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Conspectus

RNA modifications found in most RNAs, particularly in tRNAs and rRNAs, reveal an abundance 

of chemical alterations of nucleotides. Over 150 distinct RNA modifications are known, 

emphasizing a remarkable diversity of chemical moieties in RNA molecules. These modifications 

play pivotal roles in RNA maturation, structural integrity, and the fidelity and efficiency of 

translation processes. The catalysts responsible for these modifications are RNA-modifying 

enzymes that use a striking array of chemistries to directly influence the chemical landscape of 

RNA. This diversity is further underscored by instances where the same modification is introduced 

by distinct enzymes that use unique catalytic mechanisms and cofactors across different domains 

of life. This phenomenon of convergent evolution highlights the biological importance of RNA 

modification and the vast potential within the chemical repertoire for nucleotide alteration. While 

shared RNA modifications can hint at conserved enzymatic pathways, a major bottleneck is 

to identify alternative routes within species that possess a modified RNA but are devoid of 

known RNA-modifying enzymes. To address this challenge, a combination of bioinformatic 

and experimental strategies proves invaluable in pinpointing new genes responsible for RNA 

modifications. This integrative approach not only unveils new chemical insights but also serves 

as a wellspring of inspiration for biocatalytic applications and drug design. In this account we 

present how comparative genomics and genome mining, combined with biomimetic synthetic 

chemistry, biochemistry, and anaerobic crystallography can be judiciously implemented to address 

unprecedented and alternative chemical mechanisms in the world of RNA modification. We 

illustrate these integrative methodologies through the study of tRNA and rRNA modifications, 

namely dihydrouridine, 5-methyluridine, queuosine, 8-methyladenosine, 5-carboxymethylamino-

methyluridine or 5-taurinomethyluridine, each dependent on a diverse array of redox chemistries, 
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often involving organic compounds, organometallic complexes, and metal coenzymes. We explore 

how vast genome and tRNA databases empower comparative genomic analyses and enable the 

identification of novel genes which govern RNA modification. Subsequently, we describe how 

the isolation of a stable reaction intermediate can guide the synthesis of a biomimetic to unveil 

new enzymatic pathways. We then discuss the usefulness of a biochemical ‘shunt’ strategy to 

study catalytic mechanisms and to directly visualize reactive intermediates bound within active 

sites. While we primarily focus on various RNA-modifying enzymes studied in our laboratory, 

with a particular emphasis on the discovery of a SAM-independent methylation mechanism, 

the strategies and rationale presented herein are broadly applicable for the identification of new 

enzymes and the elucidation of their intricate chemistries. This account offers a comprehensive 

glimpse into the evolving landscape of RNA modification research and highlights the pivotal role 

of integrated approaches to identify novel enzymatic pathways.

Graphical Abstract

1. Introduction

RNAs ensure the decoding of the genetic information stored in DNA into proteins and are 

involved in many crucial biological pathways including the control of gene expression5,6. 

After their biogenesis during transcription, the newly transcribed RNAs undergo several 

processing steps that functionalize them into mature RNAs to fulfill their diverse biological 

roles7,8. One of these steps is the incorporation of several distinct chemical groups at 

the base and/or ribose of specific nucleotides, thus converting a monotonous polymer 

into a highly decorated molecule9,10. This biological process is termed posttranscriptional 
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RNA modification. To understand these RNA modification processes, also known as the 

epitranscriptome or RNA epigenetics, a broad range of techniques are required to identify 

and quantify these chemical marks transcriptome wide, to establish the chemistry of their 

biosynthesis, and to understand their biological roles11.

RNA modification is currently the subject of intense efforts not only given their functional 

relevance in RNA structure formation12–14 and their implication as molecular determinants 

for numerous cellular fates and interactions, but also given their role in the adaptation 

of gene expression to changing metabolic regimes and stress15–20. To date, more than 

150 RNA modifications are known and it is likely that this number will increase with 

new breakthroughs in technologies dedicated to the analysis of modifications on the 

whole transcriptome, such as chemical labeling methods, mass spectrometry (MS) analysis 

and high-throughput sequencing21–23(HTS) including nanopore24,25. This great diversity 

in chemical groups inevitably implies new chemistries as well as diverse molecular 

mechanisms of protein/RNA interactions that are yet to be unraveled. Understanding the 

chemical mechanisms that drive these modifications is fundamental if we hope to target 

them for future therapeutic approaches26,27. Indeed, a dysfunction in RNA modifications is 

recognized as a cause of aging28 and a driver for a large number of severe disorders29. Most 

commonly, mutations in the genes coding the enzymes that catalyze the RNA modifications 

will disrupt the enzymatic activity leading to a hypomodified RNA and a disease state 

classified as an RNA modopathy30.

