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1 General materials and methods

All standard chemicals and solvents were purchased from commercial suppliers and used without further purification. Dry
solvents were obtained from a solvent purification system (SPS). For column chromatography, solvents purchased in tech-
nical quality were purified by distillation prior to use. Water for in vitro experiments was obtained from Arium®pro ultra pure
water purification system. Thin layer chromatography (TLC) was performed on aluminum plates precoated with silica gel 60
F254 (Merck) and with visualization of plates under UV light at 254 nm. For column chromatography, silica gel (Kieselgel
60, Merck, 4063 um) was used. NMR spectra were recorded on a Bruker Avance Il HD 400 spectrometer at 400 MHz.
NMR signals were assigned by the help of 2D-spectroscopy (COSY, HSQC, HMBC). High resolution (HR) electrospray
ionization (ESI) mass spectra (MS) were measured on Bruker micrOTOF-Q Il spectrometer.

Snake venom phosphodiesterase (SVPD) was purchased from Merck. Bacterial alkaline phosphatase (BAP) and Super-
Script 11l reverse transcriptase (SSlll), RNase T1, Calf Intestinal Alkaline Phosphatase (CIAP), Klenow exo- DNA polymer-
ase, DreamTaq DNA-polymerase and Phusion High-Fidelity DNA-Polymerase were purchased from Thermo-Fisher Scien-
tific. T4 Polynucleotide kinase (PNK) was purchased from New England Biolab (NEB). The T7 RNA polymerase was ex-
pressed in house according to a published protocol.l! Dynabeads streptavidin T1 beads and speedbead neutravidin coated-
magnetic particles were purchased from Thermo Fisher scientific and Cytiva respectively. Microspin G25-columns were from
Cytiva. NTPs, dNTPs, ddNTPs were purchased from Jena Bioscience and y3?P-ATP from Hartmann Analytic GmbH. Lucifer
Yellow-carbohydrazide, Fluorescein-thiosemicarbazide and Azide-PEGs-biotin conjugate were purchased from Sigma Al-
drich. Biotinylated O®%-benzylguanine (BG-biotin/SNAP-biotin) and O8-(4-(aminomethyl)benzyl)guanine (BG-NH2) were pur-
chased from NEB, O8-benzylguanine (Bn®G) was from Alfa Aesar. All other O8-modified guanine cofactors were synthesized
in house according to literature known procedures.? O8-(4-(propargyloxy)benzyl)guanine (BG-Oprop) was synthesized in
house as described below.

Unmodified DNA oligonucleotides were purchased from Microsynth and purified by denaturing PAGE (10 — 20% acrylamide).
Unmodified RNA substrates and ribozymes were prepared by in vitro transcription with T7 RNA polymerase from synthetic
DNA templates.

Fluorescence gel images were recorded using a ChemiDoc MP with epi illumination using blue LEDs (emission filter 530/28)
and red LEDs (emission filter 695/55), BioRad. Gels containing radioactive oligonucleotides were exposed to phosphor
storage screens and imaged using an Amersham Typhoon Phosphorimager, GE Healthcare. For measurement of fluores-

cence, a Jasco FP-8300 spectrofluorometer was used.



2 Solid-phase RNA synthesis and deprotection

RNA oligonucleotides were prepared by solid-phase synthesis using phosphoramidite chemistry with 2'-O-TOM-protection
on controlled pore glass (CPG) solid support. RNA sequences are given in Supporting information Table S2. RNA oligonu-
cleotides were cleaved from the solid support and deprotected with aqueous ammonia : methylamine solution = 1:1 (AMA)
at 37 °C for 5 h, followed by 1 M tetrabutylammonium fluoride in anhydrous THF overnight at 37 °C, desalted and purified
by denaturing PAGE. The quality of synthesized RNA oligonucleotides was analyzed by anion-exchange HPLC (Dionex
DNAPac PA200, 2 x 250 mm, at 60 °C; solvent A: 25 mM Tris-HCI (pH 8.0) and 6 M urea; solvent B: 25 mM Tris-HCI (pH
8.0), 6 M urea and 0.5 M NaClO4 with the gradient: linear 0-40% solvent B, with a slope of 4% solvent B per column volume,
flow rate 0.5 ml min~", UV detection at 260 nm) and HR-ESI-MS (micrOTOF-Q Ill, negative-mode, direct injection). Measured

and calculated masses are listed in Supporting Information Table S6.

3 In vitro transcription

In vitro transcription was performed in a total volume of 100 pL using 1 yM synthetic DNA templates, 4 mM NTPs, 40 mM
Tris-HCI (pH 8.0), 30 mM MgCl2, 2 mM spermidine, 10 mM DTT and 0.1 mg T7 RNA polymerase expressed in housel.
Reactions were incubated at 37 °C for 5 h or overnight, quenched with 0.5 M EDTA (pH 8.0), and transcripts were purified

by denaturing PAGE. The sequences of the transcripts are summarized in Supporting Information Table S3, Table S4.

4 Labeling of oligonucleotides

4.1 3'-Labeling of RNA using periodate glycol oxidation

For labeling of substrate RNA, 3-5 nmol was dissolved in a freshly prepared sodium phosphate buffer (250 mM, pH 7.4),
mixed with a freshly prepared aqueous solution of NalO4 (20 mM final concentration) in a total volume of 40 pL and incubated
at 37 °C for 10 min. A freshly prepared aqueous solution of Na2SOs was added to a final concentration of 83 mM followed
by the incubation for 5 min at 37 °C. Subsequently, 100 mM fluorescein-5-thiosemicarbazide solution in DMSO was added
to a final concentration of 8.3 mM, and the reaction mixture was incubated for 1 h at 37 °C in the dark. The labeled RNA
was purified on 20 % denaturing PAGE.

For the labeling step during in vitro selection cycle, 200 pmol of RNA library was labeled with Lucifer yellow carbohydrazide
in a total volume of 12 uL in analogy to mentioned above, and the labeled RNA library was purified using Microspin G25-
columns following the manufacturer's protocol.

4.2 5'-32P-|abeling of oligonucleotides

100-200 pmol of an oligonucleotide in 1 x PNK buffer A (50 mM Tris, pH 7.6, 10 mM MgCl2, 5 mM DTT, 0.1 mM spermidine)
was treated with 5 uCi y-32P-ATP and 5 U of T4 PNK in a total reaction volume of 10 pL. The reaction was incubated for 1
h at 37 °C. The labeled DNA was recovered by precipitation with EtOH to remove the excess of y-32P-ATP. In case of RNA,

the reaction was quenched with loading dye and purified on 15 % or 20 % denaturing PAGE.



For RNA transcripts, a free 5’ OH was first generated via dephosphorylation with CIAP. 200 pmol of transcripts were dis-
solved in 10 pL of 1 x CIAP buffer (50 mM Tris-HCI, pH 8.5, 0.1 mM EDTA) and subjected to the reaction with 1 U CIAP for

1 h at 37 C followed by the extraction with phenol-chloroform-isoamyl alcohol (PCI) and EtOH precipitation.

