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Conspectus

Transfer ribonucleic acid (tRNA) are the most highly modified RNA species in the cell and loss 

of tRNA modifications can lead to growth defects in yeast, as well as metabolic, neurological, 

and mitochondrial disorders in humans. Significant progress has been made toward identifying the 

enzymes that are responsible for installing diverse modifications in tRNA, revealing a landscape 

of fascinating biological and mechanistic diversity that remains to be fully explored. Most early 

discoveries of tRNA modification enzymes were in model systems where each enzyme was not 

strictly required for viability, an observation somewhat at odds with the extreme conservation 

of many of the same enzymes throughout multiple domains of life. Moreover, many tRNA 

modification enzymes act on more than one type of tRNA substrate, which is not necessarily 

surprising given the similar overall secondary and tertiary structure of tRNA, yet biochemical 

characterization has revealed interesting patterns of substrate specificity that can be challenging to 

rationalize on a molecular level. Questions about how many enzymes efficiently select a precise 

set of target tRNAs from among a structurally similar pool of molecules persist.

The tRNA methyltransferase Trm10 provides an exciting paradigm to study biological and 

mechanistic questions surrounding tRNA modifications. Even though the enzyme was originally 

characterized in Saccharomyces cerevisiae where its deletion causes no detectable phenotype 

under standard lab conditions, several more recently identified phenotypes provide insight into 

the requirement for this modification in the overall quality control of the tRNA pool. Studies of 

Trm10 in yeast also revealed another characteristic feature that has turned out to be a conserved 

feature of enzymes throughout the Trm10 family tree. We were initially surprised to see that 

purified S. cerevisiae Trm10 was capable of modifying tRNA substrates that were not detectably 

modified by the enzyme in vivo in yeast. This pattern has continued to emerge as we and 

others have studied Trm10 orthologs from Archaea and Eukarya, with enzymes exhibiting in 
vitro substrate specificities that can differ significantly from in vivo patterns of modification. 

While this feature complicates efforts to predict substrate specificities of Trm10 enzymes in the 

absence of appropriate genetic systems, it also provides an exciting new system for studying how 

enzyme activities can be regulated to achieve dynamic patterns of biological tRNA modification, 

which have been shown to be increasingly important for stress responses and human disease. 

Finally, the intriguing diversity in target nucleotide modification that has been revealed among 

Trm10 orthologs is distinctive among known tRNA modifying enzymes and necessitates unusual 
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and likely novel catalytic strategies for methylation that are being revealed by biochemical and 

structural studies directed toward various family members. These efforts will no doubt yield more 

surprising discoveries in terms of tRNA modification enzymology.

Graphical Abstract

Introduction

tRNA modifications are generally categorized into two regions of tRNA structure: body 

modifications and anticodon stem-loop (ACL) modifications4, 5. Modifications to the ACL 

frequently aid in the efficiency or fidelity of translation, while body modifications have been 

more challenging to understand due to their distant location from the site of codon-anticodon 

interaction. Body modifications generally exhibit a more indirect yet important role in tRNA 

folding and stability, while also playing a part in tRNA quality control to ensure a functional 

pool of tRNA molecules is maintained4, 5. In S. cerevisiae, there are 10 chemically unique 

modifications found in the tRNA body region while the ACL region contains the remaining 

15 different tRNA modifications5, 6. The chemical diversity of tRNA nucleotide base and 

ribose modifications is vast, ranging from addition of relatively “simple” chemical groups 

via acetylation or methylation, to more profound chemical and structural changes with 

complex modifications such as queuosine or wybutosine5, 7. Base methylation, the focus of 

this Account, is comprised of 8 chemically unique modifications of cytoplasmic tRNAs in S. 
cerevisiae: 1-methylguanosine (m1G), 2-methylguanosine (m2G), N2,N2-dimethylguanosine 

(m2,2G), 7-methylguanosine (m7G), 1-methyladenine (m1A), 3-methylcytidine (m3C), 5-

methylcytidine (m5C), and 1-methylinosine (m1I) (Figure 1). Many of these modifications 

and their corresponding enzymes are conserved throughout Eukarya, Bacteria, and Archaea5, 

8–10.