RNA modifications are catalyzed by highly selective enzymes able to specifically recognize 

their substrate among the millions of RNAs in the cell and to modify a defined single 

atom contained within the substrate. Throughout evolution, these outstanding catalysts have 

developed unique and often complex strategies to catalyze RNA modification chemistry. 

RNA modifying enzymes often rely on organic cofactors such as flavin31 or inorganic 

cofactors such as iron-sulfur clusters, mostly 4Fe-4S32, or even organometallic cofactors 

such as cobalamin33 (Figure 1), that synergize with the polypeptide to promote unexpected 

reactivities.

In this account, we will discuss how combining comparative genomics, phylogeny, X-ray 

crystallography under anaerobiosis, and synthetic chemistry can foster the discovery of new 

RNA modification enzymes associated with unprecedented chemistries. We will describe 

how these strategies have led us to decipher different biosynthetic mechanisms for various 

nucleotide modifications that rely on redox reactions such as queuosine, ribothymidine or 

dihydrouridine, and highlight the tools that nature has at its disposal to catalyze identical 

modifications with alternative chemistries, notably through convergent evolutionary events. 

We will also emphasize how our studies can inform the mechanisms of other complex RNA 

modifications.

2. Comparative genomics, a powerful approach in the search for 

alternative and novel mechanisms of RNA modifications

Comparative genomic approaches are powerful tools in the search for new enzymes34. 

These methods are ideal to identify the functions of genes and to discover new enzymes 
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in Bacteria and Archaea35,36. Since tRNA modification genes are not only widespread but 

also conserved among specific kingdoms or phyla, in silico comparative approaches that 

combine different types of genomic and post-genomic evidence, such as physical clustering, 

phyletic searches, phenotype/expression/localization data or 3D-structures (Figure 2), have 

successfully identified over 30 missing genes in the last 20 years. The availability of 

over 200,000 genomes with complete sequences has increased the depth of comparative 

approaches but a major limiting factor in the field of RNA modification is the limited 

availability of precise mapping and identification of modifications in all tRNAs from a given 

organism. Indeed, the atlas of tRNA modifications is currently available for just a handful 

of species in MODOMICS10. Nevertheless, we are optimistic that the recent progress in MS 

and HTS-sequencing analytical tools will increase this number in the near future 21.

Among the tRNA-modifying enzyme genes identified by comparative genomics, we 

uncovered the dihydrouridine synthases (Dus) of E. coli responsible for dihydrouridine 

(D) incorporation in tRNAs37. The guiding strategy for this identification was the analysis 

of 3307 clusters of orthologous groups available at that time with the comparative search 

criteria that the gene encoding the D biosynthetic enzyme must be absent in Pyrococcus 
abyssi, which does not have D in its tRNAs, but present in E. coli, S. cerevisiae and 

B. subtilis. This led to the identification of a family of flavin mononucleotide (FMN)-

dependent flavoenzymes composed of three subfamilies, termed DusA, DusB and DusC. 

These enzymes use NAD(P)H as a reductant to catalyze the hydrogenation of the C5=C6 

double bond of certain uridines in tRNAs, through a hydride transfer from the flavin to the 

substrate RNA38,39 (Figure 3). Each Dus is in charge of the synthesis of at least one D 

residue and the complete site specificity of this enzyme family was recently resolved in our 

laboratory40. Unexpectedly, phylogenetic analysis shows a complex distribution of Dus in 

bacteria and we demonstrated that gram-positive bacteria rely on a single Dus homolog of 

type B to insert all D residues into their tRNAs, highlighting the multisite specificity of this 

enzyme subfamily41.

