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Summary

Nearly all classes of coding and non-coding RNA undergo post-transcriptional modification 

including RNA methylation. Methylated nucleotides belong to the evolutionarily most conserved 

features of tRNA and rRNA.1,2 Many contemporary methyltransferases use the universal cofactor 

S-adenosylmethionine (SAM) as methyl group donor. This and other nucleotide-derived cofactors 

are considered as evolutionary leftovers from an RNA World, in which ribozymes may have 

catalysed essential metabolic reactions beyond self-replication.3 Chemically diverse ribozymes 

seem to have been lost in Nature, but may be reconstructed in the laboratory by in vitro selection. 

Here, we report a methyltransferase ribozyme that catalyses the site-specific installation of 1-

methyladenosine (m1A) in a substrate RNA, utilizing O6-methylguanine (m6G) as a small-

molecule cofactor. The ribozyme shows a broad RNA sequence scope, as exemplified by site-

specific adenosine methylation in tRNAs. This finding provides fundamental insights into RNA’s 

catalytic abilities, serves a synthetic tool to install m1A in RNA, and may pave the way to in vitro 
evolution of other methyltransferase and demethylase ribozymes.

More than 70 different methylated nucleotides play important functional roles in present-day 

RNA.4,5 Mostly known for shaping the structures and tuning the functions of non-coding 

rRNA, tRNA, and snRNA, some modifications also influence gene expression programmes 

by regulating the fate and function of mRNA.6–8 The majority of methylated nucleotides 

currently known in RNA are installed by post-synthetic (i.e., post- or co-transcriptional) 

methylation by protein enzymes that use S-adenosylmethionine (SAM) as the universal 

methyl group donor. Methyl transferases are considered ancient enzymes, and methylated 

nucleotides are also discussed as molecular fossils of the early Earth produced by prebiotic 

methylating agents.9,10 In an era preceding modern life based on DNA and proteins, RNA 

was thought to function both as primary genetic material and as catalyst.11 Ribozymes have 
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been discovered in Nature, where they catalyse RNA cleavage and ligation reactions, mostly 

in the context of RNA splicing and retrotransposition.12–14 In vitro selected ribozymes have 

been evolved as RNA ligases and replicases that are able to reproduce themselves or their 

ancestors, and are able to produce functional RNAs, including ribozymes and aptamers.15–17 

Self-alkylating ribozymes have been described using reactive iodo- or chloroacetyl 

derivatives,18–20 or electrophilic epoxides,21 but the design of earlier in vitro selection 

strategies prevented the emergence of catalysts capable of transferring a one-carbon unit. 

Thus, ribozymes that catalyse RNA methylation have so far remained elusive. This lack of 

methyltransferase ribozymes seems surprising, since numerous natural aptamers are known 

to specifically bind nucleotide-derived metabolites associated with methyl group transfer or 

one-carbon metabolism, including SAM, methylene tetrahydrofolate (THF), and 

adenosylcobalamin (vitamin B12)).22,23 These aptamers are found as components of 

riboswitches that regulate the expression of associated genes, often involved in the 

biosynthesis of the respective metabolite or its transport across membranes.24 Interestingly, 

six different classes of SAM-binding riboswitches accommodate the ligand with its reactive 

methyl group in various different conformations.25,26 However, these RNAs apparently 

avoid self-methylation.

Therefore, it remained an open question if RNA can catalyse site-specific methylation 

reactions to produce defined methylated RNA products. Previously, in vitro selection efforts 

have identified SAM-binding aptamers, but methyl transfer reactions were not observed, 

likely because the aptamer established a binding site for the adenine moiety of the cofactor 

but did not specifically interact with the 5’ substituent.27

We speculated that alternative methyl group donors other than SAM or methylene-THF 

could be substrates for RNA-catalysed RNA methylation, and took inspiration from an 

enzyme class that is responsible for repair of alkylated DNA, i.e. catalyses demethylation of 

DNA. The O 6-methylguanine-DNA methyltransferase (MGMT) releases unmodified 

guanine, accompanied with irreversible methylation of the protein.28 In analogy, we 

hypothesized that RNA-catalysed methyl transfer would result in methylated RNA upon 

release of guanine. Using in vitro selection, we identified a ribozyme that utilizes O 6-

methylguanine (m6G) as a small molecule methyl group donor and catalyses site-specific 

methylation of adenosine at position N1, resulting in position-specific installation of 1-

methyladenosine (m1A) in the target RNA (Fig. 1a).

Search for methyltransferase ribozymes

In vitro selection is a powerful method to enrich functional RNAs by repeated cycles of 

selection and amplification from a random RNA library. We used a structured RNA pool 

containing 40 random nucleotides that was designed according to our previously used 

strategy to direct RNA-catalysed labeling of a specific adenosine in a target RNA.29,30 RNA 

methylation would most likely occur at an O or N nucleobase heteroatom, on the 2'-OH 

group or on the phosphate backbone. In either case, attachment of a single methyl group 

would hardly enable physical separation of the active sequences based on size or charge.
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Therefore, we searched for alkylating ribozymes that catalysed the transfer of a biotin group 

attached via a benzyl linker to the target RNA, and speculated that resulting ribozymes could 

later be engineered to enable RNA methylation. After incubation with biotinylated O 6-

benzylguanine, the biotinylated products were separated via streptavidin/neutravidin affinity 

purification on magnetic beads, and the enriched candidates were amplified by reverse 

transcription and PCR. Then, in vitro transcription with T7 RNA polymerase provided the 