The tRNA methyltransferases that perform these distinct methylations are correspondingly 

diverse, representing different structural classes and catalytic strategies for transferring the 

methyl group from the methyl donor S-adenosyl methionine (SAM) to the target atom 

of the tRNA nucleotide11. tRNA methyltransferases have been categorized into classes 

based on the presence of conserved structural features, and include the Rossmann fold 

methyltransferases (also known as Class I; e.g. Trm8), SPOUT methyltransferases (also 

known as Class IV; e.g. Trm10), and a more recently identified class consisting of radical 
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SAM methyltransferases (e.g. MiaB)12, 13. In all three structural classes, however, many 

tRNA methyltransferases share a common theme of multi-tRNA substrate specificity, 

resulting in modification of specific subsets of substrate tRNAs. For some enzymes, the 

molecular basis for recognition of specific substrates has been attributed to specific sequence 

motifs, such as for the bacterial m1G37 methyltransferase TrmD, which methylates the G37 

nucleotide when it is found in the specific purine36G37 sequence context of the ACL14, 

15. In other cases, a specific structural feature is recognized, such as the position 34 2’-O 

methyltransferase TrmL, which depends on the structure of the ACL16, 17. However, for 

many tRNA methyltransferases, the mechanism of recognizing unique subsets of substrate 

tRNAs is only partially, if at all, understood. A particularly striking example of this kind 

of enzyme is the tRNA m1G9 methyltransferase Trm10, which is a member of the SPOUT 

methyltransferases characterized by the presence of an unusual protein knot near the active 

site18, 19. Among tRNA methyltransferases, Trm10 exhibits a distinct pattern of substrate 

specificity, with only about half of the candidate tRNA species that have the appropriate 

target nucleotide at the 9th position modified by the enzyme in each of the eukaryotic 

systems studied to date6, 8. This Account will highlight recent insights into the function 

of Trm10 and its modification at position 9 throughout Archaea and Eukarya, where it is 

conserved, as well as its diverse paralogs within higher eukaryotes.

Biological function of the Trm10 modification in S. cerevisiae

Interestingly, despite the widely-conserved nature of the Trm10 enzyme, and therefore its 

modification, among Eukarya and Archaea, deletion of TRM10 in S. cerevisiae where it was 

first discovered elicited no obvious phenotype from trm10Δ cells grown under a variety of 

conditions18. The apparently non-essential nature of Trm10 is a relatively common feature 

among the majority of conserved tRNA modification enzymes in model systems such as 

E. coli and S. cerevisiae, where many tRNA modification enzymes have been found to be 

similarly dispensable for viability9. Recent discoveries of roles for these modifications in 

tRNA quality control pathways (described in more detail below) combined with the growing 

number of human diseases associated with deficiency of tRNA modification enzymes 

has led to a more complex understanding of the biological function of individual tRNA 

modifications20, 21.

Even in S. cerevisiae where Trm10 is not required for viability, evidence for a biologically 

significant role for the modification has emerged. In a survey of the genome-wide yeast 

deletion collection grown in the presence of the antitumor drug 5-fluorouracil (5FU), tRNA 

modification enzyme genes comprised the largest group of deletion strains that exhibited 

hypersensitivity to 5FU compared to the wild-type strain22. Since 5FU is known to be 

incorporated into RNA molecules, including tRNA, the hypersensitive phenotype was 

suggested to be due to a negative impact on overall tRNA structure due to the absence 

of a given tRNA modification in the deletion mutant that is exacerbated when 5FU is 

incorporated into the tRNA in place of the normal uracil residues. Interestingly, the trm10Δ 

strain exhibited the most severe growth defect when grown in 5FU compared to single 

deletion strains of other tRNA and rRNA modification genes22 (Figure 2). Although a 

general negative effect on tRNA structure was implied by these original observations, 

subsequent studies in our lab have revealed that a single tRNA (tRNATrp) is responsible 
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for the observed hypersensitivity to 5FU in the absence of Trm10 modification due to the 

extremely depleted levels of tRNATrp, but not other Trm10 substrate tRNAs, in trm10Δ 
cells23. We also showed that tRNATrp abundance is already significantly decreased in 

trm10Δ cells even in the absence of 5FU, where viability is not impacted23. Thus, the 

impact of the Trm10 modification even in yeast is biologically significant despite the lack of 

an obvious growth defect in trm10Δ cells grown under standard laboratory conditions.

Importantly, the antimetabolite 5FU is a common chemotherapeutic drug used to treat 

several solid cancer tumors including breast, colorectal, and neck cancers in humans, 

raising questions about similar synergies with tRNA modifications, including Trm10, 

in vertebrates that will be important to study in the future. Along these lines, 5FU 

treatment perturbs several translation-associated events in a human colorectal cancer cell 

line including decreased ability to perform +/−1 programmed frameshifting and cap 

independent translation, and decreased recognition of STOP codons that might suggest such 

similarities24, 25. The antimetabolite also directly affects RNA modification by inhibiting 

essential pseudouridine synthase and depleting the pseudouridine modification which is 

normally abundant in tRNA and other RNA molecules and is also important to pre-mRNA 

splicing and translational recoding25, 26.

