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Ribozyme-Catalyzed Late-Stage Functionalization and Fluorogenic

Labeling of RNA

Carolin P. M. Scheitl, Takumi Okuda, Juliane Adelmann, and Claudia Hobartner*

Abstract: Site-specific introduction of bioorthogonal
handles into RNAs is in high demand for decorating
RNAs with fluorophores, affinity labels or other mod-
ifications. Aldehydes represent attractive functional
groups for post-synthetic bioconjugation reactions.
Here, we report a ribozyme-based method for the
synthesis of aldehyde-functionalized RNA by directly
converting a purine nucleobase. Using the meth-
yltransferase ribozyme MTRI1 as an alkyltransferase, the
reaction is initiated by site-specific N1 benzylation of
purine, followed by nucleophilic ring opening and
spontaneous hydrolysis under mild conditions to yield a
5-amino-4-formylimidazole residue in good yields. The
modified nucleotide is accessible to aldehyde-reactive
probes, as demonstrated by the conjugation of biotin or
fluorescent dyes to short synthetic RNAs and tRNA
transcripts. Upon fluorogenic condensation with a 2,3,3-
trimethylindole, a novel hemicyanine chromophore was
generated directly on the RNA. This work expands the
MTRI1 ribozyme’s area of application from a meth-
yltransferase to a tool for site-specific late-stage func-
tionalization of RNA. )

Site—specific modifications of biomolecules for labeling and
crosslinking have become increasingly important for study-
ing structures, functions and interactions of nucleic acids!"!
and proteins.’!. Among such modifications, aldehydes are
attractive functional groups for bioconjugation, mostly by
reaction with nitrogen nucleophiles through condensation or
reductive amination.”! Masked aldehydes can be installed
synthetically, e.g. by solid-phase synthesis™ or enzymatic
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primer extension,”! and released by deprotection of acetals,
or generated by oxidative cleavage of 1,2-diols” or furan
residues.” Alternatively, site-specific enzymatic transforma-
tions of amino acids or modified nucleotides can give rise to
aldehyde functional groups for postsynthetic modification
and bioconjugation with aldehyde reactive probes. For
example, in DNA, aldehydes are introduced through the
local generation of abasic sites that are in equilibrium with
the open aldehyde form (Figure 1a), e.g. by uracil deglycosy-
lase (UDG) or other lyases.®! Natural modified nucleotides
containing aldehyde functional groups such as 5-formylcyti-
dine (f°C), are generated enzymatically by Fe/a-ketogluta-
rate-dependent dioxygenases, e.g. TET enzymes®” or
ALKBHI1" (Figure 1b). In proteins, internal site-specific
generation of an aldehyde side chain has been described by
formylglycine generating enzyme (FGE), which oxidizes a
cysteine in a specific sequence context (Figure 1c).'Y! The
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Figure 1. Enzymatic generation of aldehydes in nucleic acids and
proteins. A) Formation of abasic site in DNA by glycosylases (e.g.
UDG). B) Oxidation of m°C to £C in DNA/RNA by dioxygenase
enzymes of the AlkB family (e.g. TET in DNA or ALKBHT in tRNA).

C) Oxidation of cysteine to formylglycine in a peptide tag consensus
motif (CxPxR) by formylglycine-generating enzyme (FGE). D) RNA-
catalyzed synthesis of 5-amino-4-formylimidazole nucleobase analogue
3 in RNA via N1 benzylation of a specific purine nucleobase.
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aldehyde-tag!' is used as short genetically encoded peptide
tag that is fused to a protein of interest, and after treatment
with FGE the resulting formylglycine is further chemically
modified. Here, we developed a conceptually similar mod-
ification strategy for RNA that employs a synthetic
ribozyme as a mimic of an aldehyde generating enzyme. A
purine nucleobase (1) in RNA is converted to a 4-
formylimidazolyl nucleoside analogue (3) in a site-specific
manner, enabled by an RNA-alkylating ribozyme that
generates 1-benzylpurine (2) as an intermediate (Figure 1d).

