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1 Synthesis of cap nucleotides

1.1 General remarks

Some reactions were performed under exclusion of oxygen and moisture in oven-dried glassware under
dry nitrogen or argon-atmosphere, named as inert-conditions. Reagents were purchased from
commercial suppliers and used as received unless noted otherwise. The reported yields are isolated
products unless noted otherwise. Crude yields are given from the isolated product without correcting

them by side-products, visible from NMR analysis.

Solvents

Solvents were purchased in analytical grade and used without further purification.

Oxidation and hydrolysis sensitive reactions were performed with dry solvents which were stored under
an argon-atmosphere.

Diethyl ether (Et20), dichloromethane (DCM) and tetrahydrofuran (THF) were purified using Braun
Solvent Purification System 800 and stored under argon-atmosphere.

Acetonitrile (MeCN) was purchased from Acros (Acetonitril, 99.9%, Extra dry over Molecular Sieve,
AcroSeal™) and used without further manipulation.

N,N-Dimethylformamide (DMF) was purchased from Sigma-Aldrich (N,N-Dimethylformamide,
anhydrous, 99.8%).

N,N-Diisopropylethylamine (DIPEA) was distilled under argon-atmosphere and was stored over
activated molecular sieve (3 A) and argon-atmosphere.

Ribonuclease T2 (RNase T2) from Aspergillus oryzae (50ku) was purchased from Worthington
Biochemical Corporation as lyophilized powder and dissolved in a storage buffer [glycerol/NaH2PO4
(10 mMm, pH 6.8), 1:1]. The stock solution was stored at —20°C.

Reagents
Reagents were purchased from commercial suppliers (Acros, Aldrich, Fluka, TCI, ThermoScientific,

BLDPharma) and used without further purification, unless noted otherwise.

Chromatography
Thin layer chromatography (TLC) was performed on Merck silica gel 60 F2s4 plates (0.25 mm layer
thickness, fluorescence indicator). Visualization was achieved by UV-light (A =254 nm) or with
additional staining solutions:

e KMnOs4 (3.0 g), K2COs (20 g), ag. NaOH (5%, 5 mL), in ddH20 (300 mL)

Flash chromatography (FCC) was carried out with silica gel 60 from Macherey-Nagel (0.04-0.063 mm,
230-400 mesh).

High pressure liquid chromatography (HPLC) was performed on the following devices:



Analytical HPLC-UV: Agilent 1100 (binary pump, autosampler, DAD) or Thermo Scientific Dionex

UltiMate 3000 (binary pump, autosampler, DAD)

Method 1-1: 100 mM aq. TEAA-buffer against MeCN

Time [min] 0 1 2 3 10 15 16 18 19 25

% of MeCN 0 0 10 10 40 40 75 75 0 0
Method 1-2: 20mM aq. TEAA-buffer against MeCN

Time [min] 0 2 12 16 17 20

% of MeCN 5 5 95 95 5 5
Method 1-3: 100mM aq. TEAA-buffer against MeCN

Time [min] 0 1 2 3 4 7 8 9 11 11.5 | 15

% of MeCN 2 2 10 10 15 15 20 20 70 70 2 2

Analytical HPLC-MS (LRMS): Thermo Scientific Dionex UltiMate 3000

columnoven, DAD, Thermo Scientific MSQ Plus)

Method 2-1: Water against MeCN; isocratic 10% 100mM TEAA-buffer

(pump, autosampler,

Time [min] 0 1 13 16.5 17 20

% of MeCN 0 0 75 75 0 0
Method 2-2: Water against MeCN; isocratic 10% 100mM TEAA-buffer

Time [min] 0 1 13 16.5 17 20

% of MeCN 0 0 80 80 0 0
Preparative HPLC-UV: Knauer AZURA (binary pump, ASM 2.1L, DAD)
Method 3-1: 100 mM aqueous TEAA-buffer against MeCN

Time [min] 0 1.5 7 11 13 15 19 20 25

% of MeCN 2 2 10 10 15 50 50 2
Method 3-2: 50 mM aqueous TEAA-buffer against MeCN

Time [min] 0 3 20 25 26 30

% of MeCN 0 0 70 70 0 0

Anion exchange chromatography (AIEX) was performed using AKTA pure™ system. Crude products

were loaded as aqueous solutions and eluted by the following method:

Method SAX-1: MilliQ-water against ag. NHsHCOs (1 M)

Column volume [CV] 0 2 10 11 13

% of buffer 0 0 40 40 100
Method SAX-2: MilliQ-water against ag. NHsHCOs (1 M)

Column volume [CV] 0 2 4 10,5 11,5

% of buffer 0 0 35 70 100

Medium pressure liquid chromatography (MPLC) was performed using PuriFlash® from interchim®.
For RP-MPLC: Crude products were dissolved in TEAA buffer (0.5 M, pH 7) and eluted by the following

method:
Method MPLC-1: Water against MeCN; isocratic 15% 100mM TEAA-buffer
Column volume [CV] 0 1 5
% of MeCN 0 0 15
Method MPLC-2a: 100 mM aqueous TEAA-buffer against MeCN
Column volume [CV] 0 1 5 6 8
% of MeCN 0 0 40 75 75




Method MPLC-2b: 100 mM aqueous TEAA-buffer against MeCN

Column volume [CV] 0 1 4 5 6 12 13

% of MeCN 2 2 10 10 15 15 80 80
Method MPLC-3: Water against MeCN; isocratic 20% 100mM TEAA-buffer

Column volume [CV] 0 1 10 12

% of MeCN 0 0 75 75
Method MPLC-4: Water against MeCN; isocratic 10% 100mM TEAA-buffer

Column volume [CV] 0 1 7

% of MeCN 15 15 90
Method MPLC-5: 100 mM aqueous TEAA-buffer against MeCN

Column volume [CV] 0 1 6 8 11

% of MeCN 0 0 25 80 80
Method MPLC-6: Water against MeCN; isocratic 15% 100mM TEAA-buffer

Column volume [CV] 0 1 6 7

% of MeCN 0 0 25 25

For silica-gel MPLC: Crude products were dry loaded onto silica-gel 60 from Carl Roth (0.03-0.2 mm)

Method MPLC-l: MeOH against DCM

Column volume [CV] 0 1 3 4 7 12
% of MeOH 0 0 5 5 10 10
Method MPLC-Il: MeOH against DCM
Column volume [CV] 0 9 20
% of MeOH 0 30 30
Method MPLC-Ill: MeOH against DCM
Column volume [CV] 0 1 2 5 6 14
% of MeOH 0 0 10 10 20 20

Lyophilization

Lyophilization was performed using an Alpha 2-4 LDplus from Christ or a VACO 5 from Zirbus.




Nuclear Magnetic Resonance (NMR)

NMR spectra were measured on spectrometers from Bruker:

Avance Ill HD 300 MHz, Avance Il 400 MHz and Avance /Il HD 500 MHz.

The spectra were analyzed with the software MestReNova 12.0.1.

The chemical shift & was given in part per million (ppm) and the coupling constant J in Hertz (Hz). The
common abbreviations for characterization of signal multiplicity were used (s, singlet; d, doublet; t, triplet;
g, quartet; quin, quintet; sx, sextet; sept, septet, m, multiplet; mc, centered multiplet; br., broad signal).
"H-NMR and '3C-NMR spectra were referenced to an internal solvent signal standard as described in

literature.l'l 3'P-NMR and '®F-NMR spectra were referenced to an external standard.

High resolution mass spectra (HRMS)

High resolution mass spectra were recorded in the analytical division of the university of Freiburg,
institute of organic chemistry, using a Thermo LCQ Advantage (spray voltage: 2.5 -4.5kV, spray
current: 5 A, ion transfer tube: 250 (150) °C, evaporation temp.: 50-400°C)



1.2 Synthesis of c-PyPA (01)

DIPEA,
4x Na 2x TBAY N(iPr), o
NI
©9 Qo 1)sAX-column (DOWEX-H") o o o ©-"p-0
oo o . HOR=0R-OH  guctsmn _ % g™
00 Oy  2)TBAOH@0wt-%inH0) b o4 : g PO
O o1

Tetrasodium pyrophosphate (7.2 mmol, 0.53 g, 1.0 eq.) was dissolved in water (30 mL) and passed
through a H*-activated strong cation exchange column (DOWEX-H*-column, activation by acidification
with aq. HCI (halfconc., 100 mL), then washed to neutral pH with dH20 (250 mL) before applying the
tetrasodium pyrophosphate). The ion exchange was monitored by pH value of the eluate; it was eluted
until the pH value was neutral again, this marks the end of the elution of pyrophosphoric acid). TBAOH
(20 wt.-% in water, 18.6 mL, 3,7 g, 14.4 mmol, 2.0 equiv.) was added into the eluate. Afterwards, this
eluate was lyophilized overnight. The obtained waxy solid was transferred into a 100 mL flask and co-
evaporated three times with dry MeCN (3 x 20 mL) on a rotatory evaporator. The residue was further
dried under high vacuum for 6 h. Under inert conditions, the residue was then transferred into a 100 mL
flask, containing a cross-shaped stirring bar and activated molecular sieve (3 A), via dissolving it in dry
MeCN (60 mL) to obtain a 0.12 M solution of (TBA)2PP. (This solution was not used for at least 24 h, to
guarantee residual water absorption into the molecular sieve).

This (TBA)2PP; solution was then cooled to 0°C and dry N,N-diisopropylamine (DIPEA, 2.6 mL,
15.1 mmol, 2.1 eq) was added (rotation speed of the stirring bar maximum 100rpm to avoid crushing of
the molecular sieve). Around 10 min later, dichloro-diisopropylaminophosphine (1.33 mL, 7.20 mmol,
1.0 eq.) was added dropwise within 2 min into the reaction mixture and it was stirred at 100 rpm at 0°C
for further 15 min. Afterwards the solution was directly cooled and stored at —20°C until further use. An

inert NMR of c-PyPA to check conversion and purity was taken after around 24 h.

Note: Do not let the c-PyPA solution stand for long without cooling, storage at —20°C prevents
decomposition. Clean the septum with a paper towel before taking out c-PyPA to prevent condensate
water entering via syringe.

31P{'"H}-NMR (122 MHz, CDCls, &/ppm): 128.4 (t, J = 23.6 Hz, 1P), —19.9 (d, J = 23.6 Hz, 2P)



1.3 Synthesis of methylated adenosine derivatives

1.3.1 Synthesis of N°-methyladenosine (SI-02)

cl “NH
N X N
N N
¢ jl\)\/) MeNH, in EtOH, ¢ f\j‘
N N NEt; N N/
HO HO
e} in EtOH e}
OH OH OH OH
SI-01 S1-02
C10H11CIN4O4 C11H15N504
(286,05 g/mol) (281,11 g/mol)

According to a reported procedure from |. B. YANACHKOV et al.l]

A solution of methylamine in EtOH (33wt%, 0.44 mL, 0.34 g, 3.6 mmol, 1.02 eq.), triethylamine
(0.45 mL, 0.33 g, 3.3 mmol, 0.92 eq.) and 6-chloropurine riboside (SI-01, 1.0 g, 3.5 mmol, 1.0 eq.) in
EtOH (50 mL) was stirred under reflux for 18 h. Afterwards, the solvent was removed under reduced
pressure and the obtained residue was recrystallized from EtOH (30 mL). The title compound (SI-02,
0.73 g, 2.6 mmol, 74%) was isolated as colorless crystals.

Analytical data are consistent with those reported in the literature.?!

TH-NMR (300 MHz, DMSO-ds, &/ppm): 8.34 (s, 1H), 8.23 (br. s, 1H), 7.80 (br. s, 1H), 5.89 (d, J = 6.2
Hz, 1H), 5.45 — 5.39 (m, 2H), 5.17 (d, J = 4.6 Hz, 1H), 4.67 — 4.54 (m, 1H), 4.15 (td, J = 4.8, 3.0 Hz,
1H), 3.99 — 3.93 (m, 1H), 3.68 (m, 1H), 3.56 (m, 1H), 2.97 (br. s, 3H).

Note: Recrystallization at 0°C for at least 4 h.



1.3.2 Synthesis of N-acetyl-2"-O-methyl-3',5'-diacetyl adenosine (SI-04)

O
NH,
)]\NH
N N N
</ | ) e N SN
N N/ Ac,0, imidazole </ | )
HO - - N~ >NT
0 in dry pyridine AcO
)
OH O
h OAc O_
SI1-03 S1-04
C11 H15N504 C17H21 N5O7
(281,27 g/mol) (407,38 g/mol)

According to a reported procedure from V. I. TARAROV et al.l4!

Ac20 (1.4 mL, 1.5g, 14 mmol. 8.0 eq.) was added to a mixture of 2’-OMe adenosine (SI-03, 0.5 g,
1.8 mmol, 1.0 eq.) in dry pyridine (4 mL) and it was stirred at r.t. overnight. Afterwards, the resulting
solution was stirred at 60°C for 8 h. Next, EtOH was added and the solvent was removed under reduced
pressure. Traces of pyridine were removed by co-evaporation with MeOH:EtOH (1:1, 2 x 15 mL) and
EtOH (2 x 15 mL). The obtained colorless residue was dissolved in MeOH (5 mL) and after adding
imidazole (95 mg, 1.4 mmol, 0.8 eq.) the mixture was stirred at r.t. for 5 h. Afterwards, EA (50 mL) was
added and it was transferred into a separatory funnel. The organic phase was washed with brine
(4 x 20 mL), dried over MgSO4 and the solvent was removed under reduced pressure. The residue was
co-evaporated with DCM (2 x 5 mL) and the title compound (SI-04, 630 mg, 1.5 mmol, 87%) was
obtained as a colorless foam.

Analytical data are consistent with those reported in the literature.?

"H-NMR (300 MHz, CDCls, &/ppm): 8.68 (s, 1H), 8.67 (s, 1H), 8.16 (s, 1H), 6.10 (d, J = 5.1 Hz, 1H), 5.44
—5.36 (m, 1H), 4.74 (t, J=5.2 Hz, 1H), 4.51 — 4.31 (m, 3H), 3.43 (s, 3H), 2.64 (s, 3H), 2.19 (s, 3H), 2.13
(s, 3H).



1.3.3 Synthesis of N°-2’-O-diemthyladenosine (SI-05)

o ~
)J\NH HN
ap,
N N 2
N
¢ f\/) 1) Mel, DBU N N/)
A NTN in MeCN HO
co o 2)) 7M NH; o
in MeOH
OH O
OAc O._ A
SI-04 SI-05
C1gH23N507 C12H17N504
(421,41 g/mol) (295,30 g/mol)

lodomethane (0.14 mL, 0.33 g, 2.3 mmol, 1.5 eq.) and DBU (0.46 mL, 0.47 g, 3.1 mmol, 2.0 eq.) were
added into a solution of N-acetyl-2'-O-methyl-3',5"-diacetyl adenosine (SI-04, 630 mg, 1.5 mmol, 1.0 eq.)
in MeCN (6 mL). It was stirred at r.t. for 10 h. The same amount of iodomethane and DBU was re-added,
since reaction control via HPLC-MS revealed not complete conversion. After completeness, the reaction
mixture was diluted with CHCIs (10 mL) and it was transferred into a separatory funnel. It was washed
with aq. HCI (1.0 M, 10 mL), brine (3 x 20 mL) and it was dried over MgSOa4. The product was obtained
as a colorless powder (590 mg). Half of it was dissolved in NH3 in MeOH (7 N, 2.0 mL) and the mixture
was stirred at r.t. for 48 h. Afterwards, it was diluted with ddH20 and the mixture was lyophilized. The
titte compound (SI-05, 170 mg, 0.58 mmol, 95%) was isolated as colorless solid.

Analytical data are consistent with those reported in the literature.®
TH-NMR (300 MHz, CDCls, d/ppm): 8.38 (s, 1H), 8.24 (s, 1H), 7.83 (s, 1H), 6.01 (d, J = 5.8 Hz, 1H),

5.42 (dd, J = 6.9, 4.7 Hz, 1H), 5.27 (d, J = 5.0 Hz, 1H), 4.43 — 4.27 (m, 2H), 3.99 (mq, 1H), 3.75 — 3.48
(m, 2H), 3.31 (s, 3H), 2.97 (s, 3H).
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1.4 Synthesis of diphosphate monoesters

1.4.1 Mechanistic analysis for nucleoside diphosphate synthesis:

We had a closer look into the diphosphate synthesis via a cyclo-triphosphate intermediate, while using
ethylenediamine for linearization. 2’,3’-O-isopropyliden-adenosine was our model compound, as shown

in Scheme SI-1.

NH, NH, NH,
N N NN
N N N
o.n ¢ NH ¢ ¢
© P-0 0 N N/) HZN/\(\/yn=O_22 97/‘\99 (P\u N N/) O~ M W N N/)
o P- - HN-P*0P-0-P“0 0-P=0-P-0
Oy-P~0 o ﬁéo_zo@ e 09 o i 09 4o o)
o HoN Q 0@
0.__0 o.__0 JPQ 08 0.0

NH, NH,
NEN-N NN
I k | \> 0 < ‘ /)
-r— N 1] N
@000 _ N7 N obo N
59 e
Side-product 06 595 08 T4
x x

Scheme SI-1: Top: Analysis of linearization and dephosphorylation, while applying different diamines. bottom: The molecular
structure of side-product 06.

Therefore, the reaction was tracked by 3'P{'H}-NMR spectroscopy every 30 min over several hours.
The amount of forming diphosphate was calculated by the integral relation between the linearized
triphosphate 04 and the desired diphosphate 08 according following equation:

Integral (Ph)
[Integral (P%) + Integral(P")]

Conversion to diphosphate =

PI
Pa

o .

T T T T T T T T T T T T T T T
35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35
ppm

Figure SI-1: 3'P{'H}-NMR spectra (162 MHz) measured in CD;CN at 298 K.

11



B methylenediamine ® ethylenediamine 4 1,3-diaminopropane\

1.04 @
° A
L]

>
.
.
.
.

0.5

conversion to diphosphate
<
.

-
>

conversion to diphosphate

0 50 100 150 200

time / min
0.0 £ [ ] ] [ ]

T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000

time / min

Figure SI-2: Reaction monitoring - Conversion from triphosphate 04 to diphosphate 08 over time for different diamines (20 eq.).
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Figure SI-3: Reaction monitoring - Conversion from triphosphate 04 to diphosphate 08 over time for 20 eq. of diethylenediamine
in reaction mixtures with different pH values.
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Figure Sl-4: Reaction monitoring - Conversion from triphosphate 04 to diphosphate 08 over time for different equivalents of

diethylenediamine.

Next, the conversion of the reaction and the formation of the monophosphoate diester (06 = R-P-R) was
investigated by RP-HPLC.
A: Commercial 2’,3’-O-isopropyliden-adenosine (1.0 eq.), c-PyPA (1.0 eq.), mCPBA (2.0 eq.) in dry

MeCN. Afterwards addition in a mixture of ethylenediamine (20 eq.) : water (1:3).

Chromatogram and Results

Injection Details

Injection Name:
Vial Number:
Injection Type:
Calibration Level:
Instrument Method:
Processing Method:
Injection Date/Time:

BV-89-EthylenNr3
BC4
Unknown

AR_C18AQ_Flow0,5_AvsD_TEAA_25min_Slowerto40
Basic Quantitative_Analysis
11.Aug.22 17:56

Run Time (min):
Injection Volume:
Channel:
Wavelength:
Bandwidth:
Dilution Factor:
Sample Weight:

25,00
5,00
uv_vis_2
254

4

1,0000
1,0000

Chromatogram

7] protected Adenosine Seperation #47

BV-89-EthylenNr3

UV_VIS_2 WVL:254 nm

3000
NH, NH» NH, NH,
NNy AN N—Ny N
o o SASY ey ¢ al
5 2000 Op—pLo-pL N 1-PP| 6,703 NN obo N o NN
g ° e 0
8 N 07<0 b
8 1000 s
o
2
< |3 - Educt - 9,707
04
-500- T T T T T T T T 1
0,0 2,5 5,0 75 10,0 12,5 15,0 17,5 20,0 22,5 25,0
Time [min]
Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % %
na. |PPP n.a. na. n.a. na. n.a. n.a.
1 RE 6,703 178,885 1924,497 66,09 61,56 n.a.
2 R-P-R 9,353 63,954 866,995 23,63 27,73 n.a.
3 Educt 9,707 27,810 334,876 10,28 10,71 n.a.
Total: 270,649 3126,368 100,00 100,00

Figure SI-5: Reaction monitoring via RP-HPLC (Bischoff ProntoSIL® C-AQ, 3 ym, 3.0 x 150 mm; A = 272 nm; Method 1-1,
0.5 mL/min. The two non-integrated peaks represent mCPBA and ETT.

B: Commercial 2',3’-O-isopropyliden-adenosine (1.0 eq.), c-PyPA (1.2 eq.), mCPBA (2.0 eq.) in dry

MeCN. Afterwards addition in a mixture of ethylenediamine (20 eq.) : water (1:3).
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Chromatogram and Results

Injection Details

Injection Name: BV90-EthyleneNR3 Run Time (min): 25,00
Vial Number: BD4 Injection Volume: 5,00
Injection Type: Unknown Channel: UV_VIS_2
Calibration Level: Wavelength: 254
Instrument Method: AR_C18AQ_Flow0,5_AvsD_TEAA_25min_Slowerto40 Bandwidth: 4
Processing Method: Basic Quantitative_Analysis Dilution Factor: 1,0000
Injection Date/Time: 12.Aug.22 17:50 Sample Weight:  1,0000
[Chromatogram ]
3000 - 7 protected Adenosine Seperation #53 [manually integrated] UV_VIS_2 WVL:254 nm
NH, NHz NH,
o Yy <:l‘é e,
[ N o-P-a N HO NN
= 20004 JE W 60 Lo o
E o C\)OC\) 06 o0 oo
5 X x x
[ =1
®©
g 1000 v
2 12 - R-P-R - 9,340
<
5 Ik. 3 - Educt - 9,703
7 T
-500 - r T  ; i ] T T T T T T !
0,0 2,5 5,0 75 10,0 12,5 15,0 17,5 20,0 22,5 25,0
Time [min]
Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % %
na. |PPP n.a. n.a. n.a. n.a. n.a. n.a.
1 PP 6,697 158,028 1751,004 77,31 75,80 n.a.
2 R-P-R 9,340 40,555 503,676 19,84 21,80 n.a.
3 Educt 9,703 5,837 55,448 2,86 2,40 n.a.
Total: 204,421 2310,128 100,00 100,00

Figure SI-6: Reaction monitoring via RP-HPLC (Bischoff ProntoSIL® C1s-AQ, 3 pm, 3.0 x 150 mm; A = 272 nm; Method 1-1,
0.5 mL/min. The two non-integrated peaks represent mCPBA and ETT.
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1.4.2 Synthesis of nucleoside 5’-diphosphate (general procedure)

1.) Coupling: c-PyPA, ETT
2.) Oxidation: mCPBA/TBHP/Beaucage reagent e

HO-@

0-P-0-P-0-@
3.) Linearization: ethylenediamine:H,0 é@ (')@
The following syntheses were all performed according to a general procedure under inert-conditions.
Therefore, the used substrates and the acidic activator (DCI or ETT) were co-evaporated with dry MeCN
(2 x 2 mL) in a pear shaped flask (except for volatile substrates as geraniol or isopentenol). Afterwards,
the substrates were dissolved in dry DMF or dry MeCN (add as much as required for complete
dissolution) and then c-PyPa (01, in DMF or MeCN) was added. The reaction mixture was stirred for
15 min at r.t. (complete conversion of the reaction can be monitored by 3'P-NMR, shifting a triplet from
125 ppm to 100 ppm). The reaction mixture was cooled subsequently to 0°C and
mCPBA/TBHP/Beaucage reagent was added followed by 10 min/90 min/75 min of stirring (complete
conversion of the reaction can be monitored by 3'P-NMR, shifting a triplet from 100 ppm to —20 ppm).
The linearization was performed by adding the reaction mixture in a solution of ethylenediamine in water
at 0°C and let it stir for at least 90 min and up to 3 h. (/t was stirred for 3 h to ensure complete conversion
also in larger scales). The isolation of the desired product as sodium salt was accomplished by adding
the reaction mixture dropwise to a —20°C cold 0.5 M solution of NaClOa4 in acetone and the resulting
precipitate was collected via centrifugation. After washing with acetone and drying in vacuo the crude
product was obtained as a solid.