5 In vitro selection

The in vitro selection was performed as previously published.®! The dsDNA template for in vitro transcription of the initial
RNA library was prepared by overlapping primer extension using two DNA oligonucleotides (D2+Ds, N4o: A:C:G:T = 1:1:1:1)
and Klenow fragment exo- DNA polymerase. 100 pmol of dsDNA template was used for in vitro transcription with T7 RNA
polymerase in a final volume of 100 pL. For the first selection round, 400 pmol RNA pool (containing 25% 3'-fluorescently
labeled RNA obtained by sodium periodate oxidation and labeling with Lucifer yellow carbohydrazide according to the ref.[*])
was annealed in 1 x selection buffer (120 mM KCI, 5 mM NaCl and 50 mM HEPES, pH 7.5; 3 min at 95 °C, and then 10 min
at 25 °C) and subjected to incubation with 100 uM of the biotinylated O8-benzylguanine (BG-biotin) cofactor (SNAP-biotin
®) and 40 mM MgClz at 37 °C for 14 h.

In subsequent rounds, 200 pmol of RNA in 12 uL reaction volume was used for the selection step. The separation of active
biotinylated RNA from inactive species (capture, washing and elution steps) was performed according to commercial proto-
cols, followed by reverse transcription using SuperScript™ 1l reverse transcriptase and PCR amplification with Phusion™
High-Fidelity DNA Polymerase or DreamTagq™ DNA Polymerase as established previously.®8 The enriched RNA library for
the next selection round was generated by in vitro transcription in a total volume of 100 L as described above and purified
via denaturing PAGE. Overall, eight rounds of in vitro selection were performed, afterward the RNA pool was cloned into

E.coli via TOPO TA cloning, and eight randomly picked clones were subjected to Sanger sequencing.

6 Activity of enriched RNA library and cis-active ribozymes

6.1 Ribozyme-catalyzed RNA alkylation reaction

In a total volume of 10 L, 100 pmol of the cis- or bimolecular constructs (RNA substrate : ribozyme = 1:1) were annealed
(3 min at 95 °C, 10 min at 25 °C) in 1 x reaction buffer (5 mM NacCl, 120 mM KCI, 50 mM HEPES pH 7.5) or Bis-Tris pH 6.0)
and incubated with a cofactor and MgClz at final concentrations of 100 uM and 40 mM respectively. The reactions were kept
at 37 °C for 18 h. Modified RNA products were recovered by ethanol precipitation and used without further purification for
the next steps.

6.2 RNA functionalization using copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)

Modification of RNA was performed as described above in a total reaction volume of 10 pL in 1 x reaction buffer and O%-(4-
(propargyloxymethyl)benzyl)guanine (BG-prop, 2) or BG-Oprop (7) as cofactors.

In a total volume of 10 pL, 50 — 100 pmol of RNA modified with a cofactor carrying a terminal alkyne group was mixed with
1 pL of 5 mM a fluorophore or biotin-PEGs-azide in DMSO:'BUOH (3:1). Subsequently, 1 pL of freshly prepared CuBr solution
(10 mM in DMSO:'BUOH (3:1)) was premixed with 2 uL of TBTA (10 mM in DMSO:'BUOH (3:1)) and added to the reaction

mixture. After incubation at 37 °C for 3 h in the dark, the reaction mixture was precipitated twice with EtOH and either coupled



with streptavidin for the PAGE analysis or used directly for the downstream purposes. For a large scale click-labeling reaction,
1 - 5 nmol of RNA modified with a cofactor carrying a terminal alkyne group in a 20 uL of the reaction mixture was used,
and the labeled RNA-oligonucleotides were purified on 20% denaturing PAGE.

6.3 Streptavidin gel-shift assay

To investigate the cis-activity of the enriched RNA library or selected individual clones, 75 pmol of RNA was subjected to
self-modification reaction in a total volume of 5 pL in the presence of 100 uM BG-biotin or DMSO (negative controls) and 40
mM MgClzin 1 x reaction buffer (120 mM KCI, 5 mM NacCl, 50 mM HEPES pH 7.5 or Bis-Tris, pH 6.0). The annealing step
was performed prior to the addition of the cofactor and MgClz as described above to ensure the proper folding of RNA, and
the reaction was incubated at 37°C for 23 h. For the activity tests of bimolecular constructs incubated with BG-prop, CUAAC
reaction was performed as described in 6.2 before coupling to streptavidin. After the reaction products were recovered by
ethanol precipitation, 3 pmol of RNA was mixed with 1 pL of 1 mg/mL streptavidin in 1 x TBS buffer (150 mM NacCl, 50 mM
Tris-HCI, pH = 7.5) at room temperature for 10 min. As negative references, reacted RNA was incubated in the absence of
streptavidin. 1 L of loading dye was added, and the reactions were resolved on 10% native PAGE, stained with SYBR-
Gold and visualized under UV trans illumination. PAGE images of activity assays using streptavidin gel-shift assay are

shown in Supporting Information Figure S2.

7 Analysis of RNA-alkylating products

7.1 Ribozyme-catalyzed RNA alkylation on a preparative scale

In a total volume of 20 pL, 1 eq. of the substrate RNA (R1-R3, 50 — 100 pM) was incubated with 1.1 eq. of the ribozyme
(Rz5 or Rz6, 55 — 110 puM) using BG-prop, BG-Oprop or BnéG (100 uM) and 40 mM MgCl. in 1 x reaction buffer (5 mM
NaCl, 120 mM KCI, 50 mM Bis-Tris pH 6.0) at 37 °C for 18 h. Modified RNA products were purified by 15% denaturing
PAGE and analyzed by anion-exchange HPLC (Dionex DNAPac PA200, 2 x 250 mm, at 60 °C; solvent A: 25 mM Tris-HCI
(pH 8.0) and 6 M urea; solvent B: 25 mM Tris-HCI (pH 8.0), 6 M urea and 0.5 M NaClO4 with the gradient: linear 0 — 40%
solvent B, with a slope of 4% solvent B per column volume, flow rate 0.5 mL min~" at 60 °C, UV detection at 260 nm).

7.2 Enzymatic digestion and LC-MS-analysis

For LC-MS analysis, 500 pmol unmodified and modified RNA were digested with 12.0 U of BAP and 1.0 U of SVPD in the
reaction buffer (40 mM Tris-HCI, 20 mM MgClz, pH 7.5) for 18 h at 37 °C. 200 pmol of each synthetic standards (N3-benzyl-
cytidine, N*-benzylcytidine and 2'O-benzylcytidine were used as references. After extracting the digested nucleoside mixture
with 100 pL of chloroform, the aqueous layer was concentrated by lyophilization, and the residue was dissolved in 70 pL of
10 mM NH4OAc (pH 5.3) and analyzed by LC-MS, using a Synergi Fusion RP column (Phenomenex, 4 um, 250 x 2 mm).
The analysis was run with a gradient of 0-5% (0—15 min) and 5-72.5% (15-45 min) of solvent B. Solvent A: 10 mM NH4+OAc
(pH 5.3), solvent B: MeCN. The flow rate was 0.2 mL min~" at 25 °C with UV detection at 260 nm and online MS in a
microTOF-Q Ill system in positive-ion mode. Data were analyzed with Data Analysis software DA 4.2 (Bruker Daltonics) and

plotted using OriginPro (2023b).



