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Abstract

RNA-catalysed RNA methylation was recently shown to be part of the catalytic
repertoire of ribozymes. The methyltransferase ribozyme MTRI1 catalyses the site-
specific synthesis of 1-methyladenosine (m'A) in RNA, using O°methylguanine
(m°G) as methyl group donor. Here we report the crystal structure of MTRI1 at a
resolution of 2.8 A, which reveals a guanine binding site reminiscent of natural
guanine riboswitches. The structure represents the postcatalytic state of a split
ribozyme in complex with the m'A-containing RNA product and the demethylated
cofactor guanine. The structural data suggest the mechanistic involvement of a
protonated cytidine in the methyl transfer reaction. A synergistic effect of two 2'-O-
methylated ribose residues in the active site results in accelerated methyl group
transfer. Supported by these results, it seems plausible that modified nucleotides
may have enhanced early RNA catalysis and that metabolite-binding riboswitches
may resemble inactivated ribozymes that have lost their catalytic activity during

evolution.



Natural ribozymes are known to catalyse a narrow range of chemical reactions, while a
large diversity of natural riboswitches are known to bind nucleotide metabolites,
including S-adenosylmethionine (SAM), cobalamin, nicotinamide adenine dinucleotide
(NAD"), flavine mononucleotide (FMN), and purines, such as guanine and pre-queuosine
(preQ1)."? Several of these metabolites are essential coenzymes for methyl transferase
enzymes in contemporary biology. These coenzymes are thought to have evolved in the
RNA world, and primordial RNA catalysts may have utilized coenzymes to achieve
greater chemical diversity.>”” However, only one natural cofactor-utilizing ribozyme has
yet been found, that is the glmS riboswitch-ribozyme, which uses glucosamine-6-
phosphate to assist the site-specific cleavage of an RNA phosphodiester bond.® In
contrast, ribozymes generated in the laboratory by in vitro selection from random nucleic
acid libraries have been shown to catalyse a wider variety of reactions,>’ and some

synthetic ribozymes use natural cofactors.!%-!?

While natural RNA-cleaving ribozymes are well characterized, only a few structures are
known of artificial ribozymes that catalyse other reactions,'*!” limiting our general
structural and mechanistic view of the scope of RNA catalysis. Recently, we identified
the synthetic methyl transferase ribozyme MTRI1 that catalyses the site-specific
methylation of RNA to generate 1-methyladenosine (m'A) using O°-methylguanine
(m°G) as methyl group donor.'® Subsequently, a natural preQ1 riboswitch was shown to
enable a similar methyl transfer reaction, using the non-natural O°-methyl-preQ1 ligand
as cofactor.!” Micura and coworkers demonstrated the formation of 3-methylcytidine
(m>C) in the preQ1 riboswitch RNA, with the methyl group being transferred from the
ligand to a precisely positioned cytidine in the ligand binding site.!” In analogy, one may
anticipate that the active site of MTR1 could mimic the ligand binding site of guanine
riboswitches,?’ which was earlier shown to accommodate m®G with only slight structural

perturbations,?! but a transfer of the methyl group to the RNA had not been observed.

To address the question of how the laboratory-evolved ribozyme MTRI1 binds and
activates m°G for synthesis of m'A in the target RNA, we solved the crystal structure of
the MTRI ribozyme and examined the chemical mechanism of the methyl transfer
reaction. We report the co-crystal structures of MTR1 bound to the methylated RNA
product and to the remaining guanine at a resolution of 2.8 A. The sample for

crystallization was prepared with unmethylated RNA and m®G, however, the methyl



group was stoichiometrically transferred to the RNA during crystallization. Therefore,
the structure represents a post-catalytic state. The catalytic core harbours m'A and
guanine in the centre of a 3-helix junction structure, and the H-bonding interactions of
the core nucleotides with the bound guanine resemble those found in natural guanine
riboswitch aptamers. Additional post-catalytic structures were obtained from experiments
with m®G derivatives that mimic the substrate used for in vitro selection. We found the
same guanine binding site architecture with the alkyl groups from O°-benzylguanine
(bn®G) and O%-(p-aminomethyl)benzylguanine (ab’G) being transferred to adenine. These
structural insights suggested the chemical mechanism of MTRI-catalyzed RNA
methylation, which was supported by structure-guided mutations of the ribozyme core
and analysis of the methylation rates. We found evidence for general acid catalysis and
discovered a methylated ribozyme variant (MTR1mz) with strongly enhanced catalytic
activity. Our findings uncovered a surprising similarity in the architecture of natural
guanine riboswitches?® and the in vitro selected ribozyme, and provide experimental
support for the hypothesis that the presence of modified nucleotides may have provided
a catalytic advantage for early RNA catalysis.?> Moreover, these results nourish the

thoughts that more diverse ribozymes may have existed in an RNA world.

Results

Design and activity of the crystallization construct

The MTRI1 ribozyme contains two binding arms (P1 and P2) that hybridize to the RNA
substrate (R1) with the methylation site being located at the single adenosine in the
junction between P1 and P2 (Fig 1a). An internal stem-loop in MTR1, earlier confirmed
by structure probing and covariation,'® is connected to the binding arms via the 9 and 13
nt long junctions J2 and J3 that form the catalytic core. The stem P3 is variable and the
loop can be removed, resulting in a split ribozyme that assembles into an active ribozyme

from two 24-nt long RNAs (R2 and R3).