Exact amounts of reagents, further purification methods, specific yields and analytical data are reported
in the individual procedures for each compound.

Note: The MPLC purification methods are indicated individually for each compound, method details can

be found in general remarks. For each MPLC method one chromatogram is shown exemplary.
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1.4.3 Synthesis of 3’-azidothymidine 5’-diphosphate (07-0):

@ Q
©0-P-0-P-0

I |

OH OH 0

07-0 N

C10H14N5010P2"
(426.02)

c-PyPa (01, 0.12 M in MeCN, 5.6 mL, 0.60 mmol, 1.2 eq) was added to a solution of commercial AZT
(134 mg, 0.50 mmol, 1.0 eq.) and DCI (120 mg, 1.0 mmol, 2.0 eq.) in dry MeCN (2 mL). After the
addition of mCPBA (250 mg, 1.0 mmol, 2.0 eq.), the reaction mixture was added into a 0°C cold solution
of ethylenediamine (0.67 mL, 0.60 g, 10 mmol, 20 eq.) in dH20 (2.1 mL) and stirred at room temperature
for 3 h. After precipitation with NaClO4 in acetone, the resulting colorless solid was purified by SAX
(column: Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The product containing fractions
were lyophilized and the obtained solid was dissolved in 0.5 M TEAA buffer and further purified by RP-
MPLC (column: interchim® C18AQ, 30 um, F0040; A = 254 nm; Method MPLC-1; 26 mL/min). Repeated
freeze drying of the product containing fractions afforded the title compound (07-0, 190 mg, 0.29 mmol,
57%) as a colorless solid. The exact amount of triethylammonium counterions per diphosphate

molecule, calculated from "H-NMR, was found to be 2.3. This results in a molecular weight of 767 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 7.78 (q, J = 1.2 Hz, 1H), 6.30 (t, J = 6.9 Hz, 1H), 4.60 (m¢, 1H), 4.27-
4.17 (m, 3H), 2.54-2.50 (m, 2H), 1.95 (d, J = 1.2 Hz, 3H). 3'P-{"H}-NMR (162 MHz, D20, d/ppm): —10.86
(d, J=21.0 Hz, 1P), -11.60 (d, J = 20.4 Hz, 1P). "*C-NMR (101 MHz, D20, &/ppm): 166.57, 151.71,
137.32, 111.83, 84.90, 83.05 (d, J = 9.2 Hz), 65.48 (d, J = 5.5 Hz), 60.94, 36.29, 11.63. "3C-Spectrum
was calibrated on CH> in TEA with 46.68 ppm.

HRMS (ESI~): m/z for C10H14010NsP2: calcd. 426.0221 found 426.0215.
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Figure SI-7: Purification of 07-O via RP-HPLC (column: interchim® C18AQ, 30 uym, F0040; A =254 nm; Method MPLC-1;
26 mL/min). Gradient of %MeCN shown in red.
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1.4.4 Synthesis of 3’-azidothymidine 5’-a-S-diphosphate (07-S):

e %
©0-P-0-P*0

| |

OH OH 0

07-8*

C10H14N5O19P2”
(441.99)

c-PyPa (01, 0.12 M in MeCN, 2.5 mL, 0.30 mmol, 1.2 eq) was added into solution of commercial AZT
(67 mg, 0.25 mmol, 1.0 eq.) and DCI (59 mg, 0.50 mmol, 2.0 eq.) in dry MeCN (2.0 mL). After the
addition of BEAUCAGE reagent (200 mg, 1.0 mmol, 4.0 eq.) at 0°C the solution was stirred for 75 min.
The reaction mixture was added into a 0°C cold solution of ethylenediamine (0.33 mL, 0.30 g, 5 mmol,
20 eq.) in dH20 (1.0 mL) and stirred atr.t. for 3 h. After precipitation with NaClO4 in acetone, the resulting
yellow solid was purified by SAX (column: Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min).
The product containing fractions were lyophilized and the obtained solid was dissolved in 0.5 M TEAA
buffer and further purified by RP-MPLC (column: interchim® C18AQ, 30 um, F0040; A =254 nm;
Method MPLC-1; 26 mL/min). Repeated freeze drying of the product containing fraction afforded the
titte compound (07-S*, 80 mg, 0.12 mmol, 50%) as a colorless solid and a mixture of two diastereomers
(ratio: 0.7:1.0). The exact amount of triethylammonium counterions per diphosphate molecule,

calculated from 'H-NMR, was found to be 2.0. This results in a molecular weight of 650 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 7.82 (m¢, 1H), 6.31 (m¢, 1H), 4.65 — 4.60 (m, 1H), 4.32 — 4.22 (m, 3H),
2.58 —2.46 (m, 2H), 1.98 (s, 3H). 3'P-{"H}-NMR (162 MHz, D20, &/ppm): 42.64 (d, J = 28.2 Hz, 1P),
42.46 (d, J = 28.0 Hz, 1P), -11.76(d, J = 27.7 Hz, 1P), —=11.77(d, J = 28.3 Hz, 1P). 3C-NMR (101 MHz,
D20, d/ppm): 166.57, 151.71, 137.36, 111.88, 84.87, 83.00 (d, J = 9.8 Hz), 82.93 (d, J = 9.9 Hz), 65.80
(d, J=6.0 Hz), 65.56 (d, J = 6.0 Hz), 61.09, 60.90, 36.32, 36.26, 11.73. The peaks marked in italic
belong to the other diastereomer. "3C-Spectrum was calibrated on CH- in TEA with 46.68 ppm.

HRMS (ESI~): m/z for C10H1409NsP2S™: calcd. 441.9982 found 441.9990.
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1.4.5 Synthesis of 2’,3’-O-isopropylidene adenosine 5’-diphosphate (08-0):
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C43H1gN5010P2”
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c-PyPa (01, 0.12M in MeCN, 2.8 mL, 0.30 mmol, 1.2 eq) was added into a solution of 2’,3’-O-
isopropylidene adenosine (77 mg, 0.25 mmol, 1.0 eq.) and DCI (59 mg, 0.50 mmol, 2.0 eq.) in dry
MeCN (2.0 mL). After the addition of mMCBPA (120 mg, 0.5 mmol, 2.0 eq.) at 0°C the solution was stirred
for 10 min. The reaction mixture was added into a 0°C cold solution of ethylenediamine (0.33 mL, 0.30 g,
5.0 mmol, 20 eq.) in dH20 (1.0 mL) and stirred at r.t. for 3 h. After precipitation with NaClO4 in acetone,
the resulting colorless solid was purified by SAX (column: Q Sepharose® SK 16; A =254 nm;
Method SAX-1; 5 mL/min). The product containing fractions were lyophilized and the obtained solid was
dissolved in 0.5 M TEAA buffer and further purified by RP-MPLC (column: interchim® C18AQ, 30 um,
F0040; A = 254 nm; Method MPLC-1; 26 mL/min). Repeated freeze drying of the product containing
fraction afforded the title compound (08-O, 100 mg, 0.13 mmol, 54%) as a colorless solid. The exact
amount of triethylammonium counterions per diphosphate molecule, calculated from 'H-NMR, was

found to be 2.5. This results in a molecular weight of 720 g/mol.

"H-NMR (400 MHz, D20, d/ppm): 8.47 (s, 1H), 8.26 (s, 1H), 6.29 (d, J = 3.5 Hz, 1H), 5.43 (dd, J = 6.1,
3.5Hz, 1H), 5.28 (dd, J = 6.1, 2.1 Hz, 1H), 4.71 — 4.67 (m, 1H), 4.24 — 4.13 (m, 2H), 1.71 (s, 3H), 1.48
(s, 3H). 3'P-{'H}-NMR (162 MHz, D20, &/ppm): —=9.94 (d, J = 20.6 Hz, 1P), -11.51 (d, J = 21.1 Hz, 1P).
BC-NMR (101 MHz, D20, d/ppm): 155.56, 152.82, 148.82, 140.13, 118.63, 114.97, 90.08, 84.62 (d,
J=9.4 Hz), 83.88, 81.40, 65.60 (d, J = 5.4 Hz), 26.18, 24.41. '3C-Spectrum was calibrated on CH- in
TEA with 46.68 ppm.

HRMS (ESI-): m/z for C13H18010NsP2: calcd. 466.0523 found 466.0525.
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1.4.6 Synthesis of 2’,3’-O-isopropylidene adenosine 5’-a-S-diphosphate (08-S):
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c-PyPa (01, 0.12M in MeCN, 2.5mL, 0.30 mmol, 1.2 eq) was added into a solution of 2’,3’-O-
isopropylidene adenosine (77 mg, 0.25 mmol, 1.0 eq.) and DCI (59 mg, 0.50 mmol, 2.0 eq.) in dry
MeCN (2.0 mL). After the addition of BEAUCAGE reagent (100 mg, 0.5 mmol, 2.0 eq.) at 0°C the solution
was stirred for 75 min. The reaction mixture was added into a 0°C cold solution of ethylenediamine
(0.33 mL, 0.30 g, 5 mmol, 20 eq.) in dH20 (1.0 mL) and stirred at r.t. for 3 h. After precipitation with
NaClOs in acetone, the resulting yellow solid was purified by SAX (column: Q Sepharose® SK 16;
A =254 nm; Method SAX-1; 5 mL/min). The product containing fractions were lyophilized and the
obtained solid was dissolved in 0.5 M TEAA buffer and further purified by RP-MPLC (column: interchim®
C18AQ, 30 um, F0040; A =254 nm; Method MPLC-1; 26 mL/min). Repeated freeze drying of the
product containing fraction afforded the title compound (08-S*, 74 mg, 0.11 mmol, 44%) as a colorless
solid and a mixture of two diastereomers (ratio: 0.7:1.0). The exact amount of triethylammonium
counterions per diphosphate molecule, calculated from 'H-NMR, was found to be 2.0. This results in a

molecular weight of 686 g/mol.

"H-NMR (400 MHz, D20, d/ppm): 8.56 (s, 1H), 8.55 (s, 1H), 8.26 (s, 1H), 6.32 — 6.26 (m, 1H), 5.45 (mc,
1H), 5.29 (mc, 1H), 4.77 —4.69 (m, 1H), 4.14 —4.33 (m, 2H), 1.71 (s, 3H); 1.48 (s, 3H). 3'"P-{"H}-NMR
(162 MHz, D20, d/ppm): 42.7 (d, J = 27.2 Hz, 1P), 42.5 (d, J = 27.9 Hz, 1P), --11.5(d, J = 27.4 Hz, 1P),
-11.5(d, J = 27.3 Hz, 1P). '*C-NMR (101 MHz, D20, &/ppm): 154.84, 151.84, 148.67, 140.65, 140.57,
118.58, 118.54, 114.82,90.37, 90.34, 84.80 (d, J = 10.1 Hz), 84.72 (d, J = 9.9 Hz), 84.00, 81.60, 81.54,
65.90 (d, J=6.2 Hz), 65.87 (d, J = 7.0 Hz), 26.16, 26.14, 24.38. The peaks marked in italic belong to
the other diastereomer. '3C-Spectrum was calibrated on CHz in TEA with 46.68 ppm.

HRMS (ESI-): m/z for C13H1809N5sP2S™: calcd. 482.0295 found 482.0303.
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1.4.7 Synthesis of adenosine 5’-diphosphate (09-0):
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C10H14N5010P2
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c-PyPa (01, 0.12 M in MeCN, 4.2 mL, 0.50 mmol, 1.0 eq) was added into a solution of adenosine
(130 mg, 0.50 mmol, 1.0 eq.) and DCI (120 mg, 1.0 mmol, 2.0 eq.) in dry DMF (2.0 mL). After the
addition of mCBPA (250 mg, 1.0 mmol, 2.0 eq.) at 0°C the solution was stirred for 10 min. The reaction
mixture was added into a 0°C cold solution of ethylenediamine (0.70 mL, 0.63 g, 10.0 mmol, 20 eq.) in
dH20 (2.1 mL) and stirred at r.t. for 3 h. After precipitation with NaCIlOa4 in acetone, the resulting colorless
solid was purified by SAX (column: Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The
product containing fractions were lyophilized and the obtained solid was dissolved in 0.5 M TEAA buffer
and further purified by RP-MPLC (column: interchim® C18AQ, 30 um, F0040; A =254 nm;
Method MPLC-1; 26 mL/min). Repeated freeze drying of the product containing fraction afforded the
titte compound (09-O, 95mg, 0.12 mmol, 24%) as a colorless solid. The exact amount of
triethylammonium counterions per diphosphate molecule, calculated from 'H-NMR, was found to be 3.6.

This results in a molecular weight of 810 g/mol.

1H-NMR (400 MHz, D0, &/ppm): 8.53 (d, J = 0.6 Hz, 1H), 8.26 (d, J = 0.6 Hz, 1H), 6.15(d, J = 5.9 Hz,
1H), 4.79 (below the solvent peak, 1H), 4.58 (ddt, J = 5.2, 3.6, 0.5 Hz, 1H), 4.41 (mc, 1H), 4.25 — 4.22
(m, 2H). The signal at 4.79 was indicated by 'H,’3C-HSQC. 3'P-{"H}-NMR (162 MHz, D20, d/ppm): —
10.37 (d, J=21.1 Hz, 1P), —11.27 (d, J = 21.0 Hz, 1P). 3C-NMR (101 MHz, D20, &/ppm): 155.51,
152.72, 149.11, 139.96, 118.60, 86.83, 84.02 (d, J = 9.2 Hz), 74.33, 70.39, 65.02 (d, J = 5.4 Hz). '3C-
Spectrum was calibrated on CH» in TEA with 46.68 ppm.

HRMS (ESI): m/z for C10H14010NsP2™: calcd. 426.0221 found 426.0215.
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Figure SI- 8: Purification of 09-O via RP-HPLC (column: interchim® C18AQ, 30 um, F0040; A = 254 nm (purple); Method MPLC-1;
26 mL/min). Gradient of %MeCN shown in red.
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1.4.8 Synthesis of adenosine 5’-a-S-diphosphate (09-S):
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09-8 OH OH
C1oH1sN50gP2S*
(441.99)

c-PyPa (01, 0.12 ™M in MeCN, 5.0 mL, 0.60 mmol, 1.2 eq) was added into a solution of adenosine
(130 mg, 0.50 mmol, 1.0 eq.) and DCI (120 mg, 1.0 mmol, 2.0 eq.) in dry DMF (8.0 mL). After the
addition of BEAUCAGE reagent (100 mg, 0.5 mmol, 2.0 eq.) at 0°C the solution was stirred for 75 min.
The reaction mixture was added into a 0°C cold solution of ethylenediamine (0.33 mL, 0.30 g, 5 mmol,
20 eq.) in dH20 (1.0 mL) and stirred atr.t. for 3 h. After precipitation with NaClO4 in acetone, the resulting
yellow solid was purified by SAX (column: Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min).
The product containing fractions were lyophilized and the obtained solid was dissolved in 0.5 M TEAA
buffer and further purified by RP-MPLC (column: interchim® C18AQ, 30 um, F0040; A =254 nm;
Method MPLC-1; 26 mL/min). Here, a separation of the diastereomers was possible and after repeated
freeze drying of the title compound (09-S, 58 mg, 0.09 mmol, 18%; isomer A 8.0%, isomer B 10%) as a
colorless solid. The exact amount of triethylammonium counterions per diphosphate molecule,

calculated from 'H-NMR, was found to be 2.0. This results in a molecular weight of 646 g/mol.

Isomer A: "TH-NMR (400 MHz, D20, &/ppm):8.65 (s, 1H), 8.24 (s, 1H), 6.15 (d, J = 5.8 Hz, 1H), 4.79
(below the solvent peak, 1H), 4.59 (dd, d, J = 5.1, 3.5 Hz, 1H), 4.44 (m¢, 1H), 4.35 - 4.23 (m, 2H). The
signal at 4.79 was indicated by 'H,’3C-HSQC. 3'P-{'"H}-NMR (162 MHz, D20, &/ppm): 42.94 (d,
J=28.5Hz, 1P),-11.84 (d, J = 26.1 Hz, 1P). "*C-NMR (101 MHz, D20, &/ppm): 155.36, 152.57, 149.04,
140.27, 118.51, 86.95, 83.95 (d, J=9.7 Hz), 74.44, 70.56, 65.12 (d, J = 6.3 Hz). "3C-Spectrum was
calibrated on CH in TEA with 46.68 ppm. Isomer B: "TH-NMR (400 MHz, D20, &/ppm):8.61 (s, 1H), 8.24
(s, 1H), 6.14(d, J = 5.8 Hz, 1H), 4.79 (below the solvent peak, 1H), 4.59 (dd, d, J=5.1, 3.5 Hz, 1H),
4.46 —4.42 (m 1H), 4.36 — 4.26 (m, 2H). The signal at 4.79 was indicated by 'H,"3C-HSQC. 3'P-{'H}-
NMR (162 MHz, D20, &/ppm): 42.73 (d, J=28.4 Hz, 1P), -10.82 (d, J=28.2 Hz, 1P). "*C-NMR
(101 MHz, D20, d/ppm): 155.36, 152.58, 149.03, 140.16, 118.50, 86.92, 83.94 (d, J = 9.7 Hz), 74.44,
70.56, 65.28 (d, J = 6.0 Hz). 3C-Spectrum was calibrated on CH» in TEA with 46.68 ppm. HRMS (ESI-):
m/z for C1oH1409N5sP2S™: calcd. 441.9993 found 442.0001.
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Figure SI-9: Purification of 09-S via RP-HPLC (column: interchim® C18AQ, 30 pym, F0040; A = 254 nm (purple); Method MPLC-1;
26 mL/min). Gradient of %MeCN shown in red.
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1.4.9 Synthesis of 2’-O-methyladenosine 5’-diphosphate (10):

NH,
NN
N
< g
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OH OH
OH O
10
C11H17N5010P>
(440.04)

c-PyPa (01, 0.12M in MeCN, 54 mL, 0.60 mmol, 1.2eq.) was added to a solution of
2’0O-methyladenosine (140 mg, 0.50 mmol, 1.0 eq.) and DCI (120 mg, 1.0 mmol, 2.0 eq.) in dry DMF
(4.0 mL). After the addition of mCPBA (250 mg, 1.0 mmol, 2.0 eq.) the reaction mixture was added into
a 0°C cold solution of ethylenediamine (0.67 mL, 600 mg, 10 mmol, 20 eq.) in dH20 (2.0 mL) and it was
stirred at r.t. for 3 h. After precipitation with NaClO4 in acetone, a yellow oil was received, which was
washed with cold acetone followed by Et2O. The resulting colorless solid was purified by SAX (column:
Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The product containing fractions were
lyophilized and the obtained solid was dissolved in 0.5 M TEAA buffer and further purified by RP-MPLC
(divided into 5 runs, column: interchim® C18HP, 15 um, F0012; A =254 nm; Method MPLC-2a;
15 mL/min). Repeated freeze drying of the product containing fractions afforded the title compound (10,
185 mg, 0.24 mmol, 47%) as a colorless solid. The exact amount of triethylammonium counterions per
diphosphate molecule, calculated from 'H-NMR, was found to be 3.2. This results in a molecular weight
of 767 g/mol.

H-NMR: (400 MHz, D0, 8/ppm): 8.56 (s, 1H), 8.28 (s, 1H), 6.21 (d, J = 5.9 Hz, 1H), 4.77 (below the
solvent peak, 1H), 4.52 (dd, J =5.9, 5.1 Hz, 1H), 4.43 — 4.37 (m, 1H), 4.29 — 4.16 (m, 2H), 3.48 (s, 3H).
The signal at 4.77 was indicated by 'H,"3C-HSQC. *'P{'H}-NMR: (162 MHz, D20, &/ppm): -9.37 (d, J =
21.1 Hz, 1P), =11.22 (d, J = 21.1 Hz, 1P). 3C-NMR (101 MHz, D20, 8/ppm): 155.67, 152.94, 149.05,
140.00, 118.61, 85.28, 84.55 (d, J = 9.1 Hz), 83.15, 68.81, 64.83 (d, J = 5.5 Hz), 58.17. "3C-Spectrum
was calibrated on CH> in TEA with 46.68 ppm.

HRMS (ESI-) m/z for [C11H1sNsO10P2]: calcd. 440.0378 found 440.0379.
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Figure SI-10: Purification of 10 via RP-HPLC (column: interchim® C18HP, 15 ym, F0012; A = 254 nm (purple); Method MPLC-2a;
15 mL/min). Gradient of %MeCN shown in red
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1.4.10 Synthesis of N°-methyladenosine 5’-diphosphate (11):

“NH
N B
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OH OH
OH OH
11
C11H16N5010P2"
(440,04 g/mol)

c-PyPa (01, 0.12M in MeCN, 2.8 mL, 0.30 mmol, 1.0 eq.) was added to a solution of NS&-
methyladenosine (SI1-02, 84 mg, 0.30 mmol, 1.0 eq.) and DCI (71 mg, 0.60 mmol, 2.0 eq.) in dry DMF
(1.5 mL). After the addition of mCPBA (150 mg, 0.60 mmol, 2.0 eq.) the reaction mixture was added into
a 0°C cold solution of ethylenediamine (0.40 mL, 0.36 g, 6.0 mmol, 20 eq.) in dH20 (1.2 mL) and it was
stirred at r.t. for 3 h. After precipitation with NaClO4 in acetone, a yellow oil was received, which was
washed with cold acetone followed by Et2O. The resulting colorless solid was purified by SAX (column:
Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The product containing fractions were
lyophilized and the obtained solid was dissolved in 0.5 M TEAA buffer and further purified by RP-MPLC
(column: interchim® C18AQ, 30 um, F0040; A = 254 nm; Method MPLC-1; 26 mL/min). Repeated freeze
drying of the product containing fractions afforded the title compound (11, 62 mg, 0.075 mmol, 25%) as
a colorless solid. The exact amount of triethylammonium counterions per diphosphate molecule,

calculated from '"H-NMR, was found to be 3.8. This results in a molecular weight of 830 g/mol.