The aldehyde generation in RNA is enabled by our
recently reported methyltransferase ribozyme MTR1,"
which catalyzes the methylation of adenosine (A) at the N1
position using O%-methylguanine (m°G) as the methyl group
donor. Crystal structures revealed the mechanism of the
MTR1 ribozyme,'! which originated from an in vitro
selection using biotinylated benzylguanine as alkyl group
donor.™ Thus, MTR1 is also an active alkyltransferase
ribozyme with O°-benzylguanine (Bn°G) as the cofactor.
Regarding the substrate scope of RNA-catalyzed RNA
methylation by MTR1, previous atomic mutagenesis studies
revealed that besides adenosine (A), 2’-deoxyadenosine
(dA), 2-O-methyladenosine (Am), 3-deazaadenosine (c’A)
and 7-deazaadenosine (c’A) were tolerated as target nucleo-
sides, while 2-aminopurine (2AP) and purine ribosides (i.e.,
Nebularine, Ne) did not show any shifted product bands on
denaturing PAGE. More detailed analyses of the reaction
products formed with Bn°G by HPLC and ESI-MS revealed
that the Ne-containing RNA was not unchanged. We studied
the formation of the new product in detail and turned it into
a useful RNA labeling approach that involves the formation
of the aminoimidazole carbaldehyde 3.

MTR1-catalyzed benzylation of unmodified RNA (i.e.
containing adenosine at the target position) showed a single
product corresponding to 1-benzyladenosine, which was
detected by denaturing PAGE and anion-exchange HPLC,
while RNAs that contained 2-aminopurine or 2,6-diamino-
purine at the target site were unreactive (Figure S1). In
contrast, when adenosine was replaced by nebularine, anion
exchange HPLC of the reaction product showed an addi-
tional later eluting peak (Figure 2a), with increasing inten-
sity after longer reaction time. The new product was lighter
by nine mass units than the untreated Ne-RNA, suggesting
that the purine ring was opened by nucleophilic attack of
water, followed by hydrolysis of imine and formamide
intermediates to generate the 5-amino-4-formyl-imidazol-1-
yl riboside 3 in the otherwise intact RNA. The suggested
mechanism is depicted in Figure S2 and supported by the
detection of several partially hydrolyzed reaction intermedi-
ates by mass spectrometry. Nucleophilic ring opening of N1-
alkylated purine nucleotides occurs in the context of the
Dimroth rearrangement, which converts N1-alkylated to N°-
alkylated adenosines.'” On the nucleoside level, similar
ring-opening of Nl-alkylated inosine and other purine
nucleosides has been used synthetically, e.g. during atomic
mutagenesis and for isotope-labeled nucleosides,'® and
other modifications."”’ However, the reaction mediated by
MTR1 is the first observation of 5-aminoimidazole-4-
carbaldehyde generation in an intact RNA oligonucleotide.
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Figure 2. A) Anion-exchange HPLC monitored by UV absorbance at
260 nm of a 14-nt long nebularine-containing RNA R1 after incubation
with MTR1 and Bn®G for 3 h or 20 h at 25 °C, in MES buffer pH 6.0.

B) Deconvoluted HR-ESI-MS spectrum of RNA isolated after 3 h shows
formation of a product that has lost 9 mass units (mol wt. of R1
calculated. 4388.63 Da, found for the new product 3: 4379.61 Da).

C) Bioconjugation to aldehyde-reactive probes carrying various labels
(L): Biotin (Bio) hydrazide (hyd), Lucifer Yellow (LY) carbohydrazide
(CH) or fluorescein (Flu) thiosemicarbazide (TSC). N,N-dimeth-
ylethylenediamine at pH 7.5, 37°C, 3 h, 20% denaturing PAGE using
5'-’P-labeled RNA.

This newly generated internal formyl group in RNA is
accessible for labeling with aldehyde reactive probes. We
used biotin-hydrazide (Bio-hyd), Lucifer Yellow carbohy-
drazide (LY-CH) and fluorescein thiosemicarbazide (Flu-
TSC) and optimized the reaction conditions by varying pH
and buffer composition. N,N-dimethylethylenediamine
(N,N-DMED)"™! buffer at pH 7.5 resulted in yields up to
72 % (Figure 1c), while other buffers gave only moderate
conversion (Figure S3). These results establish the MTRI1-
mediated aldehyde unmasking of Ne-RNA as a potent tool
for internal RNA labeling at physiological pH.