Comparative genomics can also reveal alternative biosynthetic pathways in certain tRNA 

modifications such as the recent discovery of a new class of FeS enzymes involved in 

the last step of the queuosine formation at position 34 of tRNAs (Q34)3. The Q base is 

a complex modification of guanosine present at the wobble position of tRNA anticodons 

His, Tyr, Asn and Ala. This modification involves three consecutive steps and is found in 

both eubacteria and eukaryotes. In most organisms the last step of Q synthesis consists of 

the reduction of epoxyqueuosine (oQ34) to Q34 catalyzed by the cobalamin- and two FeS 

cluster-dependent enzyme QueG. The proposed enzymatic mechanism of QueG entails a 

redox-dependent covalent chemistry orchestrated by the cobalamin wherein two electrons 

and a proton are exchanged in a sequential order to ensure catalytic turnover33,42,43 (Figure 

3), although an alternative mechanism was recently proposed44. Analysis of the distribution 

of QueG in 1792 genomes of various eubacteria revealed that around half lacked the queG 
gene but still retained Q34 in their tRNAs. Furthermore, all of these bacteria carried the tgt 
and queA genes further hinting at the existence of a new gene family with an oQ34 reductase 

function. In bacteria, genes for enzymes involved in successive biosynthetic routes are often 

physically clustered and it was this assumption that was tested to search for genes near tgt 
and queA in organisms that did not possess queG. This approach successfully identified a 
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new class of enzyme called QueH that is cobalamin independent and functions with a single 

4Fe4S cluster and an additional undefined metal to catalyze the conversion of oQ34 to Q34
45. 

In the case of QueH, the postulated mechanism differs from that of QueG and involves a 

novel protonation-assisted radical mechanism with the intervention of a transient carbanion 

(Figure 3), a challenging chemistry that requires more extensive experimental validation.

The comparative genomics approach has also facilitated the discovery of an alternative RNA 

methylation pathway to the prevalent S-Adenosyl-L-methionine (SAM)-dependent catalysis 

that relies on the classical SN2-type mechanism. The gene encoding this SAM-independent 

methyltransferase was later identified by comparative genomics using as search criteria 

the fact that this alternative methylation pathway exists in some Gram-positive bacteria 

species, whereas a SAM-dependent enzyme is used in Eukarya, in Gamma-proteobacteria 

and in a few Archaea46. This led to the identification of an alternative class of folate and 

flavin-dependent methyltransferases exemplified by TrmFO for the methylation of U54 to 

m5U54 in Gram-positive tRNAs and then RlmFO involved in the methylation of U1939 to 

m5U1939 in rRNAs of mollicutes47,48. We will see in the following sections of this account 

how this work paved the way for the discovery of a new chemistry for RNA modification.

3. The use of a synthetic mimic and reconstitution strategy to uncover an 

atypical RNA methylation mechanism

The study of an enzymatic mechanism often requires various chemical labeling strategies of 

the substrate and to monitor the incorporation of the labeled atoms into the final product. 

One complementary approach is the use of synthetic biomimic intermediates to activate an 

enzyme of interest. This approach is especially useful for enzymes that rely on a coenzyme 

for catalysis such as flavoproteins. Indeed, one can produce the apoprotein and attempt 

to reconstitute the holoenzyme with various synthetic analogues of the natural coenzyme, 

either to decipher a chemical mechanism or to develop new and original catalysts for 

biotechnological purposes49. In this section, we will revisit key steps that allowed us to 

apply this strategy to TrmFO to demonstrate its complex methylation mechanism, likely 

shared with its homologous proteins RlmFO, MnmG and MTO1.

The discovery of reductive RNA methylation required for the formation of m5U54 

in Gram-positive bacterial tRNAs and m5U1939 in Mollicutes rRNAs began with the 

intriguing observation that the freshly purified Bacillus subtilis recombinant enzyme TrmFO 

(BsTrmFO) was capable of methylating tRNA transcripts in vitro in the absence of 

exogenous carbon donor and reductant50. This led us to hypothesize that the enzyme was 

co-purified with the tRNA methylating agent. To identify the active methylating species, we 

used diverse spectroscopies as well as LC-MS to observe a covalent flavin/protein adduct 

formed of an exocyclic methylene sandwiched between the N5 of the reduced FAD and 

the sulfur of a strictly conserved cysteine (found in all TrmFO, C51 in TtTrmFO and C53 

in BsTrmFO, RlmFO, MnmG and MTO1). We will refer to this flavin/protein adduct as 

FAD-CH2-S-TrmFO (Figure 4)4. Mutation of this cysteine yielded a TrmFO purified with 

an oxidized flavin and this mutant was inactive even when folate and NAD(P)H or sodium 

dithionite (used as an artificial flavin reducing agent) were added in the reaction medium. 
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This clearly demonstrated that the cysteine is not only essential for the stabilization of 

the FAD-CH2-S-TrmFO covalent adduct but also an indispensable component in the RNA 

methylation reaction. This reductive methylation occurs in two steps and differs from the 