TH-NMR: (400 MHz, D20, &/ppm): 8.49 (s, 1H), 8.28 (s, 1H), 6.15 (d, J = 5.8 Hz, 1H), 4.76 (below the
solvent peak, 1H), 4.60 (dd, J = 5.2, 3.7 Hz, 1H), 4.41 (dt, J = 5.6, 2.7 Hz, 1H), 4.22 (mc, 2H), 3.12 (s,
3H). The signal at 4.76 was indicated by 'H,"*C-HSQC. *'P{'H}-NMR: (162 MHz, D20, &/ppm): —9.30
(d, J = 22.5 Hz), -11.18 (d, J = 21.1 Hz). '®*C-NMR (101 MHz, D20, &/ppm): 155.24, 152.95, 147.93,
139.22, 118.97, 86.77, 83.97 (d, J = 9.2 Hz), 74.31, 70.26, 64.83 (d, J = 5.4 Hz), 27.39. The peaks
marked in italic were assigned by HMBC, since they gave very broad peaks in the 3C-spectrum. 3C-
Spectrum was calibrated on CH» in TEA with 46.68 ppm.

HRMS (ESI-) m/z for [C11H16N5010P2]: calcd. 440.0378 found 440.0374.
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1.4.11 Synthesis of 2’-O-methyl-N°-methyladenosine 5’-diphosphate (12):

NH
N B
N
¢ B
N™ >N
1] 1]
Co-P-0-b-0
OH OH
OH O
12
C11H1gN5010P2"
(440,04 g/mol)

c-PyPa (01, 0.12 M in MeCN, 1.6 mL, 0.20 mmol, 1.2 eq.) was added to a solution of 2’-O-methyl-N8&-
methyladenosine (SI-05, 50 mg, 0.17 mmol, 1.0 eq.) and DCI (40 mg, 0.34 mmol, 2.0 eq.) in dry MeCN
(1.5 mL). After the addition of mCPBA (84 mg, 0.34 mmol, 2.0 eq.) the reaction mixture was added into
a 0°C cold solution of ethylenediamine (0.24 mL, 0.22 g, 3.6 mmol, 20 eq.) in dH20 (0.9 mL) and it was
stirred at r.t. for 3 h. After precipitation with NaClO4 in acetone, a yellow oil was received, which was
washed with cold acetone followed by Et2O. The resulting colorless solid was purified by SAX (column:
Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The product containing fractions were
lyophilized and the obtained solid was dissolved in 0.5 M TEAA buffer and further purified by RP-MPLC
(divided into 5 runs, column: interchim® C18HP, 15 um, F0012; A =254 nm; Method MPLC-2b;
15 mL/min). Repeated freeze drying of the product containing fractions afforded the title compound (12,
49 mg, 0.09 mmol, 51%) as a colorless solid. The exact amount of triethylammonium counterions per
diphosphate molecule, calculated from 'H-NMR, was found to be 2.1. This results in a molecular weight
of 543.1 g/mol.

TH-NMR: (400 MHz, D20, &/ppm): 8.50 (s, 1H), 8.28 (s, 1H), 6.20 (d, J = 6.0 Hz, 1H), 4.75 (dd, J = 5.3,
3.0 Hz, 1H), 4.52 (t, J = 5.4 Hz, 1H), 4.41 (m¢, 1H), 4.28-4.18 (m, 2H), 3.49 (s, 3H), 3.12 (br. s, 3H).
31P{'H}-NMR: (162 MHz, D20, &/ppm): —9.90 (d, J = 21.2 Hz), -11.27 (d, J = 21.0 Hz). 3C-NMR
(101 MHz, D20, &/ppm): 155.21, 152.98, 147.86, 139.25, 118.92, 85.19, 84.53 (d, J = 9.0 Hz), 83.14,
68.96, 64.92 (d, J = 5.5 Hz), 58.17, 27.44. The peaks, marked in italic, were assigned by HMBC, since
they gave very broad peaks in the 3C-spectrum. 3C-Spectrum was calibrated on CH» in TEA with
46.68 ppm.

HRMS (ESI-) m/z for [C12H18N5010P2]: calcd. 454.0534 found 454.0529.
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Figure SI-11: Purification of 12 via RP-HPLC (column: interchim® C18HP, 15 um, F0012; A = 254 nm (purple); Method MPLC-2b;
15 mL/min). Gradient of %MeCN shown in red.
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1.4.12 Synthesis of adenosine 3’-phosphate 5’-diphosphate, ppAp (14):

1. c-PyPa (01 ,5.0 eq),

NHz  ETT (12.0 eq), NH NH,
N SN DMF, rt, 45 min NSy N SN
¢ 2. mCPBA (7.5 eq) ¢ ¢
/) 0°C - rt, 10 mi o o /) 4. RNase T2 o o /)
N N i min o, 1 I N N o o. I I N N
HO 3. ethylenediamine (40 eq) ~O-P-0-P-0 H0, 37°C 0-P-0-P-0
O rt, 2.5h OH OH (o] 12 h OH OH (o]
OH OH 13 o_ 0 58% overall yield O OH
: CioH1aNsO12P3™ PO 14 HO—P=0
adenosine 4879779 o7 “oH GO "

505,9885

Adenosine (100 mg, 0.40 mmol, 1.0 eq) and ETT (584 mg, 4.80 mmol, 12.0 eq) were coevaporated
together with dry MeCN (2 x 1.0 mL) in a flame dried 25 mL pear shaped flask. The residue was
dissolved in dry DMF (6.0 mL). Then c-PyPA (0.4 M in DMF, 5.0 mL, 2.0 mmol, 5.0 eq) was added
dropwise within 5 min, and the resulting solution was stirred at r.t. for 45 min. The solution was cooled
to 0°C, and mCPBA (77%, 629 mg, 1.4 mmol, 7.5 eq) was added within 5 min in portions. The mixture
was stirred at 0°C for 10 min. To the reaction mixture was added diethylamine (1.0 mL, 7.5 mmol,
40.0 eq) and the resulting solution was stirred at r.t. for 2.5 h, before precipitation by the addition of Et2O
(40 mL). The resulting solid was dissolved in H20 (15 mL), and RNase T2 (200 u) was added. The
solution was incubated at 37°C for 12 h. Afterwards the solution was directly purified by SAX (column:
Q Sepharose® SK 16; A = 254 nm; Method SAX-2; 5 mL/min). Repeated lyophilization of the product
containing fractions afforded the title compound (14, 135 mg, 0.23 mmol, 58 %, 4xNH4 as counter ion
- 578 g/mol) as white solid.

H-NMR (400 MHz, D20, &/ppm): 8.55 (s, 1H), 8.26 (mc, 1H), 6.19 — 6.17 (m, 1H), 4.88 — 4.86 (m, 2H),
4.61 (Me, 1H), 4.28 — 4.26 (m, 2H). 3'P-{"H}-NMR (162 MHz, D0, &/ppm): 1.39 (s, 1P), —9.43 (d, J =
20.3 Hz, 1P), —=10.98 (d, J = 20.3 Hz, 1P). *C-NMR (101 MHz, D20, &/ppm): 154.93, 152.03, 149.10,
140.06, 118.54, 86.52, 83.35 (dd, J = 9.1, 3.9 Hz), 73.92 (d, J = 5.0 Hz), 73.78 (d, J = 4.8 Hz), 65.02 (d,
J = 5.4 Hz).

HRMS (ESI-) m/z for [C1oH1sNsO13Ps]": calcd. 505.9885 found 505.9884.
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1.4.13 Synthesis of geranyl diphosphate (SI-06):

)\/\/K/\ i 2 ©
0-P-0-P-0
S1-06 OH OH
C1oH1907P2
(313.06)

c-PyPa (01, 0.12 M in MeCN, 6.6 mL, 0.78 mmol, 1.2 eq.) was added to a solution of commercial
geraniol (0.11 mL, 100 mg, 0.65 mmol, 1.0 eq.) and DCI (150 mg, 1.3 mmol, 2.0 eq.) in dry MeCN
(1.0 mL). After the addition of tert-butyl hydroperoxide (5 M in decane, 0.26 mL, 1.3 mmol, 2.0 eq.) the
reaction mixture was stirred at r.t. for 90 min. Afterwards, the solution was added into a 0°C cold solution
of ethylenediamine (0.87 mL, 0.78 g, 13 mmol, 20 eq.) in dH20 (2.6 mL) and it was stirred at r.t. for 3 h.
After precipitation with NaClOa4 in acetone, the resulting colorless solid was purified by SAX (column: Q
Sepharose® SK 16; A =254 nm; Method SAX-1; 5 mL/min). The product containing fractions were
lyophilized once and the obtained solid was dissolved in 0.5 M TEAA buffer and further purified by
RP-MPLC (column: interchim® C18AQ, 30 um, F0040; A = 254 nm; Method MPLC-3; 26 mL/min). The
product containing fractions were lyophilized once, dissolved in a minimum of water and isolated by
precipitation with NaClOs in acetone to obtain the title compound (SI-06, 101 mg, purity 97%°%,
0.26 mmol, 40%) as a colorless solid.

Note: We observed significant degradation of the product, when it was repeated lyophilized. Hence, we
isolated the product as sodium salt through final precipitation. *Some acetone remained in the product.

380 g/mol was applied for yield determination, corresponding to the 2x Na+ salt.

1H-NMR: (400 MHz, D20, 8/ppm): 5.49 (tq, J = 7.1, 1.3 Hz, 1H), 5.24 (ddp, J = 6.9, 5.8, 1.5 Hz, 1H),
451 (t, J = 6.7 Hz, 2H), 2.22 — 2.08 (m, 4H), 1.75 (d, J = 1.3 Hz, 3H), 1.72 (t, J = 1.3 Hz, 3H), 1.69 —
1.61 (m, 3H). 3'P{'"H}-NMR: (162 MHz, D20, 8/ppm): =8.36 (d, J = 21.2 Hz, 1P), —10.42 (d, J = 21.1 Hz,
1P). 13C-NMR (101 MHz, D20, &/ppm): 142.79, 133.73, 124.14, 119.77 (d, J = 8.5 Hz), 62.71 (d, J =
5.5 Hz), 25.58, 24.81, 16.95, 15.57.

HRMS (ESI-) m/z for [C1oH1907P2]: calcd. 313.0611 found 313.0611.
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1.4.14 Synthesis of isopentenyl diphosphate (SI-07); not optimized:

0-P-0-P-0°

sl07 09 0©
CsH41O;P 5
(245.00)

c-PyPa (01, 0.12 M in MeCN, 5.0 mL, 0.60 mmol, 1.2 eq.) was added to a solution of commercial 3-
methylbut-3-en-1-ol (51 pL, 43 mg, 0.50 mmol, 1.0 eq.) and DCI (120 mg, 1.0 mmol, 2.0 eq.) in dry
MeCN (1.0 mL). After the addition of mCPBA (0.25 mg, 1.0 mmol, 2.0 eq.) the reaction mixture was
added into a 0°C cold solution of ethylenediamine (0.67 mL, 0.60 g, 10 mmol, 20 eq.) in dH20 (2.0 mL)
and it was stirred at r.t. for 3 h. After precipitation with NaClO4 in acetone, the resulting solid was purified
by SAX (column: Q Sepharose® SK 16; A = 254 nm; Method SAX-1; 5 mL/min). The product containing
fractions were lyophilized several times and the obtained solid was dissolved in 0.5 M TEAA buffer and
further purified by RP-MPLC (column: interchim® C18AQ, 15 um, F0012; ELSD; Method MPLC-3;
15 mL/min). Repeated freeze drying of the product containing fractions afforded the title compound (SI-
07, 33 mg, 0.08 mmol, 16%) as a colorless solid. The exact amount of triethylammonium counterions
per diphosphate molecule, calculated from 'H-NMR, was found to be 1.7. This results in a molecular
weight of 418 g/mol.

1H-NMR (400 MHz, D0, &/ppm): 4.87 — 4.86 (m, 1H), 4.84 — 4.82 (m, 1H), 4.09 (me, 2H), 2.40 (t,
J=6.6 Hz, 2H), 1.77 (me, 3H). 3P{'"H}-NMR (162 MHz, D0, &/ppm): —11.2 (s, 2P). "*C{'"H}-NMR
(101 MHz, D20, 8/ppm): 143.44, 111.75, 64.96 (t, J = 3.1 Hz), 37.79 (t, J = 3.8 Hz), 21.64.

HRMS (ESI-): m/z for CsH1107P2": calcd. 244.9985, found 244.9985.
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Figure SI-12: Purification of SI-07 via RP-HPLC (column: interchim® C18AQ, 15 pm, F0012; ELSD (blue); Method MPLC-3;
15 mL/min). Gradient of %MeCN shown in red.
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1.5 Synthesis of guanosine P-amidite part

1.5.1 Synthesis of 5’-TBS guanosine (SI-08)

0 0
N
NH NH
< <
Ho N N/)\NHQ TBSCI (1.2 eq.) S0 N N/)\NHQ
o) o

Imidazole (2.0 eq.) Si08

in DMF:DMSO, r.t., 12h C16H27N505Si

OH OH OH OH (397,18 g/mol)
guanosine

TBSCI (12.7 g, 84.8 mmol, 1.2 eq.) and imidazole (9.62 g, 141 mmol, 2.0 eq.) were added into a solution
of commercial guanosine (20 g, 70.2 mmol, 1.0 eq.) in DMF (60 mL) and DMSO (100 mL). The reaction
mixture was stirred overnight. Next, the reaction mixture was poured into ice-cold dH20 (1200 mL) and
it was left for 1h before the formed precipitate was collected via Blichner funnel. Afterwards, this still wet
solid was recrystallized from MeOH (ca. 740 mL) and the colorless crystals were isolated via Bichner
funnel after 1 h chilling on ice. The title compound (SI-08, 19.9 g, 50 mmol, 71%) were obtained as
colorless crystals.

Analytical data are consistent with those reported in the literature.l’]

R = 0.16 (silica gel, DCM:MeOH 90:10)

"H-NMR (300 MHz, DMSO-d6, &/ppm): 10.60 (br. s, 1H), 7.84 (s, 1H), 6.47 (br. s, 2H), 5.70 (d, J = 5.5
Hz, 1H), 5.46 (d, J = 5.8 Hz, 1H), 5.14 (d, J = 5.1 Hz, 1H), 4.33 (q, J = 5.4 Hz, 1H), 4.08 (q, J = 4.8 Hz,

1H), 3.89 (q, J = 3.9 Hz, 1H), 3.80 (dd, J = 11.4, 3.7 Hz, 1H), 3.71 (dd, J = 11.4, 4.2 Hz, 1H), 0.88 (s,
9H), 0.05 (s, 6H).
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1.5.2 Synthesis of 2’,3’-diacetoxy 5’-TBS guanosine (16)

0 (0]
N
o g
P Ac,0, NEt; DMAP N
N™ N~ “NH, : N~ "NH,
TBS-O . T8S-0
j in MeCN 0
o
O O.
OH OH AP Ac
S1-08 16
C16H27N5O5Si CoH31N5O7Si
(397,18 g/mol) (481,20 g/mol)

Ac20 (4.2 mL, 4.5 g, 44 mmol, 2.2 eq) was added into a suspension of 5-TBS guanosine (SI-08, 8.0 g,
20 mmol, 1.0 eq.), NEts (11 mL, 8.2 g, 82 mmol, 4.0 eq.) and DMAP (62 mg, 2.5mol%) in MeCN
(300 mL) and it was stirred at r.t. for 3 h becoming a clear solution. Half of the solvent was removed
under reduced pressure before the mixture was poured into a solution of ice-cold dH20 (600 mL) and
aq. sat. NH4ClI (60 mL). The obtained precipitation was isolated, after chilling for 1 h, via Bichner funnel.
The filter cake was washed with cold water. The title compound (16, 9.9 g, 20 mmol, quant.) was isolated
as colorless solid.

Note: Add Ac:20 very quickly after adding NEts. Otherwise, the reaction contains impurities.

R = 0.51 (silica gel, DCM:MeOH 90:10)

H-NMR (400 MHz, DMSO-d6, 5/ppm): 10.69 (br. s, 1H), 7.84 (s, 1H), 6.55 (br. s, 2H), 5.98 (d, J = 7.1
Hz, 1H), 5.68 (dd, J = 7.0, 5.5 Hz, 1H), 5.42 (dd, J = 5.5, 2.5 Hz, 1H), 4.21 (td, J = 3.6, 2.6 Hz, 1H), 3.89
—3.80 (m, 2H), 2.1 (s, 3H), 2.00 (s, 3H), 0.88 (s, 9H), 0.08 (d, J = 1.1 Hz, 6H). *C-NMR (101 MHz,
DMSO-d6, 8/ppm): 169.46, 169.22, 156.60, 154.01, 151.32, 134.36, 116.56, 83.38, 82.84, 72.72, 70.90,
62.87, 25.73, 20.43, 20.14, 17.95, —5.56, —5.60.

HRMS (ESI*) m/z for [C20H32NsO7Si]*: calcd. 482.2066 found 482.2068.

HPLC-UV: tr = 14.08 min (Bischoff ProntoSIL® C1s-AQ, 3 pm, 3.0 x 150 mm; A = 272 nm; Method 2-1,
0.5 mL/min).

32



1.5.3 Synthesis of 2’,3’-diacetoxy 5’-TBS N*2-dimethylguanosine (17)

O O

NfJ\NH Nf\NH
2 4
<N l /)\ PFA (5x2.0eq.) <N l /)\ -

N” " NH, N~ N

TBDMS-0 TBDMS—-0 |
o NaBH5CN (5 x 2.0 eq.), o
16 44°C, 60h 17
022H35N507Si

CooHaiNsO7ST o O 0., O
(481,20 g/mol) Ac Ac Ac Ac (509,23 g/mol)

Paraformaldehyde (5 x 190 mg, 6.2 mmol, 2.0 eq.) and NaBH3CN (5 x 400 mg, 6.2 mmol, 2.0 eq.) were
added 5-times over a time period of 60 h (10-14 h between the additions) into a 44°C warm solution of
2’,3’-diacetoxy 5°-TBS guanosine (16, 1.5 g, 3.1 mmol, 1.0 eq.) in acetic acid (30 mL). Afterwards, the
reaction mixture was slowly poured into a mixture of aq. sat. Na2CO3:H20:DCM (6:1:1, 400mL) and it
was stirred for 15 min. The organic layer was separated, and the aq. layer was extracted with DCM (2
x 100 mL). The combined organic layers were dried over Na2SO4 and the solvent was removed under
reduced pressure. The residue was split into three parts and each part was purified by silica-gel MPLC
(column: interchim® SI-HP, 30um, F0040; A = 254 nm; Method MPLC-l; 26 mL/min). The title compound

(17, 1.01 g, 1.96 mmol, 63%) was obtained as a white foam.

Rt = 0.41 (silica gel, DCM:MeOH 95:05)

1H-NMR (400 MHz, DMSO-ds, 8/ppm): 10.77 (br. s, 1H), 7.83 (s, 1H), 6.01 (d, J = 4.9 Hz, 1H), 5.97 (dd,
J=5.6 Hz, 1H), 5.58 (t, J = 5.4 Hz, 1H), 4.16 (dt, J = 5.2, 4.1 Hz, 1H), 3.82 (m¢, 2H), 3.08 (s, 6H), 2.09
(s, 3H), 2.04 (s, 3H), 0.82 (s, 9H), 0.01 (s, 3H), -0.01 (s, 3H). *C-NMR (101 MHz, DMSO-ds, 5/ppm):
169.40, 169.30, 157.22, 153.08, 150.32, 136.61, 116.35, 85.60, 81.62, 72.10, 70.00, 62.37, 37.87,
25.62, 20.35, 20.23, 17.91, -5.59, -5.65.

HRMS (ESI*) m/z for [C22H34NsO7Si]: calcd. 508.2233 found 508.2226.

HPLC-UV: tr=12.55 min (Waters Symmetry® Cis, 5um, 3.9x 150 mm; A =254 nm; Method 1-2,
1 mL/min).
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1.5.4 Synthesis of 2’,3’-diacetoxy guanosine (18)

O O
N N
NH NH
¢ ¢ f
N N/)\NHQ conc. HCI N N/)\NHQ
TBDMS—-O. HO.
o) in EtOH o)
o\AcO\Ac o\Aco\Ac
16 18
C20H31N507Si C14H47N507
(481,20 g/mol) (367,11 g/mol)

Conc. HCI (38% in H20, 4.4 mL) was added into a solution of 2’,3’-diacetoxy 5’-TBS guanosine (16,
3.6 g, 7.6 mmol, 1.0 eq.) in EtOH (100 mL) at 0°C and it was stirred at 0°C for 3 h. The completeness
of the reaction was verified by LC-MS (Bischoff ProntoSIL® C1s-AQ, 3 um, 3.0 x 150 mm; A = 272 nm;
Method 2-1, 0.5 mL/min). Afterwards Et2O (13 mL for 1 mL EtOH) was added dropwise over a period of
1 h. The obtained suspension was store at —20°C overnight before the solid was isolated via Blichner
filtration. The obtained solid was once washed with cold acetone (ca. 30 mL). The title compound (18,

2.8 g, 7.6 mmol, quant.) was obtained as colorless solid.

Rs = 0.3 (silica gel, DCM:MeOH 90:10)

1H-NMR (300 MHz, DMSO-ds, &/ppm): 11.36 (s, 1H), 8.64 (s, 1H), 7.04 (br. s, 2H), 6.04 (d, J = 6.6 Hz,
1H), 5.71 (dd, J = 6.5, 5.4 Hz, 1H), 5.45 (dd, J = 5.5, 2.8 Hz, 1H), 4.23 (q, J = 3.3 Hz, 1H), 3.67 (M«
2H), 2.11 (s, 3H), 2.01 (s, 3H). *C-NMR (101 MHz, DMSO-ds, &/ppm): 169.55, 169.21, 156.59, 153.94,
151.22, 135.19, 116.63, 83.61, 83.59, 72.74, 71.40, 61.02, 20.47, 20.16.

HRMS (ESI-) m/z for [C14H16NsO7]: calcd. 366.1055 found 366.1054.

HPLC-MS: tr = 8.66 min (Bischoff ProntoSIL® C1s-AQ, 3 um, 3.0 x 150 mm; A = 272 nm; Method 2-13,
0.5 mL/min).
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1.5.5 Synthesis of 2’,3’-diacetoxy 5’-TBS N’-methylguanosine iodide (SI-09)

(0] (0]
o \®
Py NS
N" >N O NH Mel (10 eq.) N" >N NH
2 2
TBDMS-0O . R TBDMS-O
o in dry THF, 33°C, 3-5days o
O\Aco\Ac o\AcO\Ac
16 SI-09
C2oH31N507Si C21H34IN50;Si
(481,20 g/mol) (623,13 g/mol)

lodomethane (1.9 mL, 4.4 g, 31 mmol, 10 eq.) was added into a solution of 2’,3’-diacetoxy 5-TBS
guanosine (16, 1.5 g, 3.1 mmol, 1.0 eq.) in dry THF (27 mL) and it was stirred at 33°C for 4 days. The
completeness of the reaction was verified by LC-MS (Bischoff ProntoSIL® C1s-AQ, 3 pm, 3.0 x 150 mm;
A =272 nm; Method 2-1, 0.5 mL/min). If substrate was left, more lodomethane was added until
completeness was achieved. Afterwards, the obtained slurry was poured into ice-cold Et2O (250 mL)
and it was stirred at 0°C for 30 min. The obtained precipitate was isolated via Blichner filtration, and the
filter cake was washed with cold Et2O (2 x 15 mL). The title compound (SI-09, 1.8 g, 3.0 mmol, 94%)

was obtained as bright yellow solid.