We screened crystallization conditions for several bi- and trimolecular constructs with
variation in binding arm length, composition and overhangs, and found highly
reproducible crystallization for the split MTR1 ribozyme complex (R2 & R3) bound to a
14-nt long substrate RNA R1. Diffraction quality crystals were formed when the complex



was supplemented with O°-methylguanine (m°G), O°-benyzlguanine (bn®G) or O°-(p-
aminomethyl)benzylguanine (ab®G), but not with guanine (G). Anion exchange HPLC
analysis of a dissolved crystal grown with m®G confirmed the presence of all three RNA
strands and revealed that product formation of m'A RNA had occurred (Fig 1b). Initial
phases were obtained by iterative molecular replacement with A-form double helix
fragments,*® followed by model building and refinement. Additional crystals were grown
with heavy atom derivatives, including a 2'-selenomethyluridine modified RNA
substrate,?* and co-crystallization with thallium acetate. Anomalous diffraction data were
used for structure solution by MR-SAD and for checking the final structures for
consistency (Extended Data Fig. 1, Supplementary Table 1). The structure of the m'A
containing MTR1 complex was refined at a resolution of 2.8 A and revealed the bound
guanine in the active site (Fig. 1d). Likewise, the structures of MTR1 with bound guanine
and the RNA products containing bn'A and ab'A were refined at resolutions of 2.9 and
3.3 A, respectively (Supplementary Table 1). The electron density maps clearly indicated
the presence of guanine and the alkyl groups always attached to N1 of adenine (Fig. le,
g, h). The structures with m'A and bn'A contained one copy in the asymmetric unit
(ASU), while the ab'A-modified complex had two copies in the ASU, and their
arrangement was found to be similar to the m'A containing structure of a crystal grown

in the absence of Mg?" (Extended Data Fig. 2).
Overall structure of the MTRI1 ribozyme

The overall structures of the MTR1 ribozyme reflects a 3-helix junction with the three A-
form helices P1, P2 and P3 radiating from the central catalytic core, which positions the
adenosine substrate (A7 of R1) and the m®G cofactor. In the crystal structure, the reaction
products m'A and guanine are held in close proximity and form extensive tertiary contacts
with the ribozyme. A schematic of the tertiary fold of MTRI1 is depicted in Fig. 1c, and
its 3D structure is shown in a ribbon representation in Fig. 1d. The complementary 5'
overhanging nucleotides in P1 and P2 form a semi-continuous duplex in the crystal lattice
(Extended Data Fig. 2). The catalytic domain contains four layers of stacked base pairs
and base triples that are connected to P1 and P3 via continuous 7 stacking interactions,
while P2 is oriented almost perpendicularly to the core domain, and is connected via
stacking with the reverse Hoogsteen U9:A34 base pair, followed by G10. The top layer

of the core domain is formed by a cis Watson-Crick sugar edge base-pair A11:A43 and



A37 (Fig. 2a). The second layer contains the products of the RNA catalysed reaction, i.e.
m'A7 of the 14-mer RNA strand R1 and the demethylated guanine ligand, which is
immobilized by extensive H-bonding with C12 and U42 (Fig. 2b). In the third layer, A41
forms an A-minor interaction with the Watson-Crick base pair C13:G38 (Fig. 2¢), and
the fourth layer contains the Watson-Crick base pair G14:C35, which is contacted in the
minor groove by the Hoogsteen edge and phosphate of A39 (Fig. 2d). In this way, A39
mediates a continuous staple of C42, A41, C40, to A15 and C16, which transitions into
P3 via the C17:A31 base interaction (Fig. 1d). A parallel staple is formed on top of A31,
involving C32 and A33. In this arrangement, A33 stacks with the G14:C35 base pair and
is placed in the same layer as A15, with their Hoogsteen edges oriented toward each other,
but too distant for H-bonding. Similarly, C16 and C32 are oriented toward each other, but
are too distant for direct interactions. Instead, this loose junction between the core domain
and P3 is stabilized by coordinating metal ions. The structures suggest a magnesium ion
interacting with C32 and A15, and additional metal ion binding sites were confirmed by
anomalous signals from bound TI" ions (Extended Data Fig. 1). However, magnesium is
not essential for structure formation and activity of the ribozyme, since the reaction
products m'A and guanine were also found in the crystal grown in a buffer that contained

only monovalent ions Na*, K and Li" (Extended Data Fig. 2).

