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Abstract: Modified nucleotides are present in all ribosomal RNA molecules. Mitochondrial ribosomes
are unique to have a set of methylated residues that includes universally conserved ones, those that
could be found either in bacterial or in archaeal/eukaryotic cytosolic ribosomes and those that are
present exclusively in mitochondria. A single pseudouridine within the mt-rRNA is located in
the peptidyltransferase center at a position similar to that in bacteria. After recent completion of
the list of enzymes responsible for the modification of mammalian mitochondrial rRNA it became
possible to summarize an evolutionary history, functional role of mt-rRNA modification enzymes
and an interplay of the mt-rRNA modification and mitoribosome assembly process, which is a goal of
this review.
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1. Introduction

While epigenetics has been long known as an essential mechanism for gene expression control,
epitranscriptomics, a field of RNA modification, has rather recently come into focus of the scientific
community. Ribosomal RNA in the entire range of species contains modified, most frequently
methylated residues and pseudouridines [1]. Ribosomal RNA is functionalized by non-standard
nucleotides predominantly located in the functional centers of the ribosome [2–4]. These nucleotides
demonstrate variable degrees of conservation, from the universal to relatively narrow. Among different
types of ribosomes, mitochondrial ribosomes are only minimally modified. Mammalian mitochondrial
rRNAs contain nine methylated residues mapped for hamster mt-rRNAs in the early 1980s [5,6]
and one pseudouridine identified in 1997 [7]. Still, up to 2012 [8], only a single gene coding for the
mammalian mitochondrial rRNA modification enzyme was known. Only recently, in 2019–2020 the list
of mammalian mt-rRNA modification enzymes has been completed [9–13], allowing us to summarize
the entire inventory of mammalian mt-RNA modification machinery (Table 1), which is the subject of
current review and several other excellent reviews on this topic [14–16].

Mitochondria is a power factory of eukaryotic cells, also responsible for apoptosis, synthesis of a
number of key metabolites and many other functions [17]. According to the hypothesis of endosymbiosis,
mitochondria evolved from eubacterial symbiont closely related to α-proteobacteria [18]. In the course
of eukaryote evolution the predominant majority of its genes migrated into the host nucleus [19].
Mitochondria have a small circular genome and machineries for transcription and translation. To fulfill
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its main function, an ATP production through oxidative phosphorylation, mitochondria possesses five
multisubunit protein complexes in its inner membrane. Electron transfer chain (ETC) complexes I to
IV are building up transmembrane potential fueled by oxygen reduction with NADH and succinate,
while ATP-synthase consumes the potential formed by ETC and synthesizes ATP. In addition to the
nuclear encoded components, complexes of the oxidative phosphorylation contain, in a case of mammals,
13 proteins, encoded in the mitochondrial genome, such as 7 subunits of NADH-dehydrogenase
(complex I), cytochrome b (complex III), 3 subunits of cytochrome c oxidase (complex IV) and
2 subunits of ATP-synthase (complex V). All other proteins needed for proper maintenance and
function of mitochondria are encoded in the nucleus including, remarkably, all subunits of the
succinate dehydrogenase (complex II), whose activity is thus being a useful control independent of
the mitochondrial gene expression machinery. In addition to the protein-coding genes, mammalian
mitochondrial genome codes for the 12S and 16S rRNAs, components of the small and large subunits
of mitoribosome, and 22 tRNAs. All these genes are transcribed from three promotors, HSP1, HSP2
(heavy strand promoters) and LSP (light strand promoter). The product started with HSP1 promoter is
limited to 12S and 16S rRNA species and two tRNAs–tRNAPhe and tRNAVal, while transcript started
with HSP2 promoter extends further to cover almost the entire genome [20,21]. The transcript started
with LSP promoter corresponds to the opposite DNA strand relative to that of HSP1 and HSP2 driven
transcripts. It spans almost the entire genome, excluding the regulatory region and an antisense to the
rRNA coding part.

Table 1. Enzymes responsible for the modification of mammalian mitochondrial rRNA (human numbering).