1H-NMR (500 MHz, DMSO-ds, &/ppm): 11.75 (s, 1H), 9.27 (s, 1H), 7.18 (br. s, 2H), 6.15 (d, J = 4.8 Hz,
1H), 5.72 (me, 1H), 5.45 (dd, J = 5.6, 4.1 Hz, 1H), 4.37 (q, J = 4.1 Hz, 1H), 4.02 (s, 3H), 3.91 (m¢, 2H),
2.10 (s, 3H), 2.09 (s, 3H), 0.83 (s, 9H), 0.05 (d, J = 1.8 Hz, 6H). *C-NMR (126 MHz, DMSO-ds, &/ppm):
169.23, 169.11, 155.61, 153.27, 148.98, 136.27, 107.66, 87.29, 84.23, 73.46, 70.58, 62.63, 35.80,
25.62, 20.33, 20.22, 17.90, -5.58, -5.61.

HRMS (ESI*) m/z for [C21H34NsO7Si]*: calcd. 496.2222 found 496.2227.

HPLC-MS: fr = 13.71 min (Bischoff ProntoSIL® C1s-AQ, 3 um, 3.0 x 150 mm; A = 272 nm; Method 2-1,
0.5 mL/min).
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1.5.6 Synthesis of 2’,3’-diacetoxy 5’-TBS N’-methyl-ds;-guanosine iodide (SI-10)

(o] DsC 0

\®
N 1© N
S S
N >NTONH, CDsl (10 eq.) N N7 ONH,
TBDMS-O , TBDMS—O
o in dry THF, 33°C, 3-5days /o)

o\Aco\Ac O\Aco\Ac
16 SI-10
CooH31N507Si C21H31D3IN507Si
(481,20 g/mol) (626,15 g/mol)

lodomethane-ds (1.9 mL, 4.4 g, 31 mmol, 10 eq.) was added into a solution of 2’,3’-diacetoxy 5-TBS
guanosine (16, 1.5 g, 3.1 mmol, 1.0 eq.) in dry THF (27 mL) and it was stirred at 33°C for 4 days. The
completeness of the reaction was verified by LC-MS (Bischoff ProntoSIL® C1s-AQ, 3 pm, 3.0 x 150 mm;
A =272 nm; Method 2-1, 0.5 mL/min). If substrate was left, more lodomethane-ds was added till
completeness was achieved. Afterwards, the obtained slurry was poured into ice-cold Et2O (250 mL)
and it was stirred at 0°C for 30 min. The obtained precipitate was isolated via Blichner filtration, and the
filter cake was washed with cold Et20 (2 x 15 mL). The title compound (SI-10, 1.9 g, 3.0 mmol, quant.)
was obtained as bright yellow solid.

1H-NMR (500 MHz, DMSO-ds, 8/ppm): 11.75 (br. s, 1H), 9.27 (s, 1H), 7.18 (br. s, 2H), 6.15 (d, J = 4.8
Hz, 1H), 5.72 (dd, J = 5.6, 4.8 Hz, 1H), 5.45 (dd, J = 5.6, 4.1 Hz, 1H), 4.37 (q, J = 4.1 Hz, 1H), 3.91 (me,
2H), 2.10 (s, 3H), 2.09 (s, 3H), 0.83 (s, 9H), 0.05 (s, 6H).

13C-NMR (126 MHz, DMSO-ds, 8/ppm): 169.23, 169.11, 155.62, 153.28, 148.98, 136.27, 107.66, 87.30,
84.23, 73.46, 70.59, 62.63, 25.62, 20.33, 20.22, 17.90, -5.58, -5.61.

HRMS (ESI*) m/z for [C21H31D3NsO7Si*: calcd. 499.2410 found 499.2412.

HPLC-MS: fr = 13.71 min (Bischoff ProntoSIL® C1s-AQ, 3 um, 3.0 x 150 mm; A = 272 nm; Method 2-1,
0.5 mL/min).
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1.5.7 Synthesis of 2’,3’-diacetoxy 5’-TBS N*%’-trimethylguanosine iodide (SI-11)

o} o \® o}

N I~ N
iy &
NN N Mel (10 eq.) N >NTNT

TBDMS-O. TBDMS—-O.
o l in dry THF, 33°C, 2-5 days 0 l
17 SI-11

O., O O., OL :
C2oH35N507Si Ac Ac Ac Ac  CasHaglNsO7Si

(509,23 g/mol) (651,16 g/mol)

lodomethane (0.37 mL, 850 mg, 6.0 mmol, 10 eq.) was added into a solution of 2’,3’-diacetoxy 5-TBS
N22-dimethylguanosine (17, 300 mg, 0.60 mmol, 1.0 eq.) in dry THF (6 mL) and it was stirred at 33°C
for 2 days. The completeness of the reaction was verified by HPLC-UV (Waters Symmetry® C1s, 5 um,
3.9 x 150 mm; A = 254 nm; Method 1-2, 1 mL/min). If substrate was left, more lodomethane was added
till completeness was achieved. Afterwards, the reaction mixture was purified by silica-gel MPLC
(column: interchim® SI-HP, 30um, F0012; A =254 nm; Method MPLC-Il; 15 mL/min). The title

compound (SI-11, 270 mg, 0.41 mmol, 69%) was obtained as colorless foam.
Rf = 0.33 (silica gel, DCM:MeOH 90:10)

1H-NMR (400 MHz, DMSO-ds, 5/ppm): 11.68 (br. s, 1H), 9.23 (d, J = 0.9 Hz, 1H), 6.20 (d, J = 3.2 Hz,
1H), 5.97 (dd, J = 5.8, 3.2 Hz, 1H), 5.57 (t, J = 6.0 Hz, 1H), 4.34 - 4.31 (m, 1H), 4.03 (d, J = 0.8 Hz, 3H),
3.92 (dd, J = 11.7, 3.8 Hz, 1H), 3.83 (dd, J = 11.6, 4.3 Hz, 1H), 3.12 (s, 6H), 2.10 (s, 3H), 2.07 (s, 3H),
0.80 (s, 9H), 0.00 (d, J = 5.7 Hz, 6H). *C-NMR (101 MHz, DMSO-ds, &/ppm): 169.26, 169.11, 155.12,
154.94, 148.21, 136.94, 107.02, 88.55, 82.98, 72.84, 69.68, 62.18, 38.01, 35.68, 25.53, 20.26, 20.22,
17.88, -5.65, -5.69.

HRMS (ESI*) m/z for [CasH3sNsO7Si]*: caled. 524.2535 found 524.2540.

HPLC-UV: t:=12.07 min (Waters Symmetry® C1s, 5pm, 3.9x 150 mm; A =254 nm; Method 1-2,
1 mL/min).
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1.5.8 Synthesis of 2’,3’-diacetoxy 5’-TBS N*%7-trimethyl-’ds;-guanosine iodide (SI-12)

o) DsC
o Hoe
Py NPy
N >N N CDsl (10 eq.) N“SNZONT
TBDMS-O | , . TBDMS-O |
o in dry THF, 33°C, 2-5 days o
17 SI-12 ‘
C22H3sNsO7Si o O O_ oL Co3H35D3IN504Si
(509,23 g/mol) Ac Ac Ac “Ac (654,18 g/mol)

lodomethane-ds (0.37 mL, 850 mg, 6.0 mmol, 10 eq.) was added into a solution of 2’,3’-diacetoxy 5’-
TBS N22-dimethylguanosine (17, 300 mg, 0.60 mmol, 1.0 eq.) in dry THF (6 mL) and it was stirred at
33°C for 2 days. The completeness of the reaction was verified by HPLC-UV (Waters Symmetry® Crs,
5 um, 3.9 x 150 mm; A = 254 nm; Method 1-2, 1 mL/min). If substrate was left, more lodomethane was
added till completeness was achieved. Afterwards, the reaction mixture was purified by silica-gel MPLC
(column: interchim® SI-HP, 30um, F0012; A =254 nm; Method MPLC-Il; 15 mL/min). The title
compound (SI-12, 286 mg, 0.44 mmol, 73%) was obtained as colorless foam.

Rs = 0.33 (silica gel, DCM:MeOH 90:10)

1H-NMR (500 MHz, DMSO-ds, 8/ppm): 11.69 (br. s, 1H), 9.25 (d, J = 0.7 Hz, 1H), 6.21 (d, J = 3.2 Hz,
1H), 5.96 (dd, J = 5.8, 3.2 Hz, 1H), 5.57 (t, J = 6.0 Hz, 1H), 4.34 — 4.31 (m, 1H), 3.92 (dd, J = 11.6, 3.8
Hz, 1H), 3.83 (dd, J = 11.6, 4.3 Hz, 1H), 3.12 (s, 6H), 2.10 (s, 3H), 2.07 (s, 3H), 0.80 (s, 9H), 0.00 (d, J
= 7.2 Hz, 6H). *C-NMR (126 MHz, DMSO-ds, 5/ppm): 169.26, 169.11, 154.86, 154.69, 148.19, 137.08,
106.97, 88.57, 82.99, 72.85, 69.67, 62.17, 38.04, 35.07, 25.52, 20.26, 20.22, 17.87, -5.65, -5.70.
HRMS (ESI*) m/z for [CasH3sD3NsO7Si*: calcd. 527.2723 found 527.2728.

HPLC-UV: tr=12.07 min (Waters Symmetry® Cis, 5um, 3.9x 150 mm; A =254 nm; Method 1-2,

1 mL/min).
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1.5.9 Synthesis of 2’,3’-diacetoxy N’-methylguanosine (19)

0 ©0
o \@ \
1© N D N
r Sy
NN NH, conc. HCI NN NH,
TBDMS— T —— H
S oj o in EtOH OW o
O\Aco\Ac o\Aco\Ac
SI-09 19
C21H34IN50O7Si C15H19Ns07
(623,13 g/mol) (381,13 g/mol)

Conc. HCI (38% in H20, 1.5 mL pro 1 g substrate) was added dropwise into a solution of 2’,3’-diacetoxy
5’-TBS N7-methylguanosine iodide (SI-09, 0.89 g, 1.4 mmol, 1.0 eq.) in EtOH (12 mL pro 1 g substrate)
and it was stirred at 0°C for 1 h. Reaction control via LC-MS (Bischoff ProntoSIL® C+s-AQ, 3 um,
3.0 x 150 mm; A = 272 nm; Method 2-1, 0.5 mL/min) revealed full conversion. Afterwards, the obtained
slurry was added into four falcon tubes containing Et2O:THF (3:1; 4 x 45 mL) and the precipitate, after
chilling for 1 h at -20°C, was isolated via centrifugation. The obtained brownish solid was washed twice
with Et2O (each time 40 mL) and dried under high vacuum. The title compound (19, 0.56 g, 1.4 mmol,

quant.) was obtained as a yellow solid.

R: = 0.27 (silica gel, DCM:MeOH 90:10)

1H-NMR (500 MHz, DMSO-ds, &/ppm): 12.00 (s, 1H), 9.55 (s, 1H), 7.51 (br. s, 2H), 6.12 (d, J = 5.8 Hz,
1H), 5.67 (t, J = 5.6 Hz, 1H), 5.57 (br. s, 1H), 5.47 (dd, J = 5.4, 3.1 Hz, 1H), 4.33 (q, J = 3.1 Hz, 1H),
4.04 (d, J = 0.8 Hz, 3H), 3.71 (me, 2H), 2.10 (s, 3H), 2.05 (s, 3H). 13C-NMR (126 MHz, DMSO-ds, 5/ppm):
169.37, 169.10, 155.98, 153.10, 149.15, 136.30, 107.43, 86.11, 84.98, 73.86, 71.03, 60.31, 35.78,
20.42, 20.20.

HRMS (ESI*) m/z for [C1sH20NsO7]*: calcd. 382.1357 found 382.1364.

HPLC-MS: tr = 8.01 min (Bischoff ProntoSIL® C1s-AQ, 3 ym, 3.0 x 150 mm; A = 272 nm; Method 2-1,
0.5 mL/min).
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1.5.10 Synthesis of 2’,3’-diacetoxy N’-methyl-ds;-guanosine (20)

€]
D;C (0]
e
| </ | NH </ | N
N N/)\ NH2 conc. HCI N N/)\NH2
TBDMS-0 I —— HO
] o in EtOH o
O\Aco\Ac O\Aco\Ac
SI-10 20
C21H31D3INsO7Si C15H1gD3Ns07
(626,15 g/mol) (384,14 g/mol)

Conc. HCI (38% in H20, 1.5 mL pro 1 g substrate) was added dropwise into a solution of 2’,3’-diacetoxy
5-TBS N7-methyl-ds-guanosine iodide (SI-10, 0.89 g, 1.4 mmol, 1.0 eq.) in EtOH (12mL pro 1g
substrate) and it was stirred at 0°C for 1 h. Reaction control via LC-MS (Bischoff ProntoSIL® C1s-AQ,
3 um, 3.0 x 150 mm; A = 272 nm; Method 2-1, 0.5 mL/min) revealed full conversion. Afterwards, the
obtained slurry was added into four falcon tubes containing Et2O:THF (3:1; 4 x45 mL) and the
precipitate, after chilling for 1 h at —20°C, was isolated via centrifugation. The obtained brownish solid
was washed twice with Et20 (each time 40 mL) and dried under high vacuum. The title compound (20,

0.55 g, 1.4 mmol, quant.) was obtained as a yellow solid.

Rs = 0.27 (silica gel, DCM:MeOH 90:10)

H-NMR (500 MHz, DMSO-ds, &/ppm): 12.02 (s, 1H), 9.58 (s, 1H), 7.53 (br. s, 2H), 6.12 (d, J = 5.8 Hz,
1H), 5.67 (t, J = 5.6 Hz, 1H), 5.59 (br. s, 1H), 5.46 (dd, J = 5.4, 3.2 Hz, 1H), 4.32 (q, J = 3.1 Hz, 1H),
3.70 (me, 2H), 2.10 (s, 3H), 2.05 (s, 3H). *C-NMR (126 MHz, DMSO-ds, 3/ppm): 169.39, 169.12, 156.01,
153.09, 149.15, 136.30, 107.44, 86.13, 85.00, 73.89, 71.06, 60.30, 35.16 (m), 20.43, 20.21.

HRMS (ESI*) m/z for [C1sH17D3NsO7]*: calcd. 385.1546 found 385.1547.

HPLC-MS: tr = 8.01 min (Bischoff ProntoSIL® C1s-AQ, 3 ym, 3.0 x 150 mm; A = 272 nm; Method 2-1,
0.5 mL/min).
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1.5.11 Synthesis of 2’,3’-diacetoxy N?2’-trimethylguanosine (21)

0®
o @ \@
A N— Sy
N N/ N/ <N |N/ N/

TBDMS-0 | conc. HCI HO |
0 o)
SI-11 in EtOH 21
Co3H3sINsO7Si o O C17H23Ns07

(651.16 g/mol) ~ Ac Ac AT Ac  (409.18 g/mol)

Conc. HCI (38% in H20, 1.5 mL pro 1 g substrate) was added dropwise into a solution of 2’,3’-diacetoxy
5-TBS N227-trimethylguanosine iodide (SI-11, 0.25g, 0.38 mmol, 1.0 eq.) in EtOH (12 mL pro 1 g
substrate) and it was stirred at 0°C for 1 h. Reaction control via HPLC-UV (Waters Symmetry® C1s, 5 uym,
3.9x 150 mm; A =254 nm; Method 1-2, 1 mL/min) revealed full conversion. Afterwards, the crude
product was isolated by precipitation into —20°C cold Et20 (2 x 40 mL). After centrifugation, the obtained
brown oil was dissolved in acetone (2 mL) and precipitated again in —20°C cold Et20 (2 x 40 mL). The
now obtained brownish solid was purified by RP-MPLC (column: interchim® C18HP, 30 um, F0012;
A =254 nm; Method MPLC-4; 15 mL/min). The title compound (21, 120 mg, 0.29 mmol, 76%) was

obtained as a colorless foam.

1H-NMR (400 MHz, DMSO-ds, 8/ppm): 8.94 (s, 1H), 6.11 (d, J = 4.6 Hz, 1H), 6.04 (dd, J = 5.7, 4.6 Hz,
1H), 5.58 (t, J = 5.3 Hz, 1H), 5.21 (br. s, 1H), 4.22 (q, J = 4.3 Hz, 1H), 4.02 (s, 3H), 3.68 (m¢, 2H), 3.00
(s, 6H), 2.09 (s, 3H), 2.06 (s, 3H). 3C-NMR (101 MHz, DMSO-ds, 5/ppm): 169.42, 169.14, 162.56,
162.31, 149.16, 132.46, 108.15, 86.95, 83.51, 72.44, 70.31, 60.63, 37.06, 35.07, 20.36, 20.21.

HRMS (ESI*) m/z for [C17H24NsO7]*: calcd. 410.1670 found 410.1673.

HPLC-UV: {r=8.28 min (Waters Symmetry® Cis, 5um, 3.9x 150 mm; A =254 nm; Method 1-2,

1 mL/min).
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1.5.12 Synthesis of 2’,3’-diacetoxy N?2?’-trimethyl-"ds;-guanosine (22)

©
D5;C
@DSC\® Re
| <,N 7 ONH </N SN
N“>NTNT conc. HCI N“>NTNT
TBDMS-0 ! in EtOH "o !
(0] (0]
SI-12 22
C23H3sIN507Si o 0. O C17H20D3N507
651,16 g/mol) AT Ac “Ac Ac  (412.18 g/mol)

Conc. HCI (38% in H20, 1.5mL pro 1g substrate) was added dropwise into a solution of
2’,3’-diacetoxy 5’-TBS N227-trimethyl-’ds-guanosine iodide (SI-12, 0.25 g, 0.38 mmol, 1.0 eq.) in EtOH
(12 mL pro 1 g substrate) and it was stirred at 0°C for 1 h. Reaction control via HPLC-UV (Waters
Symmetry® Cis, 5pum, 3.9 x 150 mm; A =254 nm; Method 1-2, 1 mL/min) revealed full conversion.
Afterwards, the crude product was isolated by precipitation into —20°C cold Et2O (2 x 40 mL). After
centrifugation, the obtained brown oil was dissolved in acetone (2 mL) and precipitated again in —20°C
cold Et20 (2 x 40 mL). The now obtained brownish solid was purified by RP-MPLC (column: interchim®
C18HP, 30 um, F0012; A =254 nm; Method MPLC-4; 15 mL/min). The title compound (22, 55 mg,

0.13 mmol, 34%) was obtained as a colorless foam.

1H-NMR (400 MHz, DMSO-ds, 5/ppm): 8.94 (s, 1H), 6.12 (d, J = 4.6 Hz, 1H), 6.04 (m¢, 1H), 5.58 (t, J =
5.2 Hz,1H), 4.23 (q, J = 4.4 Hz, 1H), 3.67 (me, 2H), 3.00 (s, 6H), 2.09 (s, 3H), 2.06 (s, 3H). *C-NMR
(101 MHz, DMSO-ds, 8/ppm): 169.43, 169.15, 162.55, 162.31, 149.17, 132.49, 108.14, 86.97, 83.52,
72.45,70.31, 60.63, 37.07, 20.37, 20.22.

HRMS (ESI*) m/z for [C17H21D3NsO7]*: calcd. 413.1859 found 413.1861.

HPLC-UV: tr=8.28 min (Waters Symmetry® Cis, 5um, 3.9x 150 mm; A =254 nm; Method 1-2,

1 mL/min).
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1.5.13 Synthesis of 2’,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)
phosphaneyl)-guanosine (23)

0 0
N N
frx, L
N" N7 “NH P—Cl (iPr),N NN “NH
HO 2 CEO P-0 2
o CEO o}
18 DIPEA, in MeCN 23
C14H47Ns07 o o. O C23H34N7OgP
(367,11 g/mol) “Ac Ac “Ac CAc (567,54 gimol)

CEO(iPr)2NPCI (0.27 mL, 0.29 g, 1.2 mmol, 1.5 eq.) was added into a solution of 2’,3’-diacetoxy
guanosine (18, 0.30 g, 0.82 mmol, 1.0 eq.) and DIPEA (0.36 mL, 0.28 g, 2.1 mmol, 2.6 eq.) in dry DCM
(11 mL). After it was stirred at r.t. for 3.5 h reaction control via TLC revealed full conversion. The reaction
mixture was transferred into a separatory funnel with DCM. The organic layer was once washed with
sat. aq. NaHCOs, dried over MgSO4 and the solvent was removed under reduced pressure. The residue
was purified by flash chromatography (deactivated silica gel, dry load, DCM:MeOH = 90:10 + 1% NEt3)
and the title compound (23, 0.41 g in 75% purity*, 0.53 mmol, 65%) was obtained as a colorless solid.
Note: Two diastereomers are obtained.

*It contained HNEtsCl. However, this helped to solidify the P-amidite. This impurity has no impact on the

following coupling reaction.

R: = 0.38 (silica gel, DCM:MeOH 90:10 + 1% NEts)

"H-NMR (400 MHz, CDCls, d/ppm): 7.90, 7.88 (s, 1H), 6.33 (br. s, 2H), 6.08 (mc, 1H), 5.80 (mc, 1H),
5.60 (mc, 1H), 4.33 (m¢, 1H), 4.00 — 3.75 (m, 4H), 3.68 — 3.53 (m, 2H), 2.69 — 2.66 (m, 2H), 2.14, 2.13
(s, 3H), 2.04, 2.03 (s, 3H), 1.23 — 1.13 (m, 12H). 3'P-{"H}-NMR (162 MHz, CDCls, &/ppm): 149.46 (s,
1P), 149.09 (s, 1P). 3C-NMR (101 MHz, CDCls, &/ppm): & 170.00, 169.91, 169.55, 169.47, 159.30,
1569.26, 154.55, 154.48, 152.20, 152.06, 135.73, 135.47,117.92, 117.88, 117.57, 117.47, 84.67, 84.24,
82.99 (d, J=9.0 Hz), 82.67 (d, J = 9.2 Hz), 73.39, 73.25, 72.11, 71.85,63.19 (d, J = 17.2 Hz), 62.98 (d,
J=15.6 Hz),58.92 (d, J = 13.2 Hz), 58.71 (d, J = 12.9 Hz), 43.40 (d, J = 3.0 Hz), 43.27 (d, J = 3.0 Hz),
2485 (d, J=25Hz),24.78 (d, J = 2.5 Hz), 20.84, 20.81, 20.56, 20.55 (d, J = 4.7 Hz), 20.50, 20.48 (d,
J =4.6 Hz). The peaks marked in italic correspond to the other diastereomer.

HRMS (ESI-) m/z for [C23H33N7OsP]: calcd. 566.2134 found 566.2126.
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1.5.14 Synthesis of 2’,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)
phosphaneyl)-N"-methylguanosine (24)

\ ©0 %o
®< N o PN ®< N SN
v PN 2
N N/)\NH P—N(iPr), (PN, N N/)\NH
HO 2 CEO P-O 2
o CEQ o
19 ETT, in MeCN 24
C15H1gN507 O O. O. O. C24H3eN70gP
(381.13 g/mol) Ac "Ac Ac "Ac  (581.24 g/mol)

CEOI(iPr)2N]2P (0.52 mL, 0.49 g, 1.5 mmol, 1.4 eq.) was added into a 0°C cold solution of 2’,3’-
diacetoxy N'-methylguanosine (19, 0.40 g, 1.0 mmol, 1.0 eq.) in dry DMF (8 mL) and it was stirred for
10 min. Afterwards, ETT (as stock solution in MeCN 125 mg/mL, 1.6 mL, 0.20 g, 1.3 mmol, 1.2 eq.) was
added and reaction control via 3'P{"H}-NMR revealed full conversion after it was stirred for 4 h at 0°C.
Next, the reaction mixture was diluted with DCM (30 mL), it was transferred into a separatory funnel and
was washed once with aq. sat. NaHCOs (30 mL). The aqueous layer was once extracted with DCM
(30 mL), the combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The residue was purified by flash chromatography (deactivated silica gel, dry load,
DCM:MeOH = 95:5 + 3% NEts) and the title compound (24, 0.41 g, 0.71 mmol, 71%) was obtained as
a colorless foam.

