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Most RNAs and many protein factors involved in mRNA maturation and translation are decorated by numerous and diverse chemical modifications, which contribute to the efficiency, fidelity and regulation of these complex and essential cellular processes. Among those modifications, methylation catalyzed mainly by S-adenosyl-L-methionine (SAM) dependent methyltransferases (MTases) is the most common one. TRMT112 is a small protein acting as an allosteric regulator of several MTases. Initial studies focusing on TRMT112 and its associated MTases were performed in Saccharomyces cerevisiae whereas only few were expanded to human cells, leading to the identification and characterization of four TRMT112 partners in yeast (Trm11, Bud23, Mtq2 and Trm9) and five in human cells (TRMT11, BUD23, MTQ2/HemK2 and two Trm9 orthologues ALKBH8 and TRMT9B). Recent studies have identified several novel MTase partners of human TRMT112, namely METTL5, THUMPD2 and THUMPD3. Interestingly, all these TRMT112-MTase complexes modify factors (RNAs and proteins) involved in mRNA maturation and translation processes and growing evidence supports the importance of these MTases in cancer and correct brain development. In this review, we summarize the current knowledge on TRMT112 protein and its various MTase partners in eukaryotes and archaea.
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1 INTRODUCTION
Protein synthesis is a universal and sophisticated process responsible for the decoding of the genetic information embedded within messenger RNAs (mRNAs) into polypeptides. In addition to the mRNAs, it requires the ribosome, transfer RNAs (tRNAs), as well as several translational protein factors. The different RNA components involved in this process (mRNAs, tRNAs and ribosomal RNAs (rRNAs)) undergo a series of maturation steps such as for instance, splicing, endo- or exonucleolytic cleavages, co- or post-transcriptional modifications (or epitranscriptomic marks) to produce mature, diverse and functional molecules. In particular, the decoration of RNAs by various and sometimes complex chemical groups (epitranscriptomic marks) makes RNAs particularly interesting molecules and contributes a new layer of complexity to the regulation of gene expression (Saletore et al., 2012; Schwartz, 2016; Zaccara et al., 2019). The biological importance of these post-transcriptional modifications has emerged during the last decade since diseases such as cancers or neurological disorders have been linked to the dysfunction of RNA-modifying enzymes (or writers (Angelova et al., 2018; Barbieri and Kouzarides, 2020; Suzuki, 2021)).
The most frequent RNA epitranscriptomic marks are methylation either on the RNA bases or on the 2′-OH group of the ribose. Methyl groups are mainly deposited by S-adenosyl-L-methionine (SAM) dependent RNA methyltransferases (MTases; (Schubert et al., 2003; Fenwick and Ealick, 2018; Strassler et al., 2022)), some of them being tightly regulated by associated proteins. Amongst them, TRMT112 (Trm112 in Saccharomyces cerevisiae) acts as a master regulator of several MTases modifying RNAs but also proteins involved in mRNA processing and translation. Initial studies focusing on Trm112 protein and its associated MTases were performed in S. cerevisiae while only a few were expanded to human TRMT112 protein (Bourgeois et al., 2017a). However, the human TRMT112 network recently emerged as much more complex than initially anticipated from studies performed in the yeast model system. In this review, we summarize our current knowledge on eukaryotic TRMT112 and its partners. We also discuss available information gained on archaeal Trm112 proteins, since these studies have fueled research on eukaryotic and in particular human proteins.
2 TRM112/TRMT112, STAR OF A MTASE SYSTEM
In this review, we will use mostly TRMT112, the metazoan name, when dealing with this protein family in general but also Trm112 when specifically dealing with fungal and prokaryotic proteins. TRMT112 are small proteins (6–15 kDa) found in eukaryotes but also in bacterial (named as YcaR in Escherichia coli) and archaeal genomes. In eukaryotes, this protein is composed of two domains (Figure 1A). The first domain is composed of a short α-helix (α1 at N-terminal) facing an antiparallel β-sheet composed of three or four β-strands (β1 to β3 or β4) in the crystal structures of S. cerevisiae Trm112 alone or bound to the Bud23 MTase, respectively (Heurgue-Hamard et al., 2006; Letoquart et al., 2015). This domain is found in all TRMT112 proteins (Figure 1A) and was initially named zinc knuckle domain, due to its structural similarity with this domain family and to the presence of four cysteine residues chelating one zinc atom in the crystal structure of S. cerevisiae Trm112 (Heurgue-Hamard et al., 2006). Although these four cysteine residues are strongly conserved in fungal (Heurgue-Hamard et al., 2006; Letoquart et al., 2014; Letoquart et al., 2015), parasitic (Liger et al., 2011), bacterial and some archaeal proteins (Wang et al., 2020), they diverge in metazoan proteins and in other archaeal proteins (Figure 1B). Yet, the overall structure of this domain in the different experimental TRMT112 structures determined to date, remains the same whether it binds zinc or not (Heurgue-Hamard et al., 2006; van Tran et al., 2018; Metzger et al., 2019; van Tran et al., 2019; Wang et al., 2020). The second domain or helical domain, exclusively observed in eukaryotic TRMT112 proteins so far, is made of three α-helices and is inserted in the middle of the zinc knuckle domain between strands β1 and β2 (Heurgue-Hamard et al., 2006; Liger et al., 2011; Letoquart et al., 2014; Letoquart et al., 2015; Metzger et al., 2019; van Tran et al., 2019).
[image: Figure 1]FIGURE 1 | Organization of TRMT112 proteins. (A) Representation of the three dimensional structures of eukaryotic (S. cerevisiae; PDB code: 2J6A and human; PDB code: 6H2U), archaeal (A. fulgidus, PDB code: 6ZXW) and bacterial (Streptomyces coelicolor, PDB code: 2KPI) TRMT112 proteins. The zinc atom bound to the zinc knuckle domain is shown as a grey sphere. The side chains of the cysteine residues coordinating these zinc atoms are shown as sticks with the sulfur atom colored in orange. (B) Sequence alignment of some eukaryotic (group 1) and prokaryotic (group 2) TRMT112 proteins. Strictly conserved amino acids are colored white in a red background and relatively well conserved residues are colored red and boxed in blue. Amino acids from human TRMT112 that are involved in the interaction with METTL5 are highlighted with black stars below the sequence alignment. Secondary structure elements observed in the crystal structures of TRMT112 bound to either human METTL5 (PDB code: 6H2U) or A. fulgidus Trm11 (PDB code: 6ZXW) are indicated above and below the alignment, respectively, using the same color code as in (A) for the domains. Helices and strands are depicted as rectangles and arrows, respectively. The positions of the cysteine residues involved in zinc binding are indicated by black arrows.
Most studies focusing on TRMT112 proteins have been performed in eukaryotes and some in archaea. To our knowledge, the bacterial Trm112 orthologues have largely been neglected although several three-dimensional structures of bacterial Trm112-like proteins have been determined by structural genomics consortia (PDB codes: 2KPI; 2PK7; 2HF1; 2JS4; 2JNY and 2JR6, with no associated publications; Figure 1A). Initial studies performed in S. cerevisiae have shown that the deletion of the YNR046w gene encoding Trm112 severely affects growth and results in paromomycin hypersensitivity and cryo-sensitivity phenotypes (Figaro et al., 2012). The Trm112 protein is also important for ribosome synthesis and/or functions. Indeed, the S. cerevisiae trm112Δ strain exhibits a reduction in the 40S ribosomal subunit abundance, a concomitant accumulation of the 60S ribosomal subunit, and a decrease of polysome extent (Figaro et al., 2012). This is illustrated by an accumulation of 35S and reduction in the levels of 27S and 7S pre-rRNA precursors as well as a reduction of mature 18S and 25S rRNAs in the trm112Δ strain (Figaro et al., 2012; Sardana and Johnson, 2012). This phenomenon is due to the activation of the nucleolar surveillance pathway targeting pre-ribosomes for decay in the absence of Trm112. In yeast, Trm112 is also important for efficient pre-40S and pre-60S export from the nucleolus as well as for progression through mitosis (Figaro et al., 2012). Similarly, SMO2, the Arabidopsis thaliana TRMT112 orthologue, plays an essential role in regulating cell division progression during organ growth (Hu et al., 2010). Deletion of SMO2 gene in A. thaliana leads to a decreased growth rate of cells, delayed cell division, reduced leaf and root development rate as well as to an increase in the number of aborted seeds (Hu et al., 2010; Guo et al., 2023). A. thaliana plants lacking SMO2 suffer from nucleolar stress and accumulate some rRNA precursors (32S, 27SA/B and 18S-A3), indicative of rRNA processing defects (Guo et al., 2023), similarly to what has been described for yeast. Interestingly, despite the relatively low sequence identity (28%) between S. cerevisiae Trm112 and A. thaliana SMO2, the latter complements for the deletion of TRM112 gene in yeast, indicating that both proteins have an evolutionarily conserved function (Hu et al., 2010). In human cells (U2OS and HeLa), TRMT112 localizes both in the cytoplasm and in the nucleus but a clear exclusion from the nucleolus has been observed (Zorbas et al., 2015; Brumele et al., 2021). As observed in yeast and plants, the depletion in TRMT112 results in human rRNA processing defects with a clear accumulation of 18S-E and a small reduction in 30S rRNA precursors (Zorbas et al., 2015).
The striking property of eukaryotic TRMT112 proteins is their ability to interact with several SAM-dependent MTases and to act as allosteric regulators of these enzymes. All these enzymes belong to the class I MTase family, which is characterized by a central seven stranded β-sheet (with the following strand order 3↑2↑1↑4↑5↑7↓6↑) surrounded by three α-helices on one side and at least two on the other side. In S. cerevisiae, four MTases (Trm9, Trm11, Mtq2, and Bud23; Table 1), sharing less than 25% sequence identity, have been validated as direct Trm112 partners. Interestingly, all of them modify factors involved in mRNA translation (either tRNAs, rRNA or protein; (Bourgeois et al., 2017a)). Additional class I MTases (Nop1, Nop2 and Rcm1) as well as the saccharopine dehydrogenase Lys9, which exhibits structural similarities with class I MTases, have also been identified as potential interactors of yeast Trm112. However, none of these factors have been experimentally confirmed as direct partners ((Gavin et al., 2002; Figaro et al., 2012; Sardana and Johnson, 2012); MG unpublished results). Initially, human TRMT112 protein was proposed to interact with five proteins sharing significant sequence homology with the four above-mentioned yeast MTases (two human proteins, ALKBH8 and TRMT9B, are related to yeast Trm9; Table 1; (Bourgeois et al., 2017a; Gu et al., 2018)). However, recent studies performed in human cells have revealed that the TRMT112 interaction network is more complex than previously anticipated. Indeed, three additional human MTases with no orthologues in yeast, namely METTL5, THUMPD2 and THUMPD3, have been identified as direct partners of TRMT112 (Figure 2; Table 1; (Brumele et al., 2021; Yang et al., 2021; Wang et al., 2023; Yang et al., 2024)). Interestingly, these three novel TRMT112 MTase partners also modify RNAs involved in either pre-mRNA splicing or mRNA translation. Finally, in human cells, PYURF, a mitochondrial TRMT112-like protein, has also recently been shown to interact with some MTases or proteins with structural similarity with class I MTases (Rensvold et al., 2022).
TABLE 1 | Summary of the orthologues of TRMT112 and their MTase partners in eukaryotes.
[image: Table 1][image: Figure 2]FIGURE 2 | The interaction network of human TRMT112 protein with methyltransferases. In human cells, TRMT112 interacts with at least eight class I SAM-dependent methyltransferases. The MTases are colored according to their known substrates. “?”: unknown substrate but strong similarity with tRNA MTases.
TRMT112 orthologues are detected by bioinformatics analyses in many but not all archaeal genomes (Bourgeois et al., 2017a). Interestingly, the binding preference of eukaryotic TRMT112 proteins for MTases is also observed in archaea as demonstrated for Haloferax volcanii Trm112 protein, which directly interacts with at least ten class I MTases. Some are orthologous to known TRMT112 eukaryotic MTases (Trm9, Trm11, Mtq2 and METTL5) while many others have neither established biochemical functions nor obvious similarities with eukaryotic proteins (van Tran et al., 2018; van Tran et al., 2019). Although the direct interaction between Trm11 and Trm112 proteins from H. volcanii could not be validated, the complex formed by these two proteins from another archaeon, Archaeoglobus fulgidus, has been purified and its crystal structure determined (Wang et al., 2020). As indicated above, much less is known about bacterial Trm112 interaction network. One large-scale study performed in the Desulfovibrio vulgaris Gram-negative bacterium has detected interaction between Trm112 (DVU_0656) protein and three class I MTases (Shatsky et al., 2016). However, to our knowledge, none of these interactions has been validated by other experimental means.
In the next sections, we will describe the current knowledge gained on the different MTase subunits known to interact with eukaryotic but also archaeal TRMT112 proteins as well as the relationships between these proteins and TRMT112 proteins. We will also focus on the link between these writers and diseases, especially cancers and neurodevelopmental disorders (NDDs).