A 2010 study reported the genetic interaction profiles for 75% of genes in S. cerevisiae and 

revealed a strong synthetic interaction between PUS3 and TRM10 genes27. Pus3 performs 

the pseudouridine (Ψ) modification at position 38 and 39 in S. cerevisiae and its deletion 

and loss of Ψ at position 38 and/or 39 causes slow growth, temperature sensitivity, and 

reduced −1 frameshifting28, 29. When deleted together, a trm10Δ pus3Δ strain is not viable, 

but growth is fully rescued by complementation of either a PUS3 or TRM10 plasmid30 

(Figure 2). Of the tRNAs in S. cerevisiae that contain both the Trm10 m1G9 and Pus3 

Ψ38 or Ψ39 modifications, only tRNATrp overexpression (naturally containing Ψ39, not 

Ψ38) was able to partially suppress the double deletion growth defect, although it did not 

restore growth to the level observed in the presence of either modification30. According to 

structure prediction, tRNATrp contains a relatively unstable anticodon stem compared with 

other tRNA species, with a free energy prediction of −2.4 kcal/mol without modifications31. 

This compares to an average free energy prediction of −4.78 kcal/mol calculated for the 

other 42 tRNAs30.

Pseudouridine modifications are generally thought to contribute positively to the overall 

stability of tRNA structures, thus the Pus3 modification may be necessary to stabilize the 

anticodon stem, as the Ψ39 modification was shown to stabilize the ACL of tRNALys and 

increase its Tm by 5°C32. In combination with the absence of the m1G9 modification in 

the double trm10Δ pus3Δ mutant, tRNATrp stability could further decrease leading to the 

observed results. Since 5FU inhibits formation of pseudouridine which are introduced at 

many positions of cellular tRNAs by other Pus enzymes in S. cerevisiae, the global loss 

of pseudouridine may contribute to the observed 5FU sensitivities of some modification 

enzyme deletions22. However, 5FU hypersensitivity of trm10Δ may also be due to other 

reasons besides simple destabilizing loss of pseudouridine. We note that the deletion of pus3 
caused slow growth at high temperatures also due to poor function of tRNAGln

UUG with 

the loss of Ψ38 and s2U, as the tRNA overexpression rescued growth, but the gene related 
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to formation of s2U in the cell, UBA4, when individually deleted and grown under 5FU 

conditions had minimal sensitivity to the drug22, 30. Thus, the loss of pseudouridine affects 

tRNA species differently, also depending on the landscape of other modifications on the 

tRNA, and its overall inherent stability with and without modifications.

In humans, a homozygous mutation leading to a truncated PUS3 variant caused disease 

states similar to TRMT10A variants in humans presenting as intellectual disability33. 

A similar phenomenon was observed upon homozygous mutations leading to missense 

and frameshift deletions of PUS7, also impairing neurological development leading to 

microcephaly, intellectual disability, and behavioral defects34, 35. While the connection 

between Trm10 and Pus enzymes has not been further studied in humans, the similarity 

in the disease states caused by variants of both enzymes reveal intriguing questions as 

to whether there remains a similar connection in humans between the biological impact 

of m1G9 and Ψ modifications as there is in S. cerevisiae. Overall, this underscores the 

importance of understanding the biological roles for tRNA modification and tRNA stability 

in the context of human disease.

Due to the importance of modifications like methylation to tRNA structure and function for 

fidelity of translation, and ultimately cell growth, multiple pathways have been shown to 

degrade aberrant tRNAs to avoid downstream problems that these lingering tRNAs could 

cause5. Much of this work has so far centered on S. cerevisiae, where known tRNA 

degradation pathways include the rapid tRNA decay pathway (RTD) acting on hypomodified 

mature tRNA, the Met22 dependent decay pathway (MPD) acting on pre-tRNA with an 

aberrant intron-exon junction, and the nuclear TRAMP complex acting on aberrant initiator 

tRNA/pre-tRNA36–38. When any of these tRNA species does not undergo normal processing 

and/or modification, it becomes significantly more susceptible to recognition by these 

various tRNA quality control pathways, leading to its degradation in the yeast cell.

