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Abstract: More than 90 different modified nucleosides have been identified in tRNA. Among the 8 
tRNA modifications, the 7-methylguanosine (m7G) modification is found widely in eubacteria, 9 
eukaryotes, and a few archaea. In most cases, the m7G modification occurs at position 46 in the 10 
variable region and is a product of tRNA (m7G46) methyltransferase. The m7G46 modification forms 11 
a tertiary base pair with C13-G22, and stabilizes the tRNA structure. Recently, we have proposed a 12 
reaction mechanism for eubacterial tRNA m7G methyltransferase (TrmB) based on the results of 13 
biochemical studies and previous biochemical, bioinformatic, and structural studies by others. 14 
However, an experimentally determined mechanism of methyl-transfer remains to be ascertained. 15 
The physiological functions of m7G46 in tRNA have started to be determined over the past decade. 16 
To be able to better respond to diseases and infections in which the m7G modification is considered 17 
to be involved, it is still necessary to further understand the catalytic mechanism of AdoMet and/or 18 
the tRNA bound form of m7G methyltransferases. In this review, information of tRNA m7G 19 
modifications and tRNA m7G methyltransferases are summarized and the differences in reaction 20 
mechanism between tRNA m7G methyltransferase and rRNA or mRNA m7G methylation enzyme 21 
are discussed. 22 
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1. Introduction 25 
Transfer RNA, which is one of the classical non-coding RNAs, functions as an adaptor molecule 26 

supplying amino acids to ribosomes according to the codon of the mRNA. It is important that tRNA 27 
forms a precise L-shape structure for its full function [1] and this requires tRNA modification. More 28 
than 100 different modified nucleosides have been reported to date and found throughout the 29 
different families of RNA molecules [2,3]. tRNA in particular is the most heavily modified [3,4]. The 30 
modified nucleosides include thiolation, deamination, isomerization conversion of uridine to 31 
pseudouridine, or the combination of several modifications. Of the modification, methylation is the 32 
most abundant. This modification encompasses 1-methyladenosine (m1A), 5-methyluridine (m5U), 5-33 
methylcytidine (m5C), 1-, 2-, or 7- position methylation of G (m1G, m2G, m7G), 2’-O-methylation of 34 
ribonucleoside (Nm), and others [3,5,6]. The most widely prevalent tRNA methylation is S-adenosyl-35 
L-methionine (AdoMet)-dependent methylation by AdoMet dependent methyltransferases. 7-36 
methylguanosine (m7G) is one of the most conserved modified nucleosides and is common in 37 
eubacteria, eukaryotes [4], and a few archaea [7]. Even in psychrophiles which have low levels of 38 
modified nucleoside content, m7G has been found in addition to dihydrouridine (D), pseudouridine 39 
(ψ), and m5U [8]. Additionally, m7G is present in intron containing pre-tRNA together with m22G, ψ, 40 
and m1A [9]. For this reason, it is thought that m7G is generated immediately after the transcription. 41 
m7G is most frequently located at position 46 in the tRNA variable region, and forms a tertiary base 42 
pair with C13-G22 in the three-dimensional core of tRNA  (The nucleotide positions in tRNA are 43 
numbered, according to Sprinzl et al. [10])[11–13]. m7G has no (net) charge under physiological 44 
conditions, but is positively charged in position 46 in tRNA  via hydrogen bonding to bases G22 and 45 
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C13 [14–16] (Figure 1). Thus, 7-methylation of m7G produces a site-specific electrostatic charge within 46 
the tRNA structure [16].  47 

There are some examples where m7G is found in positions other than at position 46 (Figure 2, 48 
Table 1). Chloroplast tRNALeu(UAG) from Chlamydomonas reinhardtii has m7G at position 36 in the 49 
tRNA anticodon [17]. In animal mitochondria in which there is deviation from the universal genetic 50 
code, m7G is present at position 34 in the anticodon of mitochondorial (mt) tRNASer(GCU) of starfish, 51 
Asterina amurensis, and squid, Loligo bleekeri [18,19]. Furthermore, the D-arms of the mt 52 
tRNASer(m7GCU) in starfish and squid have an unusual secondary structure, and the mt 53 
tRNASer(m7GCU) recognizes not only the serine codons AGU and AGC, but also the unusual serine 54 
codons AGA and AGG. Thus, m7G can make base-pairing with the four basic bases of A, U, G, and 55 
C [20]. With respect to m7G in archaeal tRNA, in 1991, Edmonds et al. reported that tRNA mixtures 56 
from some archaea contain m7G nucleoside, however, the position(s) in tRNA has remained 57 
unidentified [7]. More than twenty years later, we demonstrated the presence of the m7G modification 58 
in a thermo-acidophilic archaeon, Thermooplasma acidophilum at the novel, irregular position 49 in 59 
class II tRNALeu [21]. However, the gene encoding the methyltransferase for m7G49 in tRNA has not 60 
thus far been identified. 61 

Table1. N7-methylguanosine methyltransferase in tRNA. 62 
domains of life organisms positions of m7G enzyme names higher order structure references 

eubacteria E. coli 46 TrmB monomer [55][60] 
 A. aeolicus 46 TrmB monomer [53][61][62] 
 T. thermophilus 46 TrmB ? [93] 
 B. subtilis 46 TrmB homodimer [54] 
  S. pneumoniae 46 TrmB homodimer PDB: 1YZH 

archaea T. acidophilum 49 (tRNALeu(UAG)) ? ? [7][21] 
  T. neutrophilus ? ? ? [7] 

eukaryote S. cerevisiae 46 Trm8/Trm82 heterodimer [50][56][70] 
 S. cerevisiae 5' termini of pre-tRNA Ceg1p ? [25] 
 C. lagenarium 46 Aph1 ? [96] 
 human 46 METTL1/WDR4  ? [50][51] 
 C. reinhardtii 37 (chloroplast tRNALeu(UAG)) ? ? [17] 
 A. amurensis 34 (mt tRNASer(GCU)) ? ? [18][20] 
  L. bleekeri 34 (mt tRNASer(GCU)) ? ? [19][20] 

 63 
Figure 1. tRNA m7G46 methyltransferase methylates the 7-atom of guanine at position 46 in tRNA 64 
and forms m7G46. (A) The secondary structure of tRNA is presented in cloverleaf form. Conserved 65 
nucleotides are depicted as follows: adenosine, A; guanosine, G; cytidine, C; uridine, U; purine, R; 66 
pyrimidine, Y. tRNA (m7G46) methyltransferase transfers a methyl-group to the 7-atom of guanine at 67 
position 46 in tRNA and forms 7-methylguanine. (B) The L-shaped structure of tRNA is presented. 68 
The m7G46 forms a tertiary base pair with the C13-G22 base pair in the L-shaped tRNA structure. 69 
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The 7-methylguanosine modifications occur not only in tRNA but also in other RNA species 70 
such as mRNA, ribosomal RNA (rRNA), small nuclear RNA (snRNA), and small nucleolar RNA 71 
(snoRNA). The 5' terminus of eukaryotic mRNA is blocked by m7G5'ppp5'N cap structure [22,23], and 72 
gene of cap-m7G methyltransferase (Abd1) is essential in Saccharomyces cerevisiae [24]. Surprisingly, 73 
recent work has detected a cap structure in tRNA. In yeast, an m7G cap structure is found at the 5' 74 
termini of pre-tRNA bearing 5' leader sequences (Figure 2). The capped pre-tRNAs accumulate due 75 
to inhibition of 5' exonucleases activities and protect pre-tRNAs from 5'-exonucleolytic degradation 76 
during maturation [25]. 7-methylguanosine is observed in 16S rRNA of aminoglycoside-producing 77 
Actinobacteria, including Streptomyces tenebrarius and Micromonospora purpurea. The m7G 78 
modification is at position G1405 in the 16S rRNA and has an aminoglycoside resistance activity [26–79 
28]. Also, in E. coli, there is an rRNA methyltransferase RlmL encoded by rlmL/ycbY (subsequently 80 
renamed rlmKL) [29], which contains two methyltransferase domains. In Helix 74 of the 23S rRNA, 81 
the N-terminal domain of the rRNA methyltransferase forms m7G at position 2069, and the C-82 
terminal domain forms m2G at position 2445 [30]. Cooperative methylation of m7G2069 and m2G2445 83 
in Helix74 by RlmKL occurs during biogenesis of the 50S subunit, and RlmKL plays a key role in 84 
efficient assembly of the 50S subunit [30]. 85 

 86 
Figure 2. Positions of the m7G modification in tRNA The numbers in circles indicate the positions 87 
of m7G in tRNA. 88 