7.3 RNAse T1 digestion and alkaline hydrolysis

For the digestion by RNAse T1, 75 IPS of 5'-3?P-labeled unmodified and modified RNA were treated with 0.5 U of RNase T1
in 5 pL of the reaction volume (50 mM Tris-HCI, pH 7.5) for 25 s at 37 °C. For alkaline hydrolysis, 250 IPS of 5'-32P-RNA
was digested in 10 pl of alkaline hydrolysis solution (20 MM NaOH) for 4 min at 95 °C. The reactions were quenched
immediately by addition of loading dye, stored on ice, resolved on 15% denaturing PAGE and visualized by autoradiography.
7.4 Reverse transcription stop assay

Reverse transcription was performed to analyze the activity of cis-reacting ribozyme and determine the position of the mod-
ification site by the ribozyme. 10 pmol the cis-active ribozyme was first annealed (3 min at 95 °C, 10 min at 25 °C) in 1 x
reaction buffer (120 mM KCI, 5 mM NaCl, 50 mM HEPES, pH 7.5) in a final volume of 10 uL and incubated with 100 puM
BG-biotin cofactor and 40 mM MgCl2 at 37°C for 18-23 h, followed by EtOH precipitation.

For RT primer extension reaction, 10 pmol of the modified and unmodified RNA and 100 IPS of the corresponding 5'-32P-
labeled primer were annealed in the annealing buffer (5 mM Tris-HCI pH 7.5, 0.1 mM EDTA), cooled down to the room
temperature followed by the addition of 5 mM DTT, 0.5 mM of each dNTP and 50 U of SuperScript lll RT in 10 pL of 1 x first
strand buffer (50 mM Tris-HCI, pH 8.3, 75 mM KCI, 3 mM MgClz). The reaction mixture was incubated at 55 °C for 1 h,
guenched with 1 pL 2 N NaOH and incubated for 5 min at 95 °C to degrade the RNA template. Following precipitation with
EtOH, the reaction products were dissolved in loading dye, analyzed on denaturing PAGE and visualized by autoradiography.
For sequencing ladders, unmodified RNA and suitable dNTP/ddNTP mixtures (0.5 mM ddNTP, 0.05 mM corresponding
dNTP and 0.5 mM each of the other three dNTPs) instead of an equal mix of dNTPs were used.

7.5 DNA-catalyzed ribozyme cleavage using 8-17 DNAzymes

To assess the localization of the modification site, cis- (Rz2) and bimolecular constructs (Tr1+Rz3, Tr2+Rz4) of the ribozyme
were subjected to cleavage reactions by 8-17 DNAzymes. First, ribozymes in cis- or bimolecular setup were modified with
BG-prop or BG-Oprop and coupled with sulfo-Cyanine5 azide (Cy5Ns) as described above. The reaction products were
recovered by ethanol precipitation and used directly for the cleavage reaction with DNAzymes.

In a total volume of 10 pL, 10 pmol of each reacted ribozyme constructs were mixed in 1 x reaction buffer (50 mM HEPES,
pH 7.5, 400 KCI, 100 mM NacCl) with 100 pmol of the corresponding 8-17 DNAzymes designed to cut a specific NG junction
within the catalytic core or the connecting loop of the ribozymel™. After the annealing step was performed (3 min at 95 °C,
10 min at 25 °C), 10 mM MgClz and 10 mM MnClz were added, and reactions were incubated at 37 °C for 16 h, quenched
with 10 pL of stop solution, and aliquots corresponding to 1 pmol of each reaction were resolved on 15% denaturing PAGE,

stained with SYBR-Gold and subjected to fluorescence imaging.

8 Analysis of trans-active ribozymes

8.1 Kinetic assays

Kinetic assays were performed under single turnover conditions in 10 pL of 1 x reaction buffer (5 mM NaCl, 120 mM KClI,
50 mM Bis-Tris pH 6.0 or HEPES pH 7.5) at 37 °C using 500 IPS of a 3?P-labeled- or 10 pmol of 3'-fluoresently labeled

substrate RNA (Tr3-Tr6) and 100 pmol of the corresponding ribozyme (Rz6). An annealing step (3 min at 95 °C, 10 min at



25 °C) was performed to ensure proper binding of the ribozyme with the substrate RNA followed by the addition of 100 uM
cofactor and 40 mM MgClz. An aliquot of 1 pL of the reaction was taken out at a certain time point and quenched immediately
by the addition of 4 pL loading dye. The time points of the reactions were resolved on 15% denaturing PAGE and visualized
either by autoradiography or using blue epi illumination and a 530/28 nm emission filter respectively. For studying of the
Mg?* dependency, 100 uM cofactor (BG-Oprop) at pH 6.0 and MgCl: at final concentration of 5 mM, 10 mM, 20 mM, 40 mM
were used. The fraction modified was plotted versus time data and fit to pseudo-first order kinetics Y = Ymax(1 - e koS to
obtain the observed reaction rate kobs and the final yield Ymax using OriginPro (2023b).

8.2 Analysis via anion-exchange HPLC

For kinetic assay analyzed by anion-exchange HPLC, 100 pmol of a substrate RNA (R1 or R2) was annealed (3 min at
95 °C, 10 min at 25 °C) with 110 pmol of the corresponding ribozyme (Rz5 or Rz6) in 5 uL of 1 x reaction buffer (5 mM NacCl,
120 mM KCI, 50 mM Bis-TrispH 6.0). Afterward, a cofactor and MgCl2 were added to final concentration of 100 pM and 40
mM respectively, and incubated at 37 °C. The reactions corresponding to time points 0 and 19 h were quenched with 0.5 M
EDTA (pH 8.0) and analyzed by anion-exchange HPLC (Dionex DNAPac PA200, 2 x 250 mm, at 60 °C; solvent A: 25 mM
Tris-HCI (pH 8.0) and 6 M urea; solvent B: 25 mM Tris-HCI (pH 8.0), 6 M urea and 0.5 M NaClO4 with the gradient: linear
0-40% solvent B, with a slope of 4% solvent B per column volume, flow rate 0.5 mL min—-1 at 60 °C, UV detection at 260

nm).

9 Synthesis

9.1 Synthesis of BG-Oprop (7)

OH Br NaBH
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4-(prop-2-yn-1-yloxy)benzaldehyde (S2): Potassium carbonate (2.31 g, 16.72 mmol, 2.04 eq.) and tetrabutylammoniumio-
dide (TBAI, 3.77 mg) were added to 4-(hydroxy)-benzyladehyde S1 (1.00 g, 8.19 mmol, 1.00 eq.) in dry DMF (5 mL). Further,
propargyl bromide (0.95 mL, 12.30 mmol, 1.50 eq.) was added to the above solution, and the reaction mixture was stirred
at room temperature for 6 h. 50 mL of distilled water was added to the reaction, and the aqueous layer was washed with
diethyl ether (2 x 50 mL). The combined organic layers were dried over anhydrous Na2SO4, and the solvent was removed

in vacuo to furnish product S2 as a colorless oil (1.44 g, 95%). Analytical data are in agreement with the previous report.®!