Note: Two diastereomers are obtained.

R¢ = 0.58 (deactivated silica gel, DCM:MeOH 90:10 + 1% NEt3)

TH-NMR (400 MHz, CDCls, &/ppm): 9.58, 9.28 (br. s, 1H), 6.28, 6.22 (d, J = 5.7 Hz, 1H), 5.98, 5.94 (t, J
= 5.7 Hz, 1H), 5.72, 5.66 (mc, 1H), 4.42 — 4.39 (m, 1H), 4.17 (s, 3H), 4.06 — 3.76 (m, 4H), 3.62 — 3.50
(m, 2H), 2.73 - 2.58 (m, 2H), 2.14, 2.13 (s, 3H), 2.09, 2.09 (s, 3H), 1.21 — 1.12 (m, 12H). 3'P-{'"H}-NMR
(162 MHz, CDCls, &/ppm): 150.14 (s, 1P), 148.75 (s, 1P). '*C-NMR (101 MHz, CDCls, &/ppm): 169.88,
169.77, 169.66, 169.55, 150.59, 150.19, 118.38, 118.11, 87.49, 86.32, 83.92, 83.16 (d, J = 8.8 Hz),
73.68, 73.48, 71.71, 71.20, 62.96, 62.54 (d, J = 17.0 Hz), 58.93, 58.55 (d, J = 21.6 Hz), 43.45, 43.33,
36.28, 36.24, 24.89 — 24.65 (m), 20.77 — 20.53 (m). The peaks marked in italic belong to the other
diastereomer.

HRMS (ESI-) m/z for [C24H37N7OsP]~: calcd. 582.2436 found 582.2441.

44



1.5.15 Synthesis of 2’,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)
phosphaneyl)-N"-methyl-ds;-guanosine (25)

D¢ O DG O
®< N o PN ®< N S
4 IFT)2 X 4
N N/)\NHz P=N(iPr); (iPr)2N, N N/)\NHz
HO CEC P-0
© . CEG o
20 ETT, in MeCN 25
CisHieDsNsO7" o o 0 C24H33D3N706P
(384.15g/mol) ~ Ac Ac “Ac Ac (584.26 g/mol)

CEOI(iPr)2N]2P (0.32 mL, 0.30 mg, 0.90 mmol, 1.4 eq.) was added into a 0°C cold solution of 2’,3’-
diacetoxy N7-methyl-ds-guanosine (20, 0.25 g, 0.65 mmol, 1.0 eq.) in dry DMF (5 mL) and it was stirred
for 10 min. Afterwards, ETT (as stock solution in MeCN 125 mg/mL, 0.80 mL, 0.10 g, 0.7 mmol, 1.2 eq.)
was added and reaction control via 3'P{"H}-NMR revealed full conversion after it was stirred at r.t. for
1 h. Next, the reaction mixture was diluted with DCM (15 mL), it was transferred into a separatory funnel
and was washed once with aqg. sat. NaHCOs3 (15 mL). The aqueous layer was once extracted with DCM
(15 mL), the combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The residue was purified by flash chromatography (deactivated silica gel, dry load,
DCM:MeOH = 95:5 + 3% NEts) and the title compound (25, 0.26 g*, Purity: 85%, 0.38 mmol, 59%) was
obtained as a colorless foam.

Note: Two diastereomers are obtained. *It contained some NEts. This impurity has no impact on the
following coupling reaction

R¢ = 0.58 (deactivated silica gel, DCM:MeOH 90:10 + 1% NEt3)

H-NMR (300 MHz, CDCls, 8/ppm): 9.67, 9.35 (br. s, 1H), 6.29, 6.22 (d, J = 5.9 Hz, 1H), 5.97, 5.93 (t, J
= 5.6 Hz, 1H), 5.71, 5.65 (mc, 1H), 4.42 — 4.38 (m, 1H), 4.04 — 3.78 (m, 4H), 3.64 — 3.51 (m, 2H), 2.74
—2.60 (m, 2H), 2.15, 2.10 (s, 3H), 2.09, 2.09 (s, 3H), 1.23 — 1.14 (m, 12H). 3'P-{'"H}-NMR (162 MHz,
CDCls, 8/ppm): 150.20 (s, 1P), 148.72 (s, 1P).

HRMS (ESI-) m/z for [C24H34D3sN7OsP]: calcd. 585.2624 found 585.2628.
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1.5.16 Synthesis of 2’,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)
phosphaneyl)-N>?"-trimethylguanosine (26)

€] [CXe)
\@ i ON-_
X . N
¢ )N\ (iPr)oN, _ <
N“SNTONT P—N(iPr), (iPr)2N, N“SNTSNT
HO | CEO CEO/P_O o |
21 © ETT, in DMF 26
C17H23Ns07 0. 0 C26H0N70gP
(409.18 g/mol) O~z O~ac “Ac “Ac  (609.28 g/mol)

CEOI(iPr)2N]2P (82 uL, 78 mg, 0.26 mmol, 1.4 eq.) was added into a 0°C cold solution of 2’,3’-diacetoxy
N227-trimethylguanosine (21, 90 mg, 0.22 mmol, 1.0 eq.) in dry DMF (2 mL) and it was stirred for 10 min.
Afterwards, ETT (as stock solution in MeCN 125 mg/mL, 0.30 mL, 37 mg, 0.27 mmol, 1.4 eq.) was
added and reaction control via 3'"P{'H}-NMR revealed full conversion after it was stirred at r.t. for 1 h.
Next, the reaction mixture was diluted with DCM (5 mL), it was transferred into a separatory funnel and
was washed once with ag. sat. NaHCOs (5 mL). The aqueous layer was once extracted with DCM
(5 mL), the combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The residue was purified by silica-gel MPLC* (column: interchim® SI-HP, 30um,
F0012; A = 254 nm; Method MPLC-III; 15 mL/min) and the title compound (26, 100 mg**, purity 85%,
0.14 mmol, 64%) was obtained as a colorless foam.

Note: Two diastereomers are obtained. *Use DCM + 2% NEts to equilibrate the column on the MPLC
but only use DCM without NEts during the run. **It contained NEts. This impurity has no impact on the

following coupling reaction.

"H-NMR (400 MHz, CDCls, &/ppm): 8.62, 8.58 (d, J = 0.70 Hz, 1H), 6.29, 6.17 (d, J = 5.8 Hz, 1H), 5.92,
5.87(t, J=5.7 Hz, 1H), 5.62, 5.58 (dd, J = 5.8, 4.8 Hz, 1H), 4.41-4.38 (m, 1H), 4.20, 4.19 (d, J = 0.70 Hz,
3H), 4.03 — 3.74 (m, 4H), 3.64 — 3.50 (m, 2H), 3.13, 3.12 (s, 6H), 2.72 — 2.63 (m, 2H), 2.15, 2.11 (s, 3H),
2.07, 2.07 (s, 3H), 1.22 - 1.10 (m, 12H). 3'P-{"H}-NMR (162 MHz, CDCl3, &/ppm): 150.42 (s, 1P), 148.61
(s, 1P). 13C-NMR (101 MHz, CDCls, d/ppm): 169.87, 169.67, 169.51, 169.31, 163.79, 163.77, 163.55,
163.44, 150.81, 150.32, 129.50, 129.04, 118.18, 117.92, 108.82, 108.64, 87.31, 85.72, 83.55, 82.86 (d,
J =9.3 Hz), 73.83, 73.80, 71.55, 70.82, 62.88, 62.59 (d, J = 16.7 Hz), 58.94, 58.48 (d, J = 21.3 Hz),
43.47, 43.34, 37.70, 37.66, 36.14, 36.11, 24.84, 24.80 (d, J = 7.3 Hz), 24.80, 24.65 (d, J = 7.3 Hz),
20.77, 20.69, 20.68, 20.62 (d, J = 5.3 Hz), 20.51. The peaks marked in italic belong to the other
diastereomer. HRMS (ESI*) m/z for [C26H41N7OsP]*: calcd. 610.2749 found 610.2748.
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1.5.17 Synthesis of 2’,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)
phosphaneyl)-N>?7-trimethyl-"ds-guanosine (27)

DS o ° DG ©o
N ®N
CT N (PN | ¢ 10
NN P-N(Pr), (iPr2N, N"SNTNT
HO | CEO PO I
22 ° ETT, in DMF CEO © 27
, In
C17H20D3N507 026H37D3N708P+
41218 g/mol)  O~, O~ O 2O~
9 Ac Ac Ac” "Ac  (612.29 g/mol)

CEOI(iPr)2N]2P (80 pL, 76 pg, 0.25 mmol, 1.2 eq.) was added into a 0°C cold solution of 2’,3’-diacetoxy
N227-trimethyl-’ds-guanosine (22, 87 mg, 0.21 mmol, 1.0 eq.) in dry DMF and it was stirred for 10 min.
Afterwards, ETT (as stock solution in MeCN 125 mg/mL, 0.27 mL, 33 mg, 0.25 mmol, 1.2 eq.) was
added and reaction control via 3'"P{'H}-NMR revealed full conversion after it was stirred at r.t. for 1 h.
Next, the reaction mixture was diluted with DCM (5 mL), it was transferred into a separatory funnel and
was washed once with aq. sat. NaHCOs (5 mL). The aqueous layer was once extracted with DCM
(5 mL), the combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The residue was purified by silica-gel MPLC* (column: interchim® SI-HP, 30um,
F0012; A = 254 nm; Method MPLC-IIl; 15 mL/min) and the title compound (27, 70 mg**, Purity 86%,
0.10 mmol, 48%) was obtained as a colorless foam.

Note: Two diastereomers are obtained. *Use DCM + 2% NEts to equilibrate the column on the MPLC
but only use DCM without NEts during the run. **It contained NEts. This impurity has no impact on the

following coupling reaction.

"H-NMR (400 MHz, CDCls, d/ppm): 8.54 — 8.39 (m, 1H), 6.30, 6.77 (d, J = 5.5 Hz, 1H), 5.90 — 5.84 (m,
1H), 5.61 — 5.57 (m, 1H), 4.42— 4.39 (m, 1H), 4.03 — 3.76 (m, 4H), 3.64 — 3.51 (m, 2H), 3.15, 3.13 (s,
6H), 2.77 — 2.60 (m, 2H), 2.16, 2.13 (s, 3H), 2.08, 2.08 (s, 3H), 1.23 — 1.13 (m, 12H). *'P-{"H}-NMR (162
MHz, CDCls, 8/ppm): 150.48(s, 1P), 148.58 (s, 1P). 3 C-NMR (101 MHz, CDCls, 8/ppm): 169.90, 169.70,
169.53, 169.31, 163.81, 163.78, 163.61, 163.51, 150.88, 150.39, 128.90, 128.69, 118.19, 117.92,
108.87, 108.67, 87.16, 85.56, 83.66, 82.99 (d, J = 9.4 Hz), 73.99, 73.88, 71.63, 70.88, 62.93, 62.60 (d,
J =16.8 Hz), 58.97, 58.46 (d, J = 22.1 Hz), 43.49, 43.36, 37.69, 37.66, 35.77 (mc), 24.91 — 24.64 (m),
20.79 — 20.51 (m). The peaks marked in italic belong to the other diastereomer.

HRMS (ESI*) m/z for [C2sH3sD3N7OsP]*: calcd. 613.2937 found 613.2935.
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1.6 Synthesis of cap nucleotides

1.6.1 General procedure for guanosine methylated cap nucleotides

D:CHiG @
®N NH
- AL
(iPr)2N, NTSNT > NHy/Me, O CHy/CD;s
p-0 HN N®
CEO o) )
80 B Mey/HN~ N7 N 2.0 8 B
©0-P-0-P-0 2/M2 0-P-0-P-0-P-0O
! ! OAc OAc | | |
O 0 o] - . O O © 0
e} e 1. Coupling: ETT, 45 min, r.t. o o S} ©
2. Oxidation: UHP, 20 min, rt O OH
OH R OH R

3. Deprot.: Piperidine, 40 min, r.t.

The following syntheses were all performed according to a general procedure and were performed under
inert conditions. Therefore, the nucleoside 5’-diphosphate and ETT were co-evaporated with dry MeCN
(2 mL) in a pear-shaped flask. The solid was dissolved in dry DMF and guanosine P-amidite, as solution
in dry DMF, was added. The reaction mixture was stirred for 45 min at r.t. Afterwards, UHP was added
at 0°C and the reaction mixture was stirred at r.t. for 20 min. An aliquot of the reaction mixture was
analyzed via HPLC-UV to determine the conversion. The reaction mixture was diluted with aq. TEAA-
solution (0.1 M) and directly purified via RP-MPLC (column: interchim® C18AQ, 30 um, F0025;
A =254 nm; Method MPLC-5; 15 mL/min). The product containing fractions were combined and once
evaporated under reduced pressure (20 mbar, 37 °C water bath temp.) for 40 min. The residue was
diluted with dH20 (ca. 40 mL) and then lyophilized overnight (See Note). The obtained wax was again
dissolved in distilled water and lyophilized (two-times) to obtain a colorless solid. Afterwards, a final
deprotection was performed by dissolving the solid in dry MeOH (obtain a solution of 10 mg/mL) and
adding piperidine (10uL for each mg of solid). The mixture was shaken at 1000 rpm, at 25 °C for 45 min.
Afterwards, the piperidine was quenched by adding 1% formic acid in MeOH. The whole mixture was
diluted with ag. TEAA (100 mM) and it was directly purified via prep-HPLC (column: waters xBridge®
C1s, 5 uym, 19 x 250 mm; A = 255-265 nm; Method 3-1, 15 mL/min). The product containing fractions
were combined and once evaporated under reduced pressure (20 mbar, 37 °C water bath temp.) for
40 min. The residue was diluted with distilled water (ca. 40 mL) and then lyophilized overnight. The
obtained wax was again dissolved in distilled water and lyophilized (two-times) to obtain a colorless
solid.

Exact amounts of reagents, specific yields and analytical data are reported in the individual procedures
for each compound.

For compound (CD3)’GpppAm all chromatograms are shown as an example (analytical HPLC, MPLC,
Prep-HPLC and CE-MS).

Note: The B-cyanoethyl group on the phosphate was cleaved during the lyophilization process after the
MPLC, as proven by LC-MS:
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Figure SI-13: LC-MS control before lyophilization (top) and after 1-time lyophilization (bottom) (Bischoff ProntoSIL®
C1e-AQ, 3 uym, 3.0 x 150 mm; A = 272 nm; Method 2-2, 0.5 mL/min). This clearly proves the removal of the B-cyanoethyl group

during lyophilization.
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1.6.2 Synthesis of 1-5-(7-methylguanosine) 3-5’-(6-methyl)-adenosine triphosphate

(m’Gpppm®A):
o “NH
e <
HZN)\\N 9 1} Q N N)

T
OH m’Gpppm®A OH OH
C2oH3zoN10017P3”
(799.10)

7-Methylguanosine P-amidite (24, 21 mg, 35 ymol, 1.7 eq.) was added, dissolved in 0.5 mL of dry DMF,
to a solution of 5’-(6-methyl)-adenosine diphosphate (11, 19 mg, 22 ymol, 1.0 eq.) and ETT (6.9 mg,
55 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (5.3 mg, 55 ymol, 2.5 eq.)
was added at 0°C and it was stirred at r.t. for 20 min. After dilution with aq. TEAA solution, RP-MPLC
and repeated freeze-drying, the protected intermediate was isolated as colorless solid (18.6 mg).

40% of the solid (7.6 mg) was dissolved in dry MeOH (0.9 mL) and piperidine (90 pL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
ag. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m’Gpppm®A, 5.1 mg, 4.6 ymol, 52%*) was obtained as a colorless solid. 3.1 eq. TEA per triphosphate
were found by 'H-NMR, resulting in a molecular weight of 1111 g/mol. *Extrapolated for deprotection of

all material.

TH-NMR (400 MHz, D20, &/ppm): 8.39 (s, 1H), 8.18 (s, 1H), 6.03 (d, J = 6.2 Hz, 1H), 5.83 (d, J = 3.2 Hz,
1H), 4.70 (dd, J = 5.3 Hz, 5.9 Hz, 1H), 4.51 (dd, J = 3.2 Hz, 5.0 Hz, 1H), 4.45 — 4.28 (m, 8H), 3.97 (s,
3H), 3.09 (br, s, 3H). 3'P-{"H}-NMR (162 MHz, D20, &/ppm): —-11.59 (d, J = 19.6, 1P), —11.72 (d, J =
19.6, 1P), —23.26 (t, J = 19.6 Hz, 1P). '*C-NMR (101 MHz, D20, &/ppm): 154.83, 152.97, 148.99, 147.50,
138.85, 133.53, 118.67, 108.65, 88.88, 86.31, 83.97 (d, J = 9.2 Hz), 83.25 (d, J = 9.2 Hz), 74.89, 74.49,
70.52,68.75,65.44 (d, J = 5.9 Hz), 64.22 (d, J = 5.9 Hz), 35.81, 27.48. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.l®!

Detection (ESI-) m/z for [C22H30N10017P3]: calcd. 799.1009 found 799.1020.
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1.6.3 Synthesis of 1-5’-(7-methyl-ds-guanosine) 3-5’-(6-methyl)-adenosine
triphosphate ((CD3)’Gpppm®A):

HAN" N 0-P-0-P-0-P-0
4\—/[\ OH 0 © 0
o o

T
OH  (cD;)’Gpppm®A  OH OH
Co2H27D3N19047P3
(802.12)

7-Methyl-ds-guanosine P-amidite (25, 21 mg, 35 ymol, 1.7 eq.) was added, dissolved in 0.5 mL of dry
DMF, to a solution of 5’-(6-methyl)-adenosine diphosphate (11, 19 mg, 22 ymol, 1.0 eq.) and ETT
(6.9 mg, 55 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (5.3 mg, 55 pmol,
2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-
MPLC and repeated freeze-drying the protected intermediate was isolated as colorless solid (32.1 mg).
A third of the solid (11.6 mg) was dissolved in dry MeOH (1.0 mL) and piperidine (100 uL) was added.
After shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured
into aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
((CD3)"Gpppm®A, 4.1 mg, 4.3 umol, 54%*) was obtained as a colorless solid. 1.55 eq. TEA per
triphosphate were found by '"H-NMR, resulting in a molecular weight of 960.2 g/mol. *Extrapolated for

deprotection of all material.

TH-NMR (400 MHz, D20, &/ppm): 8.39 (s, 1H), 8.21 (s, 1H), 6.03 (d, J = 6.3 Hz, 1H), 5.88 (d, J = 3.4 Hz,
1H), 4.70 (dd, J = 6.3, 5.2 Hz, 1H), 4.52 (dd, J = 5.0, 3.1 Hz, 2H), 4.43 — 4.39 (m, 4H), 4.35 — 4.26 (m,
3H), 3.11 (br. s, 3H). 3'P-{"H}-NMR (162 MHz, D20, &/ppm): —11.59 (d, J = 19.5 Hz, 1P), -11.65 (d, J =
19.5 Hz, 1P), —23.21 (t, J = 19.5 Hz, 1P). "*C-NMR (101 MHz, D20, &/ppm): 155.73, 154.88, 152.98,
149.03, 147.68, 138.93, 118.47, 107.67, 89.37, 86.28, 84.00 (d, J = 8.6 Hz), 83.72 (d, J = 9.3 Hz), 74.90,
74.40,70.47,68.96, 65.51 (d, J=5.8 Hz), 64.25 (d, J = 5.3 Hz), 27.30. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M aq. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.l®!

Detection (ESI-) m/z for [C22H26D3N10017P3]~: calcd. 802.1197 found 802.1206.
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1.6.4 Synthesis of 1-5’-(2-dimethyl-7-methylguanosine) 3-5’-(6-methyl)-adenosine
triphosphate (m?%>’Gpppm®A):

N 0-P-0-P-0-P-0
OH 0 O 0
k N & ©

T
OH  m227Gpppm®A OH OH
C24H34N10017P3"
(827.13)

2-Dimethyl-7-methylguanosine P-amidite (26, 21 mg, 34 ymol, 1.7 eq.) was added, dissolved in 0.5 mL
of dry DMF, to a solution of 5’-(6-methyl)-adenosine diphosphate (11, 19 mg, 22 ymol, 1.0 eq.) and ETT
(6.9 mg, 55 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (5.3 mg, 55 pmol,
2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-
MPLC and repeated freeze-drying the protected intermediate was isolated as colorless solid (18.5 mg).
A third of the solid (6.2 mg) was dissolved in dry MeOH (0.6 mL) and piperidine (60 uL) was added.
After shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured
into aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m?>2’"Gpppm®A, 4.0 mg, 4.0 umol, 55%*) was obtained as a colorless solid. 1.65 eq. TEA per
triphosphate were found by '"H-NMR, resulting in a molecular weight of 995.3 g/mol. *Extrapolated for

deprotection of all material.

TH-NMR (400 MHz, D20, &/ppm): 8.34 (s, 1H), 8.20 (s, 1H), 5.97 (d, J = 5.9 Hz, 1H), 5.89 (d, J = 3.4 Hz,
1H), 4.59 (1, J = 5.5 Hz, 1H), 4.52 (m¢, 1H), 4.47 (m¢, 1H), 4.44 — 4.28 (m, 7H), 4.03 (s, 3H), 3.16 (s,
6H), 3.09 (br. s, 3H). 3'"P-{"H}-NMR (162 MHz, D20, &/ppm): —11.61 (d, J = 19.1 Hz, 2P), —-23.22 (t, J =
19.4 Hz, 1P). ®*C-NMR (101 MHz, D20, &/ppm): 154.87, 153.79, 152.81, 149.05, 146.88, 138.83,
118.04, 106.13, 89.11, 86.54, 83.81 (d, J = 8.5 Hz), 83.57 (d, J = 9.3 Hz), 74.85, 74.61, 70.24, 68.97,
65.43 (d, J = 5.5 Hz), 64.32 (d, J = 5.2 Hz), 37.51, 36.03, 27.34. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M aq. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.l®!

Detection (ESI-) m/z for [C24H34N10017P3]~: calcd. 827.1322 found 827.1322.
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1.6.5 Synthesis of 1-5’-(2-dimethyl-7-methyl-ds;-guanosine) 3-5’-(6-methyl)-adenosine
triphosphate (m??(CD3)’Gpppm®A):

\ 0-P-0-P-0-P-0
| | |
OH O O %
k N o ©

T
OH m22(CD;)’Gpppm®A OH OH
C24H31D3N10047P3”
(830.15)

2-Dimethyl-7-methyl-ds-guanosine P-amidite (27, 22 mg, 35 pymol, 1.7 eq.) was added, dissolved in
0.5 mL of dry DMF, to a solution of 5’-(6-methyl)-adenosine diphosphate (11, 18 mg, 22 ymol, 1.0 eq.)
and ETT (6.9 mg, 55 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (5.3 mg,
55 pymol, 2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with aq. TEAA
solution, RP-MPLC and repeated freeze-drying the protected intermediate was isolated as colorless
solid (21 mg).