Building upon previous work on fluorogenic labeling of
5-formylpyrimidines,'” we hypothesized that a new hemi-
cyanine chromophore could possibly be generated in RNA
containing the aldehyde nucleobase 3. We examined the
reaction with N-ethyl-2,3,3-trimethylindolenium-5-sulfonate
(4) under various conditions and saw efficient formation of a
new product band on PAGE (Figure 3 a,b). High-resolution
ESI-MS analysis of the isolated full-length RNA product
confirmed the expected condensation product in the RNA
oligonucleotide with a monoisotopic mass of 4628.7 Da
(Figure 3c). For further analysis, the isolated RNA was
enzymatically digested and dephosphorylated to mononu-
cleosides and analyzed by LC-MS. The new nucleoside was
readily detected in the UV trace at 260 nm and in the
extracted ion chromatogram (Figure 3d).”” Thus, ESI-MS
and LC-MS suggested that only one product was formed.
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Figure 3. A) Fluorophore synthesis on RNA by condensation of 3 and 4.
The hemicyanine 5a can undergo spirocyclization to 5b. B) Gel image
of RNA R1 containing 3 reacted with 75 mM 4 at pH 6.0 and 45 °C.

C) Negative mode HR-ESI-MS (top) and deconvoluted spectrum
(bottom) of the isolated product after reaction at pH 8.5 (Am =22,
Na* salt). D) LC-MS analysis of digested isolated RNA from reaction
with 4 at pH 8.5. UV traces at 260 nm (blue, individual nucleosides)
and extracted ion chromatogram (EIC) corresponding to the modified
nucleoside, marked by asterisk (5b*) (m/z (M+H™)=493.17+0.01, for
C,,H2N,0,5). E) Anion-exchange HPLC of freshly isolated RNA with
detection at 260 nm and 486 nm, and re-analysis after 20 h of
incubation at pH 8, 37°C (bottom). F) UV/Vis absorption spectrum of
freshly isolated RNA (5 pM) showing absorption of 5a in the visible
spectral range. G) Fluorescence emission spectra of RNA containing
5a as single strand, or hybridized to a complementary strand,
containing either A, C, G, or U opposite to the chromophore

(Aex=486 nm).

Surprisingly, anion exchange HPLC of the full-length RNA
isolated from the reaction at pH 8.5 showed two product
peaks 5a and Sb. Only Sa showed absorbance at 486 nm,
suggesting that Sb is an isomer likely formed by spirocycliza-
tion. Longer incubation in aqueous buffered solution
increased the intensity of 5b (Figure 3e). In contrast to
spiropyran photoswitches,”! which can undergo ring-open-
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ing to the merocyanine form even when incorporated into
DNA ™ in our preliminary screening we did not find
conditions for efficient photochemical or thermal restoration
of 5a. For characterizing the open hemicyanine 5a by optical
spectroscopy, we used freshly PAGE-purified RNA that
contained less than 20% cyclized isomer. The UV/Vis
absorption spectrum of freshly purified modified RNA
revealed an absorption maximum at 512 nm and a shoulder
at 486 nm (Figure 3f). Fluorescence emission upon excita-
tion at 486 nm showed an emission maximum at 531 nm in
both single- and double-stranded RNAs. The emission
intensity was sensitive to the nucleoside facing 5a in the
duplex. With adenosine, the duplex showed the same emis-
sion intensity as the single strand, while C, G, or U in the
duplex opposite to Sa showed up to 50 % enhanced emission
(Figure 3g). Given the promise for fluorogenic labeling of
RNA, the reaction conditions were optimized to allow
ribozyme-catalyzed alkylation, aldehyde generation and
labeling to occur in one pot without the isolation of
intermediates (Figure S4).