3 TRNA MTASE PARTNERS
tRNAs are heavily modified RNA molecules. These modifications can be essential for the maintenance of translation efficiency and fidelity as well as for tRNA folding and stability (Phizicky and Hopper, 2023). In S. cerevisiae, Trm112 interacts with two tRNA MTases, Trm11 and Trm9, which catalyze the formation of N2-methylguanosine (m2G) at position 10 and 5-methoxycarbonylmethyl(2-thio)uridine (mcm5 (s2)U) at position 34, respectively (Purushothaman et al., 2005; Mazauric et al., 2010; Guy and Phizicky, 2014; Letoquart et al., 2015; Bourgeois et al., 2017b). Their functions are conserved in yeast, humans, and also archaea (Fu D. et al., 2010; Songe-Moller et al., 2010; van Tran et al., 2018; Wang et al., 2020; Wang et al., 2023). Furthermore, human TRMT112 interacts with THUMPD3, a protein with no yeast orthologue, to catalyze the formation of m2G at positions 6 and 7 on some cytoplasmic tRNAs (Yang et al., 2021; Wang et al., 2023).
3.1 m2G tRNA MTases
3.1.1 Trm11 catalyzes the formation of m2G or m2,2G at position 10 on many tRNAs
Trm11 was the first MTase to be identified as a yeast Trm112 partner (Purushothaman et al., 2005), leading to the initial annotation of the YNR046w gene product as Trm11-2 (for the second subunit of the Trm11 tRNA methyltransferase complex, now annotated as Trm112). Archaeal and eukaryotic Trm11 proteins are composed of an N-terminal THUMP (for thiouridine synthases, RNA methyltransferases, and pseudouridine synthases) domain and a C-terminal class I MTase catalytic domain (Figure 3A; Armengaud et al., 2004; Hirata et al., 2016; Wang et al., 2020). The THUMP domain is found in several RNA-modifying enzymes (Aravind and Koonin, 2001; Hori, 2023). It is made of an NFLD subdomain (for N-terminal Ferredoxin-like domain) and a core THUMP subdomain consisting of three α-helices wrapping around the outer face of a curved seven-stranded β-sheet. One of its functions is to recognize the 3′-CCA end of tRNAs and most likely to position the nucleotide to be modified into the active site of the catalytic domain of the enzyme, thereby acting as a molecular ruler (Neumann et al., 2014). Moreover, Trm11 MTase domain belongs to the SAM-dependent class I MTase family and harbors a strongly conserved D [P/Y/A]PY motif, a signature found in the active site of MTases acting on planar NH2 groups present in DNA or RNA nucleotides but also in proteins (such as glutamine side chains; (Bujnicki, 2000; Heurgué-Hamard et al., 2002; Nakahigashi et al., 2002)).
[image: Figure 3]FIGURE 3 | TRMT11 and THUMPD3 are tRNA m2G methyltransferases targeting positions 10 and 6/7, respectively. (A) Schematic depiction of the TRMT11/THUMPD3/THUMPD2 domain organization and ribbon representation of the crystal structure of the Trm11-Trm112 complex from Archaeoglobus fulgidus (PDB code : 6ZXW). The D[P/Y/L/M/A/I/V]P[F/Y] signature involved in the coordination of the N2 atom from the guanosine substrate in colored in firebrick. The linker region connecting the THUMP and MTase domains is colored in grey. The SAM-dependent MTase inhibitor sinefungin is shown as purple sticks. The zinc atom bound to Archaeoglobus fulgidus Trm112 (yellow) is shown as a black sphere. (B) Chemical structure of N2-methylguanosine (m2G) with the N2-methyl group highlighted by a green sphere. (C) Clover-leaf representation of cytosolic tRNAs highlighting the positions 6 (pink), 7 (purple) and 10 (light green) where THUMPD3-TRMT112 (positions 6 and 7) and TRMT11-TRMT112 (position 10) complexes install m2G modifications. The tRNA anticodon is colored firebrick, coral and light blue for positions 34, 35 and 36, respectively. The CCA tail at the 3’ end of tRNAs is colored in light yellow. The variable loop is depicted by a dotted line. (D) Surface representation of the crystal structure of Saccharomyces cerevisiae tRNAPhe (PDB code: 1EHZ). Same color code as (C).
The S. cerevisiae Trm11 protein as well as its human (TRMT11) and archaeal orthologues catalyze the formation of m2G at position 10 of many tRNAs (Figures 3B–D; Armengaud et al., 2004; Purushothaman et al., 2005; Wang et al., 2023). In S. cerevisiae and human cells, Trm11/TRMT11 and Trm112/TRMT112 proteins interact tightly together (Purushothaman et al., 2005; Bourgeois et al., 2017b; Wang et al., 2023). Yeast Trm11 can be heterologously expressed and purified as an isolated and soluble protein. However, although this protein is well-folded, it is unstable, cannot interact with the SAM cofactor and consequently, is inactive (Bourgeois et al., 2017b). Its stability and ability to interact with SAM as well as its enzymatic activity are strongly enhanced by Trm112. Yet, Trm112 deletion in S. cerevisiae does not affect Trm11 stability in vivo (Sardana and Johnson, 2012), contrary to observations made for other MTases interacting with Trm112 (see other sections). Human TRMT11 cannot be expressed as a soluble protein in E. coli unless it is co-expressed with TRMT112, preventing further biochemical characterization of the isolated protein (Wang et al., 2023). The TRMT11 gene has also been characterized in the A. thaliana plant model, where a TRMT11 mutant is characterized by a strongly reduced level of m2G in tRNAs, an early flowering phenotype and a higher resistance to bacterial infection (Chen et al., 2010; Lv et al., 2025).
In archaea, several tRNAs harbor either m2G or m2,2G (N2,2-methylguanosine) at position 10 (Gupta, 1984; Gupta, 1986). Trm11 orthologues are present in archaea and some of these proteins have been shown to catalyze the formation of m2G and/or m2,2G at position 10 of tRNAs (Armengaud et al., 2004; Urbonavicius et al., 2006; Hirata et al., 2016; Hirata et al., 2019). Interestingly, Trm11 proteins from Pyrococcus abyssi or Thermococcus kodakarensis, two archaea with no Trm112 orthologues in their genome, are active on their own. However, Archaeoglobus fulgidus and Haloferax volcanii archaea encodes for a Trm112 orthologue, and consequently, Trm11 and Trm112 proteins from these organisms interact together similarly to the eukaryotic proteins (van Tran et al., 2018; Wang et al., 2020). Contrary to yeast Trm11 and human TRMT11, Trm11 protein from A. fulgidus (hereafter referred to as AfTrm11) does not need to interact with Trm112 (hereafter referred to as AfTrm112) for catalytic activity but its stability is reduced. According to the crystal structures of AfTrm11 alone or bound to AfTrm112, no significant conformational change in AfTrm11 is observed upon AfTrm112 binding (Wang et al., 2020). AfTrm112 strongly enhances AfTrm11 enzymatic activity but does not influence SAM binding (Wang et al., 2020). The thermostability of AfTrm11 is enhanced by AfTrm112 (melting temperature of 73°C for Trm11 alone vs. more than 92°C for the Trm11-Trm112 complex), which might be very important since the optimal growth temperature of A. fulgidus is between 75 and 90°C (Oliver et al., 2020). Kinetic and structural analyses have suggested that AfTrm112 might activate AfTrm11 by re-arranging the orientation of the tRNA substrate in the active site (Wang et al., 2020). The determination of the structures of AfTrm11 (either alone or bound to AfTrm112) bound to a tRNA molecule could bring more clues about the role of AfTrm112. Based on these observations, AfTrm11 could be the prototype of the « missing link » between Trm11 proteins from archaea lacking TRM112 genes and eukaryotic proteins that depend on TRMT112 to be active.
The THUMP domain appears as important for the recognition of the 3′-CCA tail and the aminoacyl acceptor arm of tRNA substrates according to the crystal structure of ThiI, a THUMP domain-containing protein involved in the formation of 4-thiouridine in the aminoacyl acceptor arm of tRNAs, bound to a truncated tRNA (Neumann et al., 2014). In agreement with this observation, the yeast Trm11-Trm112 complex is active only on mature tRNAs and requires the presence of the 3′-CCA tail (Bourgeois et al., 2017b; Nishida et al., 2022). Finally, the Trm112 subunit is also important for tRNA binding as mutations of several conserved residues from its zinc-binding domain affect the affinity of the corresponding Trm11-Trm112 complexes for a tRNA substrate (Bourgeois et al., 2017b). The role of Trm112 in tRNA accommodation is further supported by kinetics parameters obtained on AfTrm11 in the presence or absence of AfTrm112 (Wang et al., 2020). Indeed, AfTrm11 binds tRNA more strongly in the absence of AfTrm112, yet the AfTrm11-Trm112 complex exhibits a higher kcat value than AfTrm11 alone, for the m2G formation reaction using E. coli tRNAiMet as substrate. This strongly suggests that the function of AfTrm112 on AfTrm11 is to help either the binding of tRNA molecules to optimally position G10 substrate in the enzyme active site or the release of the modified tRNAs.
From a biological point-of-view, the role of the Trm11-dependent m2G10 tRNA modification remains unclear. Indeed, the S. cerevisiae trm11Δ strain does not exhibit any growth defect phenotype compared to the wild-type strain under standard laboratory conditions, indicating that Trm11 and potentially the m2G10 tRNA modification are not necessary for cell proliferation (Purushothaman et al., 2005). In the three-dimensional structure of yeast tRNAPhe (Shi and Moore, 2000), m2G10 is stacked onto m2,2G26 modification, which is catalyzed by the Trm1 MTase (Ellis et al., 1986). Interestingly, although the trm1Δ strain has no obvious phenotypes, the trm11Δ/trm1Δ double mutant strain grows much more slowly than the wild-type suggesting that the concomitant absence of both m2G10 and m2,2G26 in tRNAs may destabilize the functional L-shape structure of tRNA molecules and may impact tRNA maturation and processing (Purushothaman et al., 2005). A potential importance of m2G10 or m2,2G10 in stabilizing the tRNA structure is further supported by the growth defect phenotype observed for T. kodakarensis archaeon depleted for TRM11 gene at temperatures higher than 90°C (Hirata et al., 2019).
The function of human TRMT11 has been investigated in the HCT116 colon cancer cell line. Compared to the parental cell line, the HCT116 trmt11−/− cell line exhibited a slightly higher growth rate but a similar translation level (Wang et al., 2023). This indicates that the TRMT11 gene is not necessary for the proliferation of human HCT116 cell lines and this is reminiscent of the observations made for the S. cerevisiae trm11Δ strain. The depletion of TRMT11 resulted in a significant decrease (around 40%) of m2G levels in total tRNAs but did not affect tRNA aminoacylation, structure or stability (Wang et al., 2023). Genetic variants (namely single-nucleotide polymorphisms or SNPs) of the TRMT11 gene have been proposed to be associated with an increase in the time to treatment failure of patients with advanced prostate cancer treated with androgen deprivation therapy (ADT (Kohli et al., 2012)). However, such observations will need further confirmation. Similarly, TRMT11-GRIK2 fusion transcripts due to chromosomal rearrangement events have been identified in patients suffering from various types of cancer (Yu et al., 2014; Yu et al., 2019). These TRMT11-GRIK2 fusion transcripts correspond to the 24 N-terminal amino acids from human TRMT11 separated by a frameshift of the coding sequence for 22 amino acids from GRIK2 C-terminal extremity. Consequently, neither TRMT11 nor GRIK2 (Glutamate Ionotropic Receptor Kainate Type Subunit 2) are correctly expressed in these cells. Since GRIK2 has been identified as a potential tumor suppressor (Sinclair et al., 2004), the absence of TRMT11 may have no clear role in cancer development in these patients. So far, any implication of TRMT11 in cancer is currently speculative and further studies will be required to address this question.
3.1.2 THUMPD3 catalyzes the formation of m2G at positions 6 and 7 on tRNAs
In addition to the m2G10/m2,2G10 modifications discussed above, various tRNA molecules also exhibit m2G/m22G at positions 6, 7, 18, 26, 27 and 67 in different organisms (Matsuo et al., 1995; Juhling et al., 2009; Hirata et al., 2019; Petrosyan and Bohnsack, 2024). Besides Trm11, the archaeal proteins Trm14 and its bacterial orthologs TrmN, which share the same domain organization as Trm11 proteins, namely a THUMP domain followed by a class I MTase domain (Fislage et al., 2012), have been well-characterized as m2G tRNA MTases targeting position 6 (m2G6) on the acceptor stem of tRNA molecules (Menezes et al., 2011; Roovers et al., 2012). m2G6 is widely distributed among archaea, some bacteria, and metazoa but is absent in yeasts. Recently, human THUMPD3 protein, which shares 23% sequence similarity with Trm14 protein from Pyroccocus furiosus archaeon but with no orthologue in yeast, has been shown to be responsible for the formation of m2G6 on several human tRNAs but also of m2G7 on tRNATrp (Figure 3C (Yang et al., 2021; Wang et al., 2023)). Similarly to other m2G RNA MTases, THUMPD3 MTase domain harbors the conserved D [L/M]P [F/Y] signature (Figure 3A). While human THUMPD3 cannot be expressed alone as a soluble protein in E. coli (Wang et al., 2023), it can be purified upon expression in baculovirus-infected insect cell. However, this protein forms aggregates in solution, cannot interact with sinefungin, a well-known SAM analog inhibiting SAM-dependent MTases, and lacks enzymatic activity (Yang et al., 2021). Similarly to TRMT11, human THUMPD3 directly interacts with TRMT112 and the latter plays a critical role on THUMPD3 stability and activity (Brumele et al., 2021; Yang et al., 2021; Wang et al., 2023). Indeed, the human THUMPD3-TRMT112 complex, either expressed in E. coli or insect cells, forms heterodimers, interacts with sinefungin and catalyzes the formation of m2G6/7 in tRNAs in vitro (Yang et al., 2021; Wang et al., 2023). In agreement with the proposed role of THUMP domains in the recognition of the 3′-CCA tail of tRNA substrates, the human THUMPD3-TRMT112 complex cannot introduce m2G into a tRNA substrate lacking the 3′-CCA tail (Yang et al., 2021).