Since Holley et al. determined the sequence of yeast tRNAAla in 1965 [31], various tRNA 89 
sequences have been reported, and the presences of modified nucleosides in tRNA have been 90 
revealed. Also the technical method of m7G detection has a history as well as tRNA sequencing. 91 
Initially, Wintermeyer and Zachau described a specific chemical method in which m7G detection is 92 
achieved via aniline-induced cleavage of the tRNA strand by β-elimination after additional treatment 93 
under alkaline conditions or after its reduction by sodium borohydride (NaBH4) in tRNA [32,33]. By 94 
combining of the aniline cleavage method and the Donis-Keller-method which uses ribonucleases 95 
[34,35], it is possible to identify the position of m7G in tRNA. These methods are utilized for m7G 96 
detection not only in tRNA but also in rRNA [36]. In the Donis-Keller-method, RNsase T1 is used for 97 
detection of guanosine position. Although RNase T1 specifically digests the phosphodiester bond of 98 
guanosine-3' phosphate in ribonucleic acid and ribonucleotide, the 7-methyl modification o 99 
guanosine prevents RNase T1 cleavage. Additionally, in pre-tRNA containing m7G at the 5'-end of 100 
the acceptor stem, the m7G modified nucleoside absolutely prevents cleavage by M1 RNA, the 101 
catalytic RNA subunit of RNase P [37]. Kuchino’s post labeling method, which is a method which 102 
results in tRNA fragments upon formamide treatment and subsequent analysis of the nucleotide at 103 
the 5' end by two-dimensional thin-layer chromatography, allowed faster sequence analysis of the 104 
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modified nucleotides of tRNA [38]. In addition, antibiotics which specifically target m6A and m7G 105 
were prepared by immunization of rabbits with nucleoside conjugates of bovine serum albumin 106 
(m6A-BSA, m7G-BSA) [39]. Both the anti-m7G and anti-m6A antibody adsorbents became a tool for 107 
fractionation of oligonucleotides and nucleic acids. Currently, not only the m7G modification but also 108 
a variety of other modified nucleosides can be detected more quickly and accurately by mass 109 
spectrometry or high performance liquid chromatography [40].  110 

The enzymatic activity of tRNA (m7G46) methyltransferase was initially confirmed in cell 111 
extracts from Escherichia coli [41] and has been purified more than 1000 fold [42]. The enzymatic 112 
activities have also been detected from Salmonella typhimurium [43,44], Thermus flavus [45], 113 
Xenopus laevis [46], human [47], and plant [9]. The m7G46 modification is generated by tRNA 114 
(m7G46) methyltransferase [tRNA (guanine-7-)- methyltransferase, EC 2. 1. 1. 33; TrMet (m7G46)] 115 
[48,49]. The gene encoding tRNA (m7G46) methyltransferase was first identified in yeast, and shown 116 
to be composed of two protein subunits Trm8 and Trm82 encoded by YDL201w and YDR165w, 117 
respectively [50]. Although Trm8 is the catalytic subunit, formation of a complex with Trm82 is 118 
required for the enzymatic activity [51]. Following this report, eubacterial genes have also been 119 
identified as trmB, whose classical name is yggh, in Escherichia coli [52], Aquifex aeolicus [53], and 120 
Bacillus subtilis [54] (Table 1). 121 

In this review, information of tRNA m7G modifications and tRNA m7G methyltransferases since 122 
m7G was discovered in tRNA are summarized, and the differences in reaction mechanism between 123 
tRNA m7G methyltransferase and rRNA or mRNA m7G methylation enzyme are discussed. 124 

2. Structural analyses and catalytic mechanisms of m7G methyltransferases 125 
Structural studies of tRNA modification enzymes can be informative both to the specificity and 126 

catalytic mechanism of the enzymes. Furthermore, the combination of structural and biochemical 127 
analysis data allows comparison of reaction mechanisms from different species. This makes it 128 
possible to infer information about molecular evolution. The crystal structures of tRNA (m7G46) 129 
methyltransferase from B. subtilis [54], E. coli [55], Streptococcus pneumoniae (PDB: 1YZH), and S. 130 
cerevisiae [56] have been reported (Table 1). X-ray crystallographies of TrmB and Trm8 have revealed 131 
a classic class I AdoMet-dependent methyltransferase structures. These AdoMet-dependent tRNA 132 
MTases belongs to two protein super families, which are structurally and phylogenetically unrelated, 133 
namely the Rossmann fold MTases (RFM) and SPOUT MTases (SpoU and TrmD) [57]. SPOUT 134 
MTases have a deep trefoil knot structure which forms the catalytic site and the cofactor-binding 135 
pocket [57–59]. TrmB and Trm8 belongs to the RFM family of MTases [52,56]. 136 

2.1. Eubacterial tRNA m7G46 methyltransferases (TrmB) 137 
Eubacterial TrmB exists as either a single subunit or a homodimer. TrmB of B. subtilis and S. 138 

pneumoniae have a dimeric structure both in solution and in the crystal form. However, dimerization 139 
does not seem to be a common feature of the enzymes, as the interface is not conserved and the TrmB 140 
enzymes of E. coli and A. aeolicus are monomeric. Analysis of TrmB activity using mutant proteins 141 
based on bioinformatic studies has revealed residues important for function [60]. The thermophilic 142 
TrmB has a longer C-terminal region compared to the methophilic TrmB [53,61] (Figure 3B). It has 143 
been reported that the C-terminal region is required for protein stability at high temperatures and 144 
contributes to the selection of the precise guanine nucleotide (i.e. G46) to be modified [61]. Alanine 145 
substitution of Arg287 in the long C-terminal region considerably reduces the methyltransfer activity. 146 
Thus, a part of the C-terminal region may make contact with tRNA. In contrast, the methophilic TrmB 147 
proteins from E. coli and B. subtilis have a long N-terminal region, and it has been shown that Arg26 148 
in E. coli TrmB is involved in activity [60]. Furthermore, when Asp133 is replaced by alanine or 149 
asparagine in A. aeolicus TrmB, the methyltransfer activity is completely lost [61]. The aspartic acid 150 
residue is highly conserved in both TrmB and Trm8. Therefore, the Asp133 of A. aeolicus TrmB is 151 
considered as the catalytic center. In a docking model of a guanine base and E. coli TrmB, the aspartic 152 
acid is observed in the vicinity of the 1 atom of guanine [55]. Furthermore, in a docking model of 153 
guanine and the Trm8-Trm82 complex, the corresponding aspartic acid has the same positional 154 
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relationship [56]. For this reason, it is suggested that Asp133 of A. aeolicus TrmB captures the G46 155 
base of tRNA. Mutagenesis study has shown that Asp133 may contribute to AdoMet binding. 156 
Substitution of Thr132 by alanine, cysteine, or serine increases the Km values and/or decreases the 157 
Vmax values for AdoMet. Additionally, the kinetic studies have demonstrated that several amino acid 158 
residues are important for AdoMet binding, including Arg108 and Thr165 (Figure 4A). Taken 159 
together, it has been proposed a hypothetical mechanism for TrmB in which the carboxyl group of 160 
Asp133 captures the proton of N-H of the guanine base and the 7 atom of the guanine base itself 161 
attacks the methyl group in AdoMet [62] (Figure 4B). A hypothetical catalytic mechanism for TrmI 162 
which is a methyltransferase for the 1 atom of adenosine at position 58 in tRNA, has also been 163 
proposed [63]. In this mechanism, the 1 atom causes a nucleophilic attack on the methyl group of 164 
AdoMet. Since the reactivity of nitrogen atoms in the bases is generally higher than the reactivity of 165 
carbon and oxygen atoms [49], in some methyl group transfer reactions, the nitrogen atom itself 166 
seems to directly attack the methyl group of AdoMet. 167 

 168 
Figure 3. Comparison of thermophilic and methophilic TrmB (A) Sequence alignment of TrmB. 169 
Conserved regions are highlighted in three squares colored squares (red, green, blue). Asp133 is 170 
indicated by an asterisk. (B) Thermophilic and mesophilic TrmB proteins are illustrated schematically. 171 
The three colored regions correspond to the amino acid sequences in panel A. Thermophilic TrmB 172 
has a distinct long C-terminal region. Asp133 highlighted by an arrow. 173 
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 174 
Figure 4. The amino acid residues for AdoMet binding and hypothetical reaction mechanism of 175 
TrmB (A) The amino acid residues (E47, Y95, R108, T165 and Y167) involved in AdoMet binding 176 
(orange) are indicated on the catalytic domain of B. subtilis TrmB structure (PDB:2FCA). The 177 
hypothetical catalytic center (grey shading), Asp133 (red) and the other important amino acid 178 
residues (D74, D97 and T132; blue) are highlighted. (B) Hypothetical reaction mechanism of 179 
eubacterial TrmB proteins is drawn. 180 