Enzyme, Responsible
for Mitochondrial

rRNA Modification

Orthologous
Bacterial Protein

Orthologous Protein
Responsible for Archaeal or

Cytosolic rRNA Modification

12S rRNA
m5U429 TRMT2B no no
m4C839 METTL15 RsmH no
m5C841 NSUN4 RsmF 1 no

m2
6A936/7 TFB1M RsmA/KsgA DIMT1L (yeast Dim1)

16S rRNA
m1A947 TRMT61B no no
Gm1145 MRM1 RlmB U31 (yeast snR67) snoRNP
Um1369 MRM2 RlmE Unknown 2 (yeast snR52)
Gm1370 MRM3 no Unknown 2 (yeast Spb1)
Ψ1397 RPUSD4 RluC 3 no

1 E. coli RsmF modifies the nucleotide m5C1407 of the 16S rRNA, which is proximal to C1404, equivalent to m5C841
of the mitochondrial 12S rRNA, while Thermus thermophilus RsmF modifies 16S rRNA residues m5C1400, m5C1404
and m5C1407 (E. coli numbering). 2 There are no direct experimental data on the proteins and/or snoRNA involved
in these modifications in human rRNA. 3 E. coli RluC forms 23S rRNA pseudouridines Ψ955, Ψ2504 and Ψ2580.
The latter is equivalent to Ψ1397 of the mitochondrial 16S rRNA.

2. Peculiar Features of Mitochondrial Translation Apparatus

Although mitochondrial ribosomes evolved most likely from bacterial ones, they differ from
each other in composition [22], 3D structure [23] and properties of proteins they synthesize.
While sedimentation coefficient of mitoribosome (55S) and its constituent subunits (28S and 39S) is
somewhat lower than that of bacterial ones, the most striking difference resides in their composition.
Mitoribosomes gradually lost various parts of their rRNA molecules (Figure 1a), which were commonly,
but not necessarily, replaced with proteinaceous structures. Mitochondrial ribosomes acquired both
entirely new r-proteins and mitochondrial specific extensions [24–28] of r-proteins that are conserved
in other types of ribosomes. Spectacular changes were observed for the central protuberance of the
large ribosomal subunit, where 5S rRNA was either lost, as in yeast [29,30], or replaced by mt-tRNAVal

or mt-tRNAPhe [25,31] in mammalian mitoribosomes. Presence of specific proteins surrounding the
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peptide exit site of mitoribosomes, such as mL45 [25,32] might be explained by the specialization in the
synthesis of highly hydrophobic transmembrane proteins [33].
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Methylated nucleotides of the mt-rRNA are shown as spacefilled objects and marked by the same 
colors as on the panel (a). UCSF Chimera [36] was used to create this illustration. 

Specific changes were observed for the mRNA binding channel. Anti-Shine-Dalgarno (aSD) part 
of bacterial small subunit rRNA is absent in mitoribosomes, in concert with the peculiar features of 
mt-mRNA (see below). mS38 protein, which is lacking in E. coli, although present (as an orthologous 
bS22) in some bacteria which have many leaderless mRNAs, is involved in formation of the channel 
accommodating mRNA part 5′ to the P-site. In yeast mitochondria this protein was demonstrated to 
selectively enhance translation of specific mitochondrial mRNAs [37]. A protein mS37, which is also 
uniquely found in mitoribosomes also contributes to the accommodation of mRNA 5′-region [38]. 
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involved in mRNA selection [39]. It interacts with large proteinaceous LRPPRC-SLIRP complex 
mediating mRNA recruitment [40]. Many protein factors of mitochondrial translation also contain 

Figure 1. Location of the modified nucleotides in the mammalian mitochondrial rRNA. (a) Secondary
structure [34] of human mitochondrial 12S rRNA (left) and 16S rRNA (right) are shown in pink
superimposed onto that of E. coli 16S rRNA and 23S rRNA shown in grey. Nucleotides methylated in
both bacterial and mitochondrial rRNA are shown by light green circles, while conserved pseudouridine
is shown as a dark green circle. Red circles correspond to nucleotides modified exclusively in mt-rRNA.
Modified nucleotides present in E. coli rRNA, but not in mt-rRNA are shown by light grey (methylated)
and dark grey (pseudouridinylated) circles. (b) Tertiary structure of the human mitochondrial small
(left) and large (right) ribosomal subunits [35]. Ribosomal proteins of the small subunit are shown
as yellow ribbon, while that of the large subunit as steel blue ribbon. 12S rRNA is shown as orange
ribbon; 16S rRNA as cyan ribbon, tRNA of the large subunit as blue ribbon. Methylated nucleotides
of the mt-rRNA are shown as spacefilled objects and marked by the same colors as on the panel (a).
UCSF Chimera [36] was used to create this illustration.