Interestingly, even though many tRNA modifications can be found in multiple different 

tRNAs, tRNA quality control has been observed to be much more selective, often targeting 

only one of the tRNA species that is impacted by loss of the modification and causing it 

to be degraded, while the loss of modification on other tRNAs has little to no effect on 

their overall stability. Just one example of how defects in tRNA methylation can selectively 

impact one tRNA is tRNAVal
AAC, which undergoes RTD upon the loss of m7G46 and 

m5C49 that occurs upon deletion of the methyltransferases Trm8 and Trm4 respectively, 

and leads to temperature sensitivity of the double mutant strain36. Although Trm8 and 

Trm4 enzymes each modify multiple tRNA substrates (10 tRNAs have m7G46 and 12 

tRNAs have m5C49), only four tRNAs share both modifications, tRNAiMet, tRNAPhe
GAA, 

tRNAVal
AAC, and tRNAVal

CAC. Yet, even among these 4 species, overexpression of only one 

of these, tRNAVal
AAC, is able to rescue the temperature sensitivity of the double mutant 

strain, even though the three other tRNAs are also missing m7G46 and m5C49 modifications 

in the deletion strains36. Similarly, of the 12 elongator tRNA species Trm10 modifies in 

S. cerevisiae, only mature tRNATrp lacking m1G9 modification undergoes quality control, 

providing another example of a tRNA modification that is present on multiple substrates in 

the cell but is seemingly only important for one tRNA23. Interestingly, Trm10-dependent 

surveillance of tRNATrp appears to be mediated by a new pathway that shares some, but not 
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all, features with previously described tRNA quality control mechanisms23. The identify of 

specific exonucleases that degrade tRNA lacking the m1G9 modification to cause the 5FU 

hypersensitive and synthetic temperature sensitive phenotypes associated with the gene in S. 
cerevisiae is an ongoing area of investigation, but our observations and those of the Phizicky 

lab should help to answer these questions about the diverse biological impacts of Trm10 in 

S. cerevisiae.

Diversity in tRNA substrate recognition by Trm10

Trm10 was first discovered as the m1G9 methyltransferase in S. cerevisiae through a 

genome-wide approach directed toward identifying previously unknown tRNA modification 

enzymes18. The enzyme was demonstrated to be sufficient for tRNA modification in S. 
cerevisiae based on the complete absence of detectable m1G9 in trm10Δ cells upon analysis 

of 8 different tRNA species that were known at the time to carry the m1G9 modification18. 

Even from the limited set of tRNAs studied at the time, it was clear that the presence of 

the target G9 nucleotide was not sufficient to specify activity of Trm10 since only around 

half of the 24 sequenced G9-containing tRNAs in S. cerevisiae were modified by Trm10 

in vivo6, 8. This observation prompted us to carry out a deeper investigation to define the 

complete set of tRNA substrates for Trm10 modification in S. cerevisiae, including 8 G9-

containing tRNA whose tRNA modification status had not yet been defined. We identified 

2 additional tRNA substrates that are quantitatively modified with m1G9 by Trm10, as well 

as 2 additional tRNA that are modified only partially by Trm10 in vivo, resulting in a 

total of 13 different tRNA that are Trm10 substrates in S. cerevisiae grown under wild-type 

conditions1 (Table 1). The observation of these “partial” Trm10 substrates was a particularly 

important observation because it suggested some additional tRNA-specific features that may 

dictate the levels of Trm10 activity in individual tRNAs, although these features remain 

to be fully identified. To date, the full spectrum of tRNA that are modified by Trm10 has 

only been demonstrated in S. cerevisiae and human cells, which exhibit overlapping but 

not identical sets of tRNAs that carry m1G9 modification1, 39, 40 (Table 1). An evolutionary 

understanding of this divergence, along with all the factors that determine tRNA substrate 

specificity within the Trm10 family in diverse species will require further study to ascertain.

In vitro characterization of S. cerevisiae Trm10 activity added even more complexity to the 

picture of tRNA substrate recognition. Despite there being no detectable m1G9 modification 

of some tRNAs in vivo in wild-type yeast, it was surprising to see robust methylation of 

several of these same tRNAs when tested in vitro using purified S. cerevisiae Trm101 (Table 