As indicated above, both human THUMPD3 and archaeal Trm14 catalyze the formation of m2G6 on tRNAs and share the same domain organization. This raises the question of whether archaeal Trm112 could also interact with Trm14. The only Trm14 protein, which enzymatic activity has been characterized in vitro is from Methanocaldococcus jannaschii archaeon (Menezes et al., 2011). However, since no detectable Trm112 orthologue could be identified in the genome of this archaeon, we cannot exclude that when they are present in an archaeal genome, Trm14 and Trm112 interact together similarly to human THUMPD3 and TRMT112. Efforts to try to co-express Trm112 and the putative Trm14 protein from A. fulgidus failed to demonstrate such interaction due to poor expression of the AfTrm14-like protein in E. coli (CW and MG, unpublished data). This should be further explored in the future.
The importance of THUMPD3 has been investigated by inactivating the expression of this protein by CRISPR-Cas9 in two different human cell lines: HEK293T and HCT116. The depletion of THUMPD3 led to an almost 20% decrease in m2G levels in total tRNAs but similarly to TRMT11, this affected neither tRNA structure, stability nor aminoacylation. Translation was marginally affected in both thumpd3−/− cell lines but an accumulation of 80S was evident (Yang et al., 2021; Wang et al., 2023). Finally, the cell proliferation of HEK293T thumpd3−/− cell lines was severely reduced (Yang et al., 2021) but this was not the case of HCT116 thumpd3−/− cells (Wang et al., 2023).
3.1.3 The concomitant deletion of TRMT11 and THUMPD3 affects colon cancer cell proliferation and mRNA translation
Many studies have described that the deletion of a single gene encoding for a bacterial or a eukaryotic tRNA modification enzyme does not result in a clear and detectable phenotype, whereas the concomitant deletion of genes encoding for two RNA modification enzymes can result in strong growth defects (Purushothaman et al., 2005; Alexandrov et al., 2006). This is indeed the case of a double KO HCT116 cell line depleted for TRMT11 and THUMPD3 proteins, which catalyze the formation of m2G in the tRNA acceptor stem. This cell line is characterized by the near complete absence of m2G in tRNAs but this did not significantly affect tRNA structure, stability and aminoacylation (Wang et al., 2023). However, significant reductions in cell proliferation, 80S, polysome levels and newly synthesized proteins were observed indicating that translation level is less efficient when both m2G6 and m2G10 are absent in tRNA molecules. This could be a direct consequence of the absence of both modifications in the tRNA acceptor arm, which could slow down the translation due, for instance, to improper accommodation of hypomodified tRNAs into the ribosomal A-site. However, due to the existence of tRNA modification circuits (Guy and Phizicky, 2015; Barraud et al., 2019), one cannot exclude that the absence of m2G6 and/or m2G10 modifications affects the deposition of another tRNA modification, which would then be important for translation. In the future, mapping the changes in other tRNA modifications when m2G6 and/or m2G10 modifications are absent could provide more details on how post-transcriptional modifications fine-tune tRNA functions.
3.2 Trm9-like proteins
3.2.1 Trm9 and ALKBH8 catalyze the formation of mcm5U34 and mcm5s2U34 in the tRNA anticodon loop
The tRNA anticodon loop is often diversely modified and these modifications are among the most complex ones. They are particularly important for codon decoding and influence the structure of this loop as well as translation speed. In particular, modifications on the wobble uridine base (U34), which base pairs with the third nucleotide of the mRNA codon, have been found to influence tRNA preference towards certain sequences and to aid in the reading of non-cognate codons (Johansson et al., 2008; Zhou et al., 2021; Smith et al., 2024). A complex modification occurring at position U34 in the anticodon of eukaryotic but also some archaeal tRNAs is 5-methoxycarbonylmethyl-uridine (mcm5U) and its thio-derivative 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U; Figures 4A (van Tran et al., 2018)).
[image: Figure 4]FIGURE 4 | Trm9/ALKBH8 proteins catalyze late steps in the modification pathway of (S)-mchm5(s2)U at the wobble position of cytoplasmic tRNAs. (A) Chemical structure of (S)-5-methoxycarbonyl-hydroxymethyl-(2-thio)-uridine ((S)-mchm5(s2)U) with the hydroxyl and methyl groups added by ALKBH8 AlkB-like and MTase domains highlighted by kaki and firebrick spheres, respectively. (B) Schematic depiction of the fungal Trm9 and metazoan ALKBH8 and TRMT9B proteins. The intrinsically disordered region present in TRMT9B MTase domain is depicted by a black line. (C) Ribbon representation of the crystal structure of the Trm9-Trm112 complex from Yarrowia lipolytica yeast (PDB code: 5CM2). The zinc atom bound to Yarrowia lipolytica Trm112 (yellow) is shown as a black sphere. The SAM molecule (purple sticks with the methyl group to be transferred shown as a sphere) was modeled by superimposing the crystal structure of Rhodopseudomonas palustris RPA2492 protein bound to SAM onto Trm9 MTase domain. A calcium ion (dark green sphere) has been modeled by superimposing the crystal structure of CysG (PDB code: 9FCD) onto Trm9 MTase domain. (D) Zoom-in on Trm9/ALKBH8 MTase active site. Same color code as (C). The cm5U moiety (grey sticks) of a tRNA substrate has been modeled as described in Letoquart et al. (2015). Human ALKBH8 amino acids numbering is used in this panel. Potential hydrogen bonds between cm5U and active site residues are depicted as black dashed lines. (E) Ribbon representation of the crystal structure of the human RRM and AlkB-like domains of human ALKBH8 (PDB code: 3THP). A 2-oxoglutarate (2OG) molecule bound to AlkB-like domain is shown as purple sticks. The HxD…H catalytic triad of the AlkB-like domain is shown as sticks. A manganese ion bound to this triad is shown as a pink sphere. The zinc atom bound to the AlkB-like domain is shown as a black sphere and the amino acids coordinating it as sticks.
The biosynthetic pathway for this modification is complex and involves many proteins to generate several related modifications on U34. Firstly, Elongator, a six subunit complex formed by the Elp1-6 proteins, is required for uridine to be acetylated and form cm5U (Karlsborn et al., 2014; Selvadurai et al., 2014; Kolaj-Robin and Seraphin, 2017; Lin et al., 2019; Abbassi et al., 2020; Abbassi et al., 2024). The cm5U moiety can then be methylated by the fungal Trm9 and the metazoan ALKBH8 enzymes to give mcm5U (Kalhor and Clarke, 2003; Fu D. et al., 2010; Mazauric et al., 2010; Songe-Moller et al., 2010; Letoquart et al., 2015). According to the sub-cellular localization of ALKBH8, this modification should be added in the cytoplasm in human cells (Fu D. et al., 2010; Pastore et al., 2012; Brumele et al., 2021). While fungal Trm9 protein are made of a single MTase domain, ALKBH8 are multi-domain proteins (Figure 4B). Similarly to eukaryotic TRMT11 proteins, Trm9/ALKBH8 proteins interact with TRMT112 through their MTase domain and this interaction is important for the solubility of the MTase subunit (Figure 4C; Mazauric et al., 2010; Songe-Moller et al., 2010; Chen et al., 2011). The formation of the Trm112-Trm9 and TRMT112/ALKBH8 complexes is also critical for the formation of mcm5U (Mazauric et al., 2010; Songe-Moller et al., 2010; Chen et al., 2011; Liger et al., 2011). The mcm5U34 modification is not specific to eukaryotic tRNAs since it has been identified at least in H. volcanii tRNAs, where it is dependent on the presence of both Trm9 and Trm112 genes (van Tran et al., 2018). However, due to the presence of Elp3 and Trm9 orthologues in many archaea (Grosjean et al., 2008; Selvadurai et al., 2014; Bourgeois et al., 2017a), this modification should be widespread in archaea.
Based on the crystal structure of fungal Trm9-Trm112 complex (Letoquart et al., 2015), the active site of the Trm9 subunit has been mapped by site-directed mutagenesis unravelling amino acids important for tRNA modification. This led to the docking of a cm5U substrate into the active site (Figure 4D) and to propose similarity with the active sites of other O-MTases, namely TYW4 (synthesis of wybutosine in tRNA), glutamate MTase CheR and human LCMT-1 (methylation of the carboxyl terminal group of leucine from PP2A). Recently, the enzymatic activities of two additional O-MTases, BelI and CysG, which are involved in β-lactone synthesis, have been characterized, revealing the existence of a His-His … Asp active site motif involved in the coordination of a catalytically important calcium ion (Kuttenlochner et al., 2024). Both His (His122 and His123 from CysG) from this motif structurally match with His115 and His116 from S. cerevisiae Trm9 (His474 and His475 in human ALKBH8) and interestingly, as observed for Trm9 enzymatic activity (Letoquart et al., 2015), only the second His (His116 for yeast Trm9 and His123 for CysG) is critical for MTase activity. Tyr243 from Trm9 (Tyr627 in human ALKBH8), which is also important for catalytic activity, matches with Asp191 from CysG. In Trm9 proteins, it could also be involved in the coordination sphere of a calcium ion, as observed in some other calcium binding proteins (Kirberger et al., 2008). Altogether, this strongly suggests that similarly to CysG and BelI, Trm9 and ALKBH8 enzymatic activities could be optimal in the presence of a calcium ion.
In metazoa, mcm5U can be further hydroxylated to form (R)-mchm5U (5-methoxycarbonyl-hydroxymethyluridine) or (S)-mchm5U diastereoisomers. The first modification is formed by ALKBH4 (Kogaki et al., 2023) while (S)-mchm5U formation is catalyzed by the ALKBH8 protein (Fu Y. et al., 2010; Songe-Moller et al., 2010; van den Born et al., 2011). Indeed, in addition to the Trm9-like MTase domain, metazoan ALKBH8 proteins are made of two additional domains: a RNA recognition motif (or RRM) and a 2-oxoglutarate- and iron-dependent AlkB-like domain, the latter catalyzes the hydroxylation of mcm5U to form (S)-mchm5U ((Figures 4A, B, E; Fu et al., 2010b; van den Born et al., 2011; Pastore et al., 2012). Both the RRM and AlkB-like domains confer binding specificity for RNA vs. DNA to the ALKBH8 MTase domain (Fu D. et al., 2010). Metazoan ALKBH8 proteins are then unique in their ability to perform two sequential enzymatic reactions, namely methylation of cm5U to mcm5U followed by hydroxylation of mcm5U to (S)-mchm5U. Interestingly, in Arabidopsis thaliana but also more generally in plants, these two reactions are catalyzed by different proteins, similar to the MTase and the AlkB-like domains from ALKBH8 (Leihne et al., 2011).
Based on HITS-CLIP results, ALKBH8 seems to have a preference for mature, CCA modified tRNAs with a wobble uridine (underlined) such as tRNAArg (UCU), tRNAGln (UUG), tRNAGlu (UUC), tRNASec(UCA), tRNAGly (UCC), and tRNALys (UUU) (Cavallin et al., 2022). Interestingly, ALKBH8 is also able to bind to a wide range of RNA species including C/D box snoRNAs and vault RNAs, but enzymatic activity on RNAs other than tRNAs has not yet been reported in the literature. These interactions might not be specific since ALKBH8-TRMT112 complex has been shown to bind small RNAs (tRNAs and 17-mer oligonucleotides) in a sequence unspecific manner (Pastore et al., 2012).