SAM-dependent reductive methylation where a methyl group is transferred directly through 

an SN2 mechanism. First, the methylene is released from the adduct and transferred to the 

RNA and second, this methylene is reduced to a methyl group by the reduced flavin likely 

via a hydride transfer. This implies that the thioester bond is broken to presumably generate 

a flavin iminium or carbinolamine that is the genuine methylating agent (FAD=CH2 or 

FAD-CH2OH, see below for further details). Nevertheless, the FAD-CH2-S-TrmFO adduct is 

stable when stored at −80°C but decays to FAD under air exposure with a kinetic constant of 

0.007 min−1 at pH 7 and 23°C and this decomposition is strongly accelerated by the acidity 

of the solvent51.

To prove that the observed FAD-CH2-S-R species is a tRNA methylating agent, we relied 

on the synthesis of a mimetic compound in the form of FAD-CH2-SCH3 to reconstitute 

TrmFO’s activity. This mimic of the covalent adduct was produced by reacting under 

anaerobic conditions FADH−, derived from the reduction of free FAD with dithionite, 

with chloromethylmethyl sulfide (ClCH2SCH3)2. The deuterated form of this mimic, FAD-

CD2-SCH3 was also synthesized to ascertain that it is indeed the electrophilic CH2 held 

between two heteroatoms (originated from ClCH2SCH3) that is the source of carbon in 

RNA methylation (Figure 4). Mass spectrometry analyses revealed that the synthesized 

mimic breaks down under acidic conditions to FAD=CH2, the flavin iminium species that 

can be further reduced by NaBH4 to FAD-CH3
2. This is in agreement with computational 

calculations that support the formation of the flavin iminium by protonation of the sulfur 

of the FAD-CH2-S-CH3 adduct, an energetically favorable process (−79 kJ/mol)51. This is 

a barrierless and exothermic process (ΔE ~ −80 kJ/mol) that favors the rupture of the C-S 

bond, to yield the flavin iminium with the formation of CH3-SH and H2O as byproducts.

Having synthesized FAD-CH2-SCH3 to promote FAD=CH2 formation, it was essential 

to produce the vector that carries this mimic, namely the apoprotein version of TrmFO. 

Classical techniques for the production of apoflavoproteins rely on prolonged dialysis 

of holoenzymes under acidic conditions. However, these methods were unsuccessful for 

TrmFO not only due to the presence of various covalent adducts but also because of 

the high affinity of the enzyme for oxidized FAD. Indeed, even the C53A mutation that 

promotes an adduct-free enzyme did not produce sufficient yields of the apoprotein form 

for reconstitution experiments. To circumvent this difficulty, we opted for another strategy, 

namely to weaken the coenzyme/protein bond by mutagenesis while maintaining sufficient 

affinity of the resulting apoTrmFO for FAD to reconstitute it with a synthetic mimic. 

Through extensive analysis of the crystal structure of the Thermus thermophilus enzyme 

as well as a homology model of BsTrmFO, we noticed the presence of a conserved 

tyrosine (Y346 for BsTrmFO and Y343 for TtTrmFO) that engages in a π−π interaction 

with the si-face of the isoalloxazine52; making this tyrosine an attractive candidate for 

mutagenesis (Figure 4). Conclusively, the Y346A and Y346F mutants yielded apoproteins 

that could still bind to FAD with KD of 0.3 ± 0.06 and 0.6 ± 0.1 μM, respectively53. 

Additional spectroscopic studies showed that this specific tyrosine strongly quenches the 

FAD fluorescence. We and others explained this quenching by showing that the excited FAD 
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abstracts very rapidly (0.43 ps) an electron from Y346, yielding an unprecedented FAD˙−/

Y346OH˙+ radical pair54,55. The radical pair then decays by charge recombination, mostly 

in 3-4 ps, without any deprotonation of the Y346OH˙+ radical. Presumably, the H-bond 

between Y346 and the amide group of C53 increases the pKa of Y346OH˙+ and slows down 

its deprotonation53,55.