1). A striking example is tRNAVal
UAC, which was readily methylated by the recombinant 

purified Trm10 enzyme in vitro, despite this tRNA having no detectable m1G9 methylation 

in yeast cells. Kinetic analysis showed a minimal difference in catalytic efficiency between 

modification of tRNAVal
UAC transcripts compared to modification of a bona fide in vivo 

substrate tRNAGly
GCC

1. Moreover, the direct human ortholog of Trm10 (TRMT10A) was 

also able to robustly methylate both S. cerevisiae tRNAVal
UAC and tRNAGly

GCC
2, 3, despite 

the fact that the human G9-containing tRNAGly
GCC is not modified by Trm10 in vivo in 

any human cell line tested to date6, 39, 40 (Table 1). Using tRNA isolated from trm10Δ cells 

that contains all other modifications except for m1G9, we demonstrated that this discrepancy 

between the observed in vitro and in vivo substrate specificity cannot be explained by the 
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use of in vitro transcripts in our assays, since the otherwise fully modified tRNAVal
UAC 

substrate was also modified to some extent by purified Trm10 in vitro1. This observation that 

a given Trm10 ortholog’s in vitro methylation activity does not necessarily correlate directly 

with its in vivo modification pattern has important implications for the entire Trm10 family. 

First, caution is warranted when trying to assign specific tRNA modification activities in 
vivo based solely on the results of in vitro activity assays of enzymes from other species, as 

is starkly clear from the analysis of the yeast and human enzymes described above. Second, 

the molecular basis for Trm10 substrate selection in vivo must rely on factors that are yet 

to be understood and likely will require determination of patterns of position 9 modification 

in many additional species before sufficient evidence can be obtained to truly rationalize the 

substrate recognition parameters for this enzyme.

Recently, we have obtained some insight into at least one of the factors that seems to be 

associated with tRNA selection by Trm10 in vitro. The selective 2’OH acylation analyzed 

by primer extension (SHAPE) reactivity of five in vitro transcribed tRNAs was performed, 

comparing the observed reactivities of the free tRNA to the tRNA bound by Trm1041. The 

studied transcripts included two in vivo substrates of S. cerevisiae Trm10, tRNAGly
GCC 

and tRNATrp
CCA, a tRNA only modified in vitro, tRNAVal

UAC, and two tRNAs that are 

not modified by Trm10 in vitro or in vivo, tRNALeu
CAA and tRNASer

UGA
1. SHAPE data 

reveals that when Trm10 binds to a catalytically competent substrate tRNA, the D-stem 

becomes more flexible, potentially to allow the enzyme access to the core G9 position for 

methylation. The non-substrates exhibit significantly less flexibility of the D-stem upon 

Trm10 binding, indicating that the tRNA may not have efficient access to methylate G9, 

which is likely due to the presence of the extended variable loop in these type II tRNAs. 

Surprisingly, Trm10 substrate tRNAs also exhibit decreased flexibility in the ACL region, 

distant from the G9 site of methylation, whereas the flexibility of the ACL region in non-

substrate tRNAs is mostly unchanged. These data suggest a possible mechanism whereby 

rigidifying the ACL region may aid Trm10 in methylating the G9 position and indicates that 

Trm10 interaction with substrate causes a more global change to tRNA flexibility. Following 

up in vitro characterization with in vivo approaches to determine how other modifications 

affect tRNA flexibility upon interaction with Trm10 would provide interesting insight into 

Trm10 substrate specificity.

While crystal structures have been resolved for examples of archaeal and eukaryotic Trm10 

enzymes in complex with cofactor SAM (or its analogs) that reveal intricacies of this 

interaction, molecular features associated with the enzyme’s interaction with tRNA have 

not yet been directly observed in most available structures42–44. The only exception is the 

structure of human mitochondrial TRMT10C, which is a part of an unusual protein-only 

RNaseP complex (further discussed below), recently resolved by cryo-EM with substrate 

tRNA bound45. While this structure provides important details about tRNA recognition in 

the context of 5’-end processing, the presence of TRMT10C’s required cofactor protein 

SDR5C1 and the 5’-end nuclease enzyme PRORP in this RNase P complex, features that 

are not a shared by any other archaeal or eukaryotic enzyme, limits the insight that can 

be transferred from this important structure to those of the majority of other Trm10 family 

members.
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Diversity in Trm10 function revealed through characterization of human 

orthologs

In our initial phylogeny of Trm10 after its discovery in yeast, we were puzzled by the 

distinct patterns of Trm10 gene distribution we observed18. Similar to fungi, archaeal 

species, appear to encode a single readily identifiable Trm10 ortholog in their genomes, 

which was consistent with our demonstration that a single enzyme was capable of modifying 

all m1G9-containing tRNA in S. cerevisiae (and presumably these orthologs could function 

similarly in Archaea to modify all substrate tRNAs). However, metazoa appeared to have 

undergone duplication in the Trm10 family, with up to 3 different Trm10 paralogs encoded 

in vertebrates18. This observation raised the question of whether there was redundancy of 

function among the different Trm10 enzymes, or if specialization of the enzymes occurred 

in the context of multicellular eukaryotes. The first answer to this question was suggested 

by the demonstration that one of the 3 human paralogs (TRMT10C) functioned in human 

mitochondria, where it is responsible for not only m1G9 methylation of mitochondrial 

tRNAs but also acts on other mitochondrial tRNA as an m1A9 methyltransferase46, 47. 