The tRNA modifications catalyzed by Trm9/ALKBH8 proteins play important roles in decoding due to their location at the wobble position. The mcm5s2U modification favors decoding of both A- and G-ending codons (Johansson et al., 2008; Patil et al., 2012b; Vendeix et al., 2012). In yeast, it also enhances the translation of transcripts rich in these codons (AGA, CAA, GAA and AGG; (Begley et al., 2007; Deng et al., 2015)), including those coding for Rnr1 and Rnr3, two key proteins involved in the DNA damage response. Consequently, the deletion of the TRM9 gene in baker’s yeast results in a higher sensitivity to the DNA alkylating agent methyl methanesulfonate (MMS) and in a delayed G1 to S phase transition after MMS treatment. In addition, the absence of mcm5U tRNA modification upon Trm9 deletion results in translational infidelity and induces the activation of protein stress response pathways (Patil et al., 2012a). In human cells, the depletion of ALKBH8 increases the cellular sensitivity to DNA damaging reagents such as MMS and bleomycin while exposure to bleomycin increases ALKBH8 expression in wild-type cells (Fu D. et al., 2010). In a bladder cancer-derived cell line, siRNA mediated knockdown of ALKBH8 induced apoptosis and inhibited tumor growth in a corresponding mouse model (Shimada et al., 2009). The ALKBH8-dependent mcm5U34 and mcm5Um34 modifications present in tRNASec, which recognizes UGA codon, also play a key role in the synthesis of selenoproteins (Songe-Moller et al., 2010). Many selenoproteins are involved in stress response and since tRNASec is aberrantly modified in Albkh8−/− mice, a decreased recoding of the UGA stop codon to selenocysteine was observed, in particular for the glutathione peroxidase protein Gpx1 (Songe-Moller et al., 2010). The Albkh8−/− mice also exhibit enhanced sensitivity to stress such as exposure to naphtalene, an environmental toxic compound (Leonardi et al., 2020). Higher levels of mcm5U were detected in the brain of Albkh8−/− mice as compared to other tissues such as spleen and liver, suggesting that a partial compensatory pathway may exist specifically in this organ to maintain functional levels of mcm5U even in the absence of ALKBH8 (Honda et al., 2024). In fruit fly, ALKBH8 limits synaptic growth and oxidative stress and is important for learning and memory as well as for the synthesis of the selenophosphate synthetase 2 (SPS2) selenoprotein (Madhwani et al., 2024).
Recently, ALKBH8 mutants have been identified as associated with a form of autosomal intellectual developmental disorder (ID). Indeed, fourteen patients with pathogenic variants of ALKBH8 have been reported in six distinct families (Monies et al., 2019; Saad et al., 2021; Maddirevula et al., 2022; Waqas et al., 2022; Yilmaz et al., 2024). The affected individuals exhibit global developmental delay, facial dysmorphic features, and in most cases, psychiatric problems. Of the six pathogenic ALKBH8 variants identified in these studies, one corresponds to a nonsense mutation (Arg554*); (Monies et al., 2019)) and two to a deletion of one nucleotide, thereby generating a frameshift that gives rise to the emergence of premature stop codons (Trp599Glyfs*19; (Monies et al., 2019); and Arg562Alafs*56; (Saad et al., 2021)). These three variants should generate truncated proteins, which are most probably unstable. In addition, three missense mutations (Trp504Ser (Waqas et al., 2022), Arg625His (Maddirevula et al., 2022) and Arg625Pro (Yilmaz et al., 2024)) affecting amino acids located in the MTase domain of the ALKBH8 protein, were identified in patients. These amino acids, namely Trp504 and Arg625, correspond to Trp145 and Arg241, respectively, in S. cerevisiae Trm9 protein. Interestingly, these two positions are located within Trm9 MTase active site (Figure 4D). Their substitution by alanine in yeast Trm9 strongly or completely abolishes the activity of the resulting Trm9-Trm112 complexes in vitro and in vivo (Letoquart et al., 2015). This is in agreement with mass spectrometry analyses, which have revealed the absence of mcm5U, mcm5s2U and (S)-mchm5U modifications in tRNAs extracted from some patient cells (Monies et al., 2019; Maddirevula et al., 2022). The importance of ALKBH8 function in animal central nervous system dysfunction is further supported by the observed reduced brain weight, pathological changes in the brain, lower interest in exploring novel objects, poorer motor coordination and balance of Albkh8−/− mice (Honda et al., 2024). Similarly, Albkh8−/− flies exhibit associative learning and memory impairments in a proboscis extension reflex feeding test (Madhwani et al., 2024). However, the importance of ALKBH8 protein is not restricted to brain development and function since Albkh8−/− mice also exhibit defects in erythroid differentiation, reduced body weight and survival rates (Madhwani et al., 2024; Nakai et al., 2024) while Albkh8−/− flies have cardiac development defect (Kim et al., 2004). In C. elegans worm, an internal deletion in the ALKBH8 ortholog C14B1.10 causes embryonic lethality or sterility in animals surviving to adulthood (Byrne et al., 2007). Altogether, these data support an important role of ALKBH8 proteins and hence modifications at the U34 wobble position of some tRNAs in organ development.
Translational regulation via tRNA modification by ALKBH8 has not yet been fully elucidated. The role of ALKBH8 in neurological pathologies and oxidative stress response could be due to a large number of direct and/or indirect effects. Future studies will be necessary to find direct links between ALKBH8-mediated translation regulation and specific oxidative stresses affecting behavior at different developmental stages. In parallel, further study of ID-associated ALKBH8 variants will be important to understand tRNA processing and function in the context of the nervous system and to draw links between disruption of tRNA modifications and neurological diseases. In the same vein, some preliminary data show the potential of antioxidants in improving learning performance in Albkh8−/− flies (Madhwani et al., 2024). Whether this could be explored as a form of therapeutics for individuals with ID-associated ALKBH8 variants remains to be investigated.
3.2.2 TRMT9B, a putative tRNA MTase
In metazoa, a second Trm9 orthologue is present, namely TRMT9B (also referred to as Trm9L, hTrm9L, KIAA1456, and C8ORF79 in the literature; see Table 1) (Fu D. et al., 2010). Contrary to ALKBH8, TRMT9B is made only of a MTase domain (Figure 4B), which shares 45.7% sequence identity with S. cerevisiae Trm9 (Towns and Begley, 2012). The TRMT9B protein also contains an intrinsically disordered region inserted within its MTase domain and absent in yeast and human Trm9/ALKBH8 proteins, which is subject to phosphorylation (Gu et al., 2018). Interestingly, human TRMT9B also interacts with TRMT112 (Gu et al., 2018) and is mostly found in the cytoplasm. To our knowledge, no enzymatic activity or substrate(s) have been identified for human TRMT9B. However, since all the amino acids that were shown to be critical for SAM binding and/or enzymatic activity for yeast Trm9 are strictly conserved in TRMT9B, it may also act as an RNA MTase catalyzing the formation of mcm5U in yet to be identified RNAs. The expression of TRMT9B in trm9Δ yeast, does not rescue the formation of mcm5s2U in tRNAs, while expression of human ALKBH8 does partially (Begley et al., 2013). However, we cannot exclude that human TRMT9B does not interact with yeast Trm112 in these complementation assays, explaining the absence of activity.
In a recent study performed in fruit fly (Hogan et al., 2023), TRMT9B protein was shown to be expressed mostly in neurons but also in glial and muscle cells and at synapses, contrary to ALKBH8, which is ubiquitously expressed at least in human cells (Uhlen et al., 2015). Interestingly, the expression of TRMT9B protein limits synaptic growth in Drosophila and this activity relies on the integrity of the putative MTase active site, strongly suggesting that the putative TRMT9B enzymatic activity is critical for this function (Hogan et al., 2023). Such importance of the TRMT9B putative enzymatic activity might not be related to a role in catalyzing the formation of mcm5s2U and related modifications in tRNAs since the levels of these modifications are unaffected upon deletion of TRMT9B gene in fruit fly contrary to the effect observed upon deletion of ALKBH8 (Hogan et al., 2023). However, we cannot exclude rescue effects by ALKBH8, explaining that levels of mcm5U and related modifications are not affected in the absence of TRMT9B. TRMT9B seems to have additional function(s), independent of its putative MTase activity. Indeed, the depletion of TRMT9B in flies results in a decrease in neurotransmitter release, which is rescued by ectopic expression of either the wild-type TRMT9B or its predicted enzymatically inactive mutants (Hogan et al., 2023).
Even though the exact function of human TRMT9B has not been clarified, there is much evidence that points towards a tumor suppressor function of TRMT9B in a number of cancers (Flanagan et al., 2004; Gu et al., 2018; Wang et al., 2018). Indeed, down-regulation of TRMT9B or loss of this gene appears to be associated with progression of cancer cells to a more aggressive state. Conversely, when TRMT9B is over-expressed, growth was suppressed in colorectal tumor cells, in which a functional SAM binding domain was required for the inhibition of tumorigenicity (Begley et al., 2013). In the case of lung cancer cells, TRMT9B over-expression led to changes in markers important in the epithelial-mesenchymal transition process, which overall favored a reduction in cancer cell invasion and metastasis (Wang et al., 2018).
TRMT9B might also be involved in cell response to external stresses. Indeed, in response to H2O2 exposure, TRMT9B is phosphorylated in its disordered loop and consequently, the phosphorylated TRMT9B protein interacts with several proteins from the 14-3-3 family (Gu et al., 2018). This indicates that TRMT9B may have a phospho-signaling role in response to oxidative stress.
Recently, TRMT9B has also been proposed to be involved in the codon-specific reprogramming of host translation machinery induced upon infection of mammalian cells by the Chikungunya virus (CHIKV; (Jungfleisch et al., 2022)). This mechanism promotes the translation of viral genomes over host mRNAs. CHIKV infection induced the over-expression of the TRMT9B protein, resulting in a significant increase in the levels of mcm5 modification. Interestingly, siRNA-mediated silencing of TRMT9B decreased mcm5U levels and inhibited CHIKV RNA and protein levels, suggesting that TRMT9B plays a role in CHIKV infection of mammalian cells.
To our knowledge, no conclusive evidence exists that TRMT9B is a bona fide tRNA methyltransferase catalyzing the formation of mcm5U in human tRNAs. Most studies focusing on TRMT9B have mainly investigated its role in the formation of tRNA mcm5U modification and have not accounted for the possibility that this protein could be methylating a non-tRNA substrate, or a small subset of tRNAs not detectable by bulk analysis. One cannot rule out the possibility that it is catalyzing an entirely unknown modification or a mcm5U-related modification in specific tissues or organs. This complicates drastically the identification of TRMT9B substrates, which is critical for further characterization of the protein and its cellular functions. This is particularly important in the context of cancer due to the observed role of TRMT9B as a tumor suppressor gene.
4 RRNA MTASE PARTNERS
Many 2′OH ribose groups from rRNAs are methylated, mostly by a snoRNA-guided box C/D large ribonucleoparticle (Hofler and Carlomagno, 2020), except for one nucleotide (G2922) on the 25S rRNA, which is modified by the stand-alone enzyme Spb1 (Lapeyre and Purushothaman, 2004). In addition, some rRNA nucleotides are methylated on the base ring. These different rRNA modifications mostly cluster to functional sites of the ribosomes, namely the decoding center and the peptidyl transferase center (Sharma and Lafontaine, 2015; Natchiar et al., 2017; Pellegrino et al., 2023). Due to their localization in ribosome functional centers, one would expect that these modifications play critical roles during translation. However, studies carried out in S. cerevisiae or on human cells indicate that while several RNA modification enzymes are essential for normal growth under laboratory conditions, their enzymatic activity is not (White et al., 2008; Figaro et al., 2012; Bourgeois et al., 2015; Haag et al., 2015; Zorbas et al., 2015; Liao et al., 2022).
Eukaryotic TRMT112 proteins are known to interact with two MTases modifying nucleotide bases on the 18S rRNA, namely Bud23/WBSCR22 and METTL5.
4.1 Bud23, the m7G 18S rRNA MTase
The Bud23 protein from S. cerevisiae and its human orthologue WBSCR22 (hereafter named BUD23, see Table 1) catalyze the formation of N7-methylguanosine (m7G) at positions 1575 and 1639 in yeast and human 18S rRNA, respectively (Figure 5A White et al., 2008; Haag et al., 2015; Zorbas et al., 2015)). This position is located in the 40S head region, at the ridge between P- and E-site tRNAs in the mature 40S (Figure 5B). Eukaryotic BUD23 proteins interact with TRMT112 and this interaction is important for BUD23 stability in vivo and in cellulo as well as for the formation of m7G (Figaro et al., 2012; Sardana and Johnson, 2012; Letoquart et al., 2014; Sardana et al., 2014; Ounap et al., 2015; Zorbas et al., 2015; Guo et al., 2023; Song et al., 2024).