2.2. Heterodimeric tRNA m7G methyltransferase of yeast (Trm8/Trm82) 181 
Yeast Trm8/Trm82 proteins are unrelated and have no homology each other. This two proteins 182 

complex is conserved in eukaryotes. The homologous human proteins METTL/WDR4 complement 183 
Trm8/Trm82 in yeast [50]. Structural analysis demonstrated that Trm82 protein is a member of the 184 
WD fold family. Trm82 adopts a β propeller fold and contains seven blades [56]. It is possible that 185 
Trm82 might be a target of other protein partners that regulate the Trm8/Trm82 complex, since β 186 
propeller interacting proteins often interact with the top of the β propeller. In yeast, two-subunit 187 
tRNA methyltransferases have been identified. There are Trm11-Trm112 (m2G10), Trm7-Trm732 188 
(Cm32), Trm7-Trm734 (Nm34), Trm9-Trm112 (mnm5U and mcm5s2U), and Trm6-Trm61 (m1A58) 189 
(Modified nucleosides are in parentheses)[64–68].  Trm112, which is a small protein and conserved 190 
in all three domains of life, interacts and activates four methyltransferases, Bud23, Trm9, Trm11 and 191 
Mtq2. The targets of these methyltransferase are components of different parts of the translation 192 
machinery, namely rRNA, tRNAs, and release factors [69].  These complexes are composed of a 193 
methyltransferase catalytic subunit and a noncatalytic subunit. The noncatalytic subunits are 194 
involved in stabilizing the catalytic subunit or activating and fine tuning the activity. By using a 195 
wheat germ cell free system we have expressed Trm8 and Trm82 from their respective mRNAs. 196 
Separate expression of Trm8 and Trm82 proteins and their subsequent mixing resulted in proteins 197 
with no activity. However, active Trm8/Trm82 heterodimer was synthesized when mRNAs of both 198 
Trm8 and Trm82 were co-translated [70]. These results strongly suggest that the association of the 199 
Trm8 and Trm82 subunits is translationally controlled in living cells. 200 

It has been suggested that the manner of tRNA binding to eukaryotic tRNA m7G 201 
methyltransferase Trm8 is different from that in eubacterial TrmB [56]. This proposal is consistent 202 
with the results of biochemical studies. For methylation in the yeast Trm8/Trm82 complex, it is 203 
important between the D-loop and T-loop interaction while the aminoacyl-stem does not contact 204 
either Trm8 or trm82 [71]. In contrast, for eubacterial TrmB methylation, the most important site is 205 
located on the T-arm, and the tertiary base pairs in the tRNA three-dimensional core are not essential 206 
[53]. Thus, yeast Trm8/Trm82 has stricter recognition requirements for substrate tRNA than 207 
eubacterial TrmB.  208 

2.3. m7G methyltransferases other than tRNA m7G methyltransferase 209 
TrmB and mRNA cap-m7G methyltransferase (Abd1) have different targets for methylation. In 210 

the catalytic center of TrmB, the amino acid residues present differ totally from those in the catalytic 211 
center of Abd1. Thus, the reaction mechanism of TrmB is expected to differ from that of Abd1 [60,72]. 212 
The m7G methyltransferase of vaccinia virus mRNA capping enzyme is also a heterodimeric protein 213 
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composed of the vD1 subunit and the vD12 subunit. The vD1 subunit constitutes an autonomous 214 
functional unit containing both the RNA triphosphate and RNA guanyltransferase activities [73,74]. 215 
The m7G methyltransferase domain is heterodimerized with a stimulatory vD12 subunit [75,76]. An 216 
allosteric mechanism, whereby the vD12 subunit enhances the affinity of the catalytic vD1 subunit 217 
for AdoMet and the guanine acceptor, has been proposed. It has been shown that the catalytic 218 
subunits of vD1, as well as the yeast mRNA capping enzyme Abd1, are unrelated to Trm8. 219 
Furthermore, from sequence analysis, the noncatalytic subunit vD12 is not structurally related to 220 
Trm82. With respect to the relationship with rRNA m7G methyltransferase, neither Trm8 nor Trm82 221 
have significant similarity to KgmB [the kanamycin-gentamicin resistance methylase, 16S rRNA 222 
(m7G1405) methyltransferase] from Streptomyces tenebrarius, a rRNA m7G methyltransferase 223 
associated with aminoglycoside resistance [26,27], other than the methyltransferase domain shared 224 
by numerous methyltransferases [77]  225 

3. Physiological functions 226 
A large number of tRNA modifications have important roles in tRNA function [78]. In particular, 227 

tRNA modifications in the anticodon region play a major role in translation and growth [79]. The role 228 
of many tRNA modifications outside of the anticodon region are considered auxiliary to correct 229 
structure formation and fine tuning of the translation because it hardly appears as phenotypic defects 230 
[78,79]. Because of this, information about the role of the m7G46 modification in tRNA was limited 231 
for a long time, even though the modification is widely found in eubacteria and eukaryotes. However, 232 
clarification of the function of m7G46 in tRNA has begun over the past decade.  233 

3.1. tRNA m7G46 modification in yeast  234 
TrmB gene disruption in E. coli demonstrated no phenotypic defects [52]. Although tRNA m7G46 235 

methylation requires both Trm8 and Trm82 in yeast, phenotypic analysis of double deletion mutant 236 
strain of trm8 and trm82 also has not shown detectable phenotypes [50]. In restrictive nutrient 237 
conditions, however, it has been reported that a double mutant strain lacking both trm8 and trm82 238 
yeast strains are temperature-sensitive in synthetic media containing glycerol as the sole carbon 239 
source [80]. This conditional temperature sensitivity is the first example of a physiological function 240 
for m7G modification for tRNA. Since this report, various double gene deletion mutants of yeast have 241 
shown phenotypes. Hypo-modified mature tRNAVal(AAC) deacylates and degrades rapidly in a 242 
double deletion mutant strain of trm8 and trm4 (∆trm4∆trm8), (Trm4 is a methyltransferase for 5-243 
methyl cytidine at positions 34, 40, 48, and 49 in tRNA) at 37℃, resulting in a temperature sensitive 244 
phenotype [81]. The temperature-sensitivity indicates that it relates rapid tRNA decay (RTD) 245 
pathways. Deletion of MET22, which likely regulates the 5'-3' exonuclease Rat1 and Xrn1 activity 246 
indirectly, prevents the tRNAVal(AAC) degradation in ∆trm4∆trm8 strain. In this mutant strain, the 247 
tRNAVal(AAC) restores its aminoacylation and the growth defect is rescued. Thus, the RTD is 248 
mediated by Met22 and the 5'-3' exonuclease Rat1 and Xrn1 [82]. Hypomodified tRNA, such as 249 
tRNAVal(AAC) from a ∆trm4∆trm8 mutant, is subject to degradation by RTD. However, stability of 250 
tRNAVal(AAC) is restored, upon overexpression TEF1 and VAS1, which encode the elongation factor 251 
eEF1A and valyl-tRNA synthetase respectively, and which protect the hypomodified tRNA by direct 252 
interaction [83].  In addition, Maf1 indirectly affects maturation of tRNA precursor [84]. In yeast, 253 
Maf1 is a negative regulator of Pol III which mediates several signaling pathways [85,86]. Maf1 254 
inhibits tRNA transcription via a mechanism dependent on phosphorylation and nuclear 255 
accumulation of Maf1, followed by physical association with Pol III in the tRNA genes. In a 256 
∆trm4∆trm8 mutant, inhibition of Pol III activity reduces degradation of tRNAVal(AAC). Thus, 257 
reduction of tRNA transcription prevents degradation of hypomodified tRNA [83]. Surveillance of 258 
RNA quality and clearance of aberrant tRNA is important in all organisms. As with the study of 259 
∆trm4∆trm8 mutant, mature tRNASer(CGA) and tRNASer(UGA) are degraded at 37℃  in strains 260 
lacking Um44(2'-O-methyluridine) and ac4C12(4-acetylcytidine) which are a result of Trm44 and 261 
TAN1 activity, respectively, resulting in a temperature-sensitive phenotype [87]. In HeLa cells, 262 
initiator tRNA [tRNA(iMet)] is degraded at high temperature with the degradation dependent upon 263 
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Xrn1/2 nucleases. However, the levels of not only m7G46 but also other modified nucleosides in tRNA 264 
are not significantly changed. The problem of the structural stabilization of the acceptor and T-stem 265 
in tRNA(iMet) in HeLa cells has not been clarified [88] .  266 