enriched library that was used in the next round of selection (the in vitro selection scheme is 

shown in Extended Data Fig. 1). Two alkyltransferase ribozyme candidates were identified 

after 11 rounds of in vitro selection, named CA13 and CA21 that contained a predicted 

internal hairpin structure with a partially complementary stem, and showed high sequence 

similarity in the flanking regions (Fig. 1b). Both ribozymes were able to catalyse alkylation 

of the target RNA in a bimolecular setup (referred to as trans activity), in which the 

ribozyme and the target RNA interacted via Watson-Crick base pairing. Moreover, the biotin 

moiety was not essential: fast and efficient alkylation of the target RNA was achieved with O 
6-(4-aminomethylbenzyl)guanine (BG-NH2) as well as with O 6-benzylguanine (BG) (Fig. 

1b). Inspired by the natural or engineered promiscuity of protein methyltransferases that 

tolerate SAM cofactors with extended alkyl groups,31,32 we examined the opposite direction 

for the in vitro selected ribozyme and asked if the transferred alkyl group could be a simple 

methyl group, i.e. if O 6-methylguanine could serve as cofactor for the new ribozyme. The 

target RNA (and the Watson-Crick binding arms of the ribozyme) were shortened to 

simplify the analysis of the reaction product. The predicted stem in the ribozyme core was 

stabilized and an extrastable UUCG tetraloop was introduced. The engineered ribozyme 

(called MTR1, Fig. 1c) used a 13-nt or a 17-nt RNA as target and m6G as cofactor to 

generate methylated RNA products in >80-90% yield after 23 h incubation at 37°C, pH 7.5. 

The reaction rate was dependent on m6G concentration with an apparent K m of ca 100 µM. 

The presence of the stem-loop in the core of MTR1 was confirmed by compensatory 

mutations of individual base-pairs, which retained catalytic activity. The stem was shortened 

with only slightly reduced activity while deletion of the stem resulted in inactive ribozymes 

(Extended Data Fig. 2). RNA structure probing (by DMS and SHAPE chemistry) also 

confirmed the overall architecture of the ribozyme (Extended Data Fig. 3).

The RNA-catalysed reaction was strictly dependent on m6G as demonstrated by control 

experiments in which m6G was replaced by DMSO or guanine (Fig. 1d). Residual activity 

was observed with O 6-methyl-2'-deoxyguanosine (m6dG), while S 6-methylthioguanine 

(ms6G), O6- methylhypoxanthin (m6H), N 6-methyladenine (m6A), and SAM could not 

serve as methyl group donors under the conditions tested. Surprisingly, the methylated 

product (P) was easily separable from the unmodified RNA (S) by denaturing PAGE (Fig. 

1c,d) and anion exchange HPLC (Fig 2a). Addition of a single methyl group to the target 

RNA was confirmed by high resolution electrospray ionisation mass spectrometry (HR-ESI-

MS, Fig. 2b).

Identification of the methylation product

The next goal was to identify the chemical constitution of the methylated RNA product. The 

first indication that the reaction happened at the bulged adenosine was obtained with 

mutated target RNAs, since RNA substrates with adenosine changed to guanosine, inosine or 
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cytidine were not modified (Extended Data Fig. 4). Adenosine has several possible 

nucleophilic positions, and several isomeric methylated adenosines are known as native 

RNA modifications, including N 6-methyladenosine (m6A), 1-methyladenosine (m1A), and 

2'-O-methyladenosine (Am). Other possible methylation sites are N7, N3 and the non-

bridging oxygen atoms of the phosphodiester backbone. Atomic mutagenesis with various 

modified adenosines in the target RNA revealed the substrate requirements (Fig. 2d). These 

reactions were performed with BG-NH2, since the larger electrophoretic shift upon transfer 

of a 4-aminomethylbenzyl group simplified the analysis. RNA oligonucleotides with 2'-

deoxyadenosine (dA) or 2'-O-methyladenosine (Am), as well as 3'-methylphosphate (P-

OCH3) and 3'-methylphosphonate (P-CH3) linkages were tolerated, and disclosed that the 

reaction occurred on the nucleobase. This conclusion was further corroborated by alkaline 

hydrolysis and RNase T1 digestion of the isolated product P, which revealed the presence of 

the cleavage product at the bulged adenosine and up-shifted digestion products beyond this 

position (Fig. 2c), while alkylation at the 2'-OH would have caused a missing band in the 

hydrolysis pattern. Instead, an extra hydrolysis band was observed close to the adenosine 

position, which could not be explained by counting the number of nucleotides. To solve this 

puzzle, additional hints were collected from the analysis of ribozyme-catalysed alkylation of 

RNAs containing different nucleobase analogues (Fig. 2d, Extended Data Fig. 4).

The observation that 2-aminopurine (2AP) and purine (P) could not be efficiently alkylated 

suggested that the N 6-amino group is essential, in contrast to N7 and N3, both of which 

could be removed individually without compromising the alkylation efficiency. In contrast, 

the RNA with N1,N3-dideaza-adenosine was not alkylated. These results narrowed down the 

possible reaction sites to N 6 or N1 of adenosine. This conclusion was supported by the 

observation that synthetic RNAs that contained either m6A or m1A could not be further 

alkylated by the ribozyme (Fig. 2d). The retarded electrophoretic mobility of m1A-RNA 

compared to m6A-RNA is attributed to the positive charge on the m1A nucleobase. Indeed, 

m6A-modified and unmodified 13-nt RNA could not be separated by PAGE or anion 

exchange HPLC, in contrast to the reaction product, which was observed as a separated 

band/peak in both assays, suggesting that the MTR1 reaction product indeed contained m1A. 