The overall fold seen in the crystal structure is consistent with results from in-line probing
experiments in solution, which monitor changes in backbone flexibility upon RNA
folding and ligand binding events.”> When 5'-**P-labeled MTR1 was hybridized to R1
and incubated with varying concentrations of m°G at pH 8.0, increasing backbone
cleavage was observed at U36, which is not involved in any tertiary interactions in the
MTRI1 structure (Fig. 2e). On the other hand, the cleavage bands at A37 and G38
significantly decreased, consistent with their stacked positions in the catalytic core.
Comparable cleavage patterns were obtained with MTR1 hybridized to m'A-RNA and
incubation with increasing concentrations of guanine, resulting in an apparent Ka of 2 uM
(Fig. 2f, Extended Data Fig. 3). Surprisingly, in the absence of m'A (i.e. when MTR1 was
hybridized to unmodified RNA substrate), the affinity for guanine was weaker by almost
two orders of magnitude (Fig 2g,h), as observed by the in-line probing pattern of A37
which stacks directly on m'A in the crystal structure (Fig. 2a).
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Fig.1 | MTRI1 ribozyme-catalysed methyl transfer reaction and overall structure.
Schematic depiction of unmodified RNA (R1) hybridized to MTR1, which binds m®G
and catalyses methyl transfer to N! of adenosine. Guanine and m'A are present in the
post-catalytic state captured in the crystal. (b) Anion-exchange HPLC analysis of a
dissolved crystal confirms methyl transfer and shows the presence of three RNA strands.
(c) Sequence and scheme of split MTR1 bound to m'A-RNA and G (boxed). (d) Ribbon
diagram of the 3D structure, color-coded and numbered as in c). (¢) Zoom into the
Guanine binding site. (f) MTRI1 also acts as alkyltransferase ribozyme with O6-
benzylguanine cofactors bn®G and ab®G. (g-h) MTRI active sites show guanine and
alkylated adenosines. The green mesh represents Fo-Fc omit maps for guanine and m'A
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Fig.2 | The catalytic core domain of MTRI.

(a) — (d) Stick representations of the four layers of the core domain from top to bottom:
(a) adenosine triple A11, A37, A43. (b) active site with m'A and G interacting by base
pairing with C12 and U42. (c¢) C13:G38 base pair with A-minor interaction of A41. (d)
G14:C35 base pair interacting with A39. (e-g) Representative excerpts of in-line probing
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in (g). (h) Normalized in-line probing band intensities for A37 in the m'A-containing
RNA complex (f, green) compared to unmodified RNA (g, grey). The lines represent a
fit to a one-site binding model. Error bars denote + s.d. of the mean for n=3 (grey) or 4
(green) independent replicates. See Extended Data Fig 3 for full gel images and additional
analyses for U36 and G38.



The functional significance of individual base pairs observed in the crystal structure was
supported by activity analyses of several ribozyme mutants (Extended Data Fig. 4).
Individual base changes in the bubble connecting the core domain and P3 (such as C17U
(M1) or A15G (M2)) as well as deletion of the loose C17:A31 base pair (M3) were
tolerated, but resulted in 5-10-fold reduced methyl transfer rates at pH 7.5. Attempts to
close the stem by base pairing (M4), as well as transition mutations of the AC stacks (M5)
impaired the ribozyme activity. The compensatory mutation of the base pair G14:C35

(M6) was tolerated, while changing the base pair C13:G38 (M7) was detrimental.
Mechanism of RNA-catalysed RNA methylation

The structure represents the post-catalytic state with the methyl group transferred to N!
of A7, which is sandwiched between A37 and G38 of MTR1. The key observation that
the bound guanine in the centre forms extensive hydrogen bonds with C12 and U42 of
MTRI1 and m'A7 of the methylated RNA product suggests a plausible mechanism for the
methyl transfer reaction. The Watson-Crick interaction of guanine with C12 in the
product state provides a favourable arrangement of the reactive groups, with the
nucleophilic N' of A7 in line with the electrophilic CHs of m°G in the pre-catalytic state.
This scenario likely requires a protonated C12 as H-bonding partner for m°G to maintain
a Watson-Crick like orientation, thus suggesting a protonated cytidine as general acid
catalyst in the methyl transfer reaction (Fig. 3a). Consistent with this hypothesis, the
MTR1-catalysed methyl transfer was accelerated by lowering the pH of the reaction
medium (Fig. 3b). The pH dependence of the reaction was analysed with the full-length
MTRI1 as well as with the split ribozyme construct used for crystallization, and in both
cases, the reaction rate was ca 8-fold enhanced at pH 6.0 compared to pH 7.5 (Fig. 3d,e).
The pH rate profile showed an optimal pH range near pH 5.5 (Fig. 3c). The analogous
alkyl transfer reactions with bn®G and ab®G were also accelerated at pH 6.0 (Extended
Data Fig. 5). These results likely reflect a modest increase in pKa for C12 in MTR1
compared to free cytidine, similar to the apparent pKa for protonation of a m°®G:C base

pair in a DNA duplex.?®
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(a) A protonated cytidine is suggested in the

points for each buffer (different symbols for

25°C.

active site for RNA-catalysed methyl group
transfer. The mechanism involves the nucleophilic attack of the nitrogen lone pair (N! of
A7) on the methyl carbon (at O° of m®G). The guanine leaving group accepts a proton
from cytidine C12*, resulting in a positive charge on m'A and a standard G:C hydrogen
bonding pattern in the product state. (b) Representative PAGE images of the kinetic
assays from 3 independent experiments with split MTR1 at pH 6.0 and pH 7.5 under
single-turnover conditions. (¢) pH rate profile for split MTR1 (n =2 or 3, individual data
same pH indicate different buffers used; for
details see methods section and source data). (d, ) Comparison of methyl transfer rates
for split (d) and full-length (¢) MTRI1, reaction with m®G at pH 6.0 (red) and pH 7.5
(blue). Conditions in b-e) 5'-*?P-labeled R1, 10 pM MTRI1, 100 uM m®G, 40 mM MgCl>,



