5.1, H2’ m’G), 4.50 (1H, dd, J»5 = 5.1, Jy 4 = 3.9, H3’ G),
4.42 (1H, dd, Jy.3 = 5.1, Jy.4 = 5.5, H3' m’G), 4.37 (2H, br t, Joyauriazole)m7c-crzuiy = 6.1, Herariazolem7a), 4-31-4.34 (2H, m, overlapped H4' G
and m’G), 4.14-4.21 (2H, m, H5’ and H5” G), 4.00 (1H, ddd, Js.5» = 11.7, J = 4.7, 2.7, H5’ m’G), 3.90 (1H, ddd, Jsg = 11.7, J = 4.9, 3.3,
H5” m’G), 3.23-3.28 (2H, M, Hewoury), 316 (2H, d, Jog.chap) = 202, Hepagey); P NMR (162 MHz, D,0, 25°C) &p: 11.70 (1P, dt, Jpp.cuap) =
20.2, Jpopg = 26.4, PB), 9.01-9.14 (1P, m, P8), -10.40 (1P, br d, Jpepp = 26.4, Pa); HRMS (-) ESI m/z found: 909.1618, calc. for
Cy6H36N14017P3: 909.1596; hydrolysis in D,0: 11%.

(7b) m’GpNHC,H,-triazole-CH,pppG

Obtained according to GP G from 11b (742 mOD, 0.061 mmol, 150 mM) and OHOH o

17c¢ (700 mmol, 0.061 mmol, 150 mM) while stirring with CuSO, (3.0 mg, N_KO 0/’?\N/¥NN;'L‘?_ 0" o </N‘ e
0.012 mmol, 30 mM) and sodium ascorbate (4.8 mg, 0.024 mmol, 60 mM) in H\NZ;ENE on Fogogo ) NN
0.409 mL of H,0 for 1 h. After quenching the reaction with Na,EDTA (44.7 0 CH e OH OH

mg, 0.12 mmol), the product was subjected to RP HPLC purification which afforded 7b as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 6H: 8.06 (1H, s, H8 G), 7.88 (1H, d, J = 2.0, Hiizzore), 5.98 (1H, d, Jy5 = 3.9, H1’ m’G), 5.86 (1H, d, Jyy =
6.3, H1’ G), 4.79 (1H, dd, Jy» = 6.3, )3 = 5.1, H2’ G), 4.74 (1H, dd, Jy» = 3.9, J 3 = 5.1, H2’ m’G), 4.54 (1H, dd, Jy 3 = 5.1, J3.4 = 3.5, H3’
G), 4.37 (1H, dd, Jy.3 = 5.1, Jy3 = 5.1, H3 m’G), 4.37 (2H, br t, Jeuapriazoleimrc-chamt) = 6-6, Horagtriazolemza), 4.32-4.35 (2H, overlapped H4' G
and H4’ m’G and H5’' G), 4.28 (1H, ddd, Jy.s» = 11.7, J = 5.3, 3.3, H5’ m’G), 4.23 (1H, ddd, Js5» = 11.7, J = 5.9, 3.9, H5” m’G), 4.06 (3H, s,
m’), 4.02 (1H, ddd, Js.s- = 11.7,J = 4.7, 2.7, H5’ G), 3.86 (1H, ddd, J.5 = 11.7, J = 5.1, 3.5, H5’ G), 3.21-3.26 (2H, m, Heriouiy), 3-22 (2H, d,
Jerap)py = 20.4, Hoap)); >'P NMR (162 MHz, D,0, 25°C) 8p: 14.20 (1P, dt, Jpp.p, = 24.9, Jpy.chap) = 20.4, Py), 11.20-11.32 (1P, m, Pg), -8.35
(1P, dt, Jogpp = 19.1 Jposys» = 4.4, Pa), 20.05 (1P, dd, Jpy.pp = 19.1, Jpgpy = 24.9, PB); HRMS (-) ESI m/z found: 989.1276, calc. for
Cy6H37N14020P4: 989.1259; hydrolysis in D,0: 7%.

(7c) m’ GppCH,-triazole-C,H,NHpG
Obtained according to GP G from 11c (1132 mOD, 0.099 mmol, 150 mM) and

17a (1200 mOD, 0.099 mmol, 150 mM) while stirring with CuSO,4 (4.9 mg, OH OH o o nen o </N‘ )N\H
0.020 mmol, 30 mM) and sodium ascorbate (7.9 mg, 0.040 mmol, 60 mM) in v w0 N PN N$H/ﬁ\o N NP NH,
0.662 mL of H,0 for 2 h. After quenching the reaction with Na,EDTA (74.5 mg, H\N(/ \ N} ° -0 N o)