The presence of m1A also explained the extra band in the alkaline hydrolysis lane: m1A is 

susceptible to Dimroth rearrangement under alkaline conditions, resulting in partial 

formation of m6A and an additional hydrolysis band with distinctly different migration. 

Comparison of the alkaline hydrolysis patterns of the MTR1 product with authentic 

reference RNAs containing m6A and m1A confirmed this conclusion (Fig. 2c). Furthermore, 

Dimroth rearrangement was induced by incubation of the MTR1 reaction product at pH 10, 

65°C for 1 h, resulting in >60% conversion to m6A without concomitant hydrolysis of the 

RNA backbone (Fig. 2e). In combination, these results firmly establish m1A as the sole 

product of MTR1-catalysed RNA methylation using m6G as methyl group donor.

RNA-catalysed tRNA methylation

The methylated nucleoside m1A is a native tRNA modification that is found in all domains 

of life at positions 9, 14, 22, 57/58, and is installed by two distinct families of 

methyltransferases that use SAM as cofactor (SPOUT family and Rossman-fold MTases).33 

We asked if the methyltransferase ribozyme MTR1 could install m1A on in vitro transcribed 
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tRNA. The prerequisite for such an application is a general RNA sequence scope of the 

ribozyme. Therefore, we first examined the ability of MTR1 to catalyse alkylation of 

transition and transversion mutants of the parent target RNA, and checked if the flanking 

guanosines could also be mutated (Extended data Fig. 4). All tested RNA substrates were 

alkylated, although with varying efficiency between 10 and 90%, suggesting GAG and AAG 

as preferred methylation sites. Next, we chose three natural tRNA sequences that contain 

m1A flanked by purines and synthesized 13-nt tRNA fragments enclosing the m1A site. 

Utilizing MTR1 derivatives with binding arms complementary to these tRNA fragments, the 

corresponding methylated RNAs were obtained upon incubation with m6G (Extended Data 

Fig. 5). These results encouraged us to test MTR1 on full-length tRNAs which were 

prepared by in vitro transcription. We chose to target m1A at position 9 of Rattus norvegicus 
tRNALys, m1A at position 22 of Bacillus subtilis tRNASer, and m1A at position 58 of 

Thermus thermophilus tRNAAsp (Extended Data Fig. 5). The synthetic tRNAs were 

annealed with the corresponding ribozymes, and the incubation with m6G was carried out 

for 22 h. All three synthetic tRNAs were successfully methylated by the corresponding 

MTR1 ribozymes (Fig. 3b), as revealed by the strong abort bands in primer extension 

experiments, in which m1A blocks the reverse transcriptase (RT).

Successful methylation of in vitro transcribed tRNA stimulated the test of MTR1 for specific 

methylation of one target tRNA in total E. coli tRNA, since m1A has not been found as 

natural modification in E.coli tRNAs.34,35 After treatment with MTR1 and m6G, primer 

extension assays with six different tRNA-specific primers confirmed methylation of the 

target tRNAAsp at A58, while other tRNAs with highly similar TΨC-stem-loop sequences 

(tRNAGlu, two tRNAsGly, tRNASer, and tRNAHis) were not methylated (Fig. 3c, Extended 

Data Fig. 6). Additionally, m1A was unequivocally detected by LC-MS in the total tRNA 

nucleosides of MTR1-treated total E.coli tRNA, but not in native E.coli tRNA (Fig. 3d).

To investigate the potential for future application of MTR1 in vivo, we designed plasmids 

for expression of MTR1 in E. coli. One construct contained the cis-active MTR1 ribozyme 

in the stabilizing F30 scaffold together with the fluorogenic aptamer Broccoli,36 which was 

used to confirm ribozyme expression by staining with DFHBI (Fig. 4a). Successful 

methylation was shown by primer extension and LC-MS after incubation of isolated total 

E.coli RNA with m6G (Extended Data Fig. 7). These results confirm the correct folding of 

the ribozyme in the Broccoli-F30 construct. Direct in situ methylation was limited by the 

availability of m6G and the required Mg2+ level in E.coli. A second plasmid contained a 

trans-reactive F30-Broccoli-MTR1 construct that was targeted against E.coli tRNAAsp and 

the corresponding transcript was tested on total E.coli tRNA (Fig. 4b). Primer extension 

assays with the E. coli tRNA-specific primers mentioned above confirmed that the 

specificity of the MTR1 ribozyme was maintained when incorporated into the F30 scaffold 

(Extended Data Fig. 8). These results establish the MTR1 ribozyme as a promising tool for 

installation of m1A at a specific target RNA, and may thereby aid in the validation of 

predicted and controversially discussed m1A sites in eukaryotic mRNAs,37,38 and enable 

studying of m1A biology (readers and erasers) in RNAs for which corresponding 

methyltransferase enzymes have not yet been identified.39,40 Moreover, we notice that these 

ribozymes could serve as highly promising tools for site-specific labeling of RNA, using 
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fluorescently labeled benzylguanine derivatives as cofactors for RNA-catalysed RNA 

alkylation.