Rate acceleration by ribose methylation

Consistent with the functional importance of the base triple, both the C12U mutant and
the U42C mutant showed strongly reduced reaction rates (Fig. 4a). At pH 6.0, the U42C
mutant still generated 65% methylated product after 7 h, but less than 15% product was
formed by the C12U mutant after 24 h. Replacing C12 by m°C lowered the rate by less
than a factor of two, while a variant containing m*C was also significantly impaired (30-
fold slower rate than wt), likely due to steric crowding in the active site (Fig 4b,c).
Replacing C12 and U42 individually or simultaneously with the corresponding 2'-
deoxynucleotides was tolerated, although the reaction rates were slightly reduced,
suggesting that nucleotides with a 3'-endo conformation are preferred at positions 12 and
42. This was further confirmed by installation of the analogous 2'-fluoro-2'-deoxy
nucleotides, which restored the activity, when inserted individually, but enabled 2-3-fold
faster methyl transfer when incorporated simultaneously. An even more surprising rate
acceleration was observed with 2'-OMe nucleotides at C12 and U42. Individual
substitutions were slightly favourable (less than 2-fold higher kobs), but replacing both
nucleotides at the same time and allowing them to act in concert enhanced the Kobs by a
factor of 15. In other words, the Cm12Um42-MTR1 variant (from here on called
MTRIm2, Fig. 4c) produced 90% m'A RNA within 5 min under single turnover
conditions at pH 6.0. The K12 (apparent Km) for m°G is on the order of 130 uM (obtained
from Kobs at variable m®G concentrations, Fig. 4d). Importantly, the synergistic effect of
the two ribose methylations was specific for C12 and U42, both of which are directly
involved in ligand/cofactor binding and activation. The 2'-OMe substitution was also
tolerated at A41, but its combination with C12 was only additive at best. Moreover, we
found that MTR 1m retained significant activity at a strongly reduced Mg?" concentration
down to 0.5 mM Mg**, where MTR 1wt barely produced any methylated product (Fig.
4e). These observations strongly confirm the specific roles of C12 and U42 for the activity

of the MTRI1 ribozyme in recruiting, aligning and activating the cofactor m°G (Fig. 41).
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Comparison of MTR1 guanine binding site with purine riboswitches

The bound guanine cofactor is located in the same position in all three structures,
immobilized by H-bonds to the Watson-Crick edges of C12 and U42 and the Hoogsteen
side of the N1-alkylated adenine. This active site architecture has striking similarities to
guanine binding sites found in natural riboswitches (Fig. 5). In the purine riboswitch
family, guanine recognition is mediated by two universally conserved pyrimidine
residues,?®?” such as U51 and C74 in the B. subtilis xpt-pbuX riboswitch (pdb 1Y27).
Mutation of these two residues changed the specificity of the guanine riboswitch. While
C74U allowed binding of adenine instead of guanine, changing US51 to cytidine shifted
the base pairing pattern and created room for binding of N9-substituted guanine, similar
to 2'-deoxyguanosine (2'dG) riboswitches.?® In the 2'dG riboswitch from M. florum, the
ligand forms a Watson-Crick base pair with C80, and C58 contacts N3 and N2 at the
sugar edge of the purine nucleoside (pdb 3SKI, Fig. 5b). In MTRI1, the C12U mutant
strongly reduced the methyl transferase activity, while the U42C mutation was better
tolerated, suggesting a similarly shifted H-bonding arrangement as seen in the 2'dG

riboswitch.

Interestingly, the guanine riboswitch was earlier shown to bind m®G, however, with
significantly decreased binding affinity relative to guanine®!, while bn°G was not bound,
and no alkyl transfer was reported from any of the guanine derivatives. The crystal
structure with m®G revealed that C74 shifted downwards to form new H-bonds with N1
and N2 of m°G and make room for the methyl group, in the otherwise tight binding
pocket, in which the Hoogsteen edge of the ligand is contacted by the 2'-OH of U22 (Fig.
5d). In principle, a similarly shifted H-bonding pattern for C12 with m®G is conceivable
in the MTR1 pre-catalytic state (Fig. 4f). However, the relative arrangement of m'A and
G in the post-catalytic state suggest that the nucleophilic attack is likely to happen to the
methyl group in the anti orientation (Fig. 4f, right). Moreover, the protonated C12":m°G

base pair is more consistent with the observed pH activity profile.

Interestingly, also riboswitches make use of protonated nucleobases, e.g. for binding of
cyclic-diGMP, which involves a stably protonated adenine (Extended Data Fig. 6a,b).?’
Protonated nucleobases with highly shifted pKa values were also found as key structural

elements in synthetic RNA aptamers, including the GTP-binding RNA aptamer.*
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Alternatively, the pKa of the functional groups in the ligand can be changed upon binding

to RNA, as for example described for aminoglycosides, including neomycin-B.3!