Beyond these spectroscopic considerations, we showed that these mutants can be 

reconstituted with the synthetic FAD-CH2-S-CH3 (Figure 4) although the Y346A mutant 

was more stable than its Y346F counterpart (see references detailing this stability 

difference53,56,57). Once reconstituted, the excess of mimic was removed by size 

exclusion chromatography, and we performed methylation assays by directly incubating 

the reconstituted enzyme with a tRNA transcript under anoxia in a glove box. To detect 

the methylation, we digested the tRNA with RNAse A and analyzed the mixture of 

nucleotide fragments by MALDI-MS. This approach clearly showed that only the mixture of 

apoprotein reconstituted with FAD-CD2-S-CH3 and in the presence of tRNA yielded labeled 

(CD2H)5U54 (Figure 4). In contrast, the mimic or the enzyme alone or the apoenzyme 

reconstituted with FAD-CH3 did not have this methylase activity. Thus, this original 

approach allowed us to demonstrate that the apoTrmFO enzyme was activated by the 

synthetic mimic FAD-CH2-SCH3 and that the redox flavin coenzyme directly mediates the 

carbon transfer in the reductive methylation of tRNA.

4. The formaldehyde shunt strategy and X-ray crystallography to visualize 

a flavin-based methylating agent

To obtain molecular details on how flavin mediates carbon transfer, we attempted to 

crystallize BsTrmFO with the synthetic mimic but without success. As an alternative 

strategy, we used ThyX from Thermus thermophilus as a model system for C5-uracil 

flavin- and folate-dependent methylations. Indeed, ThyX is a thymidylate synthase that 

uses the same substrates as TrmFO to catalyze a reductive methylation of uracil C5 in the 

monomer dUMP (instead of tRNA for TrmFO) to produce dTMP. Although ThyX is a 

potential target for future antibiotics due to its structural and mechanistic divergence from 

the human thymidylate synthase58–62, ThyX’s chemical mechanism remains debated with 

several models proposed. In parallel to our work on TrmFO, the Kohen’s group revisited 

the mechanism of ThyX63. They used quench-flow to trap a reaction intermediate identified 

as FAD-CH2-dUMP adduct, which reinforces the notion that flavin can be a nucleotide 

methylating agent. To study this methylating species, we developed a novel approach 

based on a formaldehyde shunt, analogous to the peroxide shunt employed in mechanistic 

studies of cytochromes P450 to bypass the heme reduction and molecular oxygen fixation 

steps64. We reasoned that the degree of oxidation of methylene in CH2THF is the same 

as that of formaldehyde (CH2O) and thus the latter can replace, in theory, the complex 

folate molecule to activate the methylation reaction65. As hypothesized, our steady-state 

activities and presteady-state kinetics monitored by stopped-flow under anaerobiosis showed 

that ThyX can use CH2O directly as a source of methylene for its methylation reaction, 

instead of CH2THF1. This was also unambiguously demonstrated with 13CH2O labeling 

reactions coupled to NMR and mass spectrometry analyses of the reaction products that 
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confirmed the incorporation of 13CH2 at the C5 uracil of dUMP (Figure 5). The mechanism 

of CH2O activation was ascertained by UV/Visible spectroscopy and kinetics suggesting that 

reduced flavin activates formaldehyde to form a carbinolamine-like adduct (Figure 5). The 

observed rate constant for the formation of this intermediate increases linearly with CH2O 

concentration, consistent with a reversible bimolecular reaction (kon = 1.1 M−1.s−1, koff = 0. 

022 s−1, KD of ~ 20 mM), while rate constants for flavin oxidation was kox = 0.03 s−1.

To obtain additional evidence that a flavin carbinolamine is the methylating agent, we 

attempted to crystallize ThyX with this adduct. Two approaches were chosen: the first 

one consisted in soaking directly crystals of the reduced enzyme with CH2O while the 

second approach was to crystallize a version of ThyX reconstituted with a synthetic flavin 

carbinolamine1. Since the methylating agent is sensitive to oxidation, our crystallization 

efforts were done under strict anaerobic conditions. Remarkably, both approaches yielded 

crystals that diffracted to 2.8 and 2 Å resolutions for the structures of apo-ThyX 

reconstituted with the synthetic flavin carbinolamine and the reduced ThyX incubated with 

CH2O, respectively. The presence of the flavin adduct in both crystals was further verified 

by measuring UV/visible spectra directly on the crystals. An additional electron density on 

the FAD was observed in crystallo and attributed to a CH2OH group attached to the N5 atom 

of the isoalloxazine ring, which adopts a butterfly conformation significantly bent along its 

C10a–C4a axis with a dihedral angle of ~12° indicative of a reduced flavin (Figure 5). The 

N5 atom of FAD is pyramidal, consistent with an sp3 hybridized nitrogen. The visualized 

carbinolamine group adopts a similar axial position, oriented toward the si-face of FAD 

and interacts with a water molecule. Our structures are superimposable with that of the 

ThyX/dUMP/folate ternary complex previously reported66, allowing us to provide a model 

for a catalytically relevant species with the methylene of the flavin carbinolamine located 

only at 2.4 Å from the C5-uracil receiving atom (Figure 5).