[image: Figure 5]FIGURE 5 | BUD32 plays a critical role for small ribosomal subunit biogenesis. (A) Chemical structure of N7-methylguanosine (m7G) with the methyl group added by BUD23 highlighted by a pink sphere. The positive charge introduced upon methylation on N7 is depicted by the ⊕ sign. (B) Overview of human 40S small ribosomal subunit (18S rRNA and small ribosomal subunit proteins colored light blue and grey, respectively) bound to a short mRNA (purple), tRNAs (light green, pink and light orange for A-, P- and E-site tRNAs, respectively) and highlighting the position of the m7G1639 modified nucleotide (pink) at the ridge near the anticodon loops from P- and E-site tRNAs. Helices h18 and h44 from 18S rRNA are colored in brown and cyan, respectively. The tRNAs and mRNA have been modeled by superposing the cryo-EM structure of rabbit 40S bound to tRNAs and eEF1A (PDB: 5LZS) onto the high resolution structure of human ribosome (PDB: 8QOI). For the sake of clarity, human 60S, rabbit 80S and eEF1A translation elongation factor have been omitted. (C) Schematic depiction of the BUD23 proteins and ribbon representation of the crystal structure of Saccharomyces cerevisiae Bud23-Trm112 complex bound to SAM (purple sticks; PDB code: 4QTU). The intrinsically disordered C-terminal end of BUD23 proteins, which is absent in the crystal structure, is shown as a black line on the schematic representation. The N-terminal region from yeast Bud23 MTase domain, which folds upon SAM binding, is colored in grey. (D) Snapshots highlighting the location of the BUD23-TRMT112 complex during the nucleocytoplasmic pre-40S maturation process. Same color code as (B). The BUD23 (pink for the MTase domain and black for the C-terminal region) and TRMT112 (yellow) proteins are shown as surface. Structures of the S. cerevisiae Tsr1-1 (i; PDB code: 7WTN) or human UTP14 (ii; PDB code : 7WTS), RRP12-A1 (iii; PDB code : 7WTT) and RRP12-A3 (iv; PDB code: 7WTW) states from Cheng et al (2022). (E) Zoom in on the active site of BUD23-TRMT112 complexes in the structures corresponding to states UTP14 (left) and RRP12-A3 (right) with the (m7)G1639 shown as grey sticks with the N7 atom shown as a sphere. Since the m7G1639 nucleotides occupy the same location in RRP12-A1 and RRP12-A3 states, only RRP12-A3 state is shown for the sake of clarity.
BUD23 proteins play an important role for the biogenesis of the 40S small ribosomal subunit. Indeed, the deletion of the BUD23 gene in S. cerevisiae results in a decreased amount of 40S subunits, an imbalance of rRNA precursors, i.e., accumulation of 20S rRNA and decrease in 27SA and 27S rRNAs and a nucleolar retention of pre-40S particles (White et al., 2008). Bud23 is also important for efficient A2 cleavage of the precursor rRNA, a step crucial for its proper maturation (Sardana et al., 2013). In human cells, the depletion of the BUD23 protein results in the accumulation of the 18S-E intermediate associated with a mild reduction of 30S and a decrease in mature 18S (Ounap et al., 2013; Haag et al., 2015; Zorbas et al., 2015). The central role of BUD23 proteins in 40S biogenesis rationalizes the strong growth defect phenotype of the bud23Δ yeast strain (White et al., 2008), the decreased proliferation of human HeLa cells upon BUD23 silencing (Ounap et al., 2013) and the observation that the homozygous BUD23 knock-down are embryonic lethal in mouse and worm (Piano et al., 2002; Baxter et al., 2020).
BUD23 proteins are made of a N-terminal class I SAM-dependent MTase domain, which directly interacts with TRMT112, followed by a long stretch of at least 50 amino acids (Figure 5C; White et al., 2008; Letoquart et al., 2014; Ameismeier et al., 2018; Cheng et al., 2022)). The crystal structure of the S. cerevisiae Bud23-Trm112 complex has revealed that upon SAM binding to the Bud23 subunit, a N-terminal region of the MTase domain folds back onto the SAM cofactor to adopt an α-helical conformation and then mould the substrate binding site (Letoquart et al., 2014). Bud23 C-terminal region is predicted to be unstructured and contains a nuclear localisation signal (White et al., 2008). In yeast, only the MTase domain is important for Bud23 activity in 40S synthesis (White et al., 2008). However, BUD23 MTase activity is not important for growth or rRNA processing in yeast or human cells, indicating that the m7G residue in the 40S has no critical functional roles (White et al., 2008; Lin et al., 2012; Letoquart et al., 2014; Haag et al., 2015; Zorbas et al., 2015). This is in line with the observation that the yeast G1575A 18S rRNA mutant has no growth phenotype (White et al., 2008). BUD23 proteins are recruited early to the pre-90S and remain associated with pre-40S middle and late stages (Figaro et al., 2012; Sardana et al., 2013). Several cryo-electron microscopy structures have brought useful information about the timing of the recruitment and the association of the BUD23-TRMT112 complex with pre-40S intermediates (Figure 5D; Ameismeier et al., 2018; Cheng et al., 2022). Indeed, in yeast, Bud23 is first anchored to early pre-40S through its C-terminal extremity, which binds to immature h18 of the 18S rRNA and stabilizes an immature conformation of the pre-40S. In this complex, Bud23 MTase domain and Trm112 as well as the 40S head region are not visible, probably due to high intrinsic flexibility (Figure 5D panel i). Next, the MTase domain from BUD23 (together with TRMT112) binds to the pre-40S head region but the nucleotide to be modified is not located in BUD23 active site (Figure 5D panel ii and Figure 5E left). Finally, the MTase domain binds to its nucleotide target (Figure 5D panel iii and Figure 5E right) and BUD23 C-terminal region is released from the pre-40S (Figure 5D panel iv). In this structure, several residues located in the BUD23 active site and that have been identified as being important for yeast Bud23 enzymatic activity are directly contacting G1639 as suggested in a previous docking model (Letoquart et al., 2014). During this process, the BUD23-TRMT112 complex physically interacts with several 40S biogenesis factors such as the yeast Dhr1 DEAH RNA helicase involved in the release of U3 snRNA from maturing 40S, as well as the 40S nuclear export factor Rrp12 (Letoquart et al., 2014; Sardana et al., 2014; Roychowdhury et al., 2019; Black et al., 2020; Black and Johnson, 2022). Altogether, these observations reveal a complex BUD23-TRMT112 choreography during pre-40S maturation and suggest that the role of BUD23 is to destabilize key interactions in the small subunit processome to promote progression to the pre-40S. This is compatible with the requirement of yeast Bud23 for A2 cleavage, an essential step for the separation of small and large subunit precursors. BUD23 proteins might also be important during 40S biogenesis by timing or chaperoning the correct folding of 18S rRNA during the many maturation steps it is undergoing. In this context, the BUD23-dependent formation of m7G, which occurs late during this maturation process (Figaro et al., 2012), could simply act as a signal that the subunit has successfully passed one or several quality-control checkpoints. Interestingly, the formation of m7G1575 in yeast does not depend on the presence of other modifications located in proximity, namely m6,6A1781 and m6,6A1782, and reciprocally (Letoquart et al., 2014). However, in C. elegans, the depletion in BUD23 results in a decrease in m7G but also of m6,6A associated with a concomitant increase in m6A at the positions which should be m6,6A (Liberman et al., 2023).
The BUD23-TRMT112 complex has recently been proposed to act as a tumor suppressor when over-expressed in pancreatic cancer (Khan et al., 2022). This is somehow surprising since an increased expression of human BUD23 was observed in many types of cancers and shown to promote migration, invasion and proliferation of cancer cells (Nakazawa et al., 2011; Tiedemann et al., 2012; Jangani et al., 2014; Stefanska et al., 2014; Yan et al., 2017; Chi et al., 2020). The latter implication in cancer is not surprising since highly proliferative cancer cells are very demanding in protein synthesis and hence ribosome production. BUD23 was also shown to bind a glucocorticoid receptor co-activator through its MTase domain and to play a role in histone 3 tri-methylation on Lys4. Consequently, this affects the recruitment of the glucocorticoid receptor to the chromatin and its function in transcription regulation (Jangani et al., 2014). The depletion of BUD23 in mouse reduces the translation efficiency of mitochondrially-encoded transcripts (Baxter et al., 2020). Since to our knowledge, no m7G modification has been identified in mitochondrial rRNAs, this most probably results from defects in cytoplasmic protein synthesis process. Indeed, BUD23 down-regulation decreases the abundance of protein components of the 40S and most likely the synthesis of mitochondrial ribosomal proteins, which are encoded by the nuclear genome. In BUD23-deficient cardiac muscles, this causes mitochondrial dysfunction in cardiomyocytes associated with a disorganization of mitochondria arrangement, resulting in cardiomyopathy. In C. elegans, the absence of BUD23 alters transition of genes involved in longevity and cell response (Liberman et al., 2023). Finally, two studies have linked BUD23 with viral infection. First, the BUD23-TRMT112 complex interacts with the L protein from Borna disease virus 1, a negative-strand RNA virus causing fatal neurological diseases in animals but rarely in mammals (Garcia et al., 2021). The BUD23-TRMT112 complex then plays a role in the recruitment of viral RNPs to chromosomes and its catalytic activity is mandatory for this process. This function has no role in viral mRNA expression. This complex also enriched on pre-40S together with the viral protein orf11 from Kaposi sarcoma-associated herpesvirus during lytic replication (Murphy et al., 2023). BUD23 appears as necessary for the expression of late viral transcripts and is essential for the production of new infectious virions.
4.2 METTL5, the long-sought m6A MTase on 18S rRNA
Since there is no METTL5 orthologue in S. cerevisiae, the model organism initially used to characterize the eukaryotic TRMT112 interaction network, it was not anticipated that human METTL5, a class I SAM-dependent methyltransferase, could interact with TRMT112. However, a study performed in the H. volcanii archaeon, identified the Hvo_1475 putative MTase as a partner of HvoTrm112 (van Tran et al., 2018). Since Hvo_1475 shares 35% sequence identity with human METTL5, this suggested that the latter may interact with TRMT112. Indeed, the human METTL5 and TRMT112 proteins were shown to interact directly to form a stable complex (Figure 6A) and this is also the case for orthologous proteins from fruit fly and worm (van Tran et al., 2019; Ignatova et al., 2020; Leismann et al., 2020; Rong et al., 2020; Sepich-Poore et al., 2022). As observed for other MTases interacting with TRMT112, the latter is very important for human METTL5 cellular stability and for its over-expression as a soluble protein in E. coli (van Tran et al., 2019; Sepich-Poore et al., 2022).
[image: Figure 6]FIGURE 6 | METTL5 catalyzes the formation of m6A in the decoding center of human ribosome. (A) Ribbon representation of the crystal structure of human METTL5-TRMT112 complex bound to SAM (purple sticks; PDB code: 6H2V). The C⍺ atom of Gly61 is shown as a sphere. The side chains of Asp121 from METTL5 and Arg44 from TRMT112, which form a salt bridge at the interface between both proteins, are shown as blue and yellow sticks, respectively. (B) Chemical structure of N6-methyladenosine (m6A) with the methyl group added by METTL5 highlighted by a blue sphere. (C) Overview of human 40S small ribosomal subunit decoding center (18S rRNA and small ribosomal subunit proteins colored light blue and grey, respectively) bound to a short mRNA (purple), tRNAs (light green, pink and light orange for A-, P- and E-site tRNAs, respectively) and highlighting the position of the m6A1832 (blue) and m7G1639 (pink) modified nucleotides. Helices h18 and h44 from 18S rRNA are colored in brown and cyan, respectively. The tRNAs and mRNA have been modeled as described in Figure 5B.
Metazoan and plant METTL5 proteins are the long-sought rRNA MTases responsible for the formation of N6-methyladenosine at position 1832 (m6A1832, the numbering of human ribosome is used; Figure 6B) on the 18S rRNA (Maden, 1986; van Tran et al., 2019; Ignatova et al., 2020; Leismann et al., 2020; Rong et al., 2020; Sendinc et al., 2020; Xing et al., 2020; Yu et al., 2021; Song et al., 2024). The 18S rRNA is the only known substrate of METTL5 but contrary to BUD23, METTL5 is not required for correct 18S rRNA biogenesis (van Tran et al., 2019; Leismann et al., 2020). The METTL5-dependent modification is located in close proximity to the P-site and is thought to influence mRNA binding to the decoding center of the ribosome (Figure 6C). Accordingly, METTL5 enzyme is important for global mRNA translation in some cell lines (Rong et al., 2020; Sepich-Poore et al., 2022; Chen et al., 2023). In nasopharyngeal carcinoma cells (NPC), METTL5 turns out to be important for 80S ribosome assembly and for the interaction of the 40S subunit with the large ribosomal proteins RPL24 and RPL41, which bridge 40S and 60S subunits (Chen et al., 2023). This is particularly interesting since in the cryo-EM structure of the human 80S (Holvec et al., 2024), the N-terminal extremity of RPL41 contacts m6A1832.
METTL5 appears to be important during brain development since several mutations in this gene have been identified in patients suffering from neurodevelopmental defects characterized by intellectual disorder, global developmental delay, facial abnormalities and microcephaly (Hu et al., 2019; Richard et al., 2019; Torun et al., 2022). Among the METTL5 mutations identified, two biallelic frameshift mutations (c.344_345delGA and c.571_572delAA) result in the expression of truncated and unstable METTL5 proteins (p.Arg115Asnfs∗19 and p. Lys191Valfs∗10 respectively; (Richard et al., 2019)). In parallel, two homozygous missense mutants (Gly61Asp, Asp121Gly) have been identified. Gly61 is located within the SAM binding site and its substitution by an aspartic acid affects METTL5 interaction with TRMT112 (Figure 6A; Hu et al., 2019). Asp121 is located at the interface between METTL5 and TRMT112, where it forms a salt bridge with Arg44 from TRMT112 (Torun et al., 2022). Its substitution by a glycine will eliminate this salt bridge and most likely affect the interaction between METTL5, thereby destabilizing the complex. Some of the phenotypes observed in patients have been recapitulated in model organisms. In zebrafish, Mettl5 knockdown recapitulates the microcephaly phenotype observed in human patients (Richard et al., 2019). Likewise, METTL5 deficient mice displayed visible craniofacial abnormalities, such as snout deviation and only a partial fusion of the frontal bone suture (Ignatova et al., 2020; Lei et al., 2023). Mettl5 KO mice also have impaired spatial learning and memory (Wang et al., 2022) whereas METTL5 KO flies exhibit severe disorientation and affected walking behavior (Leismann et al., 2020). The recapitulation of cranial and neurological defects observed in human patients with METTL5 mutants in knockout animals points towards the importance of conserved rRNA modifications and their involvement in human neurological disorders.