C31

2'dG

us1

Fig. 5 | Comaprison of MTR1 guanine binding site to purine riboswitches.

(a) MTR1 active site with m'A and guanine (this work, pdb 7g7z). (b) M. florum
riboswitch with 2'-deoxyguanosine (pdb 3ski). (c¢) B. subtilis xpt-pbuX riboswitch with
guanine (pdb 1y27). (d) B. subtilis xpt-pbuX with m°G (pdb 3fo6).

A conceptually similar scenario is likely operating in the preQ: riboswitch, which was
recently shown to mediate a methyl group transfer from an O®-methylated cofactor analog
to N3 of C15, which is involved in a Watson-Crick base pair with the non-methylated
cofactor preQ: (Extended Data Fig. 6¢). With m®preQ1, the methyl transfer reaction was
accelerated by shifting the pH of the reaction medium from pH 7.5 to pH 6.0, consistent
with protonation of the ligand and stabilization of the leaving group. The methyl transfer
rate of the preQ1 riboswitch is, however, significantly slower than observed for MTR1.
PreQ yields ca 50% methylated RNA after 48 h (at pH 6.0 with 100 pM m°preQ1). For
comparison, MTR1 provides 90% methylated RNA in 50 min under comparable
conditions (pH 6.0, 100 uM m®G). This difference is not too surprising, given that the
preQ: riboswitch evolved in Nature for tight binding to the un-methylated ligand preQi,
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which has also been shown to be a strong competitive inhibitor for the preQ1-mediated
RNA methylation." In contrast, MTR1 was evolved in vitro by enrichment based on
catalytic activity, and not based on tight binding or high affinity. This is also reflected in
the Kd for guanine, which was found by in-line probing to be in the range of 2 uM for the
methylated ribozyme-product complex and >100 uM for the unmethylated ribozyme-
substrate complex, in contrast to a Ki of 5 nM for guanine binding to the natural
riboswitch.>** The weak affinity for guanine also supports the potential of MTRI to
perform multiple turnover catalysis of RNA methylation, especially in the tri-molecular

format, with the RNA substrate transiently hybridized to the split ribozyme.
Discussion

The crystal structure of the MTRI ribozyme indicates that the RNA forms an intricate
cofactor binding site that enabled highly efficient methyl transfer from m°G to the RNA
(before or) during crystallization. The structure revealed the post-catalytic state of the
RNA catalyst, with the m'A-containing methylated RNA product and unmodified
guanine bound in the catalytic core. Analogous results were obtained with two additional
Of%-alkylated guanine co-substrates that transferred a benzyl group to N1 of A7 in R1. The
benzyl/(p-aminomethyl)benzyl groups appeared in a perpendicular orientation to the
adenine nucleobase and pointed outward from the core domain, which is consistent with
their likely orientation during in vitro selection, when biotin was conjugated to the p-

aminomethyl group.

We found that the methyl group transfer is significantly accelerated at pH 6.0 compared
to pH 7.5, which hints at the involvement of a protonated nucleobase in the catalytic
mechanism. Indeed, the organization of the active site is highly consistent with a
protonated cytidine in the pre-catalytic state that facilitates binding through H-bonding of
m®G and at the same time servers as donor for protonation of the leaving group, resulting
directly in the stable G:C base pair found in the product state. The pH rate profile suggests
that the pKa of C12 is moderately enhanced compared to the pKa of cytidine in single-
stranded RNA. Shifted pKa values toward neutrality are commonly observed in ribozyme
catalysis of RNA cleavage,** and the pKa of nucleobases are considered key determinants

of chemical evolution.?>
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Moreover, the methyl transfer rate of MTR1 was strongly enhanced upon simultaneous
presence of two 2'-O-methylated nucleosides C12 and U42 in the catalytic core. In
combination with the lower pH, the methylated ribozyme achieved at least a 120-fold
faster methylation compared to the rates observed under in vitro selection conditions.
Analogous replacement with 2'-fluoro-2'-deoxynucleosides was also beneficial, but the
accelerating effect was much less pronounced. Ribose methylation is known to affect the
preferred ribose pucker and the flexibility and dynamics of conformational states,*® and
in addition, 2'-ribose modifications have a small effect on the pKa of the nucleobase.’” A
combination of these forces likely causes the unexpected synergistic effect of Cm12 and
Um42. To our knowledge, a comparable accelerating effect by two natural methylated
nucleotides acting in concert to enhance cofactor binding and catalytic activity has not
been previously observed for any other ribozyme. In previous work, 2'-modified
nucleotides were used to explore the importance and the involvement of the 2'-OH groups
in the catalytic mechanisms of ribozymes.**3° While placement of 2'-OMe or LNA
modifications in the ribozymes binding arms usually increased activity of RNA-cleaving
ribozymes and deoxyribozymes by enhancing the hybridization strengths, introduction
into the catalytic core was often detrimental, or in the best case tolerated. Only recently a
synergistic effect of two 2'-fluoroarabino nucleosides introduced into an engineered
version of the RNA-cleaving 10-23 deoxyriboyzme was shown to be beneficial for