Collectively, this led us to propose that the observed flavin-carbinolamine species is 

likely the methylene donor in the flavin-dependent nucleotide methylation via an acid-

catalyzed SN2 process that releases water to form a methylene-uracil moiety (Figure 4). 

As this carbinolamine is theoretically in equilibrium with the corresponding flavin-iminium 

species, the latter could, as previously proposed67, be the actual electrophile. However, this 

alternative scenario is unlikely since the flavin-iminium is highly unstable and was shown 

to react with water rapidly to form the corresponding flavin carbinolamine68. Moreover, 

efficient attack of nucleophiles on the π-system of carbonyls or imines occurs along the 

so-called Bürgi–Dunitz trajectory, with the nucleophile attacking the unsaturated carbon 

with an obtuse angle of ~107° with respect to the C–X bond (X being the leaving 

group)69. In contrast, the sp3 hybridized carbinolamine presents a favorable distance and 

geometry for the in-line attack of the C5 carbon of dUMP for C–C bond formation and 

water displacement. Therefore, these stereoelectronic considerations lead us to favor the 

carbinolamine as the actual carbon transfer agent in the nucleotide’s methylation.

5. Flavin mediated methylene transfer beyond nucleotide methylation

Our recent findings on ThyX inform us not only on the methylation of dUMP but also 

on other flavin- and folate CH2THF-dependent RNA modifying enzymes that converge on 
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modifying the C5 uridine (Figure 6). While the intervention of carbinolamine (or iminium) 

flavin as a methylating agent in TrmFO is now taken for granted, it is likely that this same 

species is also used by homologous systems such as RlmFO for the biosynthesis of m5U1939 

in rRNA, MnmE/MnmG for cmnm5s2U34 in bacterial tRNA as well as GTPBP3/MTO1 

for τm5U34 in mitochondrial tRNA (Figure 6). Indeed, the Bandarian’s group recently 

proposed that for MnmE/MnmG of E. coli uses a carbinolamine wherein FAD=CH2 is 

believed to act as alkylating agent70. In their recent study, Bommisetti et al, successfully 

reconstituted the activity of the MnmE/MnmG complex in vitro and showed by 13CH2THF 

labeling experiments that the methylene appended directly to the C5 of U34 in cmnm5s2U34 

originates from CH2THF. Similar observations were previously made in vivo for both 

MnmE/MnmG in E. coli71 and GTPBP3/MTO172 in human cells. Given the commonalities 

with TrmFO and ThyX, the flavin carbinolamine could be the mediating species in the 

methylene transfer for MnmE/MnmG and GTBP3/MTO1 but this remains to be proven 

experimentally.

Unlike TrmFO or RlmFO where the methylene is converted to methyl by hydride transfer 

from the reduced flavin (FADH−), in the case of cmnm5s2U or τm5U34 the modification is 

coupled to the C5-uracil by a methylene (Figure 6). If we assume a mechanism where 

the flavin mediates the methylene transfer, then for cmnm5s2U or τm5U34 the flavin 

would catalyze a non-redox reaction. From that perspective, once the methylene transfer 

is performed, the resulting FADH− can be recharged with methylene from the CH2THF 

and re-engage in a new catalytic cycle without the consumption of an additional reducing 

equivalent. Indeed, the N5 atom in sp3 of FADH− acts as a nucleophile (not the case for 

the N5 in sp2 of oxidized FAD) and a reducing equivalent is theoretically required only 

once to generate the initial FADH−, the latter acting as a virtuous catalyst in the absence of 

oxidation.

6. Conclusion and outlooks

The study of RNA modifications paved the discovery of new enzymatic mechanisms 

highlighting the chemical richness that nature has evolved to functionalize RNA 

macromolecules. This illustrates the diversity in enzymatic pathways that stemmed from 

evolutionary convergence to synthesize the same modification in distinct kingdoms of life. 