3.2. tRNA m7G46 modification in thermophilic eubacteria 267 
In comparison with these eukaryotic enzymes, there is limited information about eubacterial 268 

enzymes. However, a part of the physiological importance of the m7G modification in tRNA has been 269 
revealed. We focused on characterization of a thermophilic trmB gene disruptant (∆trmB) strain of 270 
Thermus thermophilus HB8. T. thermophilus is an extreme thermophilic eubacteria and can live at wide 271 
range of temperatures, from 50 to 83℃. A combination of distinct tRNA modifications, namely Gm18, 272 
m5s2U54, and m1A58, increase the tRNA melting temperature by nearly 10℃  compared with 273 
unmodified tRNA transcript [89–91].  These modifications do not affect translational fidelity under 274 
65℃, and the rate of the modification of tRNA is very low in cells cultured at 50℃. The levels of these 275 
modified nucleosides in tRNA control translation via tRNA flexibility [92].  However, the 276 
mechanism by which modifications are controlled remained unknown until the beginning of the 21st 277 
century. When the trmB gene was disrupted, the introduction ratio of Gm18, m5s2U54, and m1A58 278 
was dramatically changed, and the melting temperature of the hypo-modified tRNA decreased. In 279 
particular, degradation of tRNAPhe and tRNAIle was detected. Furthermore, protein synthesis was 280 
depressed in the ∆trmB strain at 70℃, and exhibited a severe growth defect at 80℃ [93]. Above 65℃, 281 
m7G functions as a marker of precursor tRNA and increases the reaction rate of other modification 282 
enzymes. In contrast, at low temperature (50℃), Ψ55 decreased the rate of formation of Gm, m5s2U54, 283 
and m1A58 and controls structural rigidity of tRNA [94]. In addition, the protein synthesis activity of 284 
the tRNA Ψ55 synthase (truB) disruptant strain was lower than that of the wild-type strain and cold-285 
shock proteins were absent in ∆truB cells at low temperature [94]. Thus, the m7G46 and Ψ55 286 
modifications work as an accelerator and a brake, respectively [95]. Therefore, these tRNA 287 
modification networks regulate the degree of modifications in response to temperature, and the 288 
response of the network to environmental change is very rapid. This is a typical strategy of eubacteria 289 
whose genome size is limited.  290 

3.3. Involvement of tRNA m7G46 modification in fungal pathogenicity 291 
The first report of the relationship between tRNA modification enzymes and fungal 292 

pathogenicity was by Takano et al. who showed that the tRNA m7G46 modification is required for 293 
plant infection by the phytopathogenic fungus Colletotrichum lagenarium, the cause of cucumber 294 
anthracnose [96]. aph1 (Appressorial Penetration into Host) is required for efficient tRNA m7G46 295 
modification in C. lagenarium, and experiments with aph1 gene knockout mutants suggest that Aph1 296 
is required for appressorium-mediated host invasion and also has important roles in resistance to 297 
several stresses including the basic defense response of the host plant. Given that in addition to 298 
m7G46 there are other tRNA modifications which are related to infection [6], tRNA modification and 299 
tRNA modification enzymes are likely be an important factor in the relationship between host and 300 
infectious organisms. 301 

3.4. Involvement of tRNA m7G46 methyltransferase in diseases 302 
Since tRNA modification regulates protein synthesis, there are several reports on the 303 

relationship between tRNA modification and genetic disease. METTL1 and WDR4 are the human 304 
homologue of Trm8 and Trm82, respectively. METTL1 has been initially identified as a substrate of 305 
protein kinase Bα, and METTL1 phosphorylated at Ser27 is inactive [51]. Also, NSUN2 (NOP2/Sun 306 
domain family, member 2) is the mammalian ortholog of yeast Trm4 and has been identified as a 307 
substrate of protein kinase (Aurora-B) in HeLa cells [97]. As mentioned above, the yeast tRNA 308 
modification enzymes, Trm8 and Trm4, are required to protect tRNA from RTD. Moreover, in a yeast 309 
∆trm8 strain, it has been observed that the cytotoxic effect of 5-fluorouracil (5-FU) is enhanced by 310 
heat stress [98].  5-FU, which is a pyrimidine analogue, is a widely used chemotherapeutic agent for 311 
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treatment of solid cancerous tumours. However, increasing doses of 5-FU causes serious side effects. 312 
In order to reduce the side effects of 5-FU treatment, it is necessary to consider a new strategy. The 313 
observation of the influence of 5-FU in the yeast ∆trm8 strain leads to the hypothesis that non-314 
essential tRNA modifications catalyzed by NSUN2 and METTL1 might affect the efficiency of 5-FU 315 
in human cancer cells. In fact, Okamoto et al. have shown that a knockdown strain of both NSNU2 316 
and METTL1 genes drastically increases sensitivity to 5-FU in HeLa cells [99]. NSNU2 and METTL1 317 
are phosphorylated by Aurora-B and protein Akt1/kinase Bα, respectively, and the enzymatic 318 
activities of NSNU2 and METTL1 are suppressed by phosphorylation. Therefore, constitutive 319 
overexpression of both dephosphorylated tRNA methyltransferases can repress 5-FU sensitivity. 320 
Thus, NSUN2 and METTL1 are involved 5-FU sensitivity in HeLa cells.  321 

With respect to homologues of Trm82, in recent years, various important points have come out 322 
to light. In Drosophila, the gene wh (wuho) which has WD40 repeats is a homologue of Trm82 and 323 
is essential for spermatogenesis and has a critical function in cellular differentiation for germline cells 324 
during gametogenesis [100]. In human, the WDR4 gene mutation abolishes the m7G46 modification 325 
in tRNA and causes microcephalic primordial dwarfism characterized by facial dysmorphism, brain 326 
malformation, and severe encephalopathy with seizure. Amino acid substitution of WDR4 has been 327 
revealed as the cause mutation [101,102] 328 

The molecular mechanism of microcephaly has not been well understood. In order to profile the 329 
m7G tRNA methylome in mouse embryonic stem cell (mESCs), two independent methods have been 330 
developed: m7G methylated immunoprecipitation sequencing (MeRIP-seq) and tRNA reduction and 331 
cleavage sequencing (TRAC-seq) [103]. In mESCs, the global m7G tRNA methylome is essential for 332 
appropriate translation of cell cycle genes and genes associated with brain malformation. Further to 333 
this observation, Mettl1 or Wdr4 knockout causes defective mESC self-renewal and neural lineage 334 
differentiation [103]. This study has clearly demonstrated the tRNA m7G methylome in mammals 335 
and shown the critical nature of METTL1 and WDR and m7G modification in regulation of stem cells 336 
and disease. 337 

4. Perspective 338 
Since m7G was found in tRNA, the genes encoding tRNA m7G methyltransferase have been 339 

identified in several organisms and amino acid residues key to the reaction mechanism have been 340 
identified [56,60,62,80]. In addition, primitive quality control systems, resulting from tRNA m7G46 341 
modification have been demonstrated [81,93]. Furthermore, the physiological functions of m7G46 in 342 
tRNA have started to be determined over the past decade [99–103]. There seems to be little 343 
commonality between tRNA (m7G46) methyltransferase, rRNA m7G methyltransferase, and cap-m7G 344 
methyltransferase as far as the active centers are concerned. Recently we have proposed a reaction 345 
mechanism for TrmB [62]. However, catalytic mechanism structural studies on AdoMet and/or the 346 
tRNA bound form of m7G methyltransferases are still necessary to fully understand the catalytic 347 
machinery. Also, genes encoding the tRNA m7G methyltransferase responsible for m7G at position 348 
49 in archaeal tRNA and for anticodon m7G of mt tRNA or chloroplast tRNA have not yet been 349 
identified. From the viewpoint of m7G molecular evolution, it is important that reaction mechanisms 350 
of m7G methyltransferases from different substrates and various organisms are compared and 351 
analyzed. 352 

Author contributions: Chie Tomikawa determined the concept of this review, wrote the manuscript, and 353 
prepared all figures and the table. 354 
Funding: This work was supported by a Grant-in-Aid for Scientific Research (16K18493 to C.T.) from the Japan 355 
Society for the Promotion of Science (JSPS). 356 
Acknowledgements: The author thanks Prof. Hiroyuki Hori (Ehime University, Japan) for   giving advice on 357 
preparation of this manuscript; and Prof. Ichiro Hirao (RIKEN Yokohama Institute, Japan, present address: 358 
Institute of Bioengineering and Nanotechnology, Singapore) for valuable discussion of the reaction mechanism 359 
of TrmB. The author thanks previous collaborators. 360 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080


 10 of 14 

 

References 361 
1.  Kim, S.H.; Suddath, F.L.; Quigley, G.J.; McPherson, A.; Sussman, J.L.; Wang, A.H.J.; Seeman, N.C.; Rich, A. 362 