multiple turnover under cellular conditions.*

Our data indicate that MTR1 does not require divalent metal ions for catalysis. The post-
catalytic state of MTR1 also occurred in a crystal that was grown in a buffer without
added magnesium ions. On first glance, this was surprising, since previous kinetic
experiments revealed a significant drop in the methyl transfer rate below 5 mM Mg>*.!8
Likely, the higher concentrations and the longer reaction time during crystallization
rescued the slower rate in the absence of Mg?*. In principle, Mg?* ions could have assisted
in cofactor binding, as recently shown in the structure of a xanthine riboswitch.*!
However, none of the six structures analyzed in this work revealed any Mg*" ions in
contact with the purine cofactor. Our data rather support the view that Mg?" assists folding

and/or affects RNA dynamics in the ribozyme core. The observation that the methylated

ribozyme MTR1m: retained high activity with less than 1 mM Mg?" is consistent with

15



the interpretation that the 2'-O-methyl nucleotides impart some degree of preorganization

to the catalytic core.

In summary, we reported the structure and the chemical mechanism of the
methyltransferase ribozyme MTR1. The crystal structure captured the post-catalytic state
with the methylated RNA product and the released guanine bound in close proximity. We
found that the guanine binding site shares common structural features with natural purine
riboswitches. The ligand RNA interactions were confirmed by mutagenesis. The
synergistic effect of the two methylated pyrimidine nucleosides directly in contact with
the cofactor suggests that small changes of a few key nucleotides can have profound
beneficial effects for catalysis. Based on these results, we anticipate that a wide range of
activities for cofactor-utilizing ribozymes can be identified in the laboratory. Our results
also support the hypothesis that methylated nucleotides in RNA may be evolutionary
leftovers from a time when RNA catalysts were engaged in a wider scope of chemical

reactivity.
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Materials and Methods

RNA synthesis

The MTRI1 ribozyme and point mutants were prepared by in vitro transcription with T7
RNA polymerase from synthetic DNA templates (purchased from Microsynth), as
described previously.** Typical reaction conditions included 1 uM DNA template, 4 mM
NTPs, 30 mM MgClz, 2 mM spermidine and 10 mM DTT. RNA oligonucleotides for the
split MTR1 complexes were prepared by solid-phase synthesis using 2'-O-TOM-
protected ribonucleotide phosphoramidites. Modified phosphoramidites were purchased
(2'-OMe-U, 2'-OMe-C, 2'-F-U, 2'-F-C, m°C) or prepared in-house following known
procedures (2'-SeMe-U,?* m*C*’). Deprotection was performed with a 1:1 (v/v) mixture
of 28% aqueous ammonia and 40% aqueous methylamine (known as AMA) at 37°C for
4-6 h, followed by 1 M tetrabutylammonium fluoride in THF at 25°C for 12-16 h. 2'-
SeMe-U containing RNA was treated with 2 mM DTT in water for 5 min at 37°C to
reduce partially oxidized 2'-methylselenoxide groups back to the desired 2'-selenomethyl
moiety.* RNAs were purified by denaturing PAGE, followed by extraction and ethanol
precipitation. Purity was confirmed 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 NaClOs; linear gradient, 0-40% solvent B,
with a slope of 4% solvent B per column volume), and the identity of the RNAs was

confirmed by HR-ESI-MS (negative ion mode).
Complex formation and crystallization

Crystallization complexes were formed by mixing RNA strands in a 1:1:1 molar ratio in
50 mM KCI and 10 mM HEPES (pH7.5). The sample was heated to 95 °C for 3 min and
cooled at 20 °C for 15 min. 5 mM MgClz and 240 uM substrate (m°G, bnG or ab®G (also
known as BG-NH2)) were added to a final complex concentration of 200 uM. MgClz was

omitted for crystallization in the absence of magnesium ions.

Crystals were grown at 20 °C using the hanging drop vapor-diffusion method by mixing
the RNA complex in a 1:1 ratio with solutions containing 100 mM NaCl, 100 mM LiCl,
10 mM MgClz, 50 mM MES (pH 6.4-6.7) and 36-42% MPD.
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Drops with volumes of 1 pL. produced crystals after 3-4 days (5-6 days when no MgClx
was present) and were harvested after 14 days. Crystals were flash frozen in liquid

nitrogen without any additional cryoprotection.

Incorporation of thallium ions was achieved by co-crystallization. The crystallization
complex was prepared as described before, but with 50 mM KOAc instead of KCl to
prevent precipitation of TICIL. The reservoir buffer contained 100 mM NaOAc, 100 mM
LiOAc, 50 mM MES (pH 6.4-6.7) and 36-42% MPD. Crystals appeared after 5-6 days
and were harvested after 14 days, and flash frozen in liquid nitrogen without any