0.20 mmol), the product was subjected to RP HPLC purification which 0  CH,

afforded 7c as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) &,;: 8.01 (1H, s, H8 G), 7.82 (1H, d, J = 2.0, Hyiasore), 6.02 (1H, d, Jy» = 3.5, H’ m’G), 5.86 (1H, d, Jy» =
5.5, H1’ G), 4.83 (1H, dd, Jy» = 5.5, J y.3 = 5.5, H2'G), 4.68 (1H, dd, Jy» = 3.5, J y = 4.7, H2’ m’G), 4.46 (2H, overlapped H3’ G and
m7G), 4.35-4.37 (1H, m, H4’ G or m7G), 4.28-4.31 (3H, overlapped H4’ G or m7G, Herztriazole)e), 4-24 (1H, ddd, Jss» = 11.7,J = 4.3, 2.4,
H5’' G or m’G), 4.16 (1H, ddd, Jss» = 11.7, J = 5.5, 2.4, H5” G or m’G), 4.08 (3H, s, m’), 3.96 (1H, ddd, Jsg- = 11.7, J = 4.7, 3.1, H5” G or
m’G), 3.88-3.93 (1H, m, H5” G or m’G), 3.22 (2H, d, Jerapypy = 20.5, Hepagey), 3-13-3.20 (2H, m, Herpp); > P NMR (162 MHz, D,0, 25°C)
Sp: 11.95 (1P, dt, Jpy.chap) = 20.5, Jpy.ps = 26.4, Py), 9.05-9.18 (1P, m, Pa), -10.34 (1P, br d, Jp,.pp = 26.4, PS); HRMS (-) ESI m/z found:
909.1603, calc. for CygHzgN14047P3: 909.1596.
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(7d) m’GpppCH,-triazole-C,H,NHpG

Obtained according to GP G from 11d (700 mOD, 0.061 mmol, 100 mM) and o
17a (742 mOD, 0.061 mmol, 100 mM) while stirring with CuSO, (6.0 mg, 0.024 M o o o N g’o «:\ M
. L ; — N7 N”NH,
mmol, 40 mM) and sodium ascorbate (9.6 mg, 0.048 mmol, 80 mM) in 0.614 HaN N ‘NS © O/E\O’E\O’gdw H O o
K 4NH,+

mL of H,0 for 24 h. After quenching the reaction with Na,EDTA (89.4 mg, 0.24 AN
mmol), the product was subjected to RP HPLC purification which afforded 7d as
ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8: 8.00 (1H, s, H8 G), 7.84 (1H, d, Jera(p)Htriazole) = 2.2, Huriazole), 6.00 (1H, d, Jy.» = 3.5, HI’ m’G), 5.86 (1H,
d, Jy =5.5, H1’ G), 4.89 (1H, dd, Jy.»» = 5.5, Jy.3 = 5.1, H2’ G), 4.69 (1H, dd, Jy» = 3.5, J.3 = 5.1, H2’ m’G), 4.56 (1H, dd, Jy = 5.1, Jy.4 =
5.5, H3’ m7G), 4.47 (1H, dd, J» 3 = 5.1, J»53 = 4.3, H3’ G), 4.36-4.41 (2H, overlapped H4’ and H5’ m7G), 4.23-4.30 (4H, overlapped H5”
m’G, H4'G, Henariazole)s), 4-08 (3H, s, m’), 3.98 (1H, ddd, Jg.s» = 11.7, J = 4.3, 2.9, H5'G), 3.89-3.95 (1H, m, H5" G), 3.26 (2H, dd, Jeyip.py =
20.5, Jeyap)-ttriazole) = 2-2, Heragpy), 3-07-3.18 (2H, m, Hoypuny); °'P NMR (162 MHz, D,0, 25°C) 8p: 14.11 (1H, dt, Jpy.ps = 24.9, Jerapypy =
20.5, Py), 11.18-11.37 (1P, m, Pa), -8.40 (1P, br d, Jps.ps = 19.1, Pg), -19.96 (1P, dd, Jpe.ps = 19.1, Jp.p5 = 24.9, P8); HRMS (-) ESI m/z found:
494.0598, calc. for C26H35N14020P4Z': 494.0590; hydrolysis in D,0: 9%.

(8a) m’GpNHC,H,-triazole-ppG

Obtained according to GP G from 12a (742 mOD, 0.061 mmol, 100 mM) and 17c o
(700 mOD, 0.061 mmol, 100 mM) while stirring with CuSO, (6.0 mg, 0.024 mmol, QHOH o o </N ‘ j‘\“
40 mM) and sodium ascorbate (9.6 mg, 0.048 mmol, 80 mM) in 0.614 mL of H,0 HaN NN °© ozE\H&N.TE\O’Q\O o) TNTTNH,
for 1 h. After quenching the reaction with Na,EDTA (89.4 mg, 0.24 mmol), the HN ‘NE N OH OH

! 3NH4*
product was subjected to RP HPLC purification which afforded 8a as ammonium o C

salt.