For general application of the RNA-catalyzed labeling
strategy, facile accessibility of Ne-containing RNA is
required. Although the nebularine phosphoramidite is
commercially available, solid-phase synthesis is limited to
rather short RNAs. These can be integrated into larger
RNAs by enzymatic ligation.”” Alternatively, in vitro tran-
scription provides direct access to long RNAs, but modified
nucleotides cannot easily be introduced site-specifically.
However, even if nebularine was randomly incorporated
during in vitro transcription by T7 RNA polymerase, the
MTRI1 ribozyme can be used to precisely select one position
for derivatization, and this is achieved by appropriate design
of the binding arms. It has been reported that 2'-deoxynebu-
larine acts as an analogue of adenosine in DNA and
predominantly forms base pairs with thymidine.”! Nebular-
ine has also been used during nucleotide analogue interfer-
ence mapping (NAIM) of RNA, which requires its incorpo-
ration during in vitro transcription.” Thus, when ATP was
replaced by NeTP (Figure 4a) during in vitro transcription
of the 19-nt RNA Trl, T7 RNA polymerase was able to
generate a full-length product, which contained a single Ne
nucleoside, as shown by HR-ESI-MS analysis and by LC-
MS after digestion (Figure S7). Transcription yields were
comparable to unmodified RNAs, and only dropped for
consecutive nebularines, or when Ne was close to the
transcription start site. MTR1-catalyzed conversion of Ne in
the transcript and labeling of the generated aldehyde were
similar to the synthetic RNAs made by solid-phase synthesis
(Figure 4b,c). Importantly, we showed that MTR1 can site-
specifically modify only the desired position in a transcript
RNA that contained more than one nebularine, even if these
are at neighbouring positions. This was confirmed by RNase
T1 digestion and alkaline hydrolysis as shown in Figure 4d.
A nebularine-guanosine mismatch in the ribozyme binding
arm reduced the labeling efficiency, but good reaction yield
could be restored by placing uridine across Ne in the binding
arm (Figure S7).

Next, we moved to longer RNAs and chose in vitro
transcribed tRNAs as substrates, which have previously

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. MTR1-catalyzed labeling of in vitro transcribed nebularine containing RNA. A) Structure of NeTP. B) Aldehyde generation and labeling of
transcribed RNA Ne-Tr1 (19 nt). C) LC-MS analysis of digested unreacted and reacted (MTR1 + Bn°G treated) Ne-Tr1. UV trace at 260 nm and EIC
(m/z 244.09+0.01; note that 3 is a constitutional isomer of cytidine with the same sum formula CyH,3N;0O5). D) RNase T1 digestion and alkaline
hydrolysis of untreated (substrate, S) or MTR1-modified and consecutively Flu-TSC labeled (product, P) transcript Ne-Tr2 (19 nt) with two
consecutive Ne, of which only the desired one (marked in red) was modified site-specifically. E) Schematic representation of the labeling site at
position 58 in T. thermophilus tRNA-Asp. F) T. thermophilus tRNA-Asp was transcribed using ATP or NeTP, treated with MTR1 in the presence (+)
or absence (—) of Bn®G followed by conjugation with 4 or Flu-TSC. The gels were imaged in the fluorescein-channel (top) to detect the labeled
RNAs, and then stained with SYBR green (bottom) to visualize tRNA and MTRT.

been shown to be accessible for MTR1-catalyzed installation
of m'A.®! The Thermus thermophilus tRNA-Asp was tran-
scribed in the presence of NeTP, and modified by an MTR1
ribozyme targeting position 58 (Figure 4e). Successful gen-
eration of 3 in tRNA was revealed by the presence of a
strongly fluorescent band upon conjugation to Flu-TSC,
while no fluorescence was detected in the negative control
reactions (Figure 4f). Similarly, generation of fluorophore 5
allowed for selective visualization of the tRNA (Figure 4f).

In summary, we report the site-specific generation of a
formylimidazole nucleotide analogue in RNA initiated by
an alkyltransferase ribozyme. Using O°-benzylguanine as the
small molecule cofactor, the MTRI1 ribozyme alkylates
nebularine to generate 5-amino-4-formylimidazole-ribonu-
cleoside at a specific internal position in the target RNA.
The aldehyde can easily be further conjugated with various
nucleophiles. We demonstrated the versatility of this
approach by fluorescent labeling of a full-length tRNA
transcript. In addition, through condensation of the 5-
aminoimidazole-4-carbaldehyde 3 with a 2,3,3-trimeth-
ylindole moiety, we generated a novel environmentally
sensitive hemicyanine fluorophore directly on the RNA.
This reaction opens the possibility to synthesize alternative
chromophores with altered fluorescent properties that could
serve as probes for elucidating nucleic acid structures and
dynamics. Furthermore, the MTRI1-ribozyme catalyzed
aldehyde generation holds potential for nucleic acid-protein
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crosslinking® via nucleophilic amino acid side chains to
covalently trap proteins that are associated with their DNA
or RNA targets. Overall, this work establishes nebularine as
aldehyde precursor in RNA and demonstrates its post-
synthetic functionalization by an alkyltransferase ribozyme,
thus expanding the ribozyme toolbox for RNA labeling.*"!
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Experimental procedures, analytical NMR and MS data,
supplementary Figures.
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