Conclusions

In summary, we report the first ribozyme with methyltransferase activity for the site-specific 

methylation of adenosine. Surprisingly, the methyl group donor for the MTR1 

methyltransferase ribozyme is a simple methylated nucleobase. Conceptually, the ribozyme 

mimics RNA-guided RNA methylation by RNA-protein complexes, such as CD box RNPs 

involved in 2'-O-methylation of ribosomal RNA.41 Here, the ribozyme combines both 

functions - guide and enzyme - in a single molecule of RNA. The cofactor binding site in the 

catalytic core of the in vitro selected ribozyme may imitate the binding site of guanine / m6G 

in purine riboswitches.42,43 Thus, it is conceivable that methyltransferase ribozymes could 

be evolved from riboswitch RNAs that are known to bind modern methyltransferase 

cofactors, including SAM and THF derivatives. Given the activity of MTR1 with m6dG, it 

seems likely that an analogous ribozyme activity can be evolved to catalyse removal of a 

methyl group from RNA (or DNA), thus mimicking repair enzymes of alkylation damage 

response pathways. Such imaginary RNA repair ribozymes could have been beneficial 

catalysts in an RNA world, aiding the evolution of RNA replicases by releasing mutagenic 

methylation blocks that originated from environmental damage and interfered with faithful 

Watson-Crick base pairing. Our work also demonstrated that MTR1 enables site-specific 

synthesis of m1A in defined RNA targets. Thus, the reported findings have implications for 

scrutinizing the evolution of catalytic RNA as well as studying fundamental aspects of RNA 

methylation in contemporary biology.

Methods

RNA synthesis

RNA oligonucleotides were prepared by solid-phase synthesis using phosphoramidite 

chemistry (2'-O-TOM-protected) on controlled-pore glass solid supports.44 RNA/DNA 

sequences are given in Supplementary Table 1. Modified phosphoramidites for atomic 

mutagenesis and synthesis of reference oligonucleotides were purchased or prepared in 

house, following published procedures.45–47 RNA oligonucleotides were deprotected with 

ammonia/methyl amine (AMA), followed by 1M tetrabutylammonium fluoride in THF, 

desalted and purified by denaturing polyacrylamide gel electrophoresis. Mild deprotection 

conditions were used for m1A RNA (3.5 M NH3 in MeOH, at 25°C for 72 h) to avoid 

Dimroth rearrangement during deprotection, and for methylphosphate-modified RNA (0.05 

M K2CO3 in MeOH at 25°C for 7 h) to avoid loss of the phosphotriester. Quality of RNAs 

(purity and identity) was analysed by anion exchange HPLC (Dionex DNAPac PA200, 

2x250 mm, at 60 °C. Solvent A: 25 mM Tris-HCl (pH 8.0), 6 M Urea. Solvent B: 25 mM 

Tris-HCl (pH 8.0), 6 M Urea, 0.5 M NaClO4. Gradient: linear, 0–40% solvent B, 4% solvent 

B per 1 CV) and HR-ESI-MS (micrOTOF-Q III, negative mode, direct injection). Measured 

and calculated masses are listed in Supplementary Table 2.

Unmodified RNA substrates and tRNAs were prepared by in vitro transcription with T7 

RNA polymerase (prepared according to ref48 with minor modifications) from synthetic 
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DNA templates (purchased from Microsynth), following standard procedures with 4 mM 

NTPs and 30 mM MgCl2.29

In vitro selection

The DNA template for in vitro transcription of the initial RNA library was assembled from 

two DNA oligonucleotides (D2+D3, N40: A:C:G:T=1:1:1:1) by overlap extension using 

Klenow fragment with the sequence of the connecting loop acting as the overlapping region. 

The dsDNA template (450 pmol) was used for in vitro transcription with T7 RNA 

polymerase in a final volume of 450 μl. For the first selection round, 3.3 nmol RNA pool 

(containing 10% 3'-fluorescently labeled RNA, obtained by sodium periodate oxidation and 

reaction with Lucifer yellow carbohydrazide, according to ref25) were folded in selection 

buffer (120 mM KCl, 5 mM NaCl, 50 mM HEPES, pH 7.5; 3 minutes at 95 °C, then 10 

minutes at 25 °C). Biotinylated O 6-benzylguanine (SNAP-biotin, New England Biolabs) 

and MgCl2 were added (100 μM and 40 mM final concentrations, respectively) to a final 

reaction volume of 60 μL and the reaction mixture was incubated at 37 °C for 16 h. In 

subsequent rounds, the incubation time, the amount of RNA, and the concentration of the 

biotinylated substrate were reduced in order to increase the selection pressure. After 

precipitation by ethanol, the biotinylated RNA were captured using either neutravidin- or 

streptavidin-coated magnetic beads (Dynabeads, Thermo Fisher Scientific, ca 1 nmol RNA 

per mg of beads), eluted with formamide, and amplified by RT-PCR, following established 

procedures.29,30 In vitro transcription was performed (total volume of 100 μL), followed by 

PAGE purification to prepare the enriched RNA library for the next selection round. After 11 

rounds of selection, the library was cloned (TOPO-TA cloning), and ribozymes generated 

from randomly picked colonies were examined for catalytic activity (by streptavidin gel shift 

assay on native PAGE) and sequenced. Three sequence families were identified 

(Supplementary Data Table 3), two of which retained catalytic activity in trans (i.e. in an 

intermolecular setup upon removing the connecting loop between binding arm and substrate 

sequence), named CA13 and CA21.