*H NMR (400 MHz, D,0, 25 °C) &,;: 8.25 (1H, s, H8 G or Hysiasore), 7.94 (1H, s, H8 G or Hiinsore), 5.98 (1H, d, Jy» = 3.9, H1' m’G), 5.83 (1H,
d, Jy.» =59, Hl' G), 4.66 (1H, dd, J;,» = 5.9, Jy .3 = 5.1, H2’ G), 4.62 (1H, dd, J;,» = 3.9, Jy.3 = 5.1, H2’ m7G), 4.42-4.46 (3H, overlapped
Herariazoleymze and H3'G), 4.37 (1H, dd, Jy.3 = 5.1, Jy4 = 5.1, H3’ m’G), 4.29-4.32 (1H, m, H4’ m’G), 4.25-4.28 (1H, m, H4' G), 4.13-4.15
(2H, m, H5" and H5” G), 4.06 (3H, s, m’), 3.92 (1H, ddd, Jss» = 11.7, J = 4.7, 2.7, H5’ m’G), 3.82 (1H, ddd, Js5» = 11.7, J = 5.1, 3.1, H5’
m’G), 3.25-3.31 (2H, m, Heroury); >'P NMR (162 MHz, D,0, 25°C) 8p: 8.92-9.04 (1P, m, P§), -6.87 (1P, d, Jpy.p = 22.7, PB), -10.80 (1P, dt,
Joopp = 22.7, Jpg5y5 = 6.6, Pat); HRMS (-) ESI m/z found: 895.1456, calc. for CysHgN1,017P3: 895.1439; hydrolysis in D,0: 14%.

(8b) m’GpNHC,H,-triazole-pppG

Obtained according to GP G from 12b (742 mOD, 0.061 mmol, 100 mM) and o

17¢ (700 mOD, 0.061 mmol, 100 mM) while stirring with CuSO, (6.0 mg, 0.024 Al o o o «:\ Ni“NH
mmol, 40 mM) and sodium ascorbate (9.6 mg, 0.048 mmol, 80 mM) in 0.614  H:N._ N ‘N\o O’C‘P‘,H/\N.N:N 69769600 ’
mL of H,O for 2.5 h. After quenching the reaction with Na,EDTA (89.4 mg, 0.24 o I N;HS N OHOH

mmol), the product was subjected to RP HPLC purification which afforded 8b as
ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 8: 8.30 (1H, s, H8 G Or Hyiazote), 7.03 (1H, s, H8 G OF Hyiazote), 5.98 (1H, d, Jy» = 3.7, H1’ m’G), 5.85 (1H,
d, )y = 6.3, HI’ G), 4.73 (1H, dd, J1» = 6.3, Jy3 = 5.1, H2’ G), 4.66 (1H, dd, Jy = 3.7, Jp.3 = 4.7, H2’ m’G), 4.48 (1H, dd, Jy.3 = 5.1, Jy.p =
3.5, H3' G), 4.45 (2H, br t, Jerariazoleimzc.cak) = 5-9, Herariazoleymza), 4-38 (1H, dd, Jy 3 = 4.7, Jy.4 = 5.9, H3' m’G), 4.31-4.34 (1H, m, H4’
m’G), 4.27-4.30 (1H, m, H4’ G), 4.14-4.16 (2H, m, H5’ and H5” G), 4.06 (3H, s, m"), 3.96 (1H, ddd, Js.s» = 11.7, J = 4.7, 2.7, H5’ m’G), 3.84
(1H, ddd, Jg.s = 11.7,J = 5.1, 3.5, H5’ m’G), 3.29 (1H, dt, Jenariaole)-crait) =59, Jerammyre = 10.6, Hepay and Herouy); >P NMR (162
MHz, D,0, 25°C) 8p: 8.94-9.12 (1P, m, Pg), -6.56 (1P, d, Jpg.py, = 22.0, Py), -10.61 (1P, dt, Jpepp = 19.1, Jpy5/5» = 5.1, Pat), -22.49 (1p, dd, Jp,.
pp = 22.7, Jpgpg = 19.1, PB); HRMS (-) ESI m/z found: 975.1124, calc. for CosH3sN140,0P,: 975.1103; hydrolysis in D,0: 9%.