TLC (EtOAc/n-hexane = 50:50); Rf= 0.82.

IH NMR (400 MHz, chloroform-d) & (ppm) = 9.90 (s, 1H, -CHO), 7.88 — 7.84 (m, 2H, Ar-H), 7.11 — 7.07 (m, 2H, Ar-H), 4.78
(d, J = 2.4 Hz, 2H, -OCH?>), 2.57 (t, J = 2.4 Hz, 1H, -C=C-H).

13C {*H} NMR (101 MHz, chloroform-d) & (ppm) = 190.94 (-CHO), 162.49 (Ar-C), 132.04 (2C, Ar- C), 130.71 (Ar-C), 115.30
(2C, Ar-C), 77.66 (C=C-H), 76.51 (C=C-H), 56.07 (OCHy).

(4-(prop-2-yn-1-yloxy)phenyl)methanol (S3): Sodium borohydride (586 mg, 15.48 mmol, 2.00 eq.) was added to the so-
lution of 4-(prop-2-yn-1-yloxy)benzaldehyde S2 (1.24 g, 7.74 mmol, 1.00 eq.) in equal amount of MeOH and DCM (110 mL)
at 0°C. The reaction mixture was warmed to room temperature and stirred overnight. After completion, the crude reaction
mixture was quenched with 150 mL of water, and the aqueous layer was extracted with diethyl ether (2 x 150 mL). Further,
the organic layer was dried over anhydrous Na2SO4 and concentrated under vacuum to afford pure product S3 as a colorless
oil (1.12 g, 90%). Analytical data are in agreement with the previous report.[8l

TLC (EtOAc/n-hexane = 50:50); Rf= 0.52.

IH NMR (400 MHz, chloroform-d) & (ppm) = 7.32 — 7.29 (m, 2H, Ar-H), 6.99 — 6.95 (m, 2H, Ar-H), 4.69 (d, J = 2.4 Hz, 2H, -
OCH2-C=C), 4.62 (s, -CH20H), 2.52 (t, J = 2.4 Hz, 1H, -C=C-H).

13C {*H} NMR (101 MHz, chloroform-d): & (ppm) = 157.22 (Ar-C), 134.16 (Ar-C), 128.73 (2C, Ar-C), 115.10 (2C, Ar-C), 78.61
(C=C-H), 75.70, C=C-H), 65.07(-CH20H), 55.95 (-OCHy).

6-((4-(prop-2-yn-1-yloxy)benzyl)oxy)-9H-purin-2-amine (BG-Oprop, 7)

(4-(prop-2-yn-1-yloxy)phenyl)methanol (S3, 192 mg, 1,18 mmol, 1.50 eq.) was dissolved in 3 mL of dry DMF. Sodium hydride
(60% dispersion in mineral oil) (75.84 mg, 3.16 mmol, 4.00 eqg.) was added in portions to the above solution over 5 min.
Afterwards, the reaction mixture was stirred for 10-15 min at 0 °C. 1-(2-Amino-9H-purin-6-yl)methylpyrrolidin-1-ium chloride
(S4, 200 mg, 0.79 mmol, 1.00 eq.) and 4-dimethylaminopyridine (19.3 mg, 0.16 mmol, 0.25 eq.) were added. Further, the
reaction mixture was stirred at room temperature for 3 h. Distilled water was added to quench the excess sodium hydride.
Solvents were removed under reduced pressure, and the crude mixture was purified by silica gel column chromatography
using gradient based on MeOH:CH2Cl2 (5 % MeOH) to afford 6-((4-(prop-2-yn-1-yloxy)benzyl)oxy)-9H-purin-2-amine (BG-
Oprop, 7) as a white solid (167 mg, 72%), containing 14% of a byproduct, BG-Oallene 7b (as determined by integration of
the allene H-18 and alkyne H-20 protons in the '"H NMR spectrum).[®l Both compounds exhibit identical Rsvalues and could

not be separated by silica gel column chromatography.
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BG-Oprop

TLC (MeOH/CH.Clz = 10:90); Ry= 0.58.
1H NMR (400 MHz, DMSO-ds) & (ppm) = 12.42 (s, 1 H, H-9), 7.80 (s, 1H, H-8), 7.49 — 7.46 (m, 2H, H-14, H-14"), 7.02 — 6.98

(M, 2H, H-15, H-15), 6.31 (s, 2H, H-11), 5.40 (s, 2H, H-12), 4.80 (d, J = 2.4 Hz, 2H, H-18), 3.56 (t, J = 2.4 Hz, H-20).



13C {H} NMR (101 MHz, DMSO-ds): & (ppm) = 159.81 (C-6), 159.57 (C-2), 156.97 (C-16), 156.37 (C-4), 137.67 (C-8),
130.31 (2C, C-14, C-14), 129.38 (C-13), 114.64 (2C, C-15, C-15'), 113.41 (C-5), 79.13 (C-19), 78.20 (C-20), 66.36 (C-12),
55.31 (C-18).

HR-MS (ESI*): Exact mass calculated for CisH1sNsNaO2 [M+Na]*: 318.09615, found: 318.09566.
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9
BG-Oallene

TLC (MeOH/CHzCl2 = 10:90); R¢= 0.58.

'H NMR (400 MHz, DMSO-ds) & (ppm) = 12.42 (s, 1 H, H-9), 7.80 (s, 1H, H-8), 7.51— 7.49 (m, 2H, H-14, H-14'), 7.23 (t, J =
6 Hz, 1H, H-18), 7.12 — 7.10 (m, 2H, H-15, H-15", 6.31 (s, 2H, H-11), 5.58 (d, J = 6 Hz, 2H, H-20), 5.43 (s, 2H, H-12).

13C {H} NMR (101 MHz, DMSO-ds): d (ppm) = 201.95 (C-19), 159.81 (C-6), 159.57 (C-2), 155.06 (C-16), 137.67 (C-8),
130.31 (2C, C-14, C-14"), 129.38 (C-13), 117.54 (C-18), 116.24 (2C, C-15, C-15'), 113.41 (C-5), 90.41 (C-20), 66.36 (C-12).
HR-MS (ESI*): Exact mass calculated for Ci1sH1sNsNaO2 [M+Na]*: 318.09615, found: 318.09566.

9.2 Synthesis of synthetic standards

9.2.1 N*-benzylcytidine (N*BnC)

N

I I
N0 N"~0 N’J*o N/l\\o
HO i AcO ii, i AcO iv HO
o} 0 g 0 o)
E— —_— —_—
OH OH OAcOAc OAcOAc OH OH
S5 S6 S7 N*BnC

Scheme S1. i) acetic anhydride, DMAP in pyridine, 18 h, r.t, 81%. ii) 2,4,6-triisopropylbenzensulfonyl chloride, DMAP, EtsN
in 1,2-dichloroethane, 2 h, r.t, 27%. iii) benzylamine, EtsN in ethanol, 17.5 h, r.t. iv) 33% w/w methylamine in ethanol, 17 h,

r.t..