Three-dimensional tertiary structure of yeast phenylalanine transfer RNA. Science (80-. ). 1974, 185, 435–363 
440, doi:10.1126/science.185.4149.435. 364 

2.  Limbach, P.A.; Crain, P.F.; Mccloskey, J.A. Summary: the modified nucleosides of RNA; 1994; Vol. 22;. 365 
3.  Boccaletto, P.; Machnicka, M.A.; Purta, E.; Pi˛ Atkowski, P.-L.; Zej Bagí Nski, B.-L.; Wirecki, T.K.; De Crécy, 366 

V.; Crécy-Lagard, C.; Ross, R.; Limbach, P.A.; Kotter, A.; Helm, M.; Bujnicki, J.M. MODOMICS: a database 367 
of RNA modification pathways. 2017 update. Nucleic Acids Res. 2017, 46, 303–307, doi:10.1093/nar/gkx1030. 368 

4.  Juhling, F.; Morl, M.; Hartmann, R.K.; Sprinzl, M.; Stadler, P.F.; Putz, J. tRNAdb 2009: compilation of tRNA 369 
sequences and tRNA genes. Nucleic Acids Res. 2009, 37, D159–D162, doi:10.1093/nar/gkn772. 370 

5.  Schubert, H.L.; Blumenthal, R.M.; Cheng, X. Many paths to methyltransfer: a chronicle of convergence. 371 
Trends Biochem. Sci. 2003, 28, 329–335, doi:10.1016/S0968-0004(03)00090-2. 372 

6.  Hori, H. Methylated nucleosides in tRNA and tRNA methyltransferases. Front. Genet. 2014, 5, 144, 373 
doi:10.3389/fgene.2014.00144. 374 

7.  Edmonds, C.G.; Crain, P.F.; Gupta, R.; Hashizume, T.; Hocart, C.H.; Kowalak, J.A.; Pomerantz, S.C.; Stetter, 375 
K.O.; McCloskey, J.A. Posttranscriptional modification of tRNA in thermophilic archaea (Archaebacteria). 376 
J. Bacteriol. 1991, 173, 3138–3148, doi:10.1128/jb.173.10.3138-3148.1991. 377 

8.  Dalluge, J.J.; Hamamoto, T.; Horikoshi, K.; Morita, R.Y.; Stetter, K.O.; McCloskey, J.A. Posttranscriptional 378 
modification of tRNA in psychrophilic bacteria. J. Bacteriol. 1997, 179, 1918–23, doi:10.1128/JB.179.6.1918-379 
1923.1997. 380 

9.  Stange, N.; Beier, H. A cell-free plant extract for accurate pre-tRNA processing, splicing and modification. 381 
EMBO J. 1987, 6, 2811–8. 382 

10.  Sprinzl, M.; Horn, C.; Brown, M.; Ioudovitch, A.; Steinberg, S. Compilation of tRNA sequences and 383 
sequences of tRNA genes. Nucleic Acids Res. 1998, 26, 148–53. 384 

11.  Kim, S.H.; Sussman, J.L.; Suddath, F.L.; Quigley, G.J.; Mcpherson, A.; Wang, A.H.J.; Seeman, N.C.; Rich, A. 385 
The General Structure of Transfer RNA Molecules (base stacking/hydrogen bonding/tRNA sequences/tRNA 386 
conformation); 1974; Vol. 71;. 387 

12.  Robertus, J.D.; Ladner, J.E.; Finch, J.T.; Rhodes, D.; Brown, R.S.; Clark, B.F.; Klug, A. Structure of yeast 388 
phenylalanine tRNA at 3 A resolution. Nature 1974, 250, 546–51. 389 

13.  Rich, A.; RajBhandary, U.L. Transfer RNA: Molecular Structure, Sequence, and Properties. Annu. Rev. 390 
Biochem. 1976, 45, 805–860, doi:10.1146/annurev.bi.45.070176.004105. 391 

14.  Quigley, G.J.; Rich, A. Structural domains of transfer RNA molecules. Science 1976, 194, 796–806. 392 
15.  Nelson, A.R.; Henkin, T.M.; Agris, P.F. tRNA regulation of gene expression: interactions of an mRNA 5’-393 

UTR with a regulatory tRNA. RNA 2006, 12, 1254–61, doi:10.1261/rna.29906. 394 
16.  Agris, P.F.; Sierzputowska-Gracz, H.; Smith, C. Transfer RNA contains sites of localized positive charge: 395 

carbon NMR studies of [13C]methyl-enriched Escherichia coli and yeast tRNAPhe. Biochemistry 1986, 25, 396 
5126–5131, doi:10.1021/bi00366a022. 397 

17.  Jakab, G.; Kis, M.; Palfi, Z.; Solymosy, F. Nucleotide sequence of chloroplast tRNALeu/UA m7G/ from 398 
Chlamydomonas reinhardtii; 1990; Vol. 18;. 399 

18.  Matsuyama, S.; Ueda, T.; Crain, P.F.; Mccloskey, J.A.; Watanabe, K. A Novel Wobble Rule Found in Starfish 400 
Mitochondria. 1998, 273, 3363–3368. 401 

19.  Tomita, K.; Ueda, T.; Watanabe, K. 7-Methylguanosine at the anticodon wobble position of squid 402 
mitochondrial tRNA Ser GCU: molecular basis for assignment of AGA/AGG codons as serine in 403 
invertebrate mitochondria. Biochim. Biophys. Acta 1998, 1399, 78–82, doi:10.1016/S0167-4781(98)00099-2. 404 

20.  Watanabe, K.; Yokobori, S.-I. tRNA Modification and Genetic Code Variations in Animal Mitochondria. 405 
Res. J. Nucleic Acids 2011, 2011, doi:10.4061/2011/623095. 406 

21.  Tomikawa, C.; Ohira, T.; Inoue, Y.; Kawamura, T.; Yamagishi, A.; Suzuki, T.; Hori, H. Distinct tRNA 407 
modifications in the thermo-acidophilic archaeon, Thermoplasma acidophilum. FEBS Lett. 2013, 587, 3575–408 
3580, doi:10.1016/j.febslet.2013.09.021. 409 

22.  Shatkin, A.J. Capping of eucaryotic mRNAs. Cell 1976, 9, 645–53, doi:10.1016/0092-8674(76)90128-8. 410 
23.  Furuichi, Y.; Miura, K. A blocked structure at the 5’ terminus of mRNA from cytoplasmic polyhedrosis 411 

virus. Nature 1975, 253, 374–5. 412 
24.  Mao, X.; Schwer, B.; Shuman, S. Yeast mRNA cap methyltransferase is a 50-kilodalton protein encoded by 413 

an essential gene. Mol. Cell. Biol. 1995, 15, 4167–74, doi:10.1128/MCB.15.8.4167. 414 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080


 11 of 14 

 

25.  Ohira, T.; Suzuki, T. Precuesors of tRNAs are stabilized by methylguanosine cap structures. Nat. Chem. Biol. 415 
2016, 12, 648–655, doi:10.1038/nchembio.2117. 416 

26.  Beauclerk, A.A.D.; Cundliffe, E. Sites of action of two ribosomal RNA methylases responsible for resistance 417 
to aminoglycosides. J. Mol. Biol. 1987, 193, 661–671, doi:10.1016/0022-2836(87)90349-4. 418 

27.  Holmes, D.J.; Cundliffe, E. Analysis of a ribosomal RNA methylase gene from Streptomyces tenebrarius 419 
which confers resistance to gentamicin. Mol. Gen. Genet. 1991, 229, 229–37. 420 

28.  Doi, Y.; Wachino, J.-I.; Arakawa, Y. Aminoglycoside Resistance: The Emergence of Acquired 16S Ribosomal 421 
RNA Methyltransferases. Infect. Dis. Clin. North Am. 2016, 30, 523–537, doi:10.1016/j.idc.2016.02.011. 422 

29.  Lesnyak, D. V.; Sergiev, P. V.; Bogdanov, A.A.; Dontsova, O.A. Identification of Escherichia coli m2G 423 
methyltransferases: I. The ycbY Gene Encodes a Methyltransferase Specific for G2445 of the 23 S rRNA. J. 424 
Mol. Biol. 2006, 364, 20–25, doi:10.1016/J.JMB.2006.09.009. 425 

30.  Kimura, S.; Ikeuchi, Y.; Kitahara, K.; Sakaguchi, Y.; Suzuki, T.; Suzuki, T. Base methylations in the double-426 
stranded RNA by a fused methyltransferase bearing unwinding activity. Nucleic Acids Res. 2012, 40, 4071–427 
4085, doi:10.1093/nar/gkr1287. 428 