Half of the solid (10 mg) was dissolved in dry MeOH (0.9 mL) and piperidine (90 yL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m?2(CD3)"Gpppm®A, 6.6 mg, 6.6umol, 58%*) was obtained as a colorless solid. 1.65 eq. TEA per
triphosphate were found by '"H-NMR, resulting in a molecular weight of 995.3 g/mol. *Extrapolated for

deprotection of all material.

TH-NMR (400 MHz, D20, &/ppm):8.33 (s, 1H), 8.19 (s, 1H), 5.97 (d, J = 5.7 Hz, 1H), 5.89 (d, J = 3.5 Hz,
1H), 4.59 (t, J = 5.4 Hz, 1H), 4.52 (m¢, 1H), 4.47 (mc, 1H), 4.44 — 4.24 (m, 7H), 3.15 (s, 6H), 3.08 (br. s,
3H). 3'P-{'"H}-NMR (162 MHz, D20, &/ppm): —11.63 (d, J = 19.4Hz, 1P), -11.70 (d, J = 19.4, 1P), -23.23
(t, J=19.4 Hz, 1P). "®*C-NMR (101 MHz, D20, d/ppm): 154.85, 154.03, 152.81, 149.09, 147.11, 138.81,
135.45, 118.32, 106.19, 89.08, 86.55, 83.80 (d, J = 8.7 Hz), 83.55 (d, J = 9.3 Hz), 74.84, 74.62, 70.24,
68.96, 65.42 (d, J = 5.6 Hz), 64.31 (d, J = 5.4 Hz), 37.48, 27.31. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M aq. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.l®!

Detection (ESI-) m/z for [C24H31D3N10017P3]~: calcd. 830.1510 found 830.1506.
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1.6.6 Synthesis of 1-5’-(7-methylguanosine) 3-5’-(2’-methyl)-adenosine triphosphate
(m’GpppAm):

HoN N 0-P-0-P-0-P-0
@/ OH O O o
170"l
OH OH m’GpppAn, OH O
C22H30N100417P3
(799.10)

7-Methylguanosine P-amidite (24, 25 mg, 39 ymol, 1.5 eq.) was added, dissolved in 0.5 mL of dry DMF,
to a solution of 5’-(2’-methyl)-adenosine diphosphate (10, 22 mg, 26 pmol, 1.0 eq.) and ETT (9.8 mg,
78 ymol, 3.0 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (6.4 mg, 68 umol, 2.6 eq.)
was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-MPLC
and repeated freeze-drying the protected intermediate was isolated as colorless solid (14 mg).

Half of the solid (6.5 mg) was dissolved in dry MeOH (0.7 mL) and piperidine (70 yL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound (m’GpppAnm,
3.3 mg, 3.4 uymol, 26%™*) was obtained as a colorless solid. 1.72 eq. TEA per triphosphate were found

by "H-NMR, resulting in a molecular weight of 974.2 g/mol. *Extrapolated for deprotection of all material.

TH-NMR (400 MHz, D20, &/ppm): 8.47 (s, 1H), 8.25 (s, 1H), 6.11 (d, J = 5.8 Hz, 1H), 5.91 (d, J = 3.8 Hz,
1H), 4.69 — 4.66 (m, 1H), 4.59 — 4.56 (m, 1H), 4.47 (t, J= 5.0 Hz, 1H), 4.42 — 4.26 (m, 7H), 4.07 (s, 3H),
3.46 (s, 3H). 3'P-{"H}-NMR (162 MHz, D20, &/ppm): —11.56 (d, J = 19.4 Hz), -11.62 (d, J = 19.4 Hz), —
23.21 (t, J = 19.4 Hz). 3C-NMR (101 MHz, D20, &/ppm): 155.36, 154.66, 154.59, 151.82, 149.20,
148.54, 140.04, 135,87, 118.26, 107.81, 89.36, 85.25, 84.27 (d, J = 8.7 Hz), 84.04 (d, J = 9.0 Hz), 83.09,
74.87, 69.27, 68.67, 65.25 (d, J = 5.9 Hz), 64.38 (d, J = 6.0 Hz), 58.14, 36.03. The peaks, marked in
italic, were assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. 3C-Spectrum
was calibrated on CH> in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M aq. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C22H29N10017P3]~: calcd. 799.1008 found 799.1015.
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1.6.7 Synthesis of 1-5’-(7-methyl-ds;-guanosine) 3-5’-(2’-methyl)-adenosine
triphosphate ((CD3)"GpppAm):

o)
0-P-0-P-0-P-0
| | |
4\—/|\ OH O O 0
© o

T
OH  (CD3)"GpppAm  OH O
C2oH27D3N10017P3”
(802.12)

~

7-Methyl-ds-guanosine P-amidite (25, 31 mg, 53 ymol, 1.7 eq.) was added, dissolved in 0.5 mL of dry
DMF, to a solution of 5°-(2-methyl)-adenosine diphosphate (10, 24 mg, 31 umol, 1.0 eq.) and ETT
(10 mg, 78 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (7.3 mg, 78 umol,
2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-
MPLC and repeated freeze-drying the protected intermediate was isolated as colorless solid (34.5 mg).
A third of the solid (11.5 mg) was dissolved in dry MeOH (1.0 mL) and piperidine (100 pL) was added.
After shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured
into aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
((CD3)’GpppAm, 5.5 mg, 5.6 umol, 54%*) was obtained as a colorless solid. 1.72 eq. TEA per
triphosphate were found by 'H-NMR, resulting in a molecular weight of 977.7 g/mol. *Extrapolated for

deprotection of all material.

"H-NMR (400 MHz, D20, &/ppm):8.43 (s, 1H), 8.22 (s, 1H), 6.09 (d, J = 5.9 Hz, 1H), 5.90 (d, J = 3.8 Hz,
1H), 4.67 (dd, J = 5.2, 3.7 Hz, 1H), 4.56 (dd, J = 4.9, 3.8 Hz, 1H), 4.46 (t, J = 5.0 Hz, 1H), 4.44 — 4.24
(m, 7H), 3.45 (s, 3H). 3'P-{'H}-NMR (162 MHz, D20, d/ppm): —11.58 (d, J = 19.5, 1P), —11.60 (d, J =
19.5, 1P), —23.24 (t, J=19.6 Hz, 1P). "*C-NMR (101 MHz, D20, &/ppm): 155.53, 155.42, 154.79, 152.91,
149.16, 148.62, 139.67, 136.22,118.24, 107.77, 89.33, 85.07, 84.23 (d, J = 8.6 Hz), 84.02 (d, J = 9.3
Hz), 83.03, 74.88, 69.27, 68.68, 65.31 (d, J = 5.6 Hz), 64.41 (d, J = 5.4 Hz), 58.13. The peaks, marked
in italic, were assigned by HMBC, since they gave very broad peaks in the 3C-spectrum. 3C-Spectrum
was calibrated on CH> in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C22H27D3N10017P3]~: calcd. 802.1197 found 802.1203.
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DAD1 A, Sig=254,4 Ref=400,100 (D:\HPLC\1\DATA\ALEXRIPP\ALEX 2023-08-14 09-01-29\043-0401.D)
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Figure SI-14: Reaction monitoring via RP-HPLC (waters xBridge™ C1g, 5 um, 3.9 x 150 mm; A = 254 nm; Method 1-3, 0.5 mL/min)
after the oxidation step.
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Figure SI-15: Isolation of the fully protected cap structure via RP-MPLC (column: interchim® C18AQ, 30 pm, F0025; A = 254 nm;
Method MPLC-5; 15 mL/min).

DAD1 A, Sig=254,4 Ref=400,100 (D:\HPLC\1\DATA\ALEXRIPP\ALEX 2023-08-21 08-53-09\004-0501.D)
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Figure SI-16: Reaction monitoring via RP-HPLC (waters xBridge™ Cys, 5 um, 3.9 x 150 mm; A = 254 nm; Method 1-3, 0.5 mL/min).
Cap nucleotide is still protected with 2’- and 3'-OAc group, b-cyanoethyl group remove during lyophilization. This is before the
final deprotection takes place.
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DAD1 A, Sig=254,4 Ref=400,100 (D:\HPLC\1\DATA\ALEXRIPP\ALEX 2023-08-21 08-53-09\005-0601.D)

4 [Te}
mAU ] o] CDs . NHz
1000 ] )tw SN
q HN
] ®Y C
800 HN)\\N‘ N> 2 2 9 <N 7
] — ? 0-P-0-P-0-P-0
1 OH O O o
600 - L ﬂ
] el © ©
] OH OH OH O
©
<] ©
200 S8
] \Sf.“@? i
0 R N
7 LA 1 L L | T | 7
0 2 4 6 8 10 12 14 mir

Figure SI-17: Reaction monitoring via RP-HPLC (waters xBridge™ Cys, 5 um, 3.9 x 150 mm; A = 254 nm; Method 1-3, 0.5 mL/min)
after 40 min of deprotection (piperidine in MeOH), but before Prep-HPLC. Note: Analysis sample added to a solution of 1% formic
acid in MeOH, before injection into RP-HPLC.

Time Control File AR-359_XBridge C18_GradientFinal.tcf
User DNA-Puri
Column C-18 AQ
Sample AR-359
Injected on Monday, 21.08.2023 , 11:15
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Method last modifiedon  : 21.08.2023
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Figure SI-18: Final purification via RP-HPLC (column: waters xBridge® Cis, 5 um, 19 x 250 mm; A = 255-265 nm; Method 31,
15 mL/min). The product containing fraction 20 was isolated. Fraction 21 contained the hydrate-adduct.
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DAD1 A, Sig=254,4 Ref=400,100 (D:\HPLC\1\DATA\ALEXRIPP\ALEX 2023-08-21 12-22-34\001-0101.D)
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Area Percent Report

Sorted By : Signal

Multiplier: s 1.0000

Dilution: : 1.0000

Use Multiplier & Dilution Factor with ISTDs

Signal 1: DADl A, Sig=254,4 Ref=400,100

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

e B [ [ [ [
1 6.242 MM 0.0544 2901.76270 889.47900 99.0939
2 6.344 MM 0.0459 26.53236 8.16883 0.9061

Totals : 2928.29505 897.64783

Figure SI-19: RP-HPLC (waters xBridge™ Cyg, 5 ym, 3.9 x 150 mm; A = 254 nm; Method 1-3, 0.5 mL/min) analysis of the final
cap nucleotide.
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1.6.8 Synthesis of 1-5’-(2-dimethyl-7-methylguanosine) 3-5’-(2’-methyl)-adenosine
triphosphate (m?%”GpppAnm):

0 NH;

A f
HN ~N
@ON ¢
~ )\\JJ\/l[> 0 o Q <N | /)
N N N 1l 1 1l N

| 0-P-0-P-0-P-0
4\—/|\ OH 0 O 0
© ©

T
OH  m227GpppA, OH O—
C24H34N10017P3"
(827.13)

2-Dimethyl-7-methylguanosine P-amidite (26, 31 mg, 53 ymol, 1.7 eq.) was added, dissolved in 0.5 mL
of dry DMF, to a solution of 5'-(2’-methyl)-adenosine diphosphate (10, 24 mg, 31 umol, 1.0 eq.) and ETT
(10 mg, 78 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (7.3 mg, 78 umol,
2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-
MPLC and repeated freeze-drying the protected intermediate was isolated as colorless solid (28.5 mg).
A third of the solid (9.7 mg) was dissolved in dry MeOH (0.9 mL) and piperidine (90 yL) was added.
After shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured
into aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m?>2’GpppAm, 6.3 mg, 6.3 umol, 60%*) was obtained as a colorless solid. 1.76 eq. TEA per
triphosphate were found by 'H-NMR, resulting in a molecular weight of 1006.3 g/mol. *Extrapolated for
deprotection of all material.

"H-NMR (400 MHz, D20, &/ppm): 8.36 (s, 1H), 8.20 (s, 1H), 6.02 (d, J = 5.6 Hz, 1H), 5.91 (d, J = 3.8 Hz,
1H), 4.60 (dd, J = 5.2, 4.0 Hz, 1H), 4.55 (dd, J = 4.5, 3.8 Hz, 1H), 4.46 — 4.24 (m, 8H), 4.07 (s, 3H), 3.42
(s, 3H), 3.16 (s, 6H). 3'P-{'"H}-NMR (162 MHz, D20, &/ppm): -11.65 (d, J = 19.6, 1P), -11.59 (d, J =
19.6, 1P), —23.27 (t, J=19.6 Hz, 1P). ®C-NMR (101 MHz, D20, &/ppm): 155.35, 155.09, 153.76, 152.81,
149.17, 148.38, 139.46, 135.88, 118.15, 106.09, 88.95, 85.12, 84.06 (d, J = 8.4 Hz), 83.82 (d, J = 9.1
Hz), 83.30, 74.88, 69.26, 68.57, 65.31 (d, J = 5.6 Hz), 64.53 (d, J = 5.5 Hz), 58.14, 37.51, 36.02. The
peaks, marked in italic, were assigned by HMBC, since they gave very broad peaks in the 3C-spectrum.
13C-Spectrum was calibrated on CH- in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C24H34N10017P3]~: calcd. 827.1322 found 827.1333.
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1.6.9 Synthesis of 1-5’-(2-dimethyl-7-methyl-ds;-guanosine) 3-5’-(2’-methyl)-adenosine
triphosphate (m??(CD3)’GpppAnm):

o)

CDs
N N N
HN™ e y f\N
~ )\\)J\/l[> 0 o Q <N | /)
N N N 1l 1 1l N
| 0-P-0-P-0-P-0
4\—/|\ OH O O 0
(®)] © ©
OH OH m2%CD,)’GpppAm OH O

C24H31D3N10047P3
(830.15)

2-Dimethyl-7-methyl-ds-guanosine P-amidite (27, 31 mg, 53 ymol, 1.7 eq.) was added, dissolved in
0.5 mL of dry DMF, to a solution of 5’-(2’-methyl)-adenosine diphosphate (10, 24 mg, 31 ymol, 1.0 eq.)
and ETT (10mg, 78 umol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (7.3 mg,
78 ymol, 2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with aq. TEAA
solution, RP-MPLC and repeated freeze-drying the protected intermediate was isolated as colorless
solid (25.1 mg).

A third of the solid (8.7 mg) was dissolved in dry MeOH (0.8 mL) and piperidine (80 uL) was added.
After shaking for 40 min at r.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured
into aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m?2(CD3)"GpppAm, 5.5 mg, 5.4 ymol, 50%*) was obtained as a colorless solid. 1.8 eq. TEA per
triphosphate were found by 'H-NMR, resulting in a molecular weight of 1013.8 g/mol. *Extrapolated for

deprotection of all material.

"H-NMR (400 MHz, D20, &/ppm): 8.36 (s, 1H), 8.20 (s, 1H), 6.03 (d, J = 5.6 Hz, 1H), 5.91 (d, J = 3.8 Hz,
1H), 4.60 (dd, J = 5.3, 3.9 Hz, 1H), 4.55 (t, J = 4.1 Hz, 1H), 4.46 — 4.24 (m, 8H), 3.42 (s, 3H), 3.16 (s,
6H). 3¥P-{'H}-NMR (162 MHz, D20, ©&/ppm): -1163 (d, J = 196, 1P),
-11.58 (d, J = 19.5, 1P), —23.26 (t, J = 19.5 Hz, 1P). '*C-NMR (101 MHz, D20, &/ppm):155.35, 155.06,
153.74, 152.81, 149.17, 148.38, 139.46, 136.30, 118.15, 106.08, 88.95, 85.13, 84.05 (d, J = 8.4 Hz),
83.82 (d, J = 9.1 Hz), 83.30, 74.88, 69.27, 68.57, 65.31 (d, J = 5.8 Hz), 64.53 (d, J = 5.4 Hz), 58.14,
37.51. The peaks, marked in italic, were assigned by HMBC, since they gave very broad peaks in the
13C-spectrum. 3C-Spectrum was calibrated on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C24H31D3N10017P3]~: calcd. 830.1510 found 830.1509.
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1.6.10 Synthesis of 1-5’-(7-methylguanosine) 3-5’-(2’-methyl-6-methyl)-adenosine
triphosphate (m’Gpppm°®Ar):

o “NH
NN
HN™ v ral
A NS 0 0 N
|

T
OH  m’Gpppm°®A,, OH O—
C23H32N10017P3
(813.12)

7-Methylguanosine P-amidite (24, 17 mg, 29 ymol, 1.7 eq.) was added, dissolved in 0.5 mL of dry DMF,
to a solution of 5’-(2'-methyl-6-methyl)-adenosine diphosphate (12, 11 mg, 17 umol, 1.0 eq.) and ETT
(5.6 mg, 43 ymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (4.1 mg, 43 ymol,
2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with ag. TEAA solution, RP-
MPLC and repeated freeze-drying the protected intermediate was isolated as colorless solid (13.9 mg).
Half of the solid (6.7 mg) was dissolved in dry MeOH (0.7 mL) and piperidine (70 yL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
ag. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m’Gpppm®Ay, 3.4 mg, 3.5 umol, 42%*) was obtained as a colorless solid. 1.5 eq. TEA per triphosphate
were found by 'H-NMR, resulting in a molecular weight of 964.6 g/mol. *Extrapolated for deprotection

of all material.

TH-NMR (400 MHz, D20, &/ppm): 8.38 (s, 1H), 8.22 (s, 1H), 6.08 (d, J = 6.1 Hz, 1H), 5.88 (d, J = 3.8 Hz,
1H), 4.66 (dd, J=5.2, 3.6 Hz, 1H), 4.54 (dd, J= 4.8, 3.8 Hz, 1H), 4.48 —4.21 (m, 8H), 4.03 (s, 3H), 3.45
(s, 3H), 3.12 (br. s, 3H). 3'P-{"H}-NMR (162 MHz, D20, d/ppm): —11.58 (d, J = 19.7 Hz, 1P), —11.64 (d,
J=19.7 Hz, 1P), —23.27 (t, J = 19.6 Hz, 1P). '3C-NMR (101 MHz, D20, d/ppm): 155.36, 154.81, 154.49,
152.82, 149.09, 147.41, 139.03, 136.24, 118.50, 107.64, 89.35, 84.92, 84.20 (d, J = 8.6 Hz), 84.03 (d,
J=9.2 Hz), 82.94, 74.91, 69.28, 68.65, 65.33 (d, J= 5.6 Hz), 64.45 (d, J= 5.7 Hz), 58.11, 36.01, 27.09.
The peaks, marked in italic, were assigned by HMBC, since they gave very broad peaks in the 3C-
spectrum. 3C-Spectrum was calibrated on CH- in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C23H32017N10P3]: calcd. 813.1165 found 813.1168.
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1.6.11 Synthesis of 1-5’-(7-methyl-ds;-guanosine) 3-5’-(2’-methyl-6-methyl)-adenosine
triphosphate ((CD3)’Gpppm°An):

T
OH (cD,;)’Gpppm®A,, OH O—
Co3H29D3N10017P3
(816.14)

7-Methyl-ds-guanosine P-amidite (25, 17 mg, 29 ymol, 1.7 eq.) was added, dissolved in 0.5 mL of dry
DMF, to a solution of 5’-(2’-methyl-6-methyl)-adenosine diphosphate (12, 14 mg, 17 uymol, 1.0 eq.) and
ETT (5.6 mg, 43 pmol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP (4.1 mg,
43 umol, 2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with aq. TEAA
solution, RP-MPLC and repeated freeze-drying the protected intermediate was isolated as colorless
solid (16 mg).

Half of the solid (8.2 mg) was dissolved in dry MeOH (0.8 mL) and piperidine (80 pL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
agq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
((CD3)"Gpppm®Am, 4.7 mg, 4.7 umol, 54%*) was obtained as a colorless solid. 1.8 eq. TEA per
triphosphate were found by 'H-NMR, resulting in a molecular weight of 998.7 g/mol. *Extrapolated for

deprotection of all material.

"H-NMR (400 MHz, D20, &/ppm): 8.38 (s, 1H), 8.22 (s, 1H), 6.08 (d, J = 6.0 Hz, 1H), 5.88 (d, J = 3.8 Hz,
1H), 4.66 (dd, J = 5.2, 3.7 Hz, 1H), 4.54 (m¢, 1H), 4.47 —4.23 (m, 8H), 3.44 (s, 3H), 3.13 (br. s, 3H). 3'P-
{'"H}-NMR (162 MHz, D20, &/ppm): —11.58 (d, J = 19.6 Hz, 1P), -11.64 (d, J = 19.6 Hz, 1P), —23.27 (t,
J =19.6 Hz, 1P). ®*C-NMR (101 MHz, D20, d/ppm): 155.46, 154.92, 154.64, 152.96, 149.09, 146.83,
138.98, 135.52, 118.04, 107.65, 89.33, 84.89, 84.20 (d, J = 8.6 Hz), 84.03 (d, J = 9.1 Hz), 82.94, 74.92,
69.28, 68.65, 65.34 (d, J = 5.4 Hz), 64.46 (d, J = 5.6 Hz), 58.11, 27.39. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M ag. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.[!

Detection (ESI-) m/z for [C23H2sD3N10017P3]~: calcd. 816.1353 found 816.1355.

62



1.6.12 Synthesis of 1-5’-(2-dimethyl-7-methyl-ds;-guanosine) 3-5’-(2’-methyl-6-methyl)-
adenosine triphosphate (m%*2(CDs)’Gpppm°®Ar):

\ 0-P-0-P-0-P-0
| | |
OH O O %
k N o ©

Hm22(CD;)"Gpppm®A,, OH O
C25H33D3N10047P3”
(844.17)

@]

2-Dimethyl-7-methyl-ds-guanosine P-amidite (27, 20 mg, 33 pymol, 1.9 eq.) was added, dissolved in
0.5 mL of dry DMF, to a solution of 5’-(2’-methyl-6-methyl-)-adenosine diphosphate (12, 13 mg, 17 ymol,
1.0 eq.) and ETT (5.6mg, 43 pymol, 2.5 eq.) in dry DMF (0.5 mL). After 45 min of stirring at r.t., UHP
(4.1 mg, 43 ymol, 2.5 eq.) was added at 0°C and it was stirred at r.t. for 20 min. After dilution with aqg.
TEAA solution, RP-MPLC and repeated freeze-drying the protected intermediate was isolated as
colorless solid (15.5 mg).