Kinetic assays of RNA-catalysed RNA methylation reactions

Single-turnover assays were performed as described previously with a 10-fold excess of 

ribozyme over the target RNA.29 Briefly, 10 pmol (32P- or fluorescein-labeled) RNA target 

were mixed with 100 pmol of the corresponding ribozyme in 10 μL of selection buffer (120 

mM KCl, 5 mM NaCl, 50 mM HEPES, pH 7.5) including 100 μM of substrate (BG-NH2, 

BG or m6G) and 40 mM MgCl2. To ensure proper folding and formation of the ribozyme-

substrate RNA complex, an annealing step (3 min at 95°C, 10 min at 25 °C) was performed 

prior to addition of MgCl2 and the small molecule substrate. The mixture was incubated at 

37 °C and 1 μL aliquots were taken at desired time points and quenched immediately by 

adding 4 μL of stop solution. Half of each time point sample was analysed by PAGE (20% 

polyacrylamide), and band intensities were quantified by Phosphorimaging or by 

Fluorescence imaging using blue epi illumination and 530/28 nm emission filter. The yield 

versus time data were fit to (fraction reacted) = Y(1 – e−kt), where k = k obs and Y= final 

yield using KaleidaGraph (4.3) or Origin (2019). All kinetic assays were carried out as three 

independent replicates, and representative gel images are shown. Source data are given in the 

supplementary information.
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Analysis of the RNA methylation products

From a 20 μL methylation reaction with 1 nmol target RNA, 1.2 nmol ribozyme, 100 μM 

m6G and 40 mM MgCl2 at pH 7.5 (120 mM KCl, 5 mM NaCl, 50 mM HEPES) for 21 h at 

37°C, the methylated RNA product was isolated by PAGE, and subjected to HR-ESI-MS 

(Bruker microOTOF-Q III, direct injection), RNase T1 digestion (150 IPS of 5'-32P-RNA 

were digested with 0.5 U RNase T1 in 5 μL 50 mM Tris (pH 7.5) for 30 sec at 37 °C), and 

alkaline hydrolysis (250 IPS of 5'-32P-RNA in 5 μL 25 mM NaOH were incubated at 95°C 

for 5 min). Dimroth rearrangement was examined in a volume of 5 μL with 90 IPS of 5'-32P-

RNA in 25 mM Na2CO3 buffer (pH 10) with 1 mM EDTA at 65 °C or 1 h. After quenching 

with high dye gel loading buffer, the samples were resolved on denaturing PAGE and 

visualized by autoradiography.

tRNA methylation and primer extension assays

In vitro transcribed tRNA (10 pmol) was annealed with the corresponding ribozyme (100 

pmol) and optional disruptor oligo (25 pmol), and then incubated in a final volume of 10 μL 

of 1x selection buffer (120 mM KCl, 5 mM NaCl, 50 mM HEPES, pH 7.5) including 100 

μM of m6G and 40 mM MgCl2, at 25°C for 22 h. Disruptor oligos were used for B. subtilis 
tRNA-Ser and R. norvegicus tRNA-Lys. The unmodified tRNA reference samples were 

prepared analogously, but without addition of m6G. Primer extension stop experiments were 

carried out with 4 pmol of the methylated or the unmodified tRNA, and the appropriate 

5'-32P-labeled primer (100 IPS, ca 4 pmol). After annealing in 5 mM Tris-HCl (pH 7.5) and 

0.1 mM EDTA, the sample was combined with 5 mM DTT, 0.5 mM of each dNTP and 50 U 

of SuperScript III RT (ThermoFisher Scientific) in 1x first strand buffer (50 mM Tris-HCl 

(pH 8.3), 75 mM KCl, 3 mM MgCl2) to yield a final reaction volume of 10 μL. After 

incubation at 55°C for 1 h, the reaction was stopped by adding 1 μL of 2 N NaOH and 

incubation at 95 °C for 5 min. RT primer extension on total E. coli tRNA was carried out for 

105 min at 42 °C using 1 μg total E. coli tRNA, followed by workup as above. The primer 

extension products were recovered by ethanol precipitation, dissolved in high dye solution 

and resolved on 15% or 20% denaturing PAGE. Sequencing ladders were prepared in 

analogy with suitable dNTP/ddNTP mixtures (0.5 mM ddNTP, 0.05 mM corresponding 

dNTP, 0.5 mM each of the other three dNTPs), and analyzed in parallel.

RNA structure probing by DMS and SHAPE

MTR1 (Rz3) hybridized to unreactive 17-nt RNA (R6) in 10 μL selection buffer with MgCl2 

(40 mM) was treated with DMS or 1M7 in absence or presence of m6G (100 μM). For DMS 

probing, 0.5 μL DMS solution (5% in EtOH) was added and incubated for 1 h at 25 °C. The 

reaction was quenched by the addition of 10 μL of 1 M 2-mercaptoethanol and 1.5 M NaCl. 

SHAPE probing was performed by addition of 1 μL 1M7 solution (130 mM in dry DMSO; 

synthesized according to ref49) and 50 min incubation at 37 °C. After ethanol precipitation, 

the modification pattern was analyzed by primer extension as described above, using 5'-32P-

labeled primer (D4).
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Construction of F30-Broccoli-MTR1-containing plasmids and expression in E.coli 

The F30-Broccoli-MTR1 constructs were prepared by overlap extension of synthetic DNA 

oligonucleotides, amplified by PCR and inserted into a pET14 vector using restriction 

enzymes BglII and BlpI. The sequence of the insert and successful ligation into the plasmid 

was confirmed by Sanger Sequencing. The F30-Broccoli-MTR1 plasmid was transformed 

into E. coli BL21(DE3) cells, and expression was induced by addition of 1 mM IPTG. After 

1 h incubation at 37°C, total E.coli RNA was extracted as previously reported.30 A fraction 

(0.5 μg) was analysed by 10% denaturing PAGE, that was stained with a solution of 20 μM 

DFHBI in 100 mM KCl, 5 mM Mg2+, 40 mM HEPES, pH 7.5, for 15 min, and imaged on a 

ChemiDoc imager. Afterwards the gel was stained with Sybr gold and imaged again to 

visualize all RNA and the size marker.