(8c) m’Gpp-triazole-C,H,NHpG
Obtained according to GP G from 12¢ (700 mOD, 0.061 mmol, 100 mM) and OH OH

_ _ (0]
17a (742 mOD, 0.061 mmol, 100 mM) while stirring with CuSO, (6.0 mg, 0.024 o oP o ,c‘,) o- ) NH
H2N el — ! _
mmol, 40 mM) and sodium ascorbate (9.6 mg, 0.048 mmol, 80 mM) in 0.614 HN;;[N} ENJ\N’E\O N N)\NHQ
mL of H,0 for 2 h. After quenching the reaction with Na,EDTA (89.4 mg, 0.24 \ Hy 3NH,+ O on

mmol), the product was subjected to RP HPLC purification which afforded 8c as
ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 84: 8.24 (1H, s, H8 G or Hisiasoie), 8.03 (1H, s, H8 G or Hisiagoe), 5.99 (1H, d, Jy» = 3.3, HI’ m’G), 5.84 (1H,
d, Jyy = 5.9, H’ G), 4.75 (1H, dd, Jyy = 5.9, Jy3 = 5.1, H2' G), 4.64 (1H, dd, Jy» = 3.3, Jy.3 = 4.7, H2’ m’G), 4.41-4.45 (2H, overlapped
with H3’ G and H3’ m7G), 4.39 (2H, br t, Jepariazole)s-crainm) = 6.3, H chztriazole)s), 4-34-4.36 (1H, m, H4 m7G), 4.24-4.29 (2H, m, overlapped
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H5' m’G and H4’ G), 4.18 (1H, ddd, Js.s» = 11.9, J = 5.5, 2.3, H5” m’G), 4.04 (3H, s, m’), 3.90 (1H, ddd, J = Js.5» = 11.7, J = 4.5, 2.9, H5' G),
3.77-3.83 (1H, m, H5” G), 3.17-3.28 (2H, m, Heai); P NMR (162 MHz, D,0, 25°C) 8p: 8.93-9.1 (1P, m, Pa), -6.62 (1P, d, Jp,.ps = 23.5,
PY), -10.75 (1P, br d, Jp,.ps = 23.5, P8); HRMS (-) ESI m/z found: 895.1454, calc. for CysHasN14017P5: 895.1439.

(8d) m’Gppp-triazole-C,H,NHpG

Obtained according to GP G from 12d (700 mOD, 0.061 mmol, 50 mM) and 17a OHOH ) o
(742 mOD, 0.061 mmol, 50 mM) while stirring with CuSO, (6.0 mg, 0.024 mmol, N N O O/;‘.‘)\O,C‘F‘.‘J\O/?% o </N j\H
20 mM) and sodium ascorbate (9.6 mg, 0.048 mmol, 40 mM) in 1.228 mL of H,0 g L O OGN T8O o )TN
for 1 h. After quenching the reaction with Na,EDTA (89.4 mg, 0.24 mmol), the o o AN OH OH

product was subjected to RP HPLC purification which afforded 8d as ammonium salt.

"H NMR (400 MHz, D,0, 25 °C) 6,:8.23 (1H, s, H8 G or Hyiazole), 8.02 (1H, s, H8 G or Hyiagore), 6.00 (1H, d, J» = 3.5, H’ m’G), 5.86 (1H, d,
Jyy = 5.5, H1’ G), 4.84 (1H, dd, J;» = 5.5, Jy3 = 5.1, H2’ G), 4.66 (1H, dd, Jy» = 3.5, Jy3 = 4.7, H2’ m’G), 4.51 (1H, dd, Jy3 = 4.7, Jy 4 =
5.5, H3’ m’G), 4.44 (1H, dd, Jy3=>5.1, Jy3=3.9, H3’ G), 4.27-4.37 (5H, overlapped H4’ G and H4’ m’G and H5' G or m’G, Hcratriazole))s
4.20 (1H, ddd, Jg.s» = 11.7,J = 5.5, 2.4, H5” G or m’G), 4.07 (3H, s, m’), 3.94 (1H, ddd, Js5» = 11.5, J = 4.3, 3.1, H5’ m’G or G), 3.84-3.89
(1H, m, H5’ m’G or G), 3.13-3.24 (2H, M, Heroe); > P NMR (162 MHz, D,0, 25°C) 8p: 11.0.8-11.21 (1P, m, Pa), -4.38 (1P, d, Jpg.p, = 22.0,
Py), -8.41 (1P, br d, Jpepg = 19.1, Pg), -20.26 (1P, dd, Jpgpp = 22.0, Jpopg = 19.1, Py); HRMS (-) ESI m/z found: 975.1122, calc. for
CysH35N14050P4: 975.1103; hydrolysis in D,0: 13%.

(8e) mz7'z"°Gppp-triazole-CzH4NHpG
Obtained according to GP G from 12f (650 mOD, 0.057 mmol, 100 mM) and

17a (689 mOD, 0.061 mmol, 50 mM) while stirring with CuSO4-5H,0 (2.7 mg, JE ) R,
///// P v 4
0.011 mmol, 20 mM) and sodium ascorbate (4.4 mg, 0.022 mmol, 40 mM) in  HN._N N o Lo gogo SNTN/NJ\H}‘P‘J\O . 4 -
0.570 mL of H,0:t-BuOH (2:1,v/v) for 2 h. After quenching the reaction with HN I N —w
CHj OH OH

Na,EDTA (89.4 mg, 0.24 mmol), the product was subjected to RP HPLC
purification which afforded 8e as ammonium salt.