2', 3', 5'-tri-O-acetyluridine (S6): Starting from uridine (S5), compound S6 was synthesized according to the published
procedure.®l Analytical data are in agreement with the previous report.[1°

N4-benzylcytidine (N*BnC): To 75.2 mg of 2',3'-5'-tri-O-acetyluridine (S6, 203 umol, 1.00 eq.) in 1,2-dichloroethane (5 mL),
DMAP (2.47 mg, 20.3 pmol, 0.10 eq.) and triethylamine (283 pL, 2.03 mmol, 10.00 eq.) were added, and the reaction mixture
was allowed to stir at room temperature under N2 atmosphere for 10 min. Afterwards, 2, 4, 6-triisopropylbenzensulfonyl
chloride (92.4 mg, 304.5 umol, 1.50 eq.) was added, and the reaction mixture was stirred at room temperature for additional
2 h. The reaction mixture was diluted with CH2Cl2 and extracted with sat. aq. NaHCOs solution (3 x 10 mL). The organic

layer was collected, dried over anhydrous Na.SO4 and filtered off. The filtrate was evaporated, and the residue was dried



under high vacuum. The crude product triisopropylbenzensulfonyl-activated S6 was used for the next step without purifica-
tion. The crude compound (72.0 mg, 113 pumol, 1.00 eq.) was resuspend in ethanol (5 mL). Triethylamine (10.8 pL, 78.0
pmol, 0.70 eq.) and benzylamine (17.1 pyL, 157 pmol, 1.40 eq.) were added, and the reaction mixture was stirred at room
temperature under N2 atmosphere for 17.5 h. The crude product was purified by silica gel column chromatography
(CH2Cl2:MeOH = 97.5 : 2.5 to CH2Cl2:MeOH = 95 : 5) to yield the compound S7 (15.3 mg, 27%) as a white solid (R=0.57,
CHzCl2:MeOH = 5 : 1). S7 was resuspended in 33% (w/w) methylamine solution in ethanol (5 mL) and stirred at room
temperature for 17 h. The solvent was evaporated, and the crude product was purified by silica gel column chromatography

(CH2Cl2:MeOH = 85 : 15) to afford the desired product N*BnC as a white powder (15.3 mg) in a quantitative yield.

8 10’
N 11
4
5 | \N3 12
2 11
6 N/go
HO 5I 1
4! 3' ! 1|
OH OH
N*BnC
IH NMR (400 MHz, DMSO-d6): & (ppm) = 8.16 (t, J = 5.8 Hz, 1H, H-7), 7.85 (d, J = 7.4 Hz, 1H, H-6), 7.38 — 7.23 (m, 5H, H-
9, H-10, H-10', H-11, H-11"), 5.81 (d, J = 7.4 Hz, 1H, H-5), 5.77 (d, J = 3.8 Hz, 1H, H-1"), 5.31 (d, J = 5.3 Hz, 1H, 2'-OH),
5.05 (dd, J = 5.2 Hz, 1H, 5'-OH), 4.98 (d, J = 5.3 Hz, 1H, 3'-OH), 4.50 (d, J = 5.8 Hz, 2H, H-8), 3.98 — 3.90 (m, 2H, H-2', H-
3", 3.85-3.79 (m, 1H, H-4"), 3.70 — 3.61 (m, 1H, H-5'a), 3.59 — 3.50 (m, 1H, H-5'b).
13C {*H} NMR (100 MHz, DMSO-d6): & (ppm) = 163.79 (C-4), 155.77 (C-2), 141.11 (C-6), 139.46 (C-9), 128.84 (2C, C-11,
C-11"), 127.88 (2C, C-10, C-10"), 127.39 (C-12), 94.86 (C-5), 89.62 (C-1"), 84.49 (C-4"), 74.42 (C-2'), 69.87 (C-3"), 61.07 (C-
5", 43.54 (C-8).
HR-MS (ESI*): Exact mass calculated for CisH19NsNaOs [M+Na]*: 356.12169, found: 356.12079.

9.2.2 2'0O-benzylcytidine (2'0OBnC)

NH, NH;
| N’&o | N’J*o
HO NaH HO
0 TBAI o
4w SO
OH OH 401, 60°C OH O
S8 2'0BnC

Starting from cytidine (S8), 2’0BnC was synthesized in analogy to the published procedures(.
200 mg of S8 (824 umol, 1.00 eq.) was suspended in anhydrous DMF (800 pL) while heating to 50 °C followed by cooling
down the reaction on an ice bath. NaH (60% dispersion in mineral oil: 39.9 mg, 998 umol, 1.21 eq.) was added, and the

mixture was stirred on ice until no further gas evolution was observed. 66.5 mg of TBAI (180 umol, 0.22 eq.) and benzyl
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bromide (107 pL, 1.10 eq.) were added, and the mixture was stirred at 60 °C for 39 h. The solvent was removed under
reduced pressure, and the crude product was purified on silica gel column chromatography using 10% MeOH in CH2Clz to

yield the desired product 2'0OBnC (28.4 mg, 10%) as a yellow powder.

7
NH,
4
5ﬁN3
2
6 NENo
HO 5 1
(o) 11
4 3' 2'12
9

OH O "
8 10

2'0BnC

1H NMR (400 MHz, DMSO-d6): & (ppm) = 7.89 (d, J = 7.4 Hz, 1H, H-6), 7.38 — 7.26 (m, 5H, H-9, H-10, H-10'", H-11, H-11"),
7.20 (br s, 1H, H-7), 7.15 (br s, 1H, H-7), 5.94 (d, J = 3.6 Hz, 1H, H-1), 5.69 (d, J = 7.4 Hz, 1H, H-5), 5.14 (d, J = 6.4 Hz,
1H, 3-OH), 5.11 (dd, J = 5.1 Hz, 1H, 5-OH), 4.73 (d, J = -12.2 Hz, 1H, H-8a), 4.68 (d, J = -12.2 Hz, 1H, H-8b), 4.12 — 4.05
(m, 1H, H-3"), 3.89 (dt, J = 6.1 Hz, 2.9 Hz, 1H, H-4"), 3.83 (dd, J = 5.0 Hz, 3.6 Hz, 1H, H-2"), 3.70 (ddd, J =12.2 Hz, 5.1 Hz,
2.9 Hz, 1H, H-5'a), 3.58 (ddd, J = 12.2 Hz, 5.1 Hz, 3.1 Hz, 1H, H-5'b).

13C {*H} NMR (101 MHz, DMSO-d6): d (ppm) = 166.06 (C-4), 155.58 (C-2), 141.46 (C-6), 138.81 (C-9), 128.61 (C-11, C-
11'), 127.86 (C-10, C-10"), 127.82 (C-12), 94.31 (C-5), 87.88 (C-1'), 84.58 (C- 4), 81.78 (C-2), 71.22 (C-8), 68.45 (C-3),
60.50 (C-5').

HR-MS (ESI*): Exact mass calculated for C16H20N3Os [M+H]*: 334.13975, found: 334.13899, calculated for C1sH19N3NaOs
[M+Na]*: 356.12169, found: 356.12129.