For testing the activity of the F30-Broccoli-MTR1 constructs, 200 ng of total cellular RNA 

was incubated in vitro at 37 °C for 4 h in 10 μL of selection buffer (120 mM KCl, 5 mM 

NaCl, 50 mM HEPES, pH 7.5) including 100 μM m6G or BG and 40 mM MgCl2. Primer 

extension experiments were then performed as described above for probing of the 

modification site.

LC-MS analysis of MTR1-catalyzed methylation

For LC-MS analysis, 30 μg total E. coli tRNA were mixed with 5.4 μg (300 pmol) of tRNA-

Asp-A58-specific ribozyme in 10 μL of selection buffer (120 mM KCl, 5 mM NaCl, 50 mM 

HEPES, pH 7.5) including 100 μM m6G and 40 mM MgCl2. An annealing step (2 min at 

95°C, 10 min at 25 °C) was performed prior to addition of m6G and MgCl2. After 22 h 

incubation at 25 °C the RNA was digested for 18 h at 37°C using 7.5 U bacterial alkaline 

phosphatase and 2.0 U snake venom phosphodiesterase in 40 mM Tris.HCl, pH 7.5 in the 

presence of 20 mM MgCl2. The unmodified reference was generated by digestion of 30 μg 

unmodified E. coli tRNA. After extracting the sample twice with chloroform, the aqueous 

layer was concentrated, and an aliquot was analysed by LC-MS, using an RP-18 column 

(Synergi, 4 μm Fusion-RP C18 80 Å, 250 x 2 mm; Phenomenex) at 25°C with aqueous 

mobile phase A (5 mM NH4OAc, pH 5.3) and organic mobile phase B (100% acetonitrile). 

The flow rate was 0.2 mL/min with a gradient of 0-5% B in 15 min, followed by 5-70% B in 

30 min. The micrOTOF-Q III with an ESI ion source was operated in positive ion mode, 

with capillary voltage of 4.5 kV, end plate offset of 500 V, nitrogen nebulizer pressure 1.4 

bar, dry gas flow 9 L/min, and dry temperature 200 °C. Data were analyzed with Data 

Analysis software DA 4.2 (Bruker Daltonics).

Analysis of F30-Broccoli-cis-MTR1 and F30-Broccoli-trans-tRNA-Asp-MTR1 were 

performed analogously using 200 pmol of in vitro transcribed constructs that were incubated 

at 37°C for 22 h in the presence of 100 μM m6G (cis) or BG (trans). Synthetic reference 

nucleosides m1A, m6A, bn1A and bn6A (synthesized in analogy to literature-known 

procedures),47,50 were injected at a concentration of 50 nM.

Statistics and reproducibility statement

Kinetic experiments for characterization of ribozyme core sequence requirements, to 

determine k obs, m6G and Mg2+-concentration dependence were run as three independent 
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experiments. Kinetic experiments for atomic mutagenesis of RNA substrates were repeated 

twice. All primer extension experiments with in vitro transcribed tRNA were repeated three 

times with similar results. Experiments with isolated E.coli tRNA and total E.coli RNA were 

performed two times with freshly extracted RNA from independent cultures and gave similar 

results. Representative gel images and LC-MS traces are shown in the Figures. Full scans of 

polyacrylamide gels for kinetic analyses are given in Supporting Figure 1.
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Extended Data

Figure 1. Extended Data Figure 1
a. In vitro selection scheme consisting of incubation, capture, wash, elution, amplification 

and transcription steps. The RNA substrate (blue) contains an unpaired adenosine (red, A) 

and is connected to the RNA library via the single-stranded loop (black). The library 

contains 40 random nucleotides (green) and two constant binding arms (cyan) 

complementary to the RNA substrate upstream and downstream of the bulged A. Incubation: 

50 μM RNA, 100 μM SNAP-biotin, 50 mM HEPES, pH 7.5, 120 mM KCl, 5 mM NaCl, 40 
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mM MgCl2, 37°C. (Round 1-8: 16 h; Round 9-11: 4 h; Round 11: 50 μM SNAPbiotin). 