Specific changes were observed for the mRNA binding channel. Anti-Shine-Dalgarno (aSD) part
of bacterial small subunit rRNA is absent in mitoribosomes, in concert with the peculiar features of
mt-mRNA (see below). mS38 protein, which is lacking in E. coli, although present (as an orthologous
bS22) in some bacteria which have many leaderless mRNAs, is involved in formation of the channel
accommodating mRNA part 5′ to the P-site. In yeast mitochondria this protein was demonstrated
to selectively enhance translation of specific mitochondrial mRNAs [37]. A protein mS37, which is
also uniquely found in mitoribosomes also contributes to the accommodation of mRNA 5′-region [38].
The 3′ part of mRNA interacts with another mitochondria-specific protein, mS39, which is also involved
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in mRNA selection [39]. It interacts with large proteinaceous LRPPRC-SLIRP complex mediating
mRNA recruitment [40]. Many protein factors of mitochondrial translation also contain specific
extensions, likely to have separate functions related to mitochondrial translation [41–44]. Among them
remarkably are translation initiation factors, such as mtIF2, which possesses an extension functionally
replacing bacterial IF1 [45], whose ortholog is absent in mitochondria and mtIF3, whose N- and
C-terminal extensions have unique functions in mitochondria [43,46].

Specific features of mitochondrial ribosome and translation factors might be a product of
co-evolution with mitochondrial type mRNAs. Unlike the majority of bacterial mRNAs, mitochondrial
ones lack SD sequence. Moreover, in mammals, and unlike yeasts, mRNAs entirely lack or have
minute 5′-untranslated regions. At the same time, two of them are bicistronic with overlapped open
reading frames [47]. Mammalian mitochondria utilize non-AUG codons, such as AUU and AUA for
the initiation of translation. Even more bizarre is termination of protein synthesis in mitochondria.
While UGA codon is reassigned to the tryptophan in mammalian mitochondria, AGA and AGG codons
are avoided altogether. In two instances human mt-mRNA coding regions ends with those codons,
so that translation is terminated via -1 frameshifting, placing UAG in the A-site [48]. In many cases,
stop codons are formed by polyadenylation of primarily processed transcripts which, after excision of
tRNAs, ends with U or UA nucleotides [47]. Polyadenylation itself might not necessarily start within a
stop codon. Some mRNAs have 3′-untranslated regions preceding post-transcriptionally added polyA
tail, while single ND6 mRNA is not polyadenylated at all [8,49].

In line of all the above, the set of mammalian mitochondrial rRNA modifications, pretty much like
entire mitochondrial translation apparatus, is a potluck of universally conserved core, ladle of bacterial-type,
a pinch of archaeal/eukaryotic cytosolic-type and a spoonful of mitochondrial unique specialties.

3. Universally Conserved Core Modifications

Out of nine methylated nucleotides of the mitochondrial rRNA (Table 1) four are present in all
types of ribosomes, thus being the most conserved ones.

3.1. 12S rRNA m2
6A936, m2

6A937

Nucleotides m2
6A936 and m2

6A937 are located in the loop of helix 45 near 3′-end of the 12S rRNA
(Figure 1). In bacteria equivalent nucleotides m2

6A1518/9 are modified by RsmA/KsgA [50–52],
an enzyme whose inactivation resulted in kasugamycin resistance [50,53]. Absence of these nucleotides
methylation was not found to affect ability of the 30S subunit to associate with fMet-tRNA, initiation
factors and 50S subunit in vitro [52]. Single mutations of A1518, A1519 or other nucleotides in the
stem of helix 45 didn’t affect ribosome assembly in vitro as well, although some of them decreased the
binding effectiveness of tRNA, initiation factors and the whole translation efficiency [54,55].

Later it was shown that RsmA binds 30S subunit and prevents binding of IF3 and the large
subunit [56]. Overexpression of catalytically dead RsmA mutant decreased subunit association and
appeared to be more toxic than the corresponding gene knockout. This result leads to an idea that
RsmA acts as a quality control switch releasing the subunit after completion of late assembly events [57].
In concert with this idea, rsmA deletion excessively retarded cell growth at 25 ◦C, when assembly
defects are exacerbated [57], and caused accumulation of the small subunit rRNA precursor [57,58].
Apart from RsmA role in ribosome assembly, the methylation itself is also essential for the proper
rRNA folding. Without methylation, contact interface between the 16S rRNA helices 45 and 44 is
distorted leading to the alteration in the mRNA binding region [59].