31.  Holley, R.W.; Apgar, J.; Everett, G.A.; Madison, J.T.; Marquisee, M.; Merrill, S.H.; Penswick, J.R.; Zamir, A. 429 
Structure of a Ribonucleic Acid. Science 1965, 147, 1462–5. 430 

32.  Wintermeyer, W.; Zachau, H.G. A specific chemical chain scission of tRNA at 7-methylguanosine. FEBS 431 
Lett. 1970, 11, 160–164, doi:10.1016/0014-5793(70)80518-X. 432 

33.  Wintermeyer, W.; Zachau, H.G. Tertiary structure interactions of 7-methylguanosine in yeast tRNA Phe as 433 
studied by borohydride reduction. FEBS Lett. 1975, 58, 306–9. 434 

34.  Donis-Keller, H.; Maxam, A.M.; Gilbert, W. Mapping adenines, guanines, and pyrimidines in RNA. Nucleic 435 
Acids Res. 1977, 4, 2527–38. 436 

35.  Behm-Ansmant, I.; Helm, M.; Motorin, Y. Use of specific chemical reagents for detection of modified 437 
nucleotides in RNA. J. Nucleic Acids 2011, 2011, 9–12, doi:10.4061/2011/408053. 438 

36.  Zueva, V.S.; Mankin, A.S.; Bogdanov, A.A.; Baratova, L.A. Specific fragmentation of tRNA and rRNA at a 439 
7-methylguanine residue in the presence of methylated carrier RNA. Eur. J. Biochem. 1985, 146, 679–687, 440 
doi:10.1111/j.1432-1033.1985.tb08704.x. 441 

37.  Kahle, D.; Wehmeyer, U.; Char, S.; Krupp, G. The methylation of one specific guanosine in a pre-tRNA 442 
prevents cleavage by RNase P and by the catalytic M1 RNA. Nucleic Acids Res. 1990, 18, 837–44. 443 

38.  Kuchino, Y.; Kato, M.; Sugisaki+, H.; Nishimura, S. Nucleotide sequence of starfish initiator tRNA. Nucleic 444 
Acids Res. 1979, 6, 3459–3469. 445 

39.  Munns, T.W.; Liszewski, M.K.; Sims, H.F. Characterization of antibodies specific for N6-methyladenosine 446 
and for 7-methylguanosine. Biochemistry 1977, 16, 2163–8. 447 

40.  Suzuki, T.; Ikeuchi, Y.; Noma, A.; Suzuki, T.; Sakaguchi, Y. Mass spectrometric identification and 448 
characterization of RNA-modifying enzymes. Methods Enzymol. 2007, 425, 211–29, doi:10.1016/S0076-449 
6879(07)25009-8. 450 

41.  Hurwitz, J.; Gold, M.; Ander, M. The Enzymatic Methylation of Ribonucleic Acid and Deoxyribonucleic 451 
Acid. J. Biol. Chem. 1964, 239, 3462–73. 452 

42.  Aschhoff, H.J.; Elten, H.; Arnold, H.H.; Mahal, G.; Kersten, W.; Kersten, H. 7-Methylguanine specific tRNA-453 
methyltransferase from Escherichia coli. Nucleic Acids Res. 1976, 3, 3109–22. 454 

43.  Cimino, F.; Traboni, C.; Colonna, A.; Izzo, P.; Salvatore, F. Purification and properties of several transfer 455 
RNA methyltransferases from S. typhimurium. Mol. Cell. Biochem. 1981, 36, 95–104. 456 

44.  Colonna, A.; Ciliberto, G.; Santamaria, R.; Cimino, F.; Salvatore, F. Isolation and characterization of a 457 
tRNA(guanine-7-)-methyltransferase from Salmonella typhimurium. Mol. Cell. Biochem. 1983, 52, 97–106. 458 

45.  Morozov, I.A.; Gambaryan, A.S.; Lvova, T.N.; Nedospasov, A.A.; Venkstern, T. V. Purification and 459 
Characterization of tRNA (Adenine-1-)-Methyltransferase from Thermus flavus Strain 71. Eur. J. Biochem. 460 
1982, 129, 429–436, doi:10.1111/j.1432-1033.1982.tb07068.x. 461 

46.  Koski, R.A.; Clarkson, S.G. Synthesis and maturation of Xenopus laevis methionine tRNA gene transcripts 462 
in homologous cell-free extracts. J. Biol. Chem. 1982, 257, 4514–4521. 463 

47.  Drabkin, H.J.; RajBhandary, U.L. Site-specific mutagenesis on a human initiator methionine tRNA gene 464 
within a sequence conserved in all eukaryotic initiator tRNAs and studies of its effects on in vitro 465 
transcription. J. Biol. Chem. 1985, 260, 5580–5587. 466 

48.  Dunin-Horkawicz, S.; Czerwoniec, A.; Gajda, M.J.; Feder, M.; Grosjean, H.; Bujnicki, J.M. MODOMICS: a 467 
database of RNA modification pathways. Nucleic Acids Res. 2006, 34, D145-9, doi:10.1093/nar/gkj084. 468 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080


 12 of 14 

 

49.  Garcia, G.R.; Goodenough-Lashhua D.M. Modification and Editing of RNA; Grosjean, Benne, Eds.; American 469 
Society of Microbiology, 1998; ISBN 9781555818296. 470 

50.  Alexandrov, A.; Martzen, M.R.; Phizicky, E.M. Two proteins that form a complex are required for 7-471 
methylguanosine modification of yeast tRNA. RNA 2002, 8, 1253–66. 472 

51.  Cartlidge, R.A.; Knebel, A.; Peggie, M.; Alexandrov, A.; Phizicky, E.M.; Cohen, P. The tRNA methylase 473 
METTL1 is phosphorylated and inactivated by PKB and RSK in vitro and in cells. EMBO J. 2005, 24, 1696–474 
1705, doi:10.1038/. 475 

52.  De Bie, L.G.S.; Roovers, M.; Oudjama, Y.; Wattiez, R.; Tricot, C.; Stalon, V.; Droogmans, L.; Bujnicki, J.M. 476 
The yggH Gene of Escherichia coli Encodes a tRNA (m 7 G46) Methyltransferase. J. Bacteriol. 2003, 185, 477 
3238–3243, doi:10.1128/JB.185.10.3238-3243.2003. 478 

53.  Okamoto, H.; Watanabe, K.; Ikeuchi, Y.; Suzuki, T.; Endo, Y.; Hori, H. Substrate tRNA recognition 479 
mechanism of tRNA (m7G46) methyltransferase from Aquifex aeolicus. J. Biol. Chem. 2004, 279, 49151–480 
49159, doi:10.1074/jbc.M408209200. 481 

54.  Zegers, I.; Gigot, D.; Van Vliet, F.; Tricot, C.; Phane Aymerich, S.; Bujnicki, J.M.; Kosinski, J.; Droogmans, L. 482 
Crystal structure of Bacillus subtilis TrmB, the tRNA (m 7 G46) methyltransferase. Nucleic Acids Res. 2006, 483 
34, 1925–1934, doi:10.1093/nar/gkl116. 484 

55.  Zhou, H.; Liu, Q.; Yang, W.; Gao, Y.; Teng, M.; Niu, L. Monomeric tRNA (m7G46) methyltransferase from 485 
Escherichia coli presents a novel structure at the function-essential insertion. Proteins Struct. Funct. 486 
Bioinforma. 2009, 76, 512–515, doi:10.1002/prot.22413. 487 

56.  Leulliot, N.; Chaillet, M.; Durand, D.; Ulryck, N.; Blondeau, K.; Van Tilbeurgh, H. Article Structure of the 488 
Yeast tRNA m7G Methylation Complex. Structure 2007, 16, 52–61, doi:10.1016/j.str.2007.10.025. 489 

57.  Ahn, H.J.; Kim, H.-W.; Yoon, H.-J.; Lee, B. Il; Suh, S.W.; Yang, J.K. Crystal structure of 490 
tRNA(m1G37)methyltransferase: insights into tRNA recognition. EMBO J. 2003, 22, 2593–603, 491 
doi:10.1093/emboj/cdg269. 492 

58.  Nureki, O.; Watanabe, K.; Fukai, S.; Ishii, R.; Endo, Y.; Hori, H.; Yokoyama, S. Deep Knot Structure for 493 
Construction of Active Site and Cofactor Binding Site of tRNA Modification Enzyme. Structure 2004, 12, 494 
593–602, doi:10.1016/J.STR.2004.03.003. 495 

59.  Hori, H. biomolecules Transfer RNA methyltransferases with a SpoU-TrmD (SPOUT) fold and their 496 
modified nucleosides in tRNA., doi:10.3390/biom7010023. 497 