Many studies support that METTL5 is important for optimal cellular growth and/or differentiation (Rong et al., 2020; Xing et al., 2020; Chen et al., 2023). METTL5 is expressed at elevated levels in several cancers, including breast cancer, lung adenocarcinoma, and hepatocellular carcinoma (HCC) and this correlates with poor prognosis (Ignatova et al., 2020; Sun et al., 2021; Chen et al., 2023; Xia et al., 2023; Wang et al., 2024). In HCC, METTL5 was shown to promote the generation and release of the neutrophil extracellular traps (NETs) network (Wang et al., 2024), and to regulate glycolysis and cell proliferation by the downstream stabilization of c-Myc (Xia et al., 2023). In NPC cells, METTL5 and its partner TRMT112 are over-expressed, with subsequently higher levels of m6A1832 on 18 rRNA (Chen et al., 2023). METTL5 promotes tumorigenesis as well as chemoresistance through its enzymatic activity (Chen et al., 2023). This oncogenic role of the METTL5-TRMT112 complex could rely on the regulation of the synthesis of the HSF4b transcription factor that mainly regulates the translation of heat shock proteins (HSPs) such as HSP90B1 (Chen et al., 2023). The latter directly interacts with the gain-of-function p53R280T mutant to inhibit its ubiquitination-dependent degradation, thereby enabling p53R280T to maintain its oncogenic functions.
METTL5 also turns out to be important for organism development. Indeed, Mettl5 KO mice have reduced viability, body size and weight compared to WT controls (Ignatova et al., 2020; Sepich-Poore et al., 2022; Wang et al., 2022). C. elegans animals lacking METTL5 have diminished fertility as well as decreased brood size. The latter phenotype is directly correlated with METTL5 enzymatic activity since a METTL5 catalytic mutant had similar effect on brood size as the depletion of METTL5, emphasizing on the importance of the 18S m6A1832 modification (Sendinc et al., 2020). In the plant model system A. thaliana, METTL5 protein is important for global translation and in particular for the translation of mRNAs involved in the response to blue light exposure (Song et al., 2024). Surprisingly, although two TRMT112 orthologues (TRMT112A and TRMT112B) are present in A. thaliana proteome, they do not interact with METTL5 and are not essential for the formation of m6A on 18S rRNA.
5 EUKARYOTIC RELEASE FACTOR 1 (ERF1) MTASE MTQ2
TRMT112 proteins also interact with the yeast Mtq2 or its metazoan orthologue HEMK2 (hereafter referred to as MTQ2; see Table 1 for the many other names used for this protein). Initially, the human MTQ2 gene was dubbed N6AMT1 due to significant sequence identity with bacterial DNA N6-methyltransferases according to in silico sequence analyses (Fedoreyeva and Vanyushin, 2002; Ratel et al., 2006). To date, only one study has documented the role of MTQ2 in the formation of N6-methyladenine in eukaryotic DNA (Xiao et al., 2018). However, several studies did not detect this modification in human DNA and the methods used to prove its presence in DNA are very criticized (Ratel et al., 2006; Liu et al., 2017; Schiffers et al., 2017; O'Brown et al., 2019; Kong et al., 2022). In addition, no biochemical MTase activity has been detected on DNA for MTQ2 proteins (Nie et al., 2009; Li et al., 2019; Woodcock et al., 2019). This is in agreement with the presence of a negatively charged substrate binding pocket surrounding MTQ2 active site (Liger et al., 2011; Li et al., 2019; Metzger et al., 2019), which is not favorable for nucleic acids binding. Hence, future studies might be important to definitely clarify this aspect.
The first clearly established MTQ2 substrate is the class I translation termination factor (eRF1 in eukaryotes and aRF1 in archaea (Heurgue-Hamard et al., 2006; van Tran et al., 2018)). Consequently, MTQ2 is unique since it is the only TRMT112 partner to modify proteins. MTQ2 proteins catalyze the methylation of the N5 amino group of the glutamine side chain from the universally conserved GGQ (for Gly-Gly-Gln) motif found in eRF1/aRF1 (Heurgue-Hamard et al., 2005; van Tran et al., 2018). Upon the recognition of a stop codon in the ribosomal A-site by eRF1/aRF1, the GGQ motif enters into the peptidyl transferase center of the ribosome to trigger the release of the newly synthesized proteins (Brown et al., 2015). Interestingly, bacterial class I translation termination factors RF1 and RF2 are structurally completely unrelated to eukaryotic eRF1 and archaeal aRF1 (Song et al., 2000; Vestergaard et al., 2001; Saito et al., 2010). Yet, the glutamine side chain of the GGQ motif is methylated in the three domains of life (Dincbas-Renqvist et al., 2000; Heurgue-Hamard et al., 2005; van Tran et al., 2018), and enzymes catalyzing this modification differ in their organization between archaea and eukaryotes on the one hand and bacteria on the other hand (Graille et al., 2005; Heurgue-Hamard et al., 2006). Altogether, this supports a critical role of this post-translational modification in the translation termination process since it has appeared independently during evolution in the three domains of life. The exact function of this methylation in eukaryotes remains unknown. However, studies in bacteria have shown that it is important for normal termination in vivo, enhances the rate of peptide release, favors stop codon recognition and stabilizes the GGQ loop in the peptidyl transferase center (Mora et al., 2007; Pierson et al., 2016; Pundir et al., 2021). One can then imagine that this post-translational modification will have very similar effects in eukaryotes and archaea.
MTQ2 proteins harbor a strictly conserved NPPY motif essential for the MTase activity since the substitution of the Asn from this motif by an Ala completely abolishes eRF1 methylation in vivo and in vitro (Liger et al., 2011; Li et al., 2019; Lacoux et al., 2020). Eukaryotic MTQ2 proteins as well as Mtq2 from H. volcanii archaeon interact with TRMT112 to form a stable complex and TRMT112 is mandatory for MTQ2 subunits to be enzymatically active in vivo and in vitro (Heurgue-Hamard et al., 2006; Figaro et al., 2008; Liger et al., 2011; van Tran et al., 2018; Lacoux et al., 2020). Several crystal structures of MTQ2-TRMT112 complexes (from human or Encephalitozoon cuniculi parasite) have been solved in the presence of SAM, S-adenosyl-L-homocysteine (SAH), one of the products of the enzymatic reaction, or of a methylated glutamine residue (Liger et al., 2011; Li et al., 2019; Gao et al., 2020). In particular, this highlighted the role of this NPPY signature in the coordination of the glutamine side chain from eRF1 into MTQ2 active site (Figure 7A).
[image: Figure 7]FIGURE 7 | MTQ2, a multisubstrate protein methyltransferase. (A) Ribbon representation of the crystal structure of human MTQ2-TRMT112 complex bound to SAH and N5-methylglutamine (purple sticks and grey sticks, respectively; PDB code: 6KHS). The methyl group is shown as a grey sphere in both panels. The side chains of the NPPY signature from MTQ2 are shown as sticks. (B) Ribbon representation of the crystal structure of human MTQ2-TRMT112 complex bound to SAH and histone H4 peptide containing a monomethylated Lys (purple sticks and grey sticks, respectively; PDB code: 6H1E).
The role of TRMT112 on MTQ2 enzymatic activity can be explained by several observations. First, human TRMT112 stimulates SAM binding to the MTQ2 catalytic subunit (Liger et al., 2011). Second, it is enhancing the solubility and the stability of MTQ2 proteins expressed in E. coli as observed for other TRMT112 partners (Heurgue-Hamard et al., 2006; Figaro et al., 2008). Third, in yeast, Trm112 is important for Mtq2 stability (Sardana and Johnson, 2012), whereas human TRMT112 is not important for MTQ2 stability in cells (Leetsi et al., 2019). Finally, yeast Trm112 contributes to Mtq2 enzymatic activity most probably through a role in substrate binding, since several point mutations of conserved residues present at the surface of Trm112 and located in close proximity of Mtq2 active site in the crystal structure of eukaryotic Mtq2-Trm112 complex, are less efficient in eRF1 methylation (Liger et al., 2011). Interestingly, the eukaryotic MTQ2-TRMT112 complex from various organisms is active on the eRF1 protein in the presence of the GTP bound-form of the translational GTPase eRF3 but not on eRF1 alone or on the eRF1-eRF3-GDP complex (Heurgue-Hamard et al., 2005). The same is true for the Mtq2-Trm112 complex from H. volcanii archaeon, which is active only on the aRF1-aRF3-GTP complex (van Tran et al., 2018). However, it is noteworthy that contrary to what has been observed for eukaryotic MTQ2, Trm112 from H. volcanii is not required for the in vivo activity of HvoMtq2 on aRF1 (van Tran et al., 2018). This is reminiscent of our observations on A. fulgidus Trm11, which is active even in the absence of its Trm112 partner (Wang et al., 2020).
In S. cerevisiae yeast, the deletion of the MTQ2 gene results in a decreased growth rate in normal conditions, as well as in cryo-sensitivity, increased sensitivities to paromomycin, geneticin, high salt or calcium, caffeine and polymyxin-B (Polevoda et al., 2006). The mtq2Δ strain is also more resistant to thiabenzole and benomyl, two microtubule inhibiting drugs. Finally, in budding yeast, the Mtq2 protein and its enzymatic activity are important for the efficient production of the 5.8S and 25S rRNA and hence for the biosynthesis of the 60S large ribosomal subunit (Lacoux et al., 2020). Whether this role of Mtq2 on 60S biogenesis is linked to its function in eRF1 GGQ methylation is not clear and deserves further studies. Some studies performed in metazoan have started to clarify the function of MTQ2. Knocking down MTQ2 in fruit fly germline cells results in apoptosis of these cells, significantly reduces eRF1 methylation and induces ribosome stalling (Xu et al., 2024). The down-regulation of MTQ2 affects the expression of genes involved in female gametes production, oogenesis and germ cell development. In mice, the deficiency in MTQ2 is embryonic lethal (Liu et al., 2010), whereas its down-regulation reduces protein synthesis, affects the cell cycle distribution of murine cells by decreasing the percentage of cells in the G1 phase and increasing it in the S phase (Liu et al., 2009). In mice, this protein exists as two isoforms (Nie et al., 2009), both being also present in humans (Figaro et al., 2008; Leetsi et al., 2019). However, the shorter isoform is missing the NPPY active site signature, does not interact with TRMT112, and is rapidly degraded by the proteasome. The existence of this apparently inactive MTQ2 isoform in mammals is unclear but may suggest a regulatory role in the expression of active MTQ2. In human cells, the MTQ2 protein has both nuclear and cytoplasmic localization (Brumele et al., 2021). Both human MTQ2 protein and its enzymatic activity have recently been shown to be important for the cytoplasmic translation of two subunits of the mitochondrial RNase P enzyme (the TRMT10C tRNA methyltransferase and the PRORP nuclease), thereby affecting the processing of mitochondrial RNAs, mitochondrial translation and oxidative phosphorylation (Foged et al., 2024).
Additional substrates for human MTQ2 have been identified. First, using an in vitro peptide array approach, Kusevic and colleagues identified the GQX3R motif to be critical for methylation activity by the human MTQ2-TRMT112 complex and also observed a preference for Ser, Arg or Gly at position +1 (zero being the methylated glutamine) and for Arg at position +7, respectively (Kusevic et al., 2016). Based on these informations, several putative substrates have been identified in human. Many have been validated in vitro and two (CHD5 and NUT) in vivo (Kusevic et al., 2016; Weirich et al., 2024). MTQ2 has also been implicated in histone methylation. Indeed, it was reported that human MTQ2 could methylate histone 4 on its Lys12 (H4K12-met) in a glycine rich region, both in vitro and in vivo (Metzger et al., 2019). The crystal structure of the human MTQ2-TRMT112 complex bound to an H4 peptide centered around the methylated form of Lys12 was determined, highlighting again the importance of the NPPY active site signature in the coordination of the Lys12 side chain (Figure 7B; Metzger et al., 2019). In the same study, the knock-down of MTQ2 in PC3 prostate cancer cells results in a decrease in histone methylation and in cell proliferation. The authors also observed the co-localization of H4K12-met with MTQ2 and over 1,000 promoters, suggesting that human MTQ2 could regulate gene expression by alternatively methylating the promoter-bound histone, hence participating in transcription initiation, as these promoters also display decreased RNA polymerase occupancy in MTQ2 KO cell lines. The association between H4K12-met and MTQ2 was also described by the same team in additional human cell lines, such as respiratory tract cancer cells A549 (Baumert et al., 2020) or colorectal organoïd models (Berlin et al., 2022). However, the direct correlation between MTQ2 enzymatic activity and methylation of H4 on Lys12 needs to be clarified. Indeed, the MTQ2 enzymatic activity reported on H4K12 is comparable to that observed when eRF1 is used as sole substrate for the MTQ2-TRMT112 complex (Metzger et al., 2019). This activity is much lower that the activity of the same complex on eRF1 in the presence of eRF3 and GTP, two essential cofactors for eRF1 methylation by the MTQ2-TRMT112 complex (Heurgue-Hamard et al., 2006; Woodcock et al., 2019; Weirich et al., 2024). A recent study showed that SETD6 might be responsible for the formation of H4K12-met since it is more efficient than MTQ2-TRMT112 complex in methylating H4K12 (Weirich et al., 2024). Further studies are needed to clarify the role of MTQ2 in the formation of H4K12-met and its importance in the regulation of gene expression a well as its links with cancer.