Capture: Beads were blocked with E. coli tRNA; streptavidin and neutravidin beads were 

switched every other round. Denaturing wash buffer: 8 M urea, 10 mM Tris.HCl, pH 7.5, 1 

mM EDTA, 0.01% tween-20; Elution: 95% formamide, 1 mM EDTA, 95°C, 5 min. b. RT-

PCR: 42°C, 30 min, 10 cycles PCR with 1 μM primer D4 and 0.5 μM primer D5. 2nd PCR: 

25 cycles, 5% (v/v) RT-PCR product as template, 1 μM D4 and 0.5 μM D3, 10% (v/v) 

DMSO, annealing temp. 65°C. In vitro transcription: dsDNA template from 200 μL PCR 

reaction, 100 μL reaction volume with 4 mM each NTP, followed by PAGE purification.
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Figure 2. Extended Data Figure 2
Activity of methyltransferase ribozymes: Examination of mutations in the stem-loop. a. 3'-

Fluorescein-labeled R10a tested with 100 μM m6G, b. 5'-Fluorescein-labeled R1 tested with 

100 μM BG-NH2. ON = over night (23 h) c. Kinetics of CA13 (Rz1/Rz1s)-catalysed 

alkylation of R1 using BG-NH2 cofactor. Fraction modified is shown as mean ± stdev (n = 

3), and fit to a monexponential model (Y = Ymax (1 – e–kt), blue), or a biexponential model 

(Y = Ymax (a (1 – e–k1t) + (1 – a) (1 – e–k2t)), black). d. Dependence of MTR1 methylation 

yield on Mg2+ concentration, reactions performed with 100 μM m6G (on R2 with Rz3) at 

37°C. Individual data points are shown as empty symbols (n = 2 for 5 h and 23 h, n = 3 for 7 

h timpoints), and mean is depicted as filled symbol.
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Figure 3. Extended Data Figure 3
RNA structure probing by DMS and SHAPE. MTR1 (Rz3) was annealed with 17-nt RNA 

(R6), treated with dimethylsulfate (DMS) or 1-methyl-7-nitroisatoic anhydride (1M7), in 

presence (+) or absence (−) of m6G, and the modification pattern was analysed by primer 

extension (5'-32P-labeled D4) with Superscript III. DMS probes the accessibility of the 

Watson-Crick face of A and C, while SHAPE with 1M7 probes the flexibility of the 

backbone. Both probing methods confirm the central base-paired stem and reveal the 
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protection of several additional nucleotides (bold). The experiment was repeated three times 

with similar results.

Figure 4. Extended Data Figure 4
Representative gel images of RNA-catalysed alkylation reactions of RNA substrate mutants 

by their corresponding ribozymes with complementary binding arms as listed in 

Supplementary Table 1. a. adenosine point mutations. b. atomic mutagenesis of backbone. c, 

d. atomic mutagenesis of adenosine. e. reactions sites blocked by methylation. f. binding 
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arm mutations outside of GAG. g. point mutations next to target nucleoside A. Reactions 

were performed with 100 μM BG-NH2 (a - e) or SNAP-biotin (f - g) at pH 7.5, 40 mM 

MgCl2, 37°C and repeated two times for each substrate. The parent reaction with adenosine 

was performed with fluorescently labelled and radioactively labelled RNA independently for 

six times.

Figure 5. Extended Data Figure 5
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RNA-catalyzed methylation of tRNAs. a. tRNA sequences studied. b. Synthetic fragments 

and corresponding ribozymes. c. Exemplary gel images for kinetic analysis of MTR1-

catalysed fragment methylation showing quantitative formation of m1A. d. Exemplary HR-

ESI MS of isolated methylated R.norvegicus RNA fragment. e. Full gel images of primer 

extension analyses shown in Fig 3. Representative gel images of three independent 

experiments with similar results.

Figure 6. Extended Data Figure 6
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Specificity of ribozyme for the target tRNA. a. Secondary structure schemes of six E.coli 
tRNAs, with very similar TΨC-stem-loop sequences (drawn without natural modifications). 

Target tRNAAsp in top left corner, with A58 indicated in blue. The nucleotides 

complementary to the binding arms of MTR1-tRNAAsp-A58 (Rz23) are shown in bold. The 

purple nucleotides indicate mismatched positions with the binding arms. b. Full gel image of 

primer extension analysis on total E.coli tRNA with six different primers, shown in Fig. 3c. 

Primer extension analyses were repeated twice.
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Figure 7. Extended Data Figure 7
Plasmid-encoded cis-active ribozyme. a. Schematic depiction of F30-Broccoli-cis (FBC)-

MTR1 construct. b. Dot plot for FBC-MTR1 generated by Vienna RNAfold (http://

rna.tbi.univie.ac.at/), indicates high probability of folding into the designed structure. c. LC-

MS analysis of SVPD/BAP-digested FBC-MTR1 in vitro transcript after reaction with m6G. 

Extracted ion chromatogram (EIC) for detection of MH+ 282.11±0.05 (methylated 

adenosines) shows production of m1A, and m6A to a small extent (due to partial Dimroth 

rearrangement during digestion). Bottom trace for synthetic references m1A and m6A (50 

nM each), is same as shown in Fig 3d. d. Primer extension stop assays also confirm activity 

of FBC-MTR1 transcribed in vitro and in vivo, in the presence of total E.coli RNA. Left: full 

gel image shown in Fig. 4a for in vitro transcribed FBC-MTR1. Right: primer extension on 

total E.coli RNA, isolated 1 h after IPTG induction, and incubated with indicated m6G or 

BG concentration in vitro. These experiments were independently repeated two times with 

similar results.
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Figure 8. Extended Data Figure 8
Plasmid-encoded trans-active ribozyme. a. Schematic depiction of F30-Broccoli-trans 
(FBT)-MTR1 with specific binding arms for E.coli tRNA-Asp (A58). b. Primer extension 

stop assays confirm the activity and specificity of the FBT-MTR1 in vitro transcript. Left: 

full gel image shown in Fig. 4b for FBT-MTR1 reacted with m6G and BG on total E.coli 
tRNA. Right: primer extension on BG-treated sample with six different E.coli tRNA-specific 

primers (P4-P9), repeated twice. c. LC-MS analysis after digestion of total E.coli tRNA 

treated with FBT-MTR1 and BG (same sample as for right gel image). EIC for MH+ 282.11 
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(methylated adenosines) and 298.11 (methylated guanosines) demonstrate the presence of 

natural tRNA modifications. EIC 358.11 in comparison to reference nucleosides bn1A and 

bn6A shows bn-modified adenosines produced by FBT-MTR1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Methyltransferase ribozyme-catalysed synthesis of m1A in RNA using m6G as methyl 
group donor.
a. Reaction scheme with intermolecular hybridization of ribozyme to target RNA. b. 