Interestingly, this Trm10 paralog is part of an unusual protein-only version of the 5’-end 

tRNA maturation enzyme Ribonuclease P (RNase P) where it is one of three essential 

subunits required for 5’-maturation activity (and thus is also known as RNase P-protein 1 

(RPP1))46.

We sought to further clarify the role of the other two non-mitochondrial human enzymes 

(TRMT10A and TRMT10B), revealing that these two enzymes do exhibit distinct non-

redundant functions in humans2. Human TRMT10A acts similarly to S. cerevisiae Trm10, 

modifying a diverse set of multiple tRNA species with m1G92, 3 (Table 1). This result 

is consistent with the observation that human and other vertebrate TRMT10A paralogs 

cluster more closely with the fungal m1G9 methyltransferase than do any of the other 

human paralogs. However, human TRMT10B exhibited a new activity in the context of 

eukaryotic enzymes, catalyzing m1A9 methylation of a single tRNA, human tRNAAsp 2. 

A subsequent experiment using knockout human cell lines confirmed this observation in 
vivo, demonstrating complete loss of m1G9 modification on all its substrate tRNAs upon 

loss of TRMT10A expression, while only m1A9 modification of tRNAAsp was impacted by 

silencing of TRMT10B39.

Having identified these distinct biochemical functions for the human orthologs of Trm10, 

questions about the biological role for this conserved modification have become more 

important to address. Interestingly, familial mutations in the human TRMT10A homolog 

have been identified in patients who exhibit a disease syndrome characterized largely by 

neurological and metabolic defects48–55. While TRMT10A is ubiquitously expressed in 

humans, it is enriched in the brain and pancreas, consistent with the observed biological 

impact of mutation or loss of TRMT10A49. Intriguingly, there are subtle differences 

between the phenotypic effects observed with different TRMT10A mutations suggesting 

a complex impact of the m1G9 modification on human tRNA that are yet to be explained. 

For example, the first identified TRMT10A mutation led to formation of a premature 

termination codon (PTC), and the affected patients exhibited early onset diabetes49. Studies 
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of β-cell mass in primary rat β-cells and dispersed human islets indicate that β-cells 

undergo apoptosis upon silencing of TRMT10A, but that TRMT10A silencing did not alter 

insulin secretion49. We participated in a subsequent characterization of a different missense 

mutation in TRMT10A and showed that it completely inactivated enzyme methyltransferase 

activity. However, this missense mutation was associated with a different pattern of 

disturbance of glucose metabolism characterized largely by hypolycemia48. Additional 

distinct mutations in TRMT10A have been described, with similar diversity in their apparent 

impact on affected patients. These data suggest that our understanding of the molecular 

role of Trm10 and its m1G9 modification is not currently sufficient to explain these 

distinct biological effects in humans. Interestingly, in the earlier PTC mutant patients, 

tRNAGln lacking m1G9 was shown to become susceptible to tRNA fragmentation, leading to 

accumulation of 5’-tRFs derived from this tRNA, while 3’-tRF levels remained largely the 

same in patient and control cells, thus suggesting a role for these fragments in the human 

disease that will be important to explore further56. Excitingly, we recently established the 

first loss of function mutant strains for the zebrafish orthologs of the TRMT10A and 

TRMT10B enzymes and demonstrated that each enzyme is a true functional ortholog of 

the human enzymes in terms of its modification activities in the fish (Jepson and Jackman, 

unpublished) and we are excited about the possibility of using this system to address these 

questions moving forward.