MTQ2 proteins from yeast and human were also described to participate in the metabolism of organic arsenic, along with the arsenic MTase AS3MT, thereby contributing to the resistance to arsenic exposure (Ren et al., 2011; Zhang et al., 2015; Lee and Levin, 2018). Yet, as for H4K12 methylation, MTQ2 is not the main factor responsible for organic arsenic methylation, as it could be AS3MT. Nevertheless, it may play a more important role in arsenic metabolism in tissues in which it is the most expressed, but also in cancer cells where its expression is disrupted.
In summary, the MTQ2-TRMT112 complex appears as a multifunctional enzyme that can methylate several substrates (eRF1, CHD5, NUT and potentially H4K12) either on Gln or Lys side chains and with implications in the control of gene expression at the translational but also at the transcriptional levels. Still, it might selectively recognize and methylate other substrates, which remain to be identified (Kusevic et al., 2016; Li et al., 2019; Metzger et al., 2019; Weirich et al., 2024).
6 THUMPD2, A U6 SNRNA M2G MTASE
The most recently characterized TRMT112 MTase partner is THUMP domain-containing protein 2 (THUMPD2), a nuclear protein only found in metazoa (Brumele et al., 2021; Wang et al., 2023; Yang et al., 2024). Similarly to TRMT11 and THUMPD3, THUMPD2 is made of a N-terminal THUMP domain followed by a C-terminal SAM-dependent MTase domain with a D [I/V]PFG signature characteristic of enzymes methylating planar amino groups on nucleic acid bases or Gln side chains (Figure 3A; Bujnicki, 2000). THUMPD2 is essential for the formation of m2G at position 72 of the U6 snRNA (Wang et al., 2023; Yang et al., 2024). The U6 snRNA plays a critical role in pre-mRNA splicing by dynamically interacting with other snRNAs and protein partners to form the catalytic center of the spliceosome. The U6 snRNA m2G72 modification is located two nucleotides upstream of U74, which is essential for the formation of the catalytic U6 snRNA triplex and the binding of the 2 Mg2+ ions directly involved in the splicing catalytic step (Figure 8; Fica et al., 2013; Wilkinson et al., 2020). In U6 snRNA, an internal stem loop (ISL) constitutes a major part of the spliceosome catalytic center by chelating the catalytic Mg2+ ions. The m2G72 modification is located within the ISL and G72 directly interacts with the catalytic Mg2+ ion (Bertram et al., 2020). Similarly to other TRMT112 partners, THUMPD2 alone shows no detectable activity but becomes active when it forms a complex with TRMT112 (Yang et al., 2024). In vitro assays have revealed that the THUMPD2-TRMT112 complex recognizes the 65GCGCA69 motif of the U6 ISL-apical loop and the U6-specific bulged structure around G72 for catalysis (Yang et al., 2024). THUMPD2 seems highly specific to U6 snRNA since no difference is observed in m2G levels in other types of RNAs when comparing parental and THUMPD2 KO cell lines (Wang et al., 2023).
[image: Figure 8]FIGURE 8 | THUMPD2 targets G72 from U6 snRNA and is important for optimal splicing. Representation of the cryo-EM structure of the RNA components found in the active site of the human spliceosome complex C (PDB code: 6ZYM). The G72 and U74 positions from U6 snRNA are colored grey and pink, respectively and the catalytic metal ion (Mg2+) coordinated (black dashed lines) by their phosphate groups is shown as a black sphere. The THUMPD2-TRMT112 complex methylates G72 on the N2 atom (shown as a sphere).
Due to its target and the nucleotide it is modifying, it is not surprising that the THUMPD2-TRMT112 complex and its enzymatic activity are important for alternative pre-mRNA splicing both in vitro and in vivo (Wang et al., 2023; Yang et al., 2024). Intron retention or skipped exons were the most affected types of alternative splicing events upon depletion of THUMPD2 in both HCT116 and HEK293T human cells (Wang et al., 2023; Yang et al., 2024). Introns retained in cells lacking THUMPD2 had lower splice site quality, shorter polypyrimidine tracts and were generally shorter than unaffected introns. This effect of THUMPD2 in optimal pre-mRNA splicing is reflected in the proliferation defects observed for human cell lines lacking THUMPD2 (Wang et al., 2023; Yang et al., 2024).
The lack of THUMPD2-mediated m2G methylation of the U6 snRNA affects the splicing of numerous endogenous pre-mRNA. While we did not observe significant enrichment in pre-mRNAs involved in specific cellular pathways in HCT116 cells (Wang et al., 2023), Yang and colleagues observed an upregulation of genes involved in nonsense mediated mRNA decay pathway upon depletion in THUMPD2 in HEK293T cell lines (Yang et al., 2024).
Studies aimed at understanding the importance of THUMPD2 in human diseases are in their infancy. The down-regulation of THUMPD2 was suggested to play a role in multidrug resistance in esophageal squamous cell carcinoma (Hayashi et al., 2019). Recently, the role of THUMPD2 in ovarian cancer was investigated, revealing that low expression of THUMPD2 in early stage enhanced tumor growth while high expression in the late stage favored metastasis (Hua et al., 2024). Finally, a THUMPD2 variant resulting in lower expression of this protein, has been identified in patients suffering from age-related macular degeneration (AMD) and a correlation between alternative splicing, THUMPD2 function and AMD was established (Yang et al., 2024). Exploring the THUMPD2 biological functions and the elements required for substrate recognition by the THUMPD2-TRMT112 complex will help to understand the molecular mechanisms of tumor occurrence and development.
7 PYURF, A MITOCHONDRIAL TRMT112-LIKE PROTEIN
In metazoa, PYURF (for PIGY upstream open reading frame) is a yet poorly characterized nuclear-encoded mitochondrial TRMT112-like protein. This protein is predicted to contain only the zinc knuckle domain similarly to bacterial proteins (Figure 9). The depletion of PYURF leads to K562 cell death in galactose media and reduces oxygen consumption, indicating its crucial role in the generation of ATP by the oxidative phosphorylation process (Arroyo et al., 2016). Further studies have shown that PYURF interacts with at least two class I SAM-dependent MTases, namely NDUFAF5 and COQ5 (Rensvold et al., 2022), which are respectively involved in the complex biosynthesis pathways of the NADH: ubiquinone oxidoreductase (complex I) and coenzyme Q (CoQ). Complex I is the first enzyme involved in the oxidative phosphorylation pathway (Sharma et al., 2009). It is composed of 44 proteins (including several anchored to the membrane) encoded by both nuclear and mitochondrial genomes. The assembly of human complex I proceeds via sub-complexes, which are built from specific subunits with assistance of assembly factors (Rhein et al., 2016). NDUFAF5 is one such assembly factor. Although it has a predicted classical class I SAM-dependent MTase structure, no MTase activity has been demonstrated for this protein to our knowledge but it has been shown to be essential for the hydroxylation of the complex I subunit NDUFS7 on Arg73 side chain (Rhein et al., 2016). PYURF is also involved in the biosynthesis of coenzyme Q (also known as ubiquinone (Acosta et al., 2016)), which plays a role in electron shuttling between complex I and other complexes from the respiratory chain. PYURF interacts with COQ5, a MTase modifying a carbon atom, which itself interacts with other CoQ proteins. Similarly to the role of TRMT112 on its MTase partners, PYURF is important for the cellular stability of both NDUFAF5 and COQ5 since the depletion of PYURF results in decreased abundance of both MTases (Rensvold et al., 2022). Further studies will be necessary to unravel the role of PYURF for the functions of these two partners but PYURF clearly emerges as an important protein for mitochondria functions. Indeed, PYURF mutations have been identified in patients suffering from a spectrum of symptoms such as muscle hypotonia, failure to thrive, developmental delay, optic atrophy, and elevated lactate levels in blood and cerebrospinal fluid (Rensvold et al., 2022).
[image: Figure 9]FIGURE 9 | Human PYURF, a mitochondrial TRMT112-like protein. Superposition of the human PYURF model (pink) generated by AlphaFold (version 3.0) onto the crystal structure of human TRMT112 (in complex with METTL5; PDB code: 6H2U, same color code as Figure 1A). For the sake of clarity, the PYURF MTS and METTL5 have been omitted.
8 ON THE IMPORTANCE OF TRM112/TRMT112 PROTEINS FOR THEIR MTASE PARTNERS
Since the identification of TRMT112 proteins as intrinsic subunits of several MTase holoenzymes, numerous biochemical and structural studies have provided a wealth of information allowing a better understanding of the roles of TRMT112 proteins on these MTases.
In vitro studies on MTases known to interact with TRMT112 were initially hampered due to solubility problems encountered when these MTases are over-expressed alone in E. coli. With the exception of Trm11 (Purushothaman et al., 2005; Bourgeois et al., 2017b), no S. cerevisiae MTases (Trm9, Mtq2 or Bud23) could be over-expressed alone as soluble proteins using E. coli expression system (Heurgue-Hamard et al., 2006; Mazauric et al., 2010; Figaro et al., 2012). The same observations were made for human MTases known to interact with TRMT112 (Figaro et al., 2008; Songe-Moller et al., 2010; Zorbas et al., 2015; van Tran et al., 2019; Yang et al., 2021; Wang et al., 2023), with the exception of MTQ2 or THUMPD3 for which some proteins could be purified following over-expression in E. coli or in baculovirus-infected insect cells, respectively (Yang et al., 2021). However, these three isolated proteins (yeast Trm11 and human MTQ2 or THUMPD3) proved to be very unstable or aggregated after purification and lacked any enzymatic activity (Purushothaman et al., 2005; Figaro et al., 2008; Liger et al., 2011; Bourgeois et al., 2017b). Interestingly, the co-expression of TRMT112 protein with any of its known eukaryotic or archaeal MTase partners led to drastic enhancement in the solubility of the MTase subunit and turned out to be critical for the purification of the corresponding complexes in large quantities (Purushothaman et al., 2005; Mazauric et al., 2010; Figaro et al., 2012; Zorbas et al., 2015; Bourgeois et al., 2017b; van Tran et al., 2018; van Tran et al., 2019; Yang et al., 2021; Wang et al., 2023). This was pivotal for subsequent structural studies of many of these Trm112-MTase complexes using X-ray crystallography (Table 2). The crystal structures of the Trm112-Mtq2 complex from the intracellular parasite Encephalitozoon cuniculi (Liger et al., 2011), of the human TRMT112-MTQ2 or TRMT112-METTL5 complexes (Li et al., 2019; Metzger et al., 2019; van Tran et al., 2019), of the S. cerevisiae Trm112-Bud23 MTase domain (alone or bound to SAM; (Letoquart et al., 2014)), and of an N-terminally truncated Trm9 from Yarrowia lypolytica yeast bound to Trm112 (Letoquart et al., 2015) were determined. Several structures of yeast and human TRMT112-BUD23 complexes bound to pre-40S ribosomes undergoing the last maturation steps were also obtained by single particle cryo-electron microscopy (cryo-EM; (Ameismeier et al., 2018; Cheng et al., 2022)). To date, the experimental 3D structures of eukaryotic TRMT112-THUMPD2, TRMT112-THUMPD3, TRMT112-TRMT9B and TRMT112-TRMT11 complexes are still missing. However, the crystal structure of archaeal A. fulgidus Trm11 bound to Trm112 was also determined, offering important informations on the interaction mode between these two proteins (Wang et al., 2020). Finally, the structure of the complex formed by H. volcanii Trm112 with a yet uncharacterized putative archaeal MTase (Hvo_0019) has been determined (van Tran et al., 2018). Remarkably, all these structures reveal that the binding modes between TRMT112 proteins and these various MTases, which share less than 20% sequence identity but an overall similar fold (root mean square deviation values ranging from 2.2 Å to 3.2 Å) are highly similar. Indeed, these class I MTases all use the same region of their Rossmann fold to interact with the same region of TRMT112 proteins and consequently compete directly to interact with TRMT112 (Figure 10A). This is in agreement with different reports showing that increasing the expression level of a MTase interacting with TRMT112 reduced the amount of other MTases immunopurified with TRMT112 (Studte et al., 2008; Figaro et al., 2012).
TABLE 2 | 3D structures of archaeal and eukaryotic Trm112 and Trm112-MTase complexes.