60.  Purta, E.; Van Vliet, F.; Tricot, C.; De Bie, L.G.; Feder, M.; Skowronek, K.; Droogmans, L.; Bujnicki, J.M. 498 
Sequence-structure-function relationships of a tRNA (m7G46) methyltransferase studied by homology 499 
modeling and site-directed mutagenesis. Proteins Struct. Funct. Genet. 2005, 59, 482–488, 500 
doi:10.1002/prot.20454. 501 

61.  Tomikawa, C.; Ochi, A.; Hori, H. The C-terminal region of thermophilic tRNA (m7G46) methyltransferase 502 
(TrmB) stabilizes the dimer structure and enhances fidelity of methylation. Proteins 2008, 71, 1400–8, 503 
doi:10.1002/prot.21827. 504 

62.  Tomikawa, C.; Takai, K.; Hori, H. Kinetic characterization of substrate-binding sites of thermostable tRNA 505 
methyltransferase (TrmB). J. Biochem. 2018, 163, 133–142, doi:10.1093/jb/mvx068. 506 

63.  Dégut, C.; Ponchon, L.; Folly-Klan, M.; Barraud, P.; Tisné, C. The m1A58 modification in eubacterial tRNA: 507 
An overview of tRNA recognition and mechanism of catalysis by TrmI. Biophys. Chem. 2016, 210, 27–34, 508 
doi:10.1016/J.BPC.2015.06.012. 509 

64.  Anderson, J.; Phan, L.; Hinnebusch, A.G. The Gcd10p/Gcd14p complex is the essential two-subunit 510 
tRNA(1-methyladenosine) methyltransferase of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S. A. 511 
2000, 97, 5173–8, doi:10.1073/pnas.090102597. 512 

65.  Purushothaman, S.K.; Bujnicki, J.M.; Grosjean, H.; Lapeyre, B. Trm11p and Trm112p are both required for 513 
the formation of 2-methylguanosine at position 10 in yeast tRNA. Mol. Cell. Biol. 2005, 25, 4359–70, 514 
doi:10.1128/MCB.25.11.4359-4370.2005. 515 

66.  Wang, M.; Zhu, Y.; Wang, C.; Fan, X.; Jiang, X.; Ebrahimi, M.; Qiao, Z.; Niu, L.; Teng, M.; Li, X. Crystal 516 
structure of the two-subunit tRNA m1A58 methyltransferase TRM6-TRM61 from Saccharomyces 517 
cerevisiae. Sci. Rep. 2016, 6, 32562, doi:10.1038/srep32562. 518 

67.  Yus, E.; Maier, T.; Michalodimitrakis, K.; van Noort, V.; Yamada, T.; Chen, W.-H.; Wodke, J.A.H.; Güell, 519 
M.; Martínez, S.; Bourgeois, R.; Kühner, S.; Raineri, E.; Letunic, I.; Kalinina, O. V; Rode, M.; Herrmann, R.; 520 
Gutiérrez-Gallego, R.; Russell, R.B.; Gavin, A.-C.; Bork, P.; Serrano, L.; Feist, A.M.; Palsson, B.O.; Waites, 521 
K.B.; Talkington, D.F.; Dandekar, T.; Proft, T.; Herrmann, R.; Nimwegen, E. van; Güell, M.; Kühner, S.; 522 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080


 13 of 14 

 

Pollack, J.D.; Pachkov, M.; Dandekar, T.; Korbel, J.; Bork, P.; Schuster, S.; Pollack, J.D.; Williams, M. V.; 523 
McElhaney, R.N.; Halbedel, S.; Hames, C.; Stulke, J.; Manolukas, J.T.; Barile, M.F.; Chandler, D.K.; Pollack, 524 
J.D.; Hutchison, C.A.; Himmelreich, R.; Renesto, P.; Zientz, E.; Dandekar, T.; Gross, R.; Pipe, L.Z.; Grimson, 525 
M.J.; Glass, J.I.; Hasselbring, B.M.; Jordan, J.L.; Krause, R.W.; Krause, D.C.; Dallo, S.F.; Baseman, J.B.; Smart, 526 
J.B.; Thomas, T.D.; Moran, N.A.; Cocaign-Bousquet, M.; Even, S.; Lindley, N.D.; Loubiere, P.; Nomura, M.; 527 
Teusink, B.; Oxman, E.; Alon, U.; Dekel, E.; Goebel, W.; Lory, S.; Even, S.; Lindley, N.D.; Cocaign-Bousquet, 528 
M.; Even, S.; Lindley, N.D.; Loubiere, P.; Cocaign-Bousquet, M.; Potrykus, K.; Cashel, M.; Vrentas, C.E.; 529 
Gaal, T.; Ross, W.; Ebright, R.H.; Gourse, R.L.; Su, H.C.; Hutchison, C.A.; Giddings, M.C.; Halbedel, S.; 530 
Halbedel, S.; Hames, C.; Stulke, J. Impact of genome reduction on bacterial metabolism and its regulation. 531 
Science 2009, 326, 1263–8, doi:10.1126/science.1177263. 532 

68.  Guy, M.P.; Phizicky, E.M. Two-subunit enzymes involved in eukaryotic post-transcriptional tRNA 533 
modification. RNA Biol. 2014, 11, 1608–1618, doi:10.1080/15476286.2015.1008360. 534 

69.  van Tran, N.; Muller, L.; Ross, R.L.; Lestini, R.; Létoquart, J.; Ulryck, N.; Limbach, P.A.; de Crécy-Lagard, 535 
V.; Cianférani, S.; Graille, M. Evolutionary insights into Trm112-methyltransferase holoenzymes involved 536 
in translation between archaea and eukaryotes. Nucleic Acids Res. 2018, 46, 8483–8499, 537 
doi:10.1093/nar/gky638. 538 

70.  Matsumoto, K.; Tomikawa, C.; Toyooka, T.; Ochi, A.; Takano, Y.; Takayanagi, N.; Abe, M.; Endo, Y.; Hori, 539 
H. Production of yeast tRNA (m(7)G46) methyltransferase (Trm8-Trm82 complex) in a wheat germ cell-540 
free translation system. J. Biotechnol. 2008, 133, 453–60, doi:10.1016/j.jbiotec.2007.11.009. 541 

71.  Matsumoto, K.; Toyooka, T.; Tomikawa, C.; Ochi, A.; Takano, Y.; Takayanagi, N.; Endo, Y.; Hori, H. RNA 542 
recognition mechanism of eukaryote tRNA (m 7 G46) methyltransferase (Trm8-Trm82 complex). FEBS Lett. 543 
2007, 581, 1599–1604, doi:10.1016/j.febslet.2007.03.023. 544 

72.  Fabrega, C.; Hausmann, S.; Shen, V.; Shuman, S.; Lima, C.D. Structure and Mechanism of mRNA Cap 545 
(Guanine-N7) Methyltransferase. Mol. Cell 2004, 13, 77–89, doi:10.1016/S1097-2765(03)00522-7. 546 

73.  Shuman, S.; Morham, S.G. Domain structure of vaccinia virus mRNA capping enzyme. Activity of the Mr 547 
95,000 subunit expressed in Escherichia coli. J. Biol. Chem. 1990, 265, 11967–72. 548 

74.  Higman, M.A.; Bourgeois, N.; Niles, E.G. The vaccinia virus mRNA (guanine-N7-)-methyltransferase 549 
requires both subunits of the mRNA capping enzyme for activity. J. Biol. Chem. 1992, 267, 16430–7. 550 

75.  Cong, P.; Shuman, S. Methyltransferase and subunit association domains of vaccinia virus mRNA capping 551 
enzyme. J. Biol. Chem. 1992, 267, 16424–9. 552 

76.  Mao, X.; Shuman, S. Intrinsic RNA (guanine-7) methyltransferase activity of the vaccinia virus capping 553 
enzyme D1 subunit is stimulated by the D12 subunit. Identification of amino acid residues in the D1 protein 554 
required for subunit association and methyl group transfer. J. Biol. Chem. 1994, 269, 24472–9. 555 

77.  Niewmierzycka, A.; Clarke, S. S-Adenosylmethionine-dependent methylation in Saccharomyces cerevisiae. 556 
Identification of a novel protein arginine methyltransferase. J. Biol. Chem. 1999, 274, 814–24, 557 
doi:10.1074/JBC.274.2.814. 558 

78.  Grosjean, H. Modification and editing of RNA: historical overview and important facts to remember. In; 559 
Springer, Berlin, Heidelberg, 2005; pp. 1–22. 560 

79.  Hopper, A.K.; Phizicky, E.M. tRNA transfers to the limelight. Genes Dev. 2003, 17, 162–80, 561 
doi:10.1101/gad.1049103. 562 