Half of the solid (7.2 mg) was dissolved in dry MeOH (0.7 mL) and piperidine (70 uL) was added. After
shaking for 40 min atr.t., 1% formic acid in MeOH (1.0 mL) was added and the mixture was poured into
aq. TEAA solution (8 mL). After prep-HPLC and repeated freeze drying the title compound
(m?2(CD3)"Gpppm®An,, 4.0 mg, 3.9 umol, 49%) was obtained as a colorless solid. 1.7 eq. TEA per
triphosphate were found by 'H-NMR, resulting in a molecular weight of 1015.9 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 8.32 (s, 1H), 8.20 (s, 1H), 6.02 (d, J = 5.6 Hz, 1H), 5.88 (d, J = 3.7 Hz,
1H), 4.60 (mc, 1H), 4.54 (t, J = 3.9 Hz, 1H), 4.49 — 4.20 (m, 8H), 3.43 (s, 3H), 3.15 (s, 6H), 3.11 (br. s,
3H). 3'P-{"H}-NMR (162 MHz, D20, d/ppm): —11.64 (d, J = 19.4, 1P), —11.57 (d, J = 19.4, 1P), —23.26
(t, J=19.4 Hz, 1P). '®C-NMR (101 MHz, D20, &/ppm): 154.90, 153.85, 152.83, 149.10, 147.10,138.83,
135.92, 118.55, 106.12, 89.01, 85.06, 84.02 (d, J = 8.6 Hz), 83.81 (d, J = 9.0 Hz), 83.27, 74.87, 69.25,
68.57,65.28 (d, J = 5.6 Hz), 64.52 (d, J = 5.4 Hz), 58.14, 37.49, 27.36. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the 3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

CE-MS: Separation via capillary: 100 cm, bare fused silica, activated with 1.0 M aq. NaOH. Buffer:
35 mM NH4OAc pH 9.75 adjusted with NH4OH, method: according to D. Qiu.l®!

Detection (ESI-) m/z for [C2sH33D3N10017P3]~: calcd. 844.1667 found 844.1675.
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1.6.13 General procedure for guanosine cap nucleotides

(e}
Iy
(iPr)oN N N/ NH,
P-O
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HO CIPl) (e} (IP? (e} i o., O HN)j:N\>
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OH  OH 2 0-P-0-P-0-P-0

1. Coupling: ETT, 1h, r.t. (I)H (.l)H ! o)

OH R 2. Oxidation: mCPBA, 15min, r.t. OH
3. Deprotection: AMA-sol., 15min, r.t. °o%
OH OH OH R

The following syntheses were all performed according to a general procedure under inert-conditions.
Therefore, the used nucleoside 5-diphosphate and the acidic activator ETT were co-evaporated with
dry MeCN (2 x 2 mL) in a pear shaped flask. Afterwards, the solids were dissolved in dry DMF (add as
much as is required for complete dissolving) and guanosine P-amidite was added. The reaction mixture
was stirred for 30 min at r.t.. Afterwards, mCPBA was added and the reaction mixture was stirred at r.t.
for 30 min. The protected triphosphate was isolated by pouring the reaction mixture into —20°C cold
Et20 and the resulting colorless precipitate was collected via centrifugation. After washing with Et2O and
drying in vacuo the desired product was obtained as a colorless solid. The crude material was purified
by RP-MPLC (column: interchim® C18AQ, 30 ym, F0040; Method MPLC-6; Flow rate: 26 mL/min).
Repeated freeze drying of the product containing fractions afforded the 2’,3'-OAc protected
intermediate.

Afterwards, final deprotection was performed by dissolving the solid in H20 (obtain a solution of
10 mg/mL) and adding AMA-solution (50vol%; 1:1, v:v, 30% ammonium hydroxide and 40% aqueous
methylamine). The reaction mixture was shaken on a thermocycler at r.t. for 15 min. The solution was
diluted by 10-fold with ddH20 and it was lyophilized. The obtained colorless solid was purified by
prep-HPLC (Bischoff ProntoSIL® C1-AQ, 5 pm, 250 x20 mm; A =255-265nm; Method 3-2,
15 mL/min). Repeated freeze drying of the product containing fractions afforded the desired product as
a colorless solid.

Exact amounts of reagents, further purification methods, specific yields and analytical data are reported
in the individual procedures for each compound.

64



1.6.14 Synthesis of 1-5’-guanosine 3-5’-(6-methyl)-adenosine triphosphate (Gpppm?®A):

o HN™
N N \N
N o o o <AL J
X N
H-N N 1l 1l 11 N
2 O—E—O—E’—O—IID—O
4\—/|\ O OH OH Y
1"O% ©
OH OH OH OH

Gpppm®A
C21H2gN10017P3”
(785,09 g/mol)

Guanosine P-amidite (23, 21 mg, 37 ymol, 1.6 eq.) was added, dissolved in 0.42 mL of dry DMF, to a
solution of Né-methyladenosine 5-diphosphate (11, 15 mg, 23 uymol, 1.0eq.) and ETT (18 mg,
138 ymol, 6.0 eq.) in dry DMF (1.5 mL). After 30 min of stirring at r.t., mCPBA (14 mg, 81 ymol, 3.5 eq.)
was added and it was stirred at r.t. for another 30 min. After precipitation, RP-MPLC purification, and
repeated freeze-drying the protected intermediate was obtained as a colorless solid (42 mg).

After AMA-deprotection, prep-HPLC, and repeated freeze drying the title compound (Gpppm®A, 5.5 mg,
5.0pumol, 22%) was obtained as a colorless solid.

The exact amount of triethylammonium counterions per triphosphate molecule, calculated from
"H-NMR, was found to be 3.1. This results in a molecular weight of 1101.3 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 8.34 (s, 1H), 8.18 (s, 1H), 7.93 (s, 1H), 6.07 (d, J = 4.5 Hz, 1H), 5.81
(d, J=5.1Hz, 1H), 4.72 - 4.64 (m, 2H), 4.54 (t, J= 4.9 Hz, 1H), 4.51 (t, J= 4.8 Hz, 1H), 4.41 — 4.20 (m,
6H), 3.08 (s, 3H). 3'P-{'H}-NMR (162 MHz, D20, &/ppm): —11.61 (d, J = 19.8 Hz), -23.16 (t, J = 19.5
Hz). 3C-NMR (101 MHz, D20, d/ppm): 158.16, 154.53, 153.53, 152.56, 151.01, 147.00, 138.67, 136.90,
118.42, 115.60, 87.37, 87.08, 83.12 (d, J = 9.4 Hz), 82.97 (d, J = 9.4 Hz), 74.80, 74.03, 69.85, 69.54,
64.71 (d, J=5.3 Hz), 64.58 (d, J = 5.5 Hz), 27.39. The peaks, marked in italic, were assigned by HMBC,
since they gave very broad peaks in the 3C-spectrum. 13C-Spectrum was calibrated on CH» in TEA with
46.68 ppm.

HRMS (ESI-) m/z for [C21H27N10017P3]?~: calcd. 392.0390 found 392.0387.
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1.6.15 Synthesis of 1-5’-guanosine 3-(2’-O-methoxy)5’-adensoine triphosphate
(GpppAm):

T
i GPPPAm
C21H2gN10047P3
(785,09 g/mol)

Guanosine P-amidite (23, 50 mg, 88 ymol, 1.5 eq.) was added, dissolved in 1 mL of dry DMF, to a
solution of 2’-O-methyladenosine 5’-diphosphate (10, 38 mg, 59 ymol, 1.0 eq.) and ETT (38 mg,
300 pmol, 5.0 eq.) in dry DMF (1.5 mL). After 30 min of stirring atr.t., mCPBA (35 mg, 140 uymol, 2.3 eq.)
was added and it was stirred at r.t. for 30 min. After precipitation, RP-MPLC purification, and repeated
freeze-drying, the protected intermediate was obtained as a colorless solid (30 mg).

After AMA-deprotection, prep-HPLC, and repeated freeze drying the title compound (GpppAm, 19.5 mg,
17.7 umol, 30%) was obtained as a colorless solid.

The exact amount of triethylammonium counterions per triphosphate molecule, calculated from
"H-NMR, was found to be 3.1. This results in a molecular weight of 1101.3 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 8.38 (s, 1H), 8.19 (s, 1H), 8.01 (s, 1H), 6.12 (d, J = 4.4 Hz, 1H), 5.82
(d, J=5.5Hz, 1H), 4.72 — 4.68 (mc, 1H), 4.63 (m¢, 1H), 4.51 (dd, J = 5.0, 3.9 Hz, 1H), 4.35 — 4.25 (m,
7H), 3.56 (s, 3H). 3'P-{'H}-NMR (162 MHz, D20, &/ppm): -9.15 (d, J = 19.8 Hz), —20.68 (t, J = 19.5 Hz).
3C-NMR (101 MHz, D20, &/ppm): 158.31, 155.03, 153.57, 152.45, 151.21, 148.34, 139.45, 137.16,
118.22, 115.77, 87.03, 85.63, 83.56, 83.36 (d, J = 6.3 Hz), 83.27 (d, J = 6.6 Hz), 73.93, 70.04, 68.13,
64.90 (d, J = 5.5 Hz), 64.42 (d, J = 5.2 Hz), 58.36. "3C-Spectrum was calibrated on CH- in TEA with
46.68 ppm.

HRMS (ESI-) m/z for [C21H27N10017P3]?~: calcd. 392.0390 found 392.0390.

66



1.6.16 Synthesis of 1-5’-guanosine 3-(2’-O-methoxy)5’-(6-methyl)-adensoine
triphosphate (Gpppm®An):

HN™
N AN
e s ay
ALY o 9 o L

HN" N 0-P-0-P-0-P-0
4\—/|\ O OH OH %
S

T
OH Gpppm®A,, OH O
C22H30N10017P3
(799,10 g/mol)

Guanosine P-amidite (23, 30 mg, 54 pymol, 1.5 eq.) was added, to a solution of 2’-O-methyl-Né-
methyladenosine 5’-diphosphate (12, 27 mg, 36 ymol, 1.0 eq.) and ETT (28 mg, 215 pmol, 6.0 eq.) in
dry DMF:DMF-d7 (2.5 mL). After 30 min of stirring at r.t., mCPBA (18 mg, 105 pmol, 3.0 eq.) was added
and it was stirred at r.t. for 30 min. After precipitation, RP-MPLC purification, and repeated freeze-drying
the protected intermediate was obtained as a colorless solid (20 mg).

After AMA-deprotection, prep-HPLC, and repeated freeze drying the title compound (GpppmS®Am,
15 mg, 13 pmol, 36%) was obtained as a colorless solid.

The exact amount of triethylammonium counterions per triphosphate molecule, calculated from

"H-NMR, was found to be 3.3. This results in a molecular weight of 1105.1 g/mol.

TH-NMR (400 MHz, D20, &/ppm): 8.32 (s, 1H), 8.18 (s, 1H), 7.96 (s, 1H), 6.12 (d, J = 4.1 Hz, 1H), 5.80
(d, J = 5.4 Hz, 1H), 4.68 (t, J = 5.2 Hz, 1H), 4.63 (m¢, 1H), 4.50 (dd, J = 5.0, 3.9 Hz, 1H), 4.40 — 4.19
(m, 7H), 3.58 (s, 3H), 3.10 (s, 3H). 3'P-{'H}-NMR (162 MHz, D20, &/ppm): —11.69 (d, J = 19.5 Hz, 2P),
-23.22 (t, J = 19.6 Hz, 1P). "*C-NMR (101 MHz, D20, &/ppm): 158.22, 154.66, 153.51, 152.64, 151.10,
146.94, 138.65, 137.02, 118.47, 115.72, 87.06, 85.58, 83.23 (d, J = 9.1 Hz), 83.10 (d, J= 9.6 Hz), 73.91,
69.97, 68.05, 64.83 (d, J = 5.4 Hz), 64.33 (d, J = 5.5 Hz), 58.39, 27.51. The peaks, marked in italic, were
assigned by HMBC, since they gave very broad peaks in the '3C-spectrum. '3C-Spectrum was calibrated
on CH; in TEA with 46.68 ppm.

HRMS (ESI-) m/z for [C22H29N10017P3]?~: calcd. 399.0468 found 399.0464.
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2 LC-MS/MS analytics

2.1 Preparation of standard solutions

GpppA and m’GppA were purchased from NEB. Gpppm®fA, GpppAm, GpppmSAm, m’GpppmbA,
m’GpppAm, and m’Gpppm®Am were synthesized as described in the results part. The cap standards
were dissolved in nuclease-free water. The absorbance at 260 nm was measured using a Nanodrop
2000 (Thermo Scientific) to calculate the concentration based on published extinction coefficients.®
Standard solutions were prepared containing a mixture of the cap dinucleotides with same

concentrations.

2.2 LC-MS/MS method development
An Agilent 1260 Infinity system equipped with a diode array detector in combination with an Agilent 6470

Triple Quadrupole (QQQ) mass spectrometer with an electrospray ion source was used.

2.2.1 MS parameters

The optimization process started by determining the analyte specific mass parameters, which includes
the mass-to-charge ratio (m/z) of precursor and product ions, the fragmentor voltage and the collision
energy. Therefore, 10 pmol of each pure standards were subjected to LC-MS/MS analysis.

The mobile phase consisted constantly of 90% of solvent A (20 mM ammonium acetate (Sigma-Aldrich),
pH 6, adjusted with glacial acid (VWR)) and 10% of solvent B (acetonitrile LC/MS grade, VWR). A flow
rate of 0.35 mL/min and a column temperature of 35°C were applied.

The MS was operated in full scan mode to detect precursor ions, which was followed by a further
optimization step to test different fragmentor voltages by operating in single-ion monitoring (SIM) mode
to yield maximum abundance.

In a next step, a product ion scan was performed, using the already determined precursor ion m/z and
optimized fragmentor voltage for the first quadrupole, while different collision energies were applied in
the collision cell. The most abundant resulting product ions with their respective collision energies were
selected in an automated manner using the Optimizer Software (MassHunter Workstation Optimizer
10.0, Agilent Technologies). The resulting mass transitions, fragmentor voltages and collision energies
that led to the highest abundant signals were selected for following LC-MS/MS methods and are listed
in Table SI-1. Initially, the source parameters were adopted from nucleoside analysis!'® and were further

optimized for cap analysis as last step of the LC-MS/MS optimization process.
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Table SI-1. Mass spectrometer settings for cap dinucleotides. The parameters of the isotope-labeled standards D;C-m’Gpppm®A,

DsC-m’GpppAm, and D3C-m’Gpppm®Am are listed as labeled precursor/product mass-to-charge ratios (m/z).

Compound Precursor  Product Fragmentor  Collision (DsC)’G-labeled (DsC)’G-labeled
Name lon [m/z] lon [m/z] voltage [V] Energy [V]  precursor [m/z] product [m/z]
GpppA 773 136 145 66

Gpppm®A 787 150 155 82

GpppAm 787 136 180 58

GpppmAm 801 150 165 82

m’GpppA 787 136 130 82

m’GpppméA 801 150 175 90 804 150
m’GpppAm 801 136 165 62 804 136
m’Gpppm®Am 815 150 165 74 818 150

2.2.2 HPLC optimization

The HPLC method was initially based on the method reported by Muthmann et al.,['"'l which focusses
on the analytics of synthetic mMRNA with GpppG and m’GpppG as relevant cap dinucleotides and was
adapted and optimized for our equipment and our purposes. Different mobile phases (ion strength of
ammonium acetate and pH value) and column temperatures were tested step-by-step and evaluated
regarding signal amplitude, peak width and symmetry, as well as separation to find optimal parameters.
An overview of the HPLC and MS parameters for each optimizing step are listed in Table SI-2.

10 fmol to 1 pmol standard solution containing a mixture of the cap dinucleotides were injected into the
LC-MS. The mobile phase consisted of solvent A: 5, 10, or 20 mM ammonium acetate (Sigma-Aldrich),
(pH 6 or 7, adjusted with acetic acid (VWR) and ammonium hydroxide (Honeywell Riedel-de Haen)) and
solvent B: acetonitrile (VWR). For chromatographic separation, a Poroshell 120EC-C18, 3 x 150 mm,
2.7 UM (Agilent Technologies) was used at a column temperature of 15, 20, 25, or 35°C. The cap
standards were chromatographically separated with a flow rate of 0.35 mL/min, applying different
gradients (Table SI-2 and SI-3). The MS was operated in MRM (multiple reaction monitoring) mode
using the previously optimized MS parameters (Table SI-1) and the source parameters as described in
Table M4. Data analysis was performed by using the MassHunter software (MassHunter Qualitative

Analysis 10.0, Agilent Technologies).

2.2.2.1 Buffer ion strength
1 pmol of a mixture of cap dinucleotides was injected to the LC-MS. The measurements were performed
using three different mobile phases with solvent A consisting of 5, 10, or 20 mM ammonium acetate,

each at pH 6.

2.2.2.2 Buffer pH
Analysing the concentration of 5 mM ammonium acetate as solvent A, the two different pH values pH 6
and pH 7 were tested. To investigate peak symmetry, 1 pmol of a mixture of cap dinucleotides was

injected to the LC-MS. Tailing factors were calculated with the following formula:['2
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As = Wo.osn/ 2f
with Wo.0sn = peak width at 5% of peak maxima and f = distance from the leading edge of the peak to
the peak maximum measured at 5% of the maximum peak height from the baseline. 10 fmol of a mixture

of cap dinucleotides was injected to analyze signal-to-noise ratios (S/N).

2.2.2.3 Column temperature
Temperatures of 15°C, 20°C, 25°C and 35°C were studied. 1 pmol of a mixture of cap dinucleotides in

injection volumes of 1 uL or 50 yL were injected to the LC-MS.

2.2.3 lon source parameters

1 pmol of a mixture of cap dinucleotides was injected and the improved HPLC method was applied. The
parameters drying gas flow and temperature, capillary voltage, nozzle voltage, sheath gas flow and
temperature and nebulizer pressure were optimized successively. This was automated by the Source
Optimizer Software (MassHunter Source Optimizer 10.0). The final parameters were selected according
to the signal strength in agreement with all analyzed cap standards. A comparative measurement
between the non-optimized source parameters and the optimized parameters (Table SI-4) was carried
out.

The investigated parameters during LC-MS/MS method optimization are summarized in Figure SI-20

Table Sl-2. Overview of HPLC and ion source parameters of each optimization step. The investigated parameters are highlighted
in bold.

Optimized Column Flow Mobile phase Mobile Column Gradient Source
parameter rate A phase B temperature  (Table M3) parameters
[°C] (Table M4)
Ammonium pH
acetate
concentration
[mM]
Non- Non-
optimized 20 6 20 1 L
method optimized
Buffer ion 5,10,and20 6 20 1 Non-
strength optimized
Poroshell Non-
Buffer pH 120EC- 5 6and7 20 1 optimized
0.35 Aceto-
C18,3x mL/min nitrile
Column 150 mm, 5 7 15, 20, 25, 2 Non-
temperature 2.7 yM and 35 optimized
Source 5 7 15 2 zl;tri‘r-nized !
optimization Optimized
Final .
method 5 7 15 3 Optimized
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Table SI-3. Chromatographic elution gradients

Gradient 1 Gradient 2 Gradient 3
Time A [%] B [%] Time A [%] B Time A [%] B [%]
[min] [min] [%] [min]
0 98 2 0 100 0 0 100 0
1 98 2 0.1 100 0 0.1 100 0
6 85 15 0.11 99 1 0.11 98 2
7 50 50 1.5 99 1 2 98 2
7.5 50 50 2 98 2 4 96 4
8.5 98 2 4.5 98 2 6 85 15
15 98 2 5 96 4 8 70 30
6 96 4 10 10 90
8 70 30 10.5 10 90
9.5 10 90 11.5 100 0
10.5 10 90 19 100 0
11.5 100 0
20 100 0
Table SI-4. Mass spectrometer ion source settings
Non-optimized Optimized
parameters parameters
Gas temperature 350°C 350°C
Gas flow 8 L/min 4 L/min
Nebulizer 50 psi 60 psi
Sheath gas temperature 350°C 350°C
Sheath gas flow 12 L/min 11 L/min
Capillary voltage 3000 V 2000 V
Nozzle voltage oV oV
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Figure SI-20:. Impact of chromatographic optimization on signal amplitude, peak width and symmetry for the following
cap nucleotides: GpppA, m’GpppA, Gpppm®A, GpppAm, m’GpppméA, m’GpppAm, Gpppm®Am, and m’Gpppm®Am. A.)
MS intensities of the cap nucleotides for different amounts of ammonium acetate in the mobile phase. The measurement
was performed in triplicates with injection amounts of 1 pmol per cap nucleotide. From 20 mM to 5 mM there was a gain
in abundance of between 1.6-2.3. To achieve the most sensitive method feasible, it was decided to continue with 5 mM
ammonium acetate. B.) Comparison of mobile phases with 5 mM ammonium acetate pH 6 and pH 7 regarding the
calculated tailing factors. 1 pmol of each cap nucleotide was injected. Low tailing (Tailing factor > 1) was observed for all
peaks. pH 7 showed advantages over pH 6 with values even closer to the ideal Gaussian distribution of 1 (depicted with
a black line). The lower graph shows signal-to-noise (S/N) ratios for injections of 10 fmol per cap nucleotide compared for
pH 6 and 7. The limit of detection (LOD) is defined as S/N < 10 and is highlighted in yellow, the limit of quantification (LOQ)
with S/N < 3 is marked in red. The S/N ratios are increased at pH 7 for all cap nucleotides leading to only one value
(m’GpppAm) below the LOQ, while there are three cap modifications below the LOQ at pH 6. Higher pH values did not
show reproducible improvements. Therefore, it was agreed to proceed with pH 7.0. C.) Depiction of detected MS signals
for GpppA and Gpppm®A at different column temperatures for injection volumes of 50 uL. Only the earliest eluting cap
standard GpppA showed peak splitting at high injection volumes. This effect could be reduced by lowering the temperature.
Since no major differences were observed in abundance and peak separation, it was therefore concluded to set the column
temperature at 15°C. D.) Relative MS intensities of the cap nucleotides before (red) and after (green) ion source
optimization. The starting parameters are set to 100%. The comparative measurement between the non-optimized source
parameters and the optimized parameters resulted in abundance increase factors between 1.3 and 2.1.

2.2.4 Instrument detection limits

The instrument detection limits (IDLs) of the different cap analogs were determined for the non-optimized

HPLC-MS method compared to the final method as described by technical guidelines from Agilent

Technologies!'3l. Briefly, a suitable amount of analyte within a S/N ratio range of 5-10 is injected several
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times in succession. The relative standard deviation of signal strength is used to calculate the IDL. 12
consecutive injections were performed using 5 fmol of the standard dinucleotide mixture applying the
non-optimized method, while the concentration of 2 fmol was chosen for the final method. The LC-
MS/MS parameters are listed in Table SI-5.

Table SI-5. Instrument detection limits.

IDL of non- IDL of final Ratio non-optimized

optimized improved method/ final improved
method [fmol] method [fmol] method
GpppA 1.9 0.9 21
m’GpppA 2.9 0.9 3.2
Gpppm®A 2.7 0.9 3.0
GpppAm 3.6 1.2 3.0
GpppmfAm 3.2 1.0 3.2
m’Gpppm°®A 3.7 1.1 34
m’GpppAm 2.4 1.0 24
m’GpppmfAm 25 1.0 25

2.2.5 Method validation

A sample with known modification content was composed of a defined amount of cap dinucleotides
(400 fmol) and 2 pg total HEK RNA. The sample was spiked with a stable isotope-labeled internal
standard (SILIS) cap mixture containing 400 fmol D3C-m’Gpppm®A, D3C-m’GpppAm and DsC-
m’GpppmBAm and digested to nucleoside level while leaving the cap intact by using 0.6 U nuclease P1
from P. citrinum (Sigma-Aldrich) in a reaction buffer containing 0.2 mM ZnCl2 and 20 mM ammonium
acetate (Merck) (pH 5.5) in an 1 h incubation at 37°C. Dephosphorylation reaction was carried out by
adding 1 U FastAP (Thermo Scientific) and a reaction buffer containing 5 mM Tris (pH 8) (Invitrogen)
and 1 mM MgClz (Sigma-Aldrich). This mixture was incubated for another 1 h at 37°C. The digested
mixture was spiked with 5 ng of digested 3C-labeled nucleosides from S.cerevisiae, adjusted to an
specified volume with digestion buffer and subjected to LC-MS/MS. The final LC-MS method (Table SI-
6) was applied.