[image: Table 2][image: Figure 10]FIGURE 10 | All these methyltransferases compete to interact with TRMT112. (A) Cartoon representation of the superimposition of crystals structures of MTase-TRMT112 complexes (same PDB and color codes used as those used to generate Figures 3–7). The SAM or sinefungin inhibitor are shown as purple sticks. The zinc atoms bound to some Trm112 proteins are shown as grey spheres. To generate this figure, the TRMT112 proteins were superposed onto each others. The TRMT112 proteins from each complex are colored yellow. (B) Superposition of the crystal structures of S. cerevisiae Trm112 either in its apo form (grey; PDB code : 2J6A) or bound to Bud23 (PDB code: 4QTU; same color code as Figure 1A), showing the conformational change occurring at the C-terminal end of Trm112. For the sake of clarity, Bud23 has been omitted. (C) Cartoon representation of the human METTL5-TRMT112 crystal structure (PDB code: 6H2V) illustrating the role of the loop connecting strands β3 and β4 (colored in brown) from the MTase subunit and sandwiched between the SAM cofactor and TRMT112. The side chain of the amino acid residue interacting with the N6 atom of the adenosine moiety of SAM is shown as sticks.
One of the main features of the interfaces between TRMT112 proteins and these various MTases is the presence of a β-zipper formed by hydrogen bonds made between main chain atoms from TRMT112 strand β4 and strand β3 from the MTase domain. As a consequence, this forms a continuous β-sheet made of 11 β-strands (seven and four from the MTase and TRMT112 proteins, respectively). Since this interaction involves main chain atoms, it is much less affected by the variations of amino acid side chains located within strand β3 of the MTase domain but is strongly dependent on the maintenance of the correct structure of this region. This likely explains the ability of a specific MTase (from human or another yeast) to complement for the deletion of its budding yeast orthologue in vivo, meaning that hybrid Trm112-MTase complexes made between proteins from two different organisms can exist in vivo and be at least partially functional (Figaro et al., 2008; Begley et al., 2013; Ounap et al., 2013; Letoquart et al., 2015; Ounap et al., 2015; Lv et al., 2025).
Another important feature of the interaction mode between TRMT112 and these MTases is the location of the N-terminal extremity of TRMT112 proteins at the center of the interface with MTase subunits. This is critical since N-terminal tagging of TRMT112 affects the solubility of the complexes formed with MTases or disrupts the interaction with human BUD23 ((Ounap et al., 2015); MG, unpublished data). We would then like to take this opportunity to stress that the introduction of a single extra amino acid between the initial methionine and the second amino acid of TRMT112 proteins due to cloning bias or N-terminal tagging should severely affect their ability to form complexes with the MTases, and consequently the conclusions of functional experiments. It is then strongly advised to tag TRMT112 proteins at their C-terminal end in future functional studies.
The different structures of the complexes between MTases and TRMT112 proteins also revealed the presence of a large hydrophobic area at the interface. This explains the observed effect of TRMT112 proteins on the solubility and stability of many of these MTases (Mazauric et al., 2010; Figaro et al., 2012; Sardana and Johnson, 2012; Ounap et al., 2015; Zorbas et al., 2015; Bourgeois et al., 2017b; van Tran et al., 2019; Brumele et al., 2021; Wang et al., 2023). It also rationalizes the effect of mutations disrupting the interface on the cellular abundance of the MTases interacting with TRMT112 proteins (Liger et al., 2011; Sardana and Johnson, 2012; Brumele et al., 2021). Indeed, in the absence of TRMT112 proteins, this hydrophobic region present at the surface of MTases would be exposed to the cellular aqueous solvant, which is not favorable for protein stability. Finally, three conserved electrostatic hot spots were identified from the comparison of the sequences of S. cerevisiae MTases interacting with Trm112 and the analyses of the initial crystal structures of Trm112-MTase complexes (Letoquart et al., 2015; Bourgeois et al., 2017a). First, Thr5 from Trm112 forms a conserved hydrogen bond with the side chain of a polar residue (Asp/Asn or Glu) present at the N-terminal end of strand β3 from the MTase domain. Second, Arg53 from Trm112 forms a salt bridge with a strictly conserved Asp from strand β4 of the MTase domain. Third, a conserved positively charged residue from the loop connecting strands β3 and β4 interacts with Asn7 side chain from Trm112. When analyzing the known 3D structures of human MTases bound to TRMT112 (Metzger et al., 2019; van Tran et al., 2019; Cheng et al., 2022), although the residues at these positions are relatively similar to those found in S. cerevisiae MTases, their side chains are not always involved in similar electrostatic interactions with the TRMT112 residues. This suggests that these hot spots might be less important in human complexes and hence could explain the higher number of MTases interacting with human TRMT112 compared to fungi. However, mutations of several of these residues on either TRMT112 or the MTase domain affect complex formation and consequently the stability of the MTase subunit (Sardana and Johnson, 2012; Letoquart et al., 2014; Letoquart et al., 2015; Brumele et al., 2021; Wang et al., 2023). Recently, an exhaustive site-directed mutagenesis study of human TRMT112 has shown that mutations of residues located at or near the interface with METTL5 do not affect to the same extent the interactions realized between TRMT112 and seven human MTases (namely MTQ2, BUD23, METTL5, TRMT11, ALKBH8, THUMPD2 and THUMPD3; (Brumele et al., 2021)), further supporting that some slight differences exist in these different human TRMT112-MTase interfaces.
Interestingly, the comparison of the crystal structures of S. cerevisiae Trm112 protein alone or bound to Bud23 MTase domain reveals that the C-terminal extremity of Trm112 (amino acids 128–135) undergoes a large conformational change upon Bud23 binding (Figure 10B; Heurgue-Hamard et al., 2006; Letoquart et al., 2014). In all complexes between MTases and TRMT112 proteins, this C-terminal TRMT112 region adopts the same conformation as in the complex with Bud23, supporting that this conformational changes in TRMT112 C-terminal end is necessary to avoid important steric clashes with the MTase domains.
Another function of eukaryotic TRMT112 proteins is in their ability to confer SAM binding property to several MTase subunits. Indeed, although isolated yeast Trm11 or human MTQ2 exhibited circular dichroism spectra typical of well folded class I MTases, none of these proteins could bind the essential SAM cofactor in the absence of their TRMT112 partner (Liger et al., 2011; Bourgeois et al., 2017b). Close inspection of the crystal structure of these MTase-Trm112 complexes bound to SAM reveals that no TRMT112 residue directly contacts SAM (Liger et al., 2011; Letoquart et al., 2014; Li et al., 2019; van Tran et al., 2019). However, a loop from the MTase domain contacting the SAM cofactor is also contacting TRMT112 and harbors a strictly conserved acidic residue, which forms a crucial hydrogen bond with the N6 atom from the adenosine moiety of the SAM cofactor (Figure 10C). Hence, it is very likely that in the absence of TRMT112 protein, this loop is too flexible to allow tight SAM binding to the MTase domain. Upon binding to TRMT112, this loop would be stabilized, allosterically allowing tighter binding of the SAM cofactor. Interestingly, SAM binding also impacts the interaction between the MTase subunit and TRMT112 since MTase mutants defective in SAM binding co-immunoprecipitate TRMT112 proteins less efficiently than WT and consequently are less stable in vivo (Liger et al., 2011; Lin et al., 2012; Letoquart et al., 2014; Lacoux et al., 2020). This supports a tripartite interaction mode between the MTase subunit, SAM cofactor and TRMT112. However, this property might be specific to eukaryotic proteins since archaeal AfTrm11 binds SAM with similar affinities whether it is in complex or not with AfTrm112 (Wang et al., 2020).
Finally, TRMT112 proteins may assist some MTase catalytic subunit for optimal substrate binding. Indeed, mutations of relatively well-conserved Trm112 residues located in the vicinity of the MTase subunit affect the enzymatic activity of S. cerevisiae Mtq2-Trm112 and Trm11-Trm112 complexes in vitro (Liger et al., 2011; Bourgeois et al., 2017b). Similarly, the archaeal AfTrm11-Trm112 complex has a lower Km for a tRNA substrate than the isolated AfTrm11 (Wang et al., 2020). This is most probably due to the presence of a negatively charged region on the AfTrm112 surface, which is located in the vicinity of the AfTrm11 active site. This region might repel the tRNA substrates and favor their release after methylation has occurred.
On the basis of these different observations, the TRMT112 protein should not be considered as a chaperone helping the correct folding of the MTase subunit, but as an integral component of different MTase-TRMT112 holoenzymes. Indeed, TRMT112 protein clearly acts as an allosteric activator subunit of the catalytic MTase subunit in these different holoenzymes.
9 CONCLUSION AND PERSPECTIVES
Due to its involvement in four (in yeast) to eight (in human) eukaryotic holoenzymes methylating factors involved in pre-mRNA splicing and protein synthesis, TRMT112 proteins play critical roles at the cross-roads of mRNA maturation and translation processes (Figure 11). To our knowledge, TRMT112 proteins are somehow unique in their ability to interact via the same region with so many partners acting on various substrates. TRMT112 does not only bind to these MTase subunits but clearly contributes to their functions through its ability to stabilize most MTase subunits in cellulo, to enhance SAM binding and also to contribute to substrate binding in some cases. In this respect, TRMT112 cannot be considered as a chaperone since it remains associated with the MTase subunits. Although many studies have brought a wealth of information on the structure, mode of action and functions of these different holoenzymes, many aspects remain to be clarified. While, with the exception of TRMT9B, the biochemical functions of these MTases have been thoroughly characterized, their biological functions, i.e., the cellular processes directly impacted by these enzymes and the modifications they catalyze, remain to be elucidated in the future. It is already clear that the perturbation of the expression levels or of the function of several of the MTase subunits interacting with TRMT112 are associated with cancer or neurodevelopmental defects. Since mutations have been identified in some of these MTases and were associated with neurodevelopmental disorders, it will be also critical in the future to understand the role of the methyl group added by these TRMT112-MTase complexes on general cellular processes such as translation of specific proteins important for brain development for instance.
[image: Figure 11]FIGURE 11 | Summary of our current knowledge about human TRMT112-MTase complexes. The most characterized substrates of human TRMT112-MTase complexes are indicated. METTL5 and MTQ2 have been shown to be present both in the nucleus and in the cytoplasm. Here, we indicate their presence in the cytoplasm since we assume that TRMT112-METTL5 acts in the cytoplasm during the late steps of 40S particles maturation and that the TRMT112-MTQ2 dependent modification of eRF1 is cytoplasmic. We also postulate that the TRMT112-TRMT9B complex acts as a tRNA MTase but as far as we know this has never been demonstrated experimentally.
The competition observed between these MTases to interact with the same region of TRMT112 proteins raises several questions about the mechanisms underlying the interaction of TRMT112 protein with a specific MTase. Is the number of TRMT112 proteins in the cell equivalent to the sum of all the MTase proteins interacting with it? Could post-translational modifications such as phosphorylation of TRMT112 or of the MTases, specifically regulate the interaction of TRMT112 with some of these MTases? Is the level of a given MTase regulated at the transcriptional or post-transcriptional level in specific conditions? For instance, a recent study performed in S. cerevisiae yeast has revealed that upon decrease in SAM intracellular concentration due to the deletion of the SAM2 gene, the Trm9, Bud23 and Trm112 transcripts are down-regulated (Remines et al., 2024). Another important question is about the recruitment of TRMT112 to its MTase partners, which are unstable in cellulo, in the absence of TRMT112. Is a yet to be identified chaperone involved? One could also imagine that TRMT112 proteins are recruited to the ribosomes synthesizing these MTases for co-translational assembly of the complexes to assist in their folding during protein synthesis as has been shown to occur for some eukaryotic complexes (Shiber et al., 2018; Bertolini et al., 2021).
Although several 3D structures of TRMT112-MTase complexes have been determined, little structural information is available about these complexes bound to their respective substrate. The cryo-EM structure of human and yeast TRMT112-BUD23 complex bound to late 40S intermediates illustrate the roles of this complex during 40S maturation. Crystal structures of human TRMT112-MTQ2 bound to a short H4 peptide or to glutamine have also been determined, unravelling the importance of the conserved NPPY signature for the coordination of the amino acid to be methylated. Further efforts will be necessary to understand how most of these enzymes recognize their respective substrates, namely tRNAs, U6 snRNA, 40S and eRF1 translation termination factor.
Finally, this review mostly focuses on eukaryotic TRMT112-MTase complexes and also draws parallels with archaeal Trm112-MTase complexes due to the evolutionary conservation of many of these complexes between these two branches of the tree of life. Yet, the biochemical and biological functions of several Trm112-MTase complexes identified in the H. volcanii archaeon remain to be clarified (van Tran et al., 2018). To our knowledge, very little is known about bacterial Trm112 proteins. Future work should be focusing on the characterization of bacterial Trm112 functions and interaction networks. Some lines of evidences suggest that bacterial Trm112 proteins should also preferentially interact with MTases (Shatsky et al., 2016). This should foster our knowledge on this protein family and may reveal similarities with archaeal TRMT112 as well as PYURF interaction networks.
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