9.2.3 N3-benzylcytidine (N°BnC)

NH, Nl-g
ﬁi ﬁ”@
NSO @ Br NEN
HO HO
o) o)
OH OH DMF OH OH
64 h, r.t.
S8 N3BnC

Starting from cytidine (S8), N®BnC was synthesized in analogy to the published procedures!!2.

To 101.6 mg of S8 (418 umol, 1.00 eq.) dissolved in anhydrous DMF (2 mL), benzyl bromide (97.8 pL, 822 pmol, 1.97 eq.)
was added. The reaction mixture was kept stirring at room temperature for 19.5 h. The crude product was purified by silica
gel column chromatography using 15% MeOH in CH2Cl: to yield the desired compound N3®BnC (38.9 mg, 28%) as a yel-

lowish powder.
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NH |10
5 11
TAs
6 12
N1 O 1
HO_ 5
IO 1
4N\3_2/4
OH OH
N3BnC
'H NMR (400 MHz, DMSO-d6): & (ppm) = 7.97 (d, J = 8.0 Hz, 1H, H-6), 7.41 — 7.22 (m, 5H, H-9, H-10, H-10', H-11, H-11"),
6.13 (d, J = 8.2 Hz, 1H, H-5), 5.74 (d, J = 4.2 Hz, 1H, H-1'), 5.48 (d, J = 5.5 Hz, 1H, 2'-OH), 5.22 — 5.13 (m, 3H, 5-OH, 8),
5.12 (d, J = 5.6 Hz, 1H, 3'-OH), 4.08 — 3.98 (m, 1H, H-2'), 3.97 (9, J = 5.5 Hz, 1H, H-3'), 3.87 (dt, J = 5.5 Hz, 3.0 Hz, 1H, H-
4", 3.69 (ddd, J = 12.2 Hz, 5.2 Hz, 3.0 Hz, 1H, H-5'a), 3.58 (ddd, J = 12.2 Hz, 5.1 Hz, 3.2 Hz, 1H, H-5'b).
13C {*H} NMR (101 MHz, DMSO-d6): d (ppm) = 158.33 (C-4), 149.47 (C-2), 138.18 (C-6), 135.72 (C-9), 128.88 (C-11, C-
117, 127.83 (C-12), 127.51 (C-10, C-10"), 97.77 (C-5), 90.11 (C-1'), 85.07 (C-4"), 74.04 (C-2'), 69.57(C-3"), 60.69 (C-5)),
45.77 (C-8).
HR-MS (ESI*): Exact mass calculated for Ci6H20N3Os [M+H]*: 334.13975, found: 334.13835, calculated for Ci1sH1aN3sNaOs

[M+Na]*: 356.12169, found: 356.12068.
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10 Supporting Information Tables

Supporting Information Table S1. DNA sequences (prepared by solid-phase synthesis).

No 5'-Sequence-3' Description

D1 CTGTAATACGACTCACTATA T7 promotor

D2 GGTAAGGTGGACATACTG-N40-GCCTTCAAGGATGGTAGGCTGG Rv primer of the N40 pool

D3 CTGTAATACGACTCACTATAGGACATACTGAGCCTTCAACCAGCCTAC- Fw primer of N40 pool
CATCC

D4 CTTCAACCAGCCTACCATCC Fw primer 1PCR

D5 GGTAAGGTGGACATACTG Rv primer RT&1st and 2™

PCR (P2)

D6 TAAATAAAATAACTGTAATACGACTCACTATAGGACATACTGAGC Fw primer for cloning

D7 CAAGGATGGTAGGCTGGT P1 — Primer for RT

D8 AAGGATGGTAGGTGTCAGCGACTCGAAGGTTGAAGGC DNAzyme 1 (Dz1)

D9 ACTGCCAATGTATGTCAGCGACTCGAAAGCATCAGGG DNAzyme 2 (Dz2)

D10 ATGTACGAGCATTGTCAGCGACTCGAAGGGGACGGCG DNAzyme 3 (Dz3)

Supporting Information Table S2. RNA sequences (prepared by solid-phase synthesis). Modification site is depicted in

blue, mutations are shown in purple, binding arms are underlined.

No 5'-Sequence-3' Description
R1 GAUGCUCGUACAUUGGCGAUACC Parent RNA (23) engineered in trans
R2 GAUGCUCGUACAUUGGCCUUCC-NH2 Parent RNA (22) 3'-NH2

Supporting Information Table S3. RNA sequences (prepared by in vitro transcription). Modification site is depicted in blue,

mutations are shown in red.

No 5'-Sequence-3' Description

Trl GGACAUACUGAGCCUUCAA Parent RNA (19)

Tr2 GGUAUCGAGUCUCC Parent RNA (14) mutated binding arms
Tr3 GAUGCUCGUACAUUGGCcUUCC Parent RNA (22) WT

Tr4 GGAUGCUAGUACAUUGGCCcUUCC Sub seq C8A

Tr5 GGAUGCUGGUACAUUGGCCcUUCC Sub seq C8G

Tré GGAUGCUUGUACAUUGGCcUUcCC Sub seq C8U

Supporting Information Table S4. Ribozymes (prepared by in-vitro transcription). Binding arms are underlined, connecting

loop is depicted in yellow, sub seq is shown in grey).

No 5'-Sequence-3' Description

bool GGACAUACUGAGCCUUCAACCAGCCUACCAUCCUUGAAGGC-N40- Selection library
CAGUAUGUCCACCUUACC

Ryl GGACAUACUGAGCCUUCAACCAGCCUACCAUCCUGAAGGCAUGAUGCU- Clone 1 EB3
AACCACGCCGUCCCCUGAUGCUCGUACAUAGGCAGUAUGUCCACCUUACC

Ry2 GGACAUACUGAGCCUUCAACCAGCCUACCAUCCUGAAGGCAUGAUGCU- Clone 2 EB15
AACCACGCCGUCCCCUGAUGCUCGUACAUUGGCAGUAUGUCCACCUUACC

Ryo ALi CGGUUGAAGGCAUGAUGCUAACCACGCCGUCCCCUGAUGCUCGUACAU- EB15_trans

— UGGCAGUAUGUCCACCUUACC

Ry3 GGCCAGCCUACCAUCCUGAAGGCAUGAUGCUAACCAC- EB15 trans_5' con-

GCCGUCCCCUGAUGCUCGUACAUUGGCAGUAUGUCCACCUUACC necting loop
EB15 bimolecular

Ryd GGAGACAUGAUGCUAACCACGCCGUCCCCUGAUGCUCGUACAU- construct_mutated

UGGCGAUACC binding arms

CSAR engineered in
Rz5 GGUAUCGAGUCUCC UUCG GGAGACAUGAUGCUAACCACGCcGuUccccu trans

13



CSAR engineered in

Rz6 GGAAGGAGUCUCGUUCGCGAGACAUGAUGCUAACCACGCCGUCCCCU trans_mutated bind-
ing arm

Supporting Information Table S5. Enrichment level and selection conditions. ON = overnight (i.e., 15-17 h); (-) denotes

undetectable enrichment level.