'H NMR (400 MHz, D,0, 25 °C) 64: 9.14 (1H, 0, Jug.m7 = 0.8, H8 m’G), 8.24 (1H, s, H8 G o Hyizsole), 8.02 (1H, s, H8 G or Hyizsore), 6.06 (1H,
d, Jyy = 2.7, HI’ m’G), 5.84 (1H, d, Jy» = 5.5, H1’ G), 4.80 (1H, overlapped with HDO, H2’ G), 4.58 (1H, dd, J = 6.2, 4.7, H3' m’G), 4.42
(1H, dd, J=5.1, 3.9, H3' G), 4.27-4.36 (6H, overlapped H2’m’G, H4’ G and m’G, H5’ G or m’G, Heratriazole)), 4-18 (1H, ddd, Js5 = 12.3,J =
5.3, 2.7, H5” G or m’G), 4.06 (3H, d, Jugmy = 0.8, m’), 3.92 (1H, ddd, Js.s» = 11.7, J = 4.3, 3.1, H5’ G or m’G), 3.84 (1H, ddd, Js.5» = 11.7, J
=5.1,4.7), 3.59 (3H, s, m*©), 3.12-3.26 (2H, m, Heuope)); > P NMR (162 MHz, D,0, 25°C) 8p: 8.95-9.15 (1P, m, Pa), -6.57 (1P, d, Jp,.ps =
21.3, Py), -10.64 (1P, ddd, Jpeps = 19.1, Jpe.g = 4.8, Jpe.5» = 2.9, PE), -22.42 (1P, dd, Jpy.ps = 21.3, Jpe.ps = 19.1, P8); HRMS (-) ESI m/z found:
989.1272, calc. for Cy6H37N14050P,4 : 989.1259; hydrolysis in D,0: 8%.

(9a) m’GppNHC,H,-triazole-C,H,ppG

Obtained according to GP G from 10a (580 mOD, 0.048 mmol, 100 mM) and oo " Q
H _ -
17d (437 mOD, 0.038 mmol, 80 mM) while stirring with CuSO, (4.8 mg, 0.019 o o o9 ¢
. . HNL NN (o] O’R\O’E\N/\N/Yvé\o/c”)\o o N” " NH,
mmol, 40 M) and sodium ascorbate (7.5 mg, 0.038 mmol, 80 mM) in 0.485 mL 2H\N(/ iy 6T O0H N
of H,0 for 0.5 h. After quenching the reaction with Na,EDTA (0.7 mg, 0.19 s NQ;H3 N, oron

mmol), the product was subjected to RP HPLC purification which afforded 9a as
ammonium salt.

"H NMR (400 MHz, D,0, 25 °C) 6,: 9.16 (1H, s, H8 m’G), 8.06 (1H, s, H8 G of Hyiawre), 7.71 (1H, s, H8 G or Hyiazote), 6.00 (1H, d, Jyrp = 2.7,
H1’ G or m7G), 5.88 (1H, d, J;.»» = 5.5, H1’ G or m7G), 4.80 (1H, overlapped with HDO, H2’ G or m7G), 4.69 (2H, dd, Jy.» = 2.7, Jy.4 =5.1,
H2’' G or m’G), 4.49-4.54 (2H, overlapped H3’ G and m’G), 4.35-4.39 (4H, overlapped H4' G and m’G, Heupriazoleima), 4-18-4.33 (4H,
overlapped H5’ and H5”G and m’G), 4.06 (3H, s, m’), 3.30 (2H, dt, Jeroiyps = 11.9, Joram)-cHa(triazolemza = 65, Henapry), 2.78 (2H, m,
Heragtriazoles OF Herae)) 1.9 (2H, M, Hepaperiazole)s OF Hera)); - P NMR (162 MHz, D,0, 25°C) 8p: 17.61-18.01 (1P, m, PB), -1.54 (1P, dt, Jps.pe
= 21.3, Jps.croniy = 11.9, P8), -10.27 (1P, br d, Jps.pe = 21.3, Pg), -10.52 (1P, br d, Jpepp = 27.9, Pa); HRMS (-) ESI m/z found: 1003.1435,
calc. for C;7H39N14050P,4: 1003.1421; hydrolysis in D,0: 11%.

(9b) m’GppC,H,-triazole-C,H,NHppG

Obtained according to GP G from 10c (375 mOD, 0.033 mmol, 100 mM) and OH OH o o o
17b (397 mOD, 0.033 mmol, 100 mM) while stirring with CuSO, (1.6 mg,  wn_ n_ | ° o/ﬁ’\o/ﬁ’% T ¥ A
i hd ) 0" 0 N—""N"3~0" 10 N“SNZSNH,
0.0066 mmol, 20 mM) and sodium ascorbate (2.6 mg, 0.013 mmol, 40 mM) an L2 N A 6 o
in 0.328 mL of H,0 for 1 h. After quenching the reaction with Na,EDTA (24.6 0 CH, N OH OH

mg, 0.066 mmol), the product was subjected to RP HPLC purification which afforded 9b as ammonium salt.