Comparative genomics and genome mining are powerful methodologies at the disposal 

of biochemists to uncover alternative enzymatic mechanisms in the biosynthesis of RNA 

modifications such as Q34 and m5U54 to name a few. The isolation of stable reaction 

intermediates (often by luck) can also guide and act as clues for mechanistic study such as 

the discussed methylations of inert sp2 carbon in the biosynthesis of m5U or m8A in tRNA 

and rRNA. From this perspective, it is beneficial to purify different orthologous proteins 

since some species are more prone to stabilize reaction intermediates especially during 

recombinant protein expression. For instance, TrmFO from Thermus Thermophilus purified 

with oxidized FAD but the Bacillus subtilis protein co-purified with the flavin-methylene 

adduct. Even in the absence of an isolated enzymatic intermediate, the synthesis of a 

postulated reactive species coupled to the reconstitution of the apoprotein with the synthetic 

biomimetic is an ideal strategy to validate a proposed mechanism. This combined approach 

of synthetic chemistry and biochemistry supplemented with structural approaches (such as 
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X-ray crystallography or cryogenic electron microscopy) can help simplify and untangle 

enzymatic reactions that depend on multiple cofactors and substrates. As an example, these 

approaches allowed us to uncover a novel flavin species, the flavin carbinolamine, as a 

mediator of methylene transfer in the flavin- and folate-dependent methylation reactions of 

tRNA U54 and dTMP.

The identification of a flavin carbinolamine for nucleotide methylation revealed unsuspected 

facets of the old flavin coenzyme known to harbor significant chemical versatility and 

further evidenced by recent discoveries73. The strategy we have outlined here may 

prove useful and is readily applicable to unravel other complex mechanisms of tRNA 

modifications such as cmnm5U34 and tm5U34, both of which are essential for translational 

fidelity. Moreover, since flavin was one of the first organic cofactors, its reactivity can 

inform us about prebiotic chemistry74. It’s possible that flavin was among the first cofactors 

used by RNAs to perform complex chemistries, following the RNA world hypothesis. This 

is hinted by the recent discovery of an RNA aptamer that modulates flavin’s reduction 

potential75. Since ribozymes with SAM-dependent methylation activity76,77 were recently 

discovered, it is tempting to speculate that ancient ribozymes might have used a flavin 

carbinolamine (similar to TrmFO and ThyX) for methylation during the early phases of life 

on Earth.

Lastly, all the modifications we have addressed in this account rely on various redox 

chemistries. Despite the importance of the reducing agent in redox reactions, the origin 

of reducing equivalents remains enigmatic for several RNA modifications. This is also the 

case for reactions that employ electrons to activate their substrate, such as many radical 

SAM systems. For instance, it has always been difficult to reduce TrmFO with NAD(P)H in 
vitro. In contrast, MnmG is readily reduced by NADH while this has not been studied yet for 

RlmFO or MTO1. This raises the more general question of the physiological electron donor 

required for the biosynthesis of many RNA modifications, opening a broad and exciting 

avenue to explore the connection between the epitranscriptome and the redox metabolism.
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Figure 1. RNA modifications dependent on redox coenzymes.
Left side : biosynthetic RNA modifications for: (i) the reduction of uridine to dihydrouridine 

(D) catalyzed by the dihydrouridine synthases (Dus), (ii) the oQ reduction to Q by 

QueG and QueH, (iii) the reductive methylation of uridine into m5U by TrmFO, (iv) 

the carboxymethylaminomethylation of uridine into cmnm5U catalyzed by MnmE/mnmG 

complex (v) the methylation of adenine to m8A by RlmN. (vi) The chemical groups of each 

modification are boxed in red and the respective enzyme(s) that catalyze each reaction are 

indicated. Right side: Biochemical coenzymes used for RNA modifications: flavins (FMN 

and FAD) in orange, cobalamin (CbI) in blue and its metal in magenta, while the cubic 

4Fe-4S cluster is represented with Fe atoms in red and sulfur in yellow.
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Figure 2. Comparative genomic pipeline to identify missing tRNA modification genes.
The search starts by mapping tRNA modifications to known enzymes to identify globally or 

locally missing enzymes (1). After an initial datamining step (2) to define search criteria (3), 

a combination of in silico tools that integrate different types of in silico and omics data (4) 

can be used to generate a candidate list (5) that will be experimentally validated (6) before 

deposition in databases as a novel tRNA modification genes (7). Modomics is a database of 

RNA modification. GtRNAdb is a Genomic tRNA database.
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Figure 3. Illustration of different redox-dependent chemistries involved in RNA modifications.
(i) Hydride reduction: Dus catalyzes the reduction of the ethylenic uridine bond of tRNAs 

and mRNAs by hydride transfer derived from the N5-FMNH− to the sp2 C6 carbon of uracil 

and by protonating the C5 using the thiol of a conserved site cysteine that acts as an acid. 