In vitro selection

round eluted fraction, % incubation time [MgClz]
1-2 -
3 0.047
4 -
5 5.028 ON 40 mM
6 3.259
7 4.467
8 4.542 4 h

Supporting Information Table S6. ESI-MS of synthetic RNAs and modified products.

No Description Chemical formula Mass calcu- Mass
lated, Da found, Da

R1 Parent RNA (23) engineered in trans C218H271N850160P22 7319.99152 7320.07188
R1 Bn-prop R1 modified by Rz5 with BG-prop C229H281N850161P22 7478.06468 7478.12376
R1 Bn-Oprop R1 modified by Rz5 with BG-Oprop C228H279N850161P22 7464.04903 7464.15322
R1_Bn- R1 modified by Rz5 with BG-Oprop and Ca2s2H207NggO167P22 7922.17167 7922.26939
Oprop_6FAMN3 clicked with 6FAMN3

R2 Parent RNA (22) 3'-NH2 C212H272N760150P22 7106.97676 7107.09571
R2_Bn-prop R2 modified by Rz6 with BG-prop C223H282N760160P22 7265.04993 7265.16261
R2_Bn R2 modified by Rz6 with BnSG C219H278N760150P22 7197.02371 7197.11417
R2_Bn-Oprop R2 modified by Rz6 with BG-Oprop C222H280N760160P22 7251.03373 7250.98269
R2_Bn- R2 modified by Rz6 with BG-Oprop and Ca2s7H324Ns20167P22S2  7975.30502 7975.24063

Oprop_Cy5Ns clicked with Cy5N3
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11 Supporting Information Figures
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Figure S1. In vitro selection of alkyltransferase ribozymes. A In vitro selection scheme. The initial RNA library contained a
N40 random region flanked by binding arms which are hybridized to a target substrate sequence bearing unpaired adenosine
(A). After incubation with the cofactor BG-biotin, the active species are separated by pulling them down with streptavidin/neu-
travidin coated magnetic beads followed by their elution, amplification and in vitro transcription. B Overview of the selection
progress including enrichment level at each round and selection conditions. The percentage of fraction recovered in each
round was determined based on fluorescence spectra of initial and eluted 3'-lucifer yellow labeled RNA libraries. C Cis-
activity of the enriched RNA library of round 7 and round 8 and individual clones using streptavidin gel-based assay. RNAs
of the respective round were incubated with BG-biotin (cyan) under selection conditions followed by the coupling with strep-
tavidin (gray). Purple sphere schematically represents the expected modification site.
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Figure S2. Determination of the modification site in alkylation by the evolved ribozyme. A Predicted secondary structure*3!
of the selected ribozyme with schematically represented primers P1 and P2 used for RT primer extension assay. B, C RT
primer extension assay on cis-active ribozyme (Rz2) using primers P1 and P2 annealed as depicted in A. Reactions were
incubated overnight (0.4 UM RNA, 100 IPS 5'-32P-labeled P1 or P2, 100 uM BG-biotin, 40 mM MgClz, 50 mM HEPES, pH
7.5, 37 °C) with the selection cofactor BG-biotin. No activity was detected by RT primer extension experiments compared
to those using MTR1, RACR and additional selected alkyltransferase ribozymes modifying substrate RNAs (Ref 1, Ref 2,
Ref 3). In case of MTR1, RACR and Ref 1 — 3, prominent stopping bands indicate the modification sites at a defined nucle-
otide highlighted in green (shown as references).
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Figure S3. Cis and trans-activity of ribozymes. A Streptavidin gel-shift assay of cis- and engineered bimolecular ribozyme
constructs. RNAs were first incubated with 100 uM BG-prop (violet) and 40 mM MgCl. at pH 6.0 followed by the coupling
with biotin-PEGz-azide (cyan) or directly incubated with 100 pM BG-biotin (cyan). After incubation, modified RNAs were
captured with streptavidin (orange). B Predicted secondary structures of the ribozyme constructs tested in A. C Activity
assay of the bimolecular construct generated by removing the connecting loop L1. The ribozyme was annealed to the sub-
strate RNA (Trl) and reacted with BG-prop (2) under single turnover conditions (1 uM substrate RNA, 10 uM CSAR, 100
UM BG-prop (2), pH 6.0, 40 mM MgClz, 37 °C, 7 h). No product formation was detected when resolving the substrate RNA
(trans-setup). D Testing mutation of C7 in kinetic assays for trans constructs under single turnover conditions (1 uM substrate
RNA, 10 uM CSAR, 100 pM BG-prop (2), pH 6.0, 40 mM MgClz, 37 °C, 22 — 24 h). Modification site C7 is marked in blue,
corresponding mutated nucleotides at C7 are depicted in pink. Representative PAGE images for n=2 independent experi-

ments are shown.
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Figure S4. Predicted secondary structure of CSAR. RNA dot-plot of the trans-active ribozyme construct R2 + Rz6 predicted
by Vienna RNAfold.['3] Formation of the new binding arm (BA) between the RNA substrate and the ribozyme is shown in red
circle. Two main alternative structures of the complex R2 + Rz6 extracted from the dot plot are shown on the right. Watson-

Crick base-paired stems are color coded.
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Figure S5. LC-MS analysis of digested benzylated product obtained in alkylation by trans- and cis-active CSAR. A, C Ex-
tracted ion chromatograms (EIC (m/z (M+H*) = 334.14 + 0.02)) of the modified RNA (black) using either trans-active or cis-
active ribozymes and extracted ion chromatograms of synthetic references N*BnC, 2'0-BnC and N3BnC (magenta, orange
and yellow respectively) indicate the N*BnC as the modification site. B, D Extracted ion chromatograms (EIC (m/z (M+H?*)
=334.14 + 0.02)) of the modified RNA (black) using either trans-active or cis-active CSAR and extracted ion chromatograms
(EIC (m/z (M+H*) = 202.10 + 0.02) and EIC (m/z (M*) = 223.10 + 0.02)) calculated for the fragmented ions formed as a
result of fragmentation of either N*-BnC or 2'0-BnC. The new peak emerged in EIC (m/z (M+H*) = 202.10 + 0.02)) calculated
for the modified base supports N*BnC as the modification site. Digestion of the benzylated product for LC-MS was performed
in (n=2) independent experiments for both trans- and cis-ribozymes. E Reaction schemes of fragmentation for N*BnC and
2'0-BnC.