"4 NMR (400 MHz, D,0, 25 °C) 6,: 9.18 (1H, s, H8 m’G), 8.12 (1H, s, H8 G or Hyiapore), 7-69 (1H, s, H8 G or Hyinsore), 6.02 (1H, d, Jy» = 3.5,
H1’ G or m7G), 5.88 (1H, d, Jy.»» = 5.5, H1’ G or m7G), 4.72-4.76 (2H, overlapped H2’ G and m7G), 4.50-4.54 (2H, overlapped H3’ G and
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m’G), 4.40-4.43 (1H, m, H4 G or m’G), 4.33-4.39 (2H, overlapped H4’ G or m’G and H5' G or m’G), 4.28 (2H, br t, Jewatriazole)a-CH2(NH) =
6.6, Hcnatriazole)s), 4.17-4.29 (3H, overlapped H5” G and m’G and H5' G or m7G), 4.06 (3H, s, m7), 3.20-3.28 (2H, m, Heppnwy), 2.79-2.85
(2H, M, Herariazoleime) O Heragey), 1.99-2.08 (2H, M, Henariazoleimza) OF Herze)); >'P NMR (162 MHz, D,0, 25°C) 8p: 17.61-18.10 (1P, m, P§),
-1.64 (1P, dt, Jpo.pp = 22.0, Jog capnm) = 12.5, PB), -10.22 (1P, br d, Jp,pp = 22.0, Pa), -10.50 (1P, br d, Jps.pe = 24.9, Pg); HRMS (-) ESI m/z
found: 1003.1444, calc. for Cy7H39N140,0P,4 : 1003.1421; hydrolysis in D,0: 10%.

2. Stability studies
Compounds 2d, 3b, 4d, 5a, 6a and 9a were incubated in sealed vials at 20 M and at room temperature in four different buffers: 0.1 M
formate buffer pH 3.0, 0.1 M acetate buffer pH 5.0, 0.1 M HEPES pH 7.0 and 0.1 M Tris-HCI pH 9.0. Samples of 50 ul for each condition
were taken after 0, 2 and 24 h and analysed by RP HPLC. The starting compound peak area was determined for each time-point and %
of remaining cap was calculated in reference to the time-point 0 h.

3. Biological studies

3.1 Determination of K,s cap analogue-elF4E complexes

Association constants for cap analogue-elF4E complexes were determined using fluorescence quenching titration method as described
previously.10 Measurements were performed using a quartz cuvette with optical path length of 4 mm for absorption and 10 mm for
emission on LS-55 spectrofluorometer Perkin-Elmer Co. (Norwalk, CT, USA). Titration experiments were carried out at 20 °C in 50 mM
Hepes/KOH buffer, pH 7.20 containing 100 mM KCl, 0.5 mM EDTA, and 1 mM DTT. During the experiment 1 pl aliquots of ligand
solution was added to the 1400 pl of 0.1 uM protein solution. Protein fluorescence was monitored at 337 or 345 nm (excitation 280 or
295 nm, respectively). For data analysis fluorescence intensity correction was applied for sample dilution and inner filter effect.
Association constants were determined by fitting theoretical dependence of fluorescence intensity on total ligand concentration. The
experiments were performed in 1-4 replicates,-the association constants were calculated as weighted averages.

3.2 Incorporation of dinucleotide cap analogues at 5’ end of transcripts

3.2.1 Post-transcriptional capping
In vitro transcription was performed on pJET1.2 vector linearized at Xhol site (50 ng/ul) with T7 RNA polymerase (New England
BioLabs) (2.5 U/ul) in the presence of 40 mM Tris-HCI pH 8.0, 14 mM MgCl,, 1 mM spermidine, 5 mM DTT, 0.01% Triton X-100,
RiboLock RNase Inhibitor (ThermoFisher Scientific) (2.0 U/ul), 0.5 mM UTP, 0.5 mM ATP, 0.5 mM CTP, 0.125 mM GTP and 1.25 mM
10b. The reaction mixture was incubated at 37 °C for 1h followed by addition of TURBO Dnase (Ambion) (0.1 U/ul) and incubation at 37
°C for another 30 min. The reaction was quenched by addition of 2 pl of 0.5 M EDTA pH 8.0 and purified with RNeasy MinElute Cleanup
kit (Qiagen) to afford y-C-(3-butynyl) 5’-triphosphate RNA1.

The reference 5'-triphosphate RNA1 and 5’ capped RNA1 were obtained analogously but with usage of 0.5 mM GTP and no cap
analogue or compound 1b instead of 10b, respectively.