Unique catalytic mechanisms of Trm10 SPOUT methyltransferases

Even though two other enzymes capable of catalyzing m1G modification have also 

been discovered and extensively characterized (Trm5, the m1G37 modification enzyme 

in eukaryotes and TrmD, the m1G37 modification enzyme in Bacteria)14, subsequent 

structural and mechanistic characterization of various Trm10 orthologs by us and others has 

confirmed its many unique catalytic properties. For example, although Trm10 enzymes share 

a structurally similar overall SPOUT methyltransferase fold with TrmD, Trm10 enzymes 

from several tested organisms do not utilize any of the same catalytic features that have 

been associated with TrmD57. In particular, despite initial suggestions of a requirement for 

a conserved general base residue in catalysis to abstract the N1 proton from the target G9 

atom, we demonstrated that Trm10 does not use an obligate general base residue to fulfill 

this role, a result that was also observed for the bifunctional Trm10 methyltransferase from 

Thermococcus kodakarensis3, 44 (Figure 3). In fact, mutation of any of the highly conserved 

carboxylate residues in S. cerevisiae Trm10, human TRMT10A or T. kodakarensis Trm10 

only caused minimal to moderate decreases in overall reaction rates3, 44. Moreover, pH 

rate profiles for the mutant S. cerevisiae enzymes demonstrated that each retained a single 

basic ionization that was required for efficient catalysis3. Intriguing further insight into 

the molecular basis for this ionization was revealed by our work with the archaeal Trm10 

homolog from T. kodakarensis58. This enzyme, like several archaeal orthologs described 

in more detail below, is like the human TRMT10C in that it is capable of catalyzing both 

m1G9 and m1A9 modification activity, depending on the identity of the N9 nucleotide on 

different tRNA substrates59. We used this information to also study the pH dependence of 

the different activities catalyzed by T. kodakarensis Trm10 and showed that while the m1G9 

activity exhibited a single basic pKa like the S. cerevisiae m1G9 methyltransferase, the 
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m1A9 activity occurred independent of pH across the same range58. Thus, we believe that 

this is strong evidence that the ionization observed in the m1G9 activity is for the ionization 

of the N-1 atom on the target G9 base itself and that this represents a rate-determining step 

for this reaction (Figure 3). This would be consistent with the lack of pH dependence for 

m1A9 methylation, since the N1 position of the A9 residue would be predictably already 

deprotonated at most physiological pH values. The molecular contributions of specific 

enzyme residues to overcoming this rate-determining step will be exciting to reveal as we 

obtain further structural and mechanistic insight into catalysis by Trm10.

The observation of Trm10 enzymes with distinct abilities to modify different nucleotide 

bases is a particularly unusual feature of the Trm10 family. Although some tRNA 

methyltransferases modify multiple distinct nucleotides at the same position of a tRNA, 

such as Trm13 that creates 2’-O-methyl modifications at either A4 or C4 nucleotides 

of target RNAs60, the actual chemistry of the reaction occurs at the 2’-hydroxyl which 

is chemically identical in the context of both nucleotides. In Trm10, the predictably 

different pKa values of a G9 vs. A9 nucleotide yield important protonation differences 

at the N-1 atom that is the site of catalysis, and subsequently distinct chemical strategies 

are likely to be employed to modify these two target purines. The identification of all 

possible combinations of catalytic activities, including enzymes that can act solely as an 

m1G9 methyltransferase (e.g. S. cerevisiae Trm10 and human TRMT10A), enzymes that 

are uniquely m1A9 methyltransferases (e.g. Sulfolobus acidocaldarius Trm10 and human 

TRMT10B) and enzymes that can act as bifunctional m1A9 and m1G9 methyltransferases 

(e.g. T. kodakarensis Trm10 and human TRMT10C) now positions us to provide critically 

needed insight into the molecular basis for these distinct catalytic features.

Conclusions and future outlook

As our knowledge of the biological impact and catalytic mechanisms associated with the 

Trm10 tRNA methyltransferase family continues to grow, it is clear that there is much more 

to learn about this intriguing enzyme family. Although the study of phenotypes associated 

with the loss of the Trm10 modification in simpler unicellular models suggests an impact 

of this modification specifically on tRNATrp, whether this is a shared feature across all 

domains of life, and especially in metazoan species that contain multiple Trm10 paralogs, 

remains to be assessed. This is a particularly important question to answer since there is 

currently no explanation for the different clinical effects of patient-associated TRMT10A 

mutations that have been observed from many groups, including ours. The evaluation of 

vertebrate model systems is likely to be important in this regard. Likewise, the diversity 

of enzymatic function exhibited across the Trm10 family, with several new examples 

of distinct purine methylation specificities despite the different chemical nature of the 

target A vs. G nucleotide, will require additional biochemical and structural approaches 

to fully understand. These studies are also likely to impact our understanding of the 

larger SPOUT family of methyltransferases to which Trm10 belongs. Despite the presence 

of a common core protein fold in all family members, insight into the molecular basis 

for each enzyme’s distinct substrate specificities is limited. Indeed, the chemical nature 

of the modifications catalyzed with this structurally similar core vary significantly, from 

pyrimidine and purine base methylation to ribose 2’O-methylation and these enzymes act on 
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a variety of macromolecular substrates. Understanding how the catalytic properties of each 