20



>
w
O

100 100 100
X 1 X X 80
5 80 -~ 80 - 80
8 | 8 : 8
5 60 T 60 g 604
1S 1 1S 1S
c 40 c 404 c 404
k] ] Kol Re)
© 1 e pH6.0 S 4| S ]
g 204 pH7.5 g 20 g 20/
o 0 e —— 0 —————————————
0 300 600 900 1200 0 10 20 30 40 50 60 0 200 400 600 800 1000 1200
time, min time, min time, min
D
NN OCH, N \/N\©\0/\\ /\©V N SN
< I < L A < I L
NN NH NTNTNH, PNk, NN NH,
BG-OCH3 (6) BG-Oprop (7) BG-prop (2) (5)
——— time el time time t||r:1)1e
P P = P ——
S S = (S ow-
S8 @ S @min S 85 © S @min 0124722h 0124722h
o
E — @ .4 “©\
Cofactor |k, (*107%, min™) < U (’
"6 21 NH2 H N™ "NH; NHZ
° 7 17 .
v 2 0.61 Bn°G (3) 4) BG-CF; (8)
5 0.56 Ml
* 3 022 - ——8) i . P e tiME
el et el |
° 8 - S R -S
012 4722 h 012 4 722h 012 4722hn
F 100 G 40 mM , 20 mM _
BG-0 - — timE - — tiME
> 80 . “oprop P P
3 v w S S
f‘g 60 . QQ,'\%\‘{: 9 QP min QQ,'\b\‘{a 9 QP min
40 1 5mM
5 °40mM 10mM time Am time
B * 20 mM - —
8 204 v 10 mM : p s E
- 5 s el
0 S — .
0 20 40 60 80 100 120 QQ(\@ » 2 Qo Pmin 0 QPP PP Min

time, min

Figure S6. Kinetic characterization and cofactor scope of CSAR. A Comparison of alkylation reaction rate of a 22-mer RNA
substrate (Tr3) by the ribozyme (Rz6) at pH 6.0 over pH 7.5 under single turnover conditions (100 uM 2, 40 mM MgClz,
37 °C for 22 h). Data represent mean values of (n=3) independent experiments. B, C Comparison of fraction modified (%)
for the alkylation reaction by trans- Rz6 in the complex with Tr3 using various O®%-modified guanine cofactors under single
turnover conditions (1 uM Tr3, 10 uM Rz6, 100 uM cofactor, pH 6.0, 40 mM MgClz, 37 °C, 1 h (for fast reactions) or 22 h
(for slow reactions)). Data represent mean values of (n=3) independent experiments for BG-prop and (n=2) independent
experiments for all other cofactors. D, G Representative PAGE images of kinetic assays obtained from alkylation reactions
of a 22-mer RNA substrate (Tr3) by CSAR using different O8-modified guanines (D) and various MgCl2 concentrations (G)
under single turnover conditions (1 uM Tr3, 10 uM Rz6, 100 uM cofactor (D) / 7 (G), pH 6.0, 37 °C, 1 h (for fast reactions)
or 22 h (for slow reactions) in D / 1 h (for reactions with 40-10 mM MgClz) or 2 h (for the reaction with 5 mM MgClz)) in G.
MgClz at 40 mM (D) or at different concentration (G) was used. Data represent mean values of (n=3) independent experi-
ments for G and for cofactor 7 in D and those of (n=2) for all other cofactors in D. E Overview of kobs values obtained from
B and C. F Comparison of fraction modified (%) for alkylation reactions by trans-CSAR in the complex with Tr3 using different
concentrations of MgClz: 40 mM, 20 mM, 10 mM, 5 mM under single turnover conditions (1 uM Tr3, 10 uM Rz6, 100 pM
cofactor, pH 6.0, 37 °C, 1 h (for reactions with 40 mM, 20 mM, 10 mM of MgCl2) or 2 h (for the reaction with 5 mM MgCl>).
Data represent mean values of (n=3) independent experiments for all MgCl2 concentrations.
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Figure S7. Concentration-dependence and competition of cofactor 2 and 8. A PAGE images of the alkylation reaction by
CSAR (Rz6) using Tr3 and the cofactor BG-prop (2) in the presence of BG-CFs3 (8) under single turnover conditions (1 uM
RNA, 10 uM CSAR, 100 uM 2, 20 uM / 100 uM/ 500 pM 8, pH 6.0, 40 mM MgCl,, 37 °C, 22 h). B Fraction modified (%) over
time from the conditions in A. C Fraction modified (%) over time for the alkylation reaction by CSAR (Rz6) using 22-mer
substrate RNA (Tr3) and the cofactor 2 at different concentrations under single turnover conditions (1 uM RNA, 10 uM CSAR,
20/100/400 pM (2), pH 6.0, 40 mM MgCl,, 37 °C, 22 h). D. Representative PAGE images for data shown in C. The PAGE
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image for the reaction at 100 uM of 2 is shown in Figure S6D.
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Figure S8. Comparison of the reaction rate of CSAR-catalyzed RNA alkylation using substrate RNAs with different binding
arms. A Kinetic assay of the alkylation reaction by CSAR (Rz5 and Rz6) using R1 (left, gray) and R2 (right, lilac), respectively,
analyzed on anion-exchange HPLC at 260 nm (10 uM RNA, 11 uM CSAR, 100 uM (7), pH 6.0, 40 mM MgCl., 37 °C). B
Chemical formula of the cofactor used in A. C Comparison of fraction modified (%) for the alkylation reaction shown in A.
Data represent mean values of (n=2) independent experiments.
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Figure S9. Installation of clickable moiety using BG-Oprop by CSAR for Cu-catalyzed click reaction. A Schematic represen-
tation of the RNA modification and labeling mediated by CSAR. The modification site, cytidine, is shown in a blue sphere
and a fluorophore is depicted with an ocher star. B Representative gel image for RNase T1 digestion and alkaline hydrolysis
of 5'-32P-labeled reaction product (P) generated by the engineered trans-ribozyme using BG-Oprop (7) and those of unmod-
ified substrate RNA (S) shown in comparison. The identified modification site, cytidine, is marked bold blue. C Schematic
representation of the 23-mer substrate RNA (R1) annealed to the corresponding CSAR variant (Rz5) and modified with 7
(100 puM 7, 40 mM MgClz, 16 h, 37 °C) and subsequently labeled with the 6-FAM-N3 via CUAAC. Variable substrate binding
arm is depicted in gray (R1) Representative PAGE images of the labeling reaction indicating the labeled product and de-
convoluted HR-ESI-MS of the 23-mer substrate RNA (R1, gray), isolated modified product (blue) and product labeled with
6-FAM-N3 (ocher) are shown. D. Schematic representation of the 22-mer substrate RNA (R2) annealed to the corresponding
CSAR variant (Rz6) and modified with 7 (100 uM 7, 40 mM MgClz, 1 h, 37 °C) and further labeled with the Cy5Ns via CUAAC
(pink star). Variable substrate binding arm is depicted in lilac (R2). Representative PAGE images (overlay of Cy5 (red) and
FAM (green) channels) of the labeling reaction indicating the labeled product (in red) are shown.
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Figure S10. Anion-Exchange HPLC analysis of purified RNAs prepared by solid phase synthesis and isolated RNA products
prepared by CSAR-catalyzed alkylation reaction. A — B UV traces (260 nm) of unmodified substrate RNAs: R1 (A), R2 (B).
C — E. UV traces (260 nm) of unmodified substrate RNA (R1) and isolated products modified with CSAR (Rz5) using BG-
prop (C), BG-Oprop (D), and BnéG (E) as cofactors. For R1 modified with Bn®G (E), reaction was incomplete and modified
and unmodified RNAs were not separable by 15% PAGE, hence a mixture of modified and unmodified RNAs was isolated
and injected into an anion-exchange HPLC.
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