To the aqueous solution of y-C-(3-butynyl) 5’-triphosphate RNA1 (10.5 pmol) and 16b (0.525 nmol) the aqueous solution of
CuS0,4-5H,0 (1.05 nmol), THPTA (2.1 nmol) and sodium ascorbate (2.1 nmol) was added. Final concentrations in reaction mixture were
as follows: y-C-(3-butynyl) 5’-triphosphate RNA1 — 2.89 uM, 16b — 144.6 uM, CuSO,-5H,0 — 289.2 uM, THPTA — 578.5 uM, and sodium
ascorbate — 578.5 uM. The mixture was incubated at 37°C for 1.5 h, then quenched by adding equal amount of loading dye (5 M urea,
44% formamide, 20 mM EDTA, 0.03% bromophenol blue, 0.03% xylene cyanol) and directly analyzed by 15% PAGE.

3.2.2 Synthesis of transcripts for capping efficiency determination
Prior to in vitro transcription annealing of a template was performed. DNA1 and DNA2 (20 uM each) were incubated in the presence of
4 mM Tris-HCl pH 8.0, 15 mM NaCl and 0.1 mM EDTA at 95 °C for 2 min and then at room temperature for 30 min. After 10-fold
dilution the mixture was directly used for in vitro transcription.

In vitro transcription was performed on pre-annealed DNA1 and DNA2 (0.5 uM) with SP6 RNA polymerase (New England BiolLabs)
(1 U/ul) in the presence of 1x RNA Pol Reaction Buffer (New England BiolLabs), 5 mM DTT, RiboLock RNase Inhibitor (ThermoFisher
Scientific) (2.0 U/ul), 0.5 mM UTP, 0.5 mM ATP, 0.5 mM CTP, 0.125 mM GTP and 1.25 mM of appropriate triazole-modified
dinucleotide cap analogue and reference GpppG, m7GpppG and mz7’3"OGpppG.3 The reaction mixture was incubated at 40 °C for 1.5 h
followed by addition of TURBO Dnase (Ambion) (0.1 U/ul) and incubation at 37 °C for another 30 min. The reaction was quenched by
addition of 2 ul of 0.5 M EDTA pH 8.0 and purified with RNA Clean&Concentrator-5 kit (Zymo Research) to afford capped RNA2 strands.

S36



To reduce heterogeneity, each capped RNA2 (11.42 ng/ul, ca. 1 uM) was incubated in presence of 50 mM Tris-HCl pH 8.0, 50 mM
MgCl,, RiboLock RNase Inhibitor (ThermoFisher Scientific) (2.0 U/ul) and DNA3 (1 uM) at 37°C for 1 h to afford RNA3.' The reaction
was stopped by freezing in liquid nitrogen and directly analyzed by 15% PAGE.

Relative bands intensity was determined using CLIQS v1.0 program.
3.3 Translation studies

3.3.1 Synthesis of transcripts
In vitro transcription was performed on PCR product coding Firefly luciferase under the control of SP6 promoter (obtained from pGEN-
luc (Promega) using primers: ATTTAGGTGACACTATAGAAGTACTGTTGGTAAAGCCACCATGGAAGACGCCAAAAACAT and
TTACAATTTGGACTTTCCGCCCT) (5 ng/ul) with SP6 RNA polymerase (1 U/ul) (New England BiolLabs) in the presence of 1x RNA Pol
Reaction Buffer (New England BioLabs), 5 mM DTT, RiboLock RNase Inhibitor (ThermoFisher Scientific) (2.0 U/ul), 0.5 mM UTP, 0.5 mM
ATP, 0.5 mM CTP, 0.125 mM GTP and 1.25 mM of appropriate triazole-modified dinucleotide cap analogue and reference GpppG,
m7GpppG and m27’3,’oGpppG. The reaction mixture was incubated at 40 °C for 1.5 h followed by addition of TURBO Dnase (Ambion)
(0.1 U/ul) and incubation at 37 °C for another 30 min. The reaction was quenched by addition of 2 pl of 0.5 M EDTA pH 8.0 and purified
with NucleoSpin RNA Clean-up XS kit (Macherey-Nagel) to afford luciferase-coding RNA strands capped with appropriate cap analogue.

3.3.2 Translation
For each capped luciferase-coding RNA four diluted solutions were prepared — 3.0 ng/ul, 1.5 ng/ul, 0.75 ng/ul, 0.375 ng/ul. Translation
studies were performed using Rabbit Reticulocyte Lysate System (Promega). 9 ul of a mixture containing Rabbit Reticulocyte Lysate
(4pul), Amino Acid Mixture Minus Leucine (0.2 pl of 1 mM solution), Amino Acid Mixture Minus Methionine (0.2 pl of 1 mM solution),
potassium acetate (1.9 pl of 1 M solution), MgCl, (0.4 pl of 25 mM solution) and 2.1 pl of water was incubated at 30 °C for 1 h after
which 1ul of appropriate luciferase-coding RNA solution was added and incubation of the reaction was continued at 37 °C for another
hour. The reaction was stopped by freezing in liquid nitrogen.