SPOUT enzyme are achieved will be an important future goal.
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Figure 1. tRNA nucleotide base methylations in S. cerevisiae.
tRNA nucleotides are shown with the indicated methyl group base modification in red. For 

each base methylation, the name of the corresponding modification, its position in the tRNA 

and the identity of the S. cerevisiae methyltransferase enzyme that performs the modification 

are indicated. The m7G46 modification results in a positive charge on the nucleotide base 

(indicated in parentheses). For Trm4, the asterisk indicates that this enzyme can introduce 

m5C at 4 different positions (34, 40, 48 and 49) in S. cerevisiae tRNA. Both m1A58 and 

m3C32 modifications likely exist as the positively charged species at physiological pH but 

are indicated here as the uncharged species.
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Figure 2. Phenotypes associated with loss of the m1G9 modification in S. cerevisiae.
The trm10Δ yeast strain has been associated with two biological phenotypes that suggest a 

role for the m1G9 modification in tRNA. In the presence of the antitumor drug 5-fluorouracil 

(5FU), the trm10Δ strain is unable to grow at concentrations that are tolerated by the TRM10 
wild-type strain. Since 5FU is incorporated into RNA molecules, including tRNA, the cause 

of the hypersensitivity is likely due to a combined effect of the presence of 5FU and absence 

of the m1G9 modification on any of 13 different substrates for Trm10. Deletion of both 

pus3 and trm10 causes the strain to be hypersensitive to growth at high temperatures (37°C), 

and could potentially impact the fitness of any of 6 different tRNA that would lack both 

modifications. The overexpression of only one tRNA, modified by both enzymes, rescues 

growth under these stress conditions.
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Figure 3: Proposed mechanisms of purine methylation by Trm10 family enzymes.
Predicted mechanisms of m1G9 (A) and m1A9 (B) methylation consistent with analysis of 

S. cerevisiae, H. sapiens (TRMT10A) and T. kodakarensis Trm10. The lack of a conserved 

protein residue that could act as a required general base to abstract the N1 proton from G9 

is explained by a rate-determining ionization of the G9 using a collaborative active site that 

facilitates transfer of the N1 proton to water. This ionization is not necessary to methylate 

A9 nucleotides, resulting in a distinct pH dependence for this reaction.
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Table 1:

Comparison of m1G9 modification between S. cerevisiae and human tRNA and their m1G9 methyltransferases

G9-containing tRNA a S. cerevisiae (Trm10) Human (TRMT10A)

In vivo In vitro In vivo In vitro

Ala AGC ✔ NT N/A (A9)

Ala UGC ✔ NT N/A (A9)

Arg ACG ✔ ✔ c ✔ ✔e

Arg UCU ✔ NT ✔ NT

Gly CCC ✔ b ✔ X ✔

Gly GCC ✔ ✔ X ✔

Ile AAU ✔ NT N/A (A9)

iMet CAU ✔ ✔ c ✔ ✔

Pro AGG ✔ NT ✔ ✔

Pro UGG ✔ ✔ ✔ NT

Thr CGU ✔ b NT ✔ NT

Trp CCA ✔ ✔ ✔ ✔

Val AAC ✔ NT N/A (A9)

Asn GUU X ✔ ✔ ✔

Cys GCA X ✔ X NT

Lys CUU X ✔ d ✔ NT

Thr AGU X ✔ ✔ NT

Val UAC X ✔ X ✔ f

Leu CAA X X X X

Leu UAA X NT X NT

Leu GAG X NT X NT

Leu UAG X NT X NT

Ser AGA X NT X NT

Ser UGA X NT X NT

a
The table includes the 24 tRNA isotypes for which modification status at G9 has been determined in S. cerevisiae. No modification data are 

available for tRNAs Ser(GCU), Ser(CGA) and Arg(CCU).

b
tRNA not 100% modified in wild-type S. cerevisiae

c
Activity tested using human tRNA transcript, S. cerevisiae transcript not available.

d
Activity inferred based on ability of Trm10 to modify this tRNA when overexpressed in S. cerevisiae

e
Tested Arg isoacceptor is not indicated in ref. 26.

f
Activity tested using S. cerevisiae transcript; human transcript not available.
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