additional cryoprotection.
Data collection and structure determination

X-ray diffraction data were collected at 100K on PILATUS 6M and EIGER 2X 16 M
detectors at the 1D23-01 (European Synchrotron Radiation Facility) or P11 (DESY)
beamlines. Diffraction data were indexed, integrated, scaled with XDS,* and reduced
with POINTLESS, AIMLESS, and CTRUNCATE within the CCP4 package.*® Initial
phases for the Crystal I data (wavelength 0.9198 A) were determined by molecular
replacement (MR) using Phaser in Phenix.*’ Search models were double-stranded RNA
A-form helix fragments as described previously.?* Here we used the 7-bp bottom stem
from the Chili RNA aptamer*® (PDB: 70AX, chain A nt 2-8/45-51), searched for three
copies in the ensemble and obtained a MR solution with a Z-score (TFZ) of 14.4 (TFZ
>8 indicates a definite solution). The initial electron density map obtained from Phaser
was used for automated model building with the AutoBuild module in Phenix.** The
model from AutoBuild was completed by iterative rebuilding in COOT> and refinement
with Phenix.refine.’! The final structures of Crystal II (bn®A), Crystal III (ab®A), and
Crystal IV (no Mg) were solved by MR using the model built with the data of Crystal I
(m'A). The N'-modified adenosine residue restraints were prepared using JLigand in the

CCP4 suite®? or eLBOW in Phenix.>?

The final structures of Crystal V (with SeMeU) and Crystal VI (with thallium) were
determined by MR-single anomalous dispersion (SAD) using the anomalous data
collected at the Selenium K-edge (0.9786 A) and Thallium L-III edge (0.9751 A). Data
collection and refinement statistics are summarized in ED Table 1. Figures displaying

molecular models were prepared using PyMol (Schrédinger).
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HPLC analysis of the RNA methylation reaction and the crystal content

For analysis of the methylation status and the composition of the crystals, a crystal was
harvested from the drop, briefly washed in buffer, then dissolved in 15 pL H20, and
analyzed by anion-exchange HPLC on Dionex DNAPac PA200 column, 2 %X 250 mm at
60 °C with UV detection at 260 nm. Solvent A was 25 mM Tris-HCI (pH 8.0), 6 M urea
and solvent B was 25 mM Tris-HCI (pH 8.0), 6 M urea and 0.5 M NaClO4 with a linear

gradient 0—48% solvent B in 12 column volumes.
Kinetic assays of RNA-catalyzed methyltransfer reaction

Single-turnover kinetic assays were carried out as described previously.'® In a standard
reaction, 100 pmol ribozyme were mixed with 10 pmol of trace-labeled 5'-*’P-RNA R1
in 10 pl of reaction buffer (120 mM KCI, 5 mM NaCl and 50 mM Bis-Tris (pH 6.0) or
HEPES (pH 7.5)) and annealed (3 min at 95 °C and 10 min at 25 °C), followed by addition
of 100 pM m°G and 40 mM MgClz. The reaction mixture was incubated at 25 °C and
aliquots (1 pl) were taken at different time points, quenched immediately with loading
dye (4 ul) and half of each time-point sample was resolved on 20% denaturing PAGE.
Methylation yields were determined by measuring band intensities using
phosphorimaging. The data was fit with the pseudo first-order kinetic equation Y = Ymax(1
— e'k"bs*t) to obtain the observed reaction rate Kos and the final yield Y. using Origin
(2021). For slow ribozymes with < 20% methylated RNA product after overnight
reaction, Kqps values were approximated linearly using the 7h methylation yield. For
measuring the pH-dependence of the MTR1 catalyzed methylation reaction between pH
4.5-8.5, the following buffers were used (50 mM NaOAc pH 4.5, 5.0, 5.5; 50 mM Bis-
Tris pH 6.0, 6.5; 50 mM MES pH 6.0; 50 mM sodium cacodylate pH 6.0; 50 mM HEPES
pH 7.0, 7.5, 8.0; 50 mM MOPS pH 7.5, 50 mM PIPES pH 7.5; 50 mM Tris-HCI pH 7.7,
8.0; pH determined at 25°C). Additional kinetic experiments were performed at pH 6.0
(50 mM Bis-Tris) using only 0.5, 1, or 5 mM MgCl.. All kinetic assays were carried out
with at least two independent replicates.

Preparative scale methylation of RNA

The methylated RNA m'A-R1 was prepared in a preparative scale ribozyme-mediated
methylation reaction. 1 nmol target RNA was mixed with 1.1 nmol MTR1 in 20 pl of
reaction buffer (120 mM KCI, 5 mM NaCl and 50 mM Bis-Tris, pH 6.0) including 100

22



uM m®G as small-molecule substrate and 40 mM MgClz. Before addition of m°G and
MgClz, an annealing step (3 min at 95 °C and 10 min at 25 °C) was performed. After
overnight incubation at 25 °C, the methylated RNA was purified by denaturing PAGE
yielding ca. 75% isolated product.