Sequences and predicted secondary structure of CA13 and CA21 ribozymes identified by in 
vitro selection, and their trans-activity for modification of a 22-nt RNA (Sl) with BG-NH2 or 

BG, analysed by 20% denaturing PAGE (100 µM guanine derivative, 40 mM MgCl2, pH 7.5, 

37°C, timepoints 0, 0.5, 1, 2, 5 h). Representative images of three independent experiments 

with similar results. c. Methyltransferase ribozyme MTR1 with stabilized stem-loop shows 

efficient methyl group transfer. The insert shows a gel image of a 3'-fluorescein-labeled 13-

mer RNA substrate (S) reacted with MTR1 and m6G (100 µM). k obs was determined with a 

3'-fluorescein-labeled 17-mer RNA at five m6G concentrations ranging from 5–200 µM. The 

red line represents a curve fit to k obs = k max[m6G]/(k m,app+[m6G]). Individual data points 

(white, n = 3), mean ± s.e.m. (black). d. Structures of m6G analogues tested. Gel image 

shows that product formation only occurs with m6G, and to a minor extent with m6dG (24 h 

reaction time, 25°C, with 100 µM m6G or analog). Representative image from two 

independent experiments. DMSO = dimethyl sulfoxide, G = guanine, SAM = S-

adenosylmethionine.
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Fig. 2. Reaction product characterization.
a. Anion exchange HPLC analysis of MTR1-catalysed reaction of 13-mer RNA substrate S 

(5'-AUACUGAGCCUUC-3') with m6G at 25°C for 23 h; 10 μM RNA (S), 12 μM MTR1, 

100 μM m6G, 40 mM MgCl2, pH 7.5. The ribozyme is labeled with Rz, the substrate RNA S 

and the reaction product P. HPLC traces of reference oligonucleotide S (= ref A), and the 

corresponding m6A and m1A-modified synthetic RNAs are shown for comparison. m1A-

RNA elutes earlier, while A and m6A-RNAs cannot be distinguished. b. HR-ESI-MS of S* 

(top) and P* (bottom). Shown are the measured m/z spectra, the deconvoluted mass 
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spectrum in red, and the simulated isotope pattern in grey (* denotes 3'-aminohexyl RNA) c. 

RNase T1 digestion and alkaline hydrolysis of reaction product P in comparison to S, m6A 

and m1A references demonstrate that P contains m1A. d. Atomic mutagenesis of RNA 

substrate. Individual data points (n = 6 for A, n = 2 for all others) and average (grey bar) 

shown. white: 17 nt RNAs, blue: 13 nt RNAs. Gel images and detailed description in 

Extended Data Fig. 4. e. Incubation under Dimroth rearrangement conditions (pH 10, 65°C, 

1 h) produced m6A from m1A, as seen in the + lanes of m1A reference and MTR1 reaction 

product P.
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Fig. 3. MTR1-catalysed methylation of tRNA.
a. Native m1A sites at positions 9, 22 and 58 are shown in a generic tRNA scaffold. b. In 
vitro transcribed tRNAs were incubated with the corresponding complementary ribozymes 

in presence (+) or absence (−) of m6G. The installation of m1A was probed by primer 

extension experiments. Primer binding sites are indicated on the tRNA scheme. Sequencing 

reactions were run in parallel to assign the position of the abort bands. c. Total E.coli tRNA 

was incubated with a tRNAAsp-A58-specific MTR1, and specific methylation of tRNAAsp 

was probed by primer extension with six tRNA-specific primers P4-P9. Sequences of tRNAs 
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are given in Extended Data Fig. 6. d. LC-MS analysis of MTR1-catalyzed methylation of 

total E.coli tRNA. Extracted ion chromatograms (EIC, detecting MH+ (m/z 282.11±0.05), 

corresponding to methylated adenosines) are shown for digested tRNAs (before and after 

treatment with MTR1), and for synthetic m1A and m6A nucleosides.
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Fig. 4. Plasmid-encoded cis- and trans-active MTR1.
a. F30-Broccoli-cis (FBC)-MTR1 (modification site indicated as red dot) is transcribed in 

E.coli. Total RNA isolated 1h after IPTG induction, analysed on PAGE next to an in vitro 
transcribed reference and a size marker, and stained by DFHBI (10% denaturing PAGE, 20 

μM DFHBI) and Sybr gold. Both the in vitro and in vivo transcripts contain an active MTR1 

ribozyme, as revealed by the primer extension stops after incubation with m6G or BG (here 

with in vitro transcript and primer P10, data with in vivo transcript shown in Extended Data 

Fig. 7). b. F30-Broccoli-trans (FBT)- MTR1 with binding arms specific for hybridization to 

E.coli tRNAAsp. The activity was reduced with m6G but retained with BG. Formation of 1-

benzyladenosine was confirmed by LC-MS and specifically detected only in tRNAAsp 

(Extended Data Fig. 8).
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