(ii) Covalently catalyzed reduction: epoxyqueuosine reductase, QueG, is the predominant 

oQ34 enzyme in nature that catalyzes the reduction of the epoxy-cyclopentanediol moiety 

of oQ34 to the cyclopentenediol of Q34 by covalent cobalamin-dependent catalysis. The 

reduction requires two x 1e- from the 4Fe-4S clusters of the protein while an aspartic acid 

from the active site functions as an acid. (iii) Reduction by electron transfer: QueH is the 

alternative enzyme to QueG but proceeds via a different mechanism based on sequential 

electron transfer from the single 4Fe-4S center of the protein.
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Figure 4. Strategy for the activation of an apoprotein version of a folate and flavin-dependent 
methyltransferase by a synthetic biomimetic for reductive methylation of tRNA.
Top right shows the crystal structure of T. thermophilus TrmFO in complex with 

tetrahydrofolate (gray) (PDB: 3G5R). The zoom on a section of the active site shows the 

FAD coenzyme in orange, the folate derivative (in grey) whose pteridine stacks with the 

si-face of the FAD isoalloxazine while on the re-side lies the conserved tyrosine Y346 

(numbering based on the sequence of BsTrmFO) engaged in π−π interaction with the flavin. 

The active site cysteine that stabilizes the flavin methylating intermediate FAD-CH2-S-CH3 

(copurified with the Bs enzyme) faces the N5-FAD. This intermediate decomposes under 

protonation of the sulfur atom to give the FAD=CH2 species the bona fide C5-U methylating 

agent. Top left is a model of the flavin site of TtTrmFO showing the Y346A mutation 

artificially generated in PyMOL to illustrate the apoprotein. This apoprotein is reconstituted 

with the synthetic biomimetic flavin that acts as methylating agent and with the methylene 

deuterated to track its transfer on the substrate. Once reconstituted, the apoenzyme is 

activated for specific reductive methylation of the C5-U54 tRNA. This is shown by the 

incorporation of CD2 in red into the tRNA and its conversion to a methyl group via hydride 

transfer from the flavin to CHD2.
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Figure 5. Formaldehyde shunt to activate an apoprotein of a folate and flavin-dependent 
methyltransferase.
FADH− (reduced flavin), obtained by the reduction of oxidized FAD with dithionite, 

activates 13C-labeled formaldehyde via the N5 of the isoalloxazine to give an air-labile 

flavin carbinolamine. The latter can be reconstituted in an apoprotein version of Thermus 
thermophilus thymidylate synthase (ThyX) that uses flavin and folate to catalyze the 

reductive methylation of the uracil C5 of dUMP to dTMP. This reaction is similar to 

that of TrmFO or RlmFO. Once reconstituted with the synthetic carbinolamine under 

anaerobic conditions, the methyltransferase is active and can readily methylate dUMP. The 

crystallographic structure of this carbinolamine intermediate (orange) is shown in complex 

with dUMP (black) by structural alignment. Once activated, the C5 uracil of the substrate 

attacks the electrophilic methylene of the carbinolamine allowing its transfer from the flavin 

to dUMP.
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Figure 6. Potential involvement of flavin as an alkylating agent in other RNA modification 
reactions.
(i) In the center is shown the enediamine function of the reduced flavin carbinolamine in 

equilibrium with its iminium counterpart. (ii) Top left side is represented the 23S domain of 

mollicutes rRNA showing the localization of m5U1939 (in yellow) catalyzed by RlmFO. (iii) 

Top right side is a schematic of tRNA showing the localization of m5U54 (in yellow) at the 

level of the TpsiC loop catalyzed by TrmFO, cmnm5U34 (in blue) in bacteria catalyzed by 

the MnmE/MnmG complex, and τm5U34 (in blue) catalyzed by the mitochondrial GTPBP3/

MTO1 complex at the anticodon loop. MnmG and MTO1 are the flavoenzyme components 

of the respective MnmEG and MTO1/GTPBP3 complexes and both flavoenzymes are 
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homologues of TrmFO. (iv) Bottom is the chemical structure of the various modifications 

that may involve flavin as a methylene (red circle) transfer agent.
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