In-line probing

In-line probing was performed using the 5'-**P-labeled full-length MTR1 ribozyme in
complex with the substrate RNA R1 (unmodified or methylated). In general, 125 IPS
ribozyme were annealed to 25 pmol R1 or m'A-R1 (3 min at 95 °C and 10 min at 25 °C).
100 mM KClI and 100 mM Tris-HCI (pH 8.0) were added along with 20 mM MgCl» and
m®G or G in various concentrations to yield a final volume of 5 uL. After incubation at
20°C for 36 h, the reactions were quenched by adding loading dye (5 pL), resolved on
20% denaturing PAGE, and visualized by autoradiography. As a reference, an RNase T1
digestion (150 IPS of 5’-**P-RNA in 10 ul 50 mM Tris (pH 7.5) digested with 1U RNase
T1 at 37 °C for 45 s) and an alkaline hydrolysis lane (250 IPS of 5’-*P-RNA in 10 pl 20
mM NaOH incubated for 4 min at 95 °C) were used. Band intensities of cleaved RNA at
three selected positions (U36, A37, G38) were quantified and normalized, plotted against
ligand concentration and fitted with a one-site-binding model using Origin (2019 &

2021).
Data availability

Structural data obtained by X-ray crystallography were deposited in the Protein Data
Bank (PDB) and are available with the following accession codes: 7G7X, 7Q7Y, 7Q7Z,
7Q80, 7Q81, 7Q82. All relevant data are provided in the Figures, Extended Data Figures,

Tables and Source Data files.
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Extended Data Fig. 1 | Heavy atom derivatives of MTRI1 crystal structure.

(a) Overall structure of MTRI1 co-crystallized with TI". (b) MTRI containing 2'-
Selenomethyl-uridine modified residue in the RNA substrate. Yellow mesh indicates
anomalous difference Fourier map contoured at (a) 3o and (b) 5o. The difference maps
were computed from data collected at the thallium L-III edge and selenium K-edge,
respectively.
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Extended Data Fig. 2 | Overall structures of MTR1 and crystal contacts.

(a) Secondary structure scheme of trimolecular MTR1. (b) Packing of overhangs of P1
and P2 to form a semi-continuous double helix. Arrangement of two copies in the
asymmetric unit for crystals grown with (c) ab®G (ab'A in the product) and (d) with m®G
(m'A in the crystal) but no added Mg?". (e) Crystal contact via stacking of P3 in the
structure shown in (d). (f, g) Anion exchange HPLC analyses of dissolved crystals

corresponding to (¢) and (d).
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Extended Data Fig. 3 | In-line probing of MTRI1.

(a-c) Full gel images for the excerpts shown in Fig 2. (a) In-line probing of MTR1
hybridized to unmethylated RNA R1, with increasing concentrations of m®G. (b) In-line
probing of guanine binding to the MTR1 product complex containing m'A. (c) In-line
probing of guanine binding to the MTR1 starting complex hybridized to unmethylated
RNA RI1. (a, b, ¢) Incubation at pH 8.0, 20°C, 36 h. (d) Normalized band intensities seen
in (a), shown for U36 (red), A37 (black), G38 (blue). The [m°G]i.2 value is ca 800 uM,
however, this value cannot be interpreted as a Kd or Km because of multiple overlapping
equilibria (with m®G and G since partial/slow methylation occurred during incubation).
(e) Normalized in-line probing band intensities seen in (b) for U36 (red), A37 (black),
G38 (blue). Kdapp =2.0 £ 0.3 uM. Data in d) and e) are fitted to a one-site binding model.
Error bars denote + s.d. of the mean for n = 3 (d) or 4 (e) independent replicates. (f)
Secondary structure scheme of MTRI1 used in in-line probing experiments (with
connecting loop at P3; numbers of nucleotides correspond to the split version). (g)
Excerpt of the catalytic core showing solvent exposed location of U36 and stacking of
A37 on m'A. (h) Excerpt of the Mg?" binding site in the transition of the catalytic core to
P3.
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(a) Scheme of MTR1 with mutated nucleotides and base-pairs indicated. (b) Summary of
rate constants determined at pH 6.0 and 7.5. Individual data points of two independent
replicates are shown as black dots. Reaction of MTR1-wt at pH 7.5 war repeated three
times. (c) Representative gel images of kinetic experiments of two independent replicates.
Reaction conditions: 5°-3?P-labeled R1, 10 uM MTRI1 or mutant, 100 uM m®G, 40 mM
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MgCls, 25°C. Timepoints: 0, 0.2, 0.5, 1,2, 4, 7, 23 h (ON).
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ED Fig. 5 | MTR1 as alkyltransferase ribozyme and pH dependence.

(a, b) Chemical structures of adenosine and cofactor before the reaction with benzyl
guanine cofactors, and after transfer to the target adenosine in R1 and release of guanine.
(c) Overlay of active sites containing m'A, bn'A or ab'A in stick representation. (d)
Kinetics of benzyl group transfer at pH 6.0 and pH 7.5, with exemplary gel images as
inset. (e) Same as (d), but reaction with ab’G. The fastest reaction was observed with
ab’G at pH 6.0, yielding 90% ab'A-RNA within 2 min. All reactions were performed in
duplicate, individual data points and representative gel images are shown.
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ED Fig. 6 | Comparison to binding sites of purine riboswitches also involving
protonated nucleobases or metal ion binding.

(a, b) G20A mutant of Vc2 riboswitch with c-di-GMP (pdb 3mum), showing (a) Gp and
(b) Go bound via stably protonated A20. (c¢) T. tengcongensis preQ1 riboswitch with
bound preQ: (pdb 3q50). (d) NMT]1 riboswitch in complex with xanthine (pdb 7elr).
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