Translation efficiency was determined using Luciferase Reporter System (Promega). The samples were defrosted just before the
experiment. To every sample 50 ul of Luciferase Assay Reagent was added just before measurement of luminescence on Synergy H1
Microplate Reader (Bio Tek). The measurement were performed for every four samples independently due to low stability of
luminescence signal. The results are presented as proportions between regression coefficients of linear relationships between capped
luciferase-coding RNA concentration in translation reaction (300 pg/ul, 150 pg/ul, 75 pg/ul, 37.5 pg/ul) and corresponding
luminescence signal.

3.4 Studies of susceptibility to degradation by hDcpS

hDcpS was expressed in E.coli and stored at 10 uM concentration (5 UM concentration of a dimer) in 20 mM Tris buffer, 50 mM KCl, 0.2
mM EDTA, 1 mM DTT, 0.5 mM PMSF, 20% glycerol at pH 7.5 and at -80 °C. An appropriate triazole-modified analogue (20 uM) was
incubated at 20 °C in the presence of 50 mM Tris-HC|, 200 mM KCl, 0.5 mM EDTA, 1 mM DTT and 10 nM hDcp$ (5 nM of a dimer) at pH
7.6 in the volume of 1 mL. 150 pl aliquots of the reaction mixture were collected after 5, 10, 15, 30, 60 min and 24 h and thermally
deactivated at 98 °C for 2 min 40 s. The 150 pl control mixture (time point “0 min”) did not contain the enzyme and was treated the
same as the sample deactivated after 24 h. The samples were stored on ice and analyzed by RP-HPLC using a linear gradient from 0—
50% of methanol in 0.1 M KH,PO, pH 6.0 within 15 min (UV-detection at 260 nm).

Non-hydrolyzed fraction of the substrate (Y) at each time point was calculated as follows:

S

= 09 PTs’ where S — absorbance of the substrate, P4, P, — absorbance of the hydrolysis product(s).

The analogue was considered as resistant to degradation by hDcpS if no products of hydrolysis were observed after 24 h of incubation
in the presence of the enzyme and then subjected to analogous experiment but using different enzyme and analogue concentrations —
200 nM and 10 uM, respectively. In this case, the reaction was stopped after 30, 120 and 240 min.

3.5 Screening against hDcpS
For inhibitor screening purpose a fluorescence-based method was applied with minor modifications.™* In order to initially assess
inhibitory properties of new cap analogues, hydrolysis reactions of m’GMPF (60 uM) were carried out in the presence of investigated
compound at 20 pM. DcpS-catalyzed cleavage reactions were performed at 30 °C in 50 mM Tris/HCI, pH 7.6 buffer containing 200 mM
KCl, 0.5 mM EDTA, 0.75 mg/mL BSA. Total reaction volume was 200 pl. Reactions were quenched after 55 min by addition of 100 pl of
ACN. The extent of m’GMPF hydrolysis was quantified by reaction of the released fluoride ions with fluorogenic probe (bis-(tert-
butyldimethylsilyl-fluorescein). Conditions of deprotection reaction was the same as earlier."! Fluorescence intensity of formed
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fluorescein was measured at 535 nm (excitation 480 nm) on a microplate reader. To determine ICsy parameter the same fluorescence-
based method was used with each inhibitor evaluated at 10 different concentrations (range 0.02-500 pM).

3.6 hDcp2-catalyzed decapping
The reaction mixture containing synthesized RNA3 capped with m,”” “GpppG, 3e and 8e (for details of the synthesis see 3.2.2) was
precipitated and the pellet was dissolved in water and incubated in the presence of 1x TURBO DNase Buffer (Ambion), RiboLock RNase
Inhibitor (ThermoFisher Scientific) (2.0 U/ul) and TURBO Dnase (Ambion) (0.1 U/ul) at 37 oC for 30 min. The reaction was then
subjected to phenol-chloroform extraction followed by precipitation. The resulting RNA2 water solution was directly used for Dcp2-

7,3-0

catalyzed decapping experiments.

Appropriate RNA2 was incubated in the presence of 50 mM NH,Cl, 5 mM MgCl,, 50 mM Tris-HCI pH 8.0, 0.01% IGEPAL CA-630 (Sigma
Aldrich), 2 mM MnCl,, 1 mM DTT and 7 nM hDcp2 at 37 °C. 5 pl aliquots of the reaction were collected after 5, 15, 30, 60 min of
incubation or just after addition of the enzyme (“0 min” time point) and quenched with loading dye (5 M urea, 44% formamide, 20 mM
EDTA, 0.03% bromophenol blue, 0.03% xylene cyanol) and directly analyzed by 15% PAGE.
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