73



Table SI-6. Detected cap composition of HEK total RNA spiked with 400 fmol of each considered cap nucleotide analyzed
with and without labeled internal standard. Deviation from true value was calculated as follows: Deviation from true value =
|(@mount measured — true value) / true value*100%|.

With ISTD Without ISTD
Average Deviation from Average Deviation from
[fmol] true value [fmol] true value
GpppA 428 7.0% 471 17.7%
m’GpppA 380 4.9% 418 4.5%
Gpppm®A 399 0.3% 439 9.7%
GpppAm 385 3.9% 423 5.7%
GpppmBAm 414 3.6% 456 14.0%
m’GpppmCA 383 7.0% 422 5.5%
Average 4.0% 9.5%

The MS was operated in MRM mode. The optimized MS parameters for the detection of cap
dinucleotides are listed in Table SI-2). Absolute quantification was performed as described in Thiring
et al.'1 Briefly, external calibration dilutions were spiked with 400 fmol SILIS cap mixture, adjusted to
the volume of the sample with digestion buffer and injected to LC-MS to cover a range of 10 — 1000 fmol
cap dinucleotides. The resulting standard curve was used to calculate the amounts of cap dinucleotides
in the sample. This was performed with and without taking SILIS correction into account. For cap
dinucleotides for which no structurally identical SILIS was available, D3C-m’Gpppm®A was used
(Figure SI1-20).
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Figure SI-21. Detected cap composition of 2 ug HEK total RNA spiked with 400 fmol of each cap nucleotide comparing
the analysis with (green) and without (red) stable isotope labeled internal standards (SILIS). The true value of 400 fmol is
depicted with a black line. In 2 pg HEK total RNA without addition of cap nucleotides the respective cap nucleotides were
not detectable.

2.3 Cell and tissue extraction and RNA isolation

2.3.1 HEKcells
HEK293-cells (#ACC 305, DSMZ) were cultivated at 37°C and 5 vol-% CO2 in DMEM cell culture
medium (Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (Thermo Fisher

Scientific) and 10 U/mL Penicillin-Streptomycin (Thermo Fisher Scientific). For separation, the cells
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were first washed with phosphate buffer (Thermo Fisher Scientific) and then detached by incubation in
Trypsin-EDTA (Thermo Fisher Scientific).

For RNA extraction, detached cells resuspended in DMEM were first centrifuged at 400 xg for 5 min
(Hettich GmbH & Co. KG), followed by discarding the supernatant and washing the pellet once with
phosphate buffer. Next, the cell pellet was resuspended in 1 mL TRI Reagent (Sigma Aldrich) and stored
at—20°C.

2.3.2 Mouse tissue

Two male B6.129S mice (B6.129S-Trpc6tm1Lbi/Mmjax) were used at an age of 39 — 41 weeks. For
housing conditions see Brandscheid et al.['%] All experimental procedures were carried out in accordance
with the European Communities Council Directive regarding care and use of animals for experimental
procedures and was approved by local authorities (LUA-Rhineland-Palatinate). The mice were sacrified
by decapitation under isoflurane anesthesia. The brain was removed and brain areas (hippocampus,

cortex, and cerebellum) were dissected, snap-frozen in liquid nitrogen and stored at — 80°C.

2.3.3 Total RNA isolation from cells or tissue

Total RNA from cell pellet or tissue was extracted with TRI Reagent (Sigma-Aldrich). The cell pellet was
suspended in 1 mL TRI Reagent per 5x10° cells. The mouse brain tissues were suspended in 5 mL TRI
Reagent, thoroughly mixed and crushed with a pestle, except hippocampus tissue which was
suspended and mixed in only 1 mL TRI Reagent. This was followed by addition of 200 pyL chloroform
(Honeywell Riedel-de Haen) per mL TRI Reagent, incubating at room temperature for 2 min, and
centrifugation (13000 xg, 4°C, 15 min). The upper aqueous phase was transferred in a new tube and
the chloroform extraction was repeated. The upper aqueous phase was again transferred in a new tube
and 0.5 mL 2-propanol (Carl Roth) per mL TRI Reagent was added as well as 1 uL Glycogen (Thermo
Fisher Scientific). Following incubation for 10 min at room temperature, another round of centrifugation
(13000 xg, 4°C, 30 min) was performed, the supernatant was removed and 1 mL 75% ethanol (Thermo
Fisher Scientific) was added for a final centrifugation step. Afterwards, the supernatant was carefully
removed, the RNA pellet was airdried and reconstituted in nuclease-free water. RNA concentration and
integrity were determined using UV-VIS spectrometer Nanodrop 2000 (Thermo Fisher Scientific) and

Agilent TapeStation 4200 (Agilent Technologies).

2.3.4 Isolation of polyA-tailed RNA

Purification of polyA-tailed RNA from total RNA was performed according to the manufacturer's
instructions for Dynabeads (Thermo Scientific) with some modifications. Briefly, 100 uL prewashed oligo
d(T)25 magnetic beads (NEB) per 60 ug total RNA were used. RNA was bound to the beads in binding
buffer (20 mM Tris-HCI (Carl Roth), pH 7.5, 1.0 M LiCl (Carl Roth), 2 mM EDTA (Thermo Scientific)) for
5 min by rotating at room temperature. The tube was placed on a magnet and the supernatant was
carefully removed. Two washing steps with washing buffer (10 mM Tris-HCI, pH 7.5, 0.15 M LiCl, 1 mM
EDTA) were performed. The RNA was eluted in 100 pL nuclease-free water by heating for 2 min at

70°C. The tube was placed on a magnet and the supernatant containing the polyA RNA was transferred
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to a new tube. A second round of purification was performed. The polyA RNA was purified and
concentrated by using the RNA Clean&Concentrator 5 Kit (Zymo Research) according to the

manufacturer’s protocol.

2.4 LC-MS/MS analysis of cell and tissue samples

Up to 31.25 pg of polyA RNA from HEK cells and 1 — 3 ug of polyA RNA from mouse brain tissue were
prepared for LC-MS/MS analysis. Each sample was spiked with a SILIS cap mixture containing 500 fmol
D3C-m’Gpppm®A, D3C-m’GpppAm and D3C-m’Gpppm®Am and digested to nucleoside level while
leaving the cap intact as described in 2.2.5. Method validation. Following digestion, the samples were
mixed with 5 ng of 13C stable isotope-labeled nucleosides from S. cerevisiae, adjusted to a specified
volume with digestion buffer and subjected to LC-MS/MS analysis.

The final LC-MS method (Table SI-2) was applied. The four main nucleosides cytidine, uridine,
guanosine, and adenosine were detected photometrically at 254 nm by a diode array detector. The MS
was operated in MRM mode. In addition to the investigated cap dinucleotides (MS parameters in Table
M1), selected nucleosides (mfA, W, m88A m5C) were also analyzed (MS parameters in Table SI-7).
Absolute quantification was performed as described in Thiiring et al.l'4l Briefly, external calibration
dilutions for cap dinucleotides and for nucleosides were prepared to cover a range of 2 — 1000 fmol cap
dinucleotides and a range of 2 — 12000 fmol nucleosides. Additionally, the dilutions were spiked with
500 fmol SILIS cap mixture and 5 ng '3C labeled nucleosides from S. cerevisiae, adjusted to the volume
of the samples with digestion buffer and injected to LC-MS. The resulting standard curves were used to
calculate the amounts of cap dinucleotides and modified nucleosides in the sample by taking SILIS
correction into account. For cap dinucleotides lacking an available structurally identical SILIS, DsC-
m’GpppmPBA was used. For mouse brain samples, the amount of cap dinucleotides was normalized to
the amount of injected RNA in terms of cap dinucleotide per 1000 nucleotides. Therefore, an additional

standard curve of 1 — 500 pmol of main nucleosides was measured.

Table SI-7. Mass spectrometer settings for modified nucleosides. The parameters of the isotope-labeled standards *C-¥, '3C-

m5C, *C-m°®A, and "*C-m®®A are listed as labeled precursor/product mass-to-charge ratios (m/z).

Compound  Precursor  Product Fragmentor  Collision 3C-labeled 3C-labeled

Name lon [m/z] lon [m/z] voltage [V] Energy [V] precursor product [m/z]
[m/z]

W 245 209 85 9 254 218

m°C 258 126 75 13 268 131

mSA 282 150 110 21 293 156

mS6A 296 164 115 21 308 171
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2 HRMS-Data:
HRMS (ESI) analysis of 3’-azidothymidine 5’-diphosphate (07-O):
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Didata_ 202Xbiea2Sshri

bljea25shri #1 RT: 0.02 AV: 1 NL: 2.52E8
T; FTMS - p ES| Full lock ms [100.00-1300.00]

HRMS (ESI) analysis of 3’-azidothymidine 5’-a-S-diphosphate (07-O):

182022 122213 PM
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HRMS (ESI) analysis of 2°,3’-O-isopropylidene adenosine 5’-diphosphate (08-O):

Dodata_2022'b4eatBshe 10M4/2022 11:31:42 AM owi0?

byeatéshr 81 RT: 002 AV 1 NL:316E8
T: FTMS - p ESI Full lock ms [100.00-1500.00]
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HRMS (ESI) analysis of 2°,3’-O-isopropylidene adenosine 5’-a-S-diphosphate (08-S):

Ddata_2022bgealfshri 10f14/2022 11:40:30 AM bwi26

biieai9shri #1 RT: 0.02 AV 1 NL: 248E7
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16736 ppm Oc-P-c-Pto NN
OH OH c
CiaHiehsCeP2S & A

(482.03) X

f II-"?‘.,,.a!“ .S....EF Ll

g

MRS E N

Relative Abundance
-
s s

&
(=]

[
W

504,0126

'Isl L

r
th
il

- L3
Tt
1

=]

2600458 .| 4eaos29
13409191 HaxOoP28= 2600454

wn

G18.0038
o 05208 ppm 5258940 LESBHBS-B
0 v J| Il'ujfljl St T Il“r I'| |'|'-|| -l?"-l" ll 1 r l - .‘| Lty Pttt ekl B Bl — T T ot Rkl L Ty e

il et |
100 200 300 400 500 GO0 700 800 900 1000 1100 1200



HRMS (ESI) analysis of adenosine 5’-diphosphate (09-0O):

Didata_2022bteaZishri 10/M1B/2022 11:36:24 AM b3
bjea2ishri #1 RT:002 AV 1 NL:6.1BEG
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HRMS (ESI) analysis of adenosine 5’-a-S-diphosphate (09-S):

Didata_2022'b§ead2shi2 1INT2022.11:27:44 AM bvilda
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HRMS (ESI) analysis of 2°-O-methyladenosine 5’-diphosphate (10):
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Didata_2022¢pjeb3Bshrl

HRMS (ESI) analysis of N®-methyladenosine 5’-diphosphate (11):

62312022 9:23:14 AM
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HRMS (ESI) analysis of 2°-O-methyl-N°-methyladenosine 5’-diphosphate (12):

Didata_2022vpjeb37shrl Br2072022 21018 PM ar2is

rpjeb37shrl #1 RT: 002 AV 1 NL: 151E8
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HRMS (ESI) analysis of adenosine 3’-phosphate 5’-diphosphate (14):
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HRMS (ESI) analysis of trans-geranyl diphosphate (SI-06):
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Didata_2022%§eaZTshrl

HRMS (ESI) analysis of isopentenyl diphosphate (SI-07):

111172022 11:38:05 AM bviad

bea2Tshet #1 RT-002 A1 NL: 3B9ET
T- FTMS - p ESI Full lock ms [100.00-1200.00]
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5’-TBS guanosine (16):

Didata_2022\pjeb08shr1 212112022 §:32:38 AM

ar18e

rpiab0Sshrl #1 RT: 002 AV 1 NL: 5.55E8
T: FTMS + p ESI Full lock ms [100.00-1000.00]

482 2068
CzaHaz O Mg Si = 482 2068
04891 ppm
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N
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5°-TBS N?2-dimethylguanosine (17):

DAdata 2023wmjebT 2s5he? 42412023 23720 PM ard2ofn
rpeb72she? #1 RT:0.02 AV: 1 NL: 130E6
T: FTMS - p ESI Full lock ms [100.00-1100.00]
508.2226

CzzHu O7 Ns 5i = 5082233
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HRMS (ESI) analysis of 2°,3’-diacetoxy guanosine (18):

Didata_2022vpjeb19shr2 532022 34922 PM ar2ig

rpjeb19she2 #1 RT: 0,02 AV 1 NL: 9.15E6
T: FTMS - p ESI Full lock ms [100.00-1000.00]

366,1054
C1a Hia O7 Ns = 386 1055

100—_i 02263 ppm
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HO :
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5°-TBS N’-methylguanosine iodide (SI-09):

D'data_2022vpjebdBshr3 10/31/2022 11:42.30 AM arZ82 1
rpiebdBshra #1 RT; 0.02 AV 1 ML:8.95E7
T: FTMS + p ESI Full ms [100.00-1200.00]
496.2227
C21 Has Oy Ns Si = 4862222
7
et 09783 ppm
o \o
N
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50~ </ | |
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O
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2-FlaaNsb7 : O\AcO\Ac
(496.22 g/mol)
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5°-TBS N7-methyl-ds-guanosine iodide (SI-10):

Didata_2023hcjealéshei 5/24/2023 1:32.38 PM thuD32.02

hcjealéshrt #1 RT: 002 AW 1 NL: B50ET
T: FTMS + p ESI Full ms [100.00-1300.00]
4982412
Cz1Ha TH3 07 N5 Si = 4002410

3 (0]
100 0.2982 ppm \N@:Ek
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a5 </ |
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5°-TBS N>*’-trimethylguanosine iodide (SI-11):
Didata_2023%pjebTshrl A282023 11:36:54 AM ardisn

rpjebTashri #1 RT: 002 A1 NL: 1.72ER
T: FTMS + p ESI Full ms [100.00-1500.00]
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HRMS (ESI) analysis of 2°,3’-diacetoxy 5°-TBS N*2’-trimethyl-’d3-guanosine iodide (SI-12):

DAdata_2023thcjeal 7shrl 627/2023 2:230:43 PM thu(60.01
hcjea17shri #1. RT: 0.02 AV:1 NL: 473E7
T: FTMS + p ESI Full ms [70.00-1400,00]
527.2728
CaaHis M3 Or Ns 5i = 527.2723
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HRMS (ESI) analysis of 2°,3’-diacetoxy N’-methylguanosine (19):

Didata_2023vpjebS4shr2 22023 12:14:13 PM ar2as
pleb5Sashi2 #1 RT:0.02 A1 NL: 1.27E7
T: FTMS + p ESI Full lock ms [100.00-1200.00]
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HRMS (ESI) analysis of 2°,3’-diacetoxy N’-methyl-d3-guanosine (20):

Didata_2023\hejealTshr 52412023 1:44:21 PM thuQa7.01
hepeal7shrl #1 RT: 0.02 AV: 1 NL: B2BET
T: FTMS + p ES| Full ms [100.00-1000.00]
385.1547
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HRMS (ESI) analysis of 2°,3’-diacetoxy N>*’-trimethylguanosine (21):

Didata_2023hcjealBshrl 62872023 §:28:51 AM 1hu059.01
hojeaiBshel 81 RT: 002 AV 1 NL: 215E7
T: FTMS + p ESI Full ms [100.00-1500.00]
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HRMS (ESI) analysis of 2°,3’-diacetoxy N>*’-trimethyl-’d3-guanosine (22):

Didate_2023vpjebBdshel BMR023 1:02:31 PM ardgy

rpjebSashrl #1 RT: 0.02 AV 1 NL:9.02E7
T: FTMS « p ESI Full ms [100.00-1000.00)
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HRMS (ESI) analysis of 2°,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)phosphaneyl)-guanosine (23):

Didata_2022vpjeba0she3 THBRR202212:16:42 PM

arzsi
pjebddsned #1 RT. 002 AV: 1 NL: 1.68ET
T: FTMS - p ESI Full ms [100.00-1300.00]
566.2126
CaaHaaDa Ny P =5662134
100 -1.3868 ppm
] 0]
25—
| <,“fNH
(iPr)QN\ N N/)\NH~
P-0
CEOC e}
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HRMS (ESI) analysis of 2°,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)phosphaneyl)-N’-methylguanosine (24):

Didata_2023hcjealishrd 2MB/2023 3:58.34 PM thul30.02

hejealishrd 81 RT-0.02 AV 1 NL:1.04E7
T: FTMS + p ESI Full lock ms [100,00-1500.00]

582.2441
CaaHyr Oa N7 P = 5822436

i 0.8732 ppm
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HRMS (ESI) analysis of 2°,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)phosphaneyl)-N’-methyl-ds-guanosine (25):

Didata_2023\hcjeadBshit

hcjeal8shrl #1 RT:-002 AV 1 NL:303ET
T: FTMS + p ES1 Full ms [100.00-1200.00)

572412023 1:52:03 PM
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HRMS (ESI) analysis of 2°,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)phosphaneyl)-N*2"-trimethylguanosine (26):

Didata_2023vwpjeb93shri 83172023 4:21:36 PM ar3gs

rpjebO3shrt #1 RT: 0.02 AV:1 NL:1.64E8
T: FTMS + p ESI Full ms [100.00-1300.00]
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HRMS (ESI) analysis of 2°,3’-diacetoxy-5’-((2-cyanoethoxy)(diisopropylamino)phosphaneyl)-N*2"-trimethyl-’ds-guanosine (27):

Didata_2023\pjecl2shr2 Q2023 2:24:02 PM ard73final

miecliZshr2 #1 RT: 002 AV 1 NL: 341ET
T: FTMS + p ESI Full ms [100,00-1200.00]
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x10 2

0,9
0,8
0,7
0,6
0,5
0,4
0,31
0,2
0,1

m’Gpppm®A-Hydrate-adduct

m’Gpppm°A
Area = 3286486
>98%

x10 5

Area = 56785
11 11,5 12 125 13 135 14 145 15 155 16 165 17 17,5 18 185 19 195 20 205 21 21,5 22
Counts (%) vs. Acquisition Time (min)
399.04821
112.98559
799.10195
‘\H \.\‘M B h\‘\u “u PI T, 2515.%3205 L A { L ~ PR N N LL .;H...L PO PR 9\80-0\1 638\ L. N 1 199.|1 l5m4.0..%._ L L L
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Counts vs. Mass-to-Charge (m/z)




x10 2

0,9
0,8
0,7
0,6
0,5
0,4
0,31
0,2
0,14

No Hydrate adduct detectable
Only CD; no CH, derivative was found

(CD;)’Gpppm°®A
>99%
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x10 2
1,
0,9- S m227’Gpppm°cA
03] Area = 6397363
0.7, >99%
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02, m22’Gpppm®A-Hydrate-adduct
Area = 42695
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x10 2

0,9-
0,8
0,7-
0,6
0,5
0,4-
0,3-
0,2
0,1-

Only CD; no CH; derivative was found

m?2(CD;)’Gpppm°A-Hydrate-adduct =
Area = 40963 [
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Counts (%) vs. Acquisition Time (min)

21
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x10 2
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x10 2

0,91 (CD;)’GpppA,,
0,8- Area = 508435
0,7- >97%

0,6

0,5

0,4+

Only CD; no CH, derivative was found
0.3

021  (CD;)’GpppA, -Hydrate-adduct
011 Area=12646

12 125 13 135 14 145 15 155 16 165 17 175 18 185 19 195 20 205 21 215
Counts (%) vs. Acquisition Time (min)
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x10 2

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

m?227GpppA -Hydrate-adduct

Area = 143424

m227Gppp A
Area = 8612624
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x10 2
h v
0,9 |
0,8
0,7 f‘\“ ‘
0,6
0,5 ;“
0,4- Only CD; no CH; derivative was found |
0,3 ;‘
0,2 m22(CD,)’GpppA,,-Hydrate-adduct |
0.1 Area = 110946 s‘
0 v v
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Counts (%) vs. Acquisition Time (min)
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x10 2

0,94
0,8
0,7
0,6
0,5
0,4
0,31
0,2
0,14

No Hydrate adduct was found

m’Gpppm°A

>99%

e

x10 5 |

1,6
1,4
1,2

0,81
0,6
0,4
0,21

Counts vs. Mass-to-Charge (m/z)
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Counts (%) vs. Acquisition Time (min)
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x10 2

m’Gpppm°A
0,9 7|
T‘,w >99%
08 | .
'~ Same sample just after 24h
0.71 _in water at r.t.
0.61 "~ > No decomposition could be detected
0,5 i
0,4- ‘
0,3 |
0,2 !
0.1 No Hydrate adduct was found
. | | | | | | | — | | | |
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Counts (%) vs. Acquisition Time (min)
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x10 2

b | (CD,)’Gpppm°®A,,
0.91 | >99%

0,7 |
0,6 |

0,4 ol

il No Hydrate adduct detectable |

Z? Only CD; no CH; derivative was found |

0 ..
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x10 6

407.56474
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1
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x10 2

0,9- |
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0.4/ Only CD; no CH, derivative was found |
0,3
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0,1- Area = 75244 |

0 L v

10 10,5 11 11,5 12 12,5 13 135 14 145 15 155 16 16,5 17 175 18 185 19 19,5 20 205 21 21,5 22
Counts (%) vs. Acquisition Time (min)
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1,2

421.57832

14
0,8
0,6+ 844.16750

0,4

0.2 112.98559

L " 1 1267.24795

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Counts vs. Mass-to-Charge (m/z)

0-




Di\data_2022\rpjeb31shr5 6/8/2022 11:43:07 AM ar238.final

rpjeb31shi5S #1 RT:0.02 AV: 1 NL: 2.18E6
T: FTMS - p ESI Full lock ms [100.00-1300.00]
392.0387
Cz1Hz27 017 N1o P3=392.0390

-0.7049 ppm

GpppmPA

2651479
65

60

55

Relative Abundance
3

403.0297

3448275

227.2155
1711528

425.1829 1096.0049 1195.9978
522.2504 603.9610 763.0236 996.0117 1080.0104 1180.0028 12959915
l

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
miz



Dodata_2022\rpjeb28shri B/172022 7:38:31 AM ar23f.ama

tpieb2Bshrl #1 RT: 002 AV: 1 NL: 131E7
T: FTMS - p ESI Full lock ms [100.00-1200.00]
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rpjeb3sshri #1 RT: 002 AV 1 NL: 868ES
T: FTMS - p ESI Full ms [100.00-1500.00]
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CazHaa O47 Mo P = 389.0468

100— -1,0299 ppm

B85 GpppmGAm

Relative Abundance
1]
(=}

25— 400.0487

20—

o 418.0201
10 3847228 4100373

410.9658

54 374.0866

] 369.3008 385,3015
L

417.0826 425.1829

| 421.0284
i | | - i : ; |'| g [ |

4295022

Fa I
T -}

] |
3aro 375 380 385

T ] T 1
380 395 400 405 410 415 420 425 430



	SI_Version_2024_07_25_AR_MSD_MH_HJJ
	SI_NMR_Version_2024_06_26_AR.pdf
	SI_CE_MS_Version_2024_06_26_AR
	Folie 1
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15