80.  Alexandrov, A.; Grayhack, E.J.; Phizicky, E.M. tRNA m7G methyltransferase Trm8p/Trm82p: Evidence 563 
linking activity to a growth phenotype and implicating Trm82p in maintaining levels of active Trm8p. RNA 564 
2005, 11, 821, doi:10.1261/RNA.2030705. 565 

81.  Alexandrov, A.; Chernyakov, I.; Gu, W.; Hiley, S.L.; Hughes, T.R.; Grayhack, E.J.; Phizicky, E.M. Rapid 566 
tRNA Decay Can Result from Lack of Nonessential Modifications. Mol. Cell 2006, 21, 87–96, 567 
doi:10.1016/j.molcel.2005.10.036. 568 

82.  Chernyakov, I.; Whipple, J.M.; Kotelawala, L.; Grayhack, E.J.; Phizicky, E.M. Degradation of several 569 
hypomodified mature tRNA species in Saccharomyces cerevisiae is mediated by Met22 and the 5’-3’ 570 
exonucleases Rat1 and Xrn1. Genes Dev. 2008, 22, 1369–80, doi:10.1101/gad.1654308. 571 

83.  Turowski, T.W.; Karkusiewicz, I.; Kowal, J.; Boguta, M. Maf1-mediated repression of RNA polymerase III 572 
transcription inhibits tRNA degradation via RTD pathway. RNA 2012, 18, 1823–1832, 573 
doi:10.1261/rna.033597.112. 574 

84.  Karkusiewicz, I.; Turowski, T.W.; Graczyk, D.; Towpik, J.; Dhungel, N.; Hopper, A.K.; Boguta, M. Maf1 575 
protein, repressor of RNA polymerase III, indirectly affects tRNA processing. J. Biol. Chem. 2011, 286, 39478–576 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080


 14 of 14 

 

88, doi:10.1074/jbc.M111.253310. 577 
85.  Boguta, M.; Czerska, K.; Żołądek, T. Mutation in a new gene MAF1 affects tRNA suppressor efficiency in 578 

Saccharomyces cerevisiae. Gene 1997, 185, 291–296, doi:10.1016/S0378-1119(96)00669-5. 579 
86.  Upadhya, R.; Lee, J.; Willis, I.M. Maf1 Is an Essential Mediator of Diverse Signals that Repress RNA 580 

Polymerase III Transcription. Mol. Cell 2002, 10, 1489–1494, doi:10.1016/S1097-2765(02)00787-6. 581 
87.  Kotelawala, L.; Grayhack, E.J.; Phizicky, E.M. Identification of yeast tRNA Um(44) 2’-O-methyltransferase 582 

(Trm44) and demonstration of a Trm44 role in sustaining levels of specific tRNA(Ser) species. RNA 2008, 583 
14, 158–69, doi:10.1261/rna.811008. 584 

88.  Watanabe, K.; Miyagawa, R.; Tomikawa, C.; Mizuno, R.; Takahashi, A.; Hori, H.; Ijiri, K. Degradation of 585 
initiator tRNAMet by Xrn1/2 via its accumulation in the nucleus of heat-treated HeLa cells. Nucleic Acids 586 
Res. 2013, 41, 4671–85, doi:10.1093/nar/gkt153. 587 

89.  Watanabe, K.; Shinma, M.; Oshima, T.; Nishimura, S. Heat-induced stability of tRNA from an extreme 588 
thermophile, Thermus thermophilus. Biochem. Biophys. Res. Commun. 1976, 72, 1137–1144, 589 
doi:10.1016/S0006-291X(76)80250-1. 590 

90.  Horie, N.; Hara-Yokoyama, M.; Yokoyama, S.; Watanabe, K.; Kuchino, Y.; Nishimura, S.; Miyazawa, T. 591 
Two tRNAIle1 species from an extreme thermophile, Thermus thermophilus HB8: effect of 2-thiolation of 592 
ribothymidine on the thermostability of tRNA. Biochemistry 1985, 24, 5711–5. 593 

91.  Shigi, N.; Suzuki, T.; Terada, T.; Shirouzu, M.; Yokoyama, S.; Watanabe, K. Temperature-dependent 594 
biosynthesis of 2-thioribothymidine of Thermus thermophilus tRNA. J. Biol. Chem. 2006, 281, 2104–13, 595 
doi:10.1074/jbc.M510771200. 596 

92.  Yokoyama, S.; Watanabe, K.; Miyazawa, T. Dynamic structures and functions of transfer ribonucleic acids 597 
from extreme thermophiles. Adv. Biophys. 1987, 23, 115–147. 598 

93.  Tomikawa, C.; Yokogawa, T.; Kanai, T.; Hori, H. N7-Methylguanine at position 46 (m7G46) in tRNA from 599 
Thermus thermophilus is required for cell viability at high temperatures through a tRNA modification 600 
network. Nucleic Acids Res. 2010, 38, 942–57, doi:10.1093/nar/gkp1059. 601 

94.  Ishida, K.; Kunibayashi, T.; Tomikawa, C.; Ochi, A.; Kanai, T.; Hirata, A.; Iwashita, C.; Hori, H. 602 
Pseudouridine at position 55 in tRNA controls the contents of other modified nucleotides for low-603 
temperature adaptation in the extreme-thermophilic eubacterium Thermus thermophilus. Nucleic Acids Res. 604 
2011, 39, 2304–18, doi:10.1093/nar/gkq1180. 605 

95.  Hori, H. Methylated nucleosides in tRNA and tRNA methyltransferases. Front. Genet. 2014, 5, 144, 606 
doi:10.3389/fgene.2014.00144. 607 

96.  Takano, Y.; Takayanagi, N.; Hori, H.; Ikeuchi, Y.; Suzuki, T.; Kimura, A.; Okuno, T. A gene involved in 608 
modifying transfer RNA is required for fungal pathogenicity and stress tolerance of Colletotrichum 609 
lagenarium. Mol. Microbiol. 2006, 60, 81–92, doi:10.1111/j.1365-2958.2006.05080.x. 610 

97.  Sakita-Suto, S.; Kanda, A.; Suzuki, F.; Sato, S.; Takata, T.; Tatsuka, M. Aurora-B Regulates RNA 611 
Methyltransferase NSUN2. Mol. Biol. Cell 2007, 18, 1107–1117, doi:10.1091/mbc.e06-11-1021. 612 

98.  Gustavsson, M.; Ronne, H. Evidence that tRNA modifying enzymes are important in vivo targets for 5-613 
fluorouracil in yeast. Rna 2008, 14, 666–674, doi:10.1261/rna.966208. 614 

99.  Okamoto, M.; Fujiwara, M.; Hori, M.; Okada, K.; Yazama, F. tRNA Modifying Enzymes, NSUN2 and 615 
METTL1, Determine Sensitivity to 5-Fluorouracil in HeLa Cells. PLoS Genet 2014, 10, 1004639, 616 
doi:10.1371/journal.pgen.1004639. 617 

100.  Wu, J.; Hou, J.H.; Hsieh, T. A new Drosophila gene wh (wuho) with WD40 repeats is essential for 618 
spermatogenesis and has maximal expression in hub cells. Dev. Biol. 2006, 296, 219–230, 619 
doi:10.1016/J.YDBIO.2006.04.459. 620 

101.  Shaheen, R.; H Abdel-Salam, G.M.; Guy, M.P.; Alomar, R.; Abdel-Hamid, M.S.; Afifi, H.H.; Ismail, S.I.; 621 
Emam, B.A.; Phizicky, E.M.; Alkuraya, F.S. Mutation in WDR4 impairs tRNA m 7 G 46 methylation and 622 
causes a distinct form of microcephalic primordial dwarfism. Genome Biol. 2015, 16, doi:10.1186/s13059-015-623 
0779-x. 624 

102.  Trimouille, A.; Lasseaux, E.; Barat, P.; Deiller, C.; Drunat, S.; Rooryck, C.; Arveiler, B.; Lacombe, D. Further 625 
delineation of the phenotype caused by biallelic variants in the WDR4 gene. Clin. Genet. 2018, 93, 374–377, 626 
doi:10.1111/cge.13074. 627 

103.  Lin, S.; Liu, Q.; Lelyveld, V.S.; Choe, J.; Szostak, J.W.; Gregory, R.I. Mettl1/Wdr4-Mediated m7G tRNA 628 
Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and 629 
Differentiation. Mol. Cell 2018, 71, 244–255.e5, doi:10.1016/j.molcel.2018.06.001. 630 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 November 2018                   doi:10.20944/preprints201811.0384.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 4080; doi:10.3390/ijms19124080

http://dx.doi.org/10.20944/preprints201811.0384.v1
http://dx.doi.org/10.3390/ijms19124080