Cytosolic ribosomes of eukaryotes also contain a similar pair of dimethylated adenosines,
introduced by homologous Dim1 (yeast) [60] or DIMT1L (mammals) [61] methyltransferases. Existing
evidences suggest an essential role of these proteins in ribosome construction, not only as the
methyltransferase, but also as an assembly factor, since catalytically inactive Dim1 mutant expression
was able to partially complement Dim1 deficiency [62].
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In mammalian mitoribosomes nucleotides m2
6A936 and m2

6A937 (Figure 2) are modified by
TFB1M [63] in a sequential order starting with A937 [64]. TFB1M and its paralogue, TFB2M, may also
act as a transcription factor to activate transcription by POLRMT in vitro [65]. For transcription
activation, TFB1M doesn’t need methyltransferase domain [66]. Later it was shown that most likely
transcription activation is the main function of TFB2M, while major role of TFB1M is ribosome assembly
and modification [67]. POLRMT interaction with TFB1M might be beneficial for the coordination
between mitochondrial rRNA synthesis and modification [68].
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Figure 2. Location of the universally conserved methylated nucleotides, shown as red spacefilled objects
and marked, in the mammalian mitochondrial rRNA relative to the ligands of the ribosome [69]. A slice
through the top-viewed functional complex is shown. mRNA is shown as blue ribbon, A-site bound
tRNA is shown as pink ribbon and P-site bound tRNA is shown as green ribbon. UCSF Chimera [36]
was used to create this illustration.

Inactivation of Tfb1m in mice leads to embryonic lethality [70]. Tissue specific inactivation in
heart and skeletal muscles results in cardiomyopathy. All such mice died before the age of 24 weeks.
Mitochondrial mass in the heart of knockout mice was increased relative to that of the wild type mice,
likely as a result of a compensatory mechanism. Absence of TFB1M led to a decreased stability of the
small ribosomal subunit, faster 12S rRNA degradation and as a consequence, decreased amount of the
55S ribosomes. This might be indicative of m2

6A936 and m2
6A937 modification role in stabilization of

the ribosomal small subunit structure in the conserved functional core region which is in contact with
mRNA and the large ribosomal subunit (Figure 2).

Inactivation of Tfb1m gene caused a decreased amount of the small ribosomal subunits, diminished
efficiency of mitochondrial translation [64], and decrease in the abundance of ETC complexes subunits,
encoded in the mitochondrial genome [70]. Tfb1m inactivation in murine pancreatic β-cells also
causes mitochondrial disfunction: such cells have decreased ETC complex activity, while the amount
of mitochondria is elevated. As a consequence, such mice have decreased insulin secretion and
diabetes [71].
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3.2. 16S rRNA Gm1145

In the large mitoribosomal subunit two universally conserved methylated nucleotides could
be found, Gm1145 and Um1369; both are ribose 2′-O-methylated and both are located in the loops
interacting with CCA ends of tRNA molecules bound to the P and A site respectively (Figure 2).
16S rRNA nucleotide Gm1145 is located in the P-loop of ribosome named due to the direct basepairing
of the adjacent residues with the penultimate CC nucleotides of tRNA in the P-site [72]. In bacteria
equivalent nucleotide Gm2251 is modified by RlmB. However, despite a universal conservation and
location in the functionally important region, lack of G2251 modification in E. coli due to a deletion
of rlmB gene doesn’t result in any observable difference from wild type cells [73] except for the mild
reduction of ectopic expression of foreign gene introduced on a plasmid [58].

In the cytosolic ribosomes of both yeast and mammals equivalent nucleotides Gm2619 and
Gm4196 are also ribose methylated [3]. However, to introduce these modifications, eukaryotes rely of
the snoRNA guided mechanism [74,75].

Unlike cytosolic ribosomes that are mainly modified by snoRNA guided mechanism, mitochondrial
rRNAs are methylated exclusively by specific proteins. Yeast Pet56 protein is homologous to RlmB.
Deletion of pet56 promotor results in a lack of methylation of nucleotide G2270, which is equivalent
to Gm1145 nucleotide of human mitochondrial 16S rRNA [76]. Inactivation of pet56 and its reduced
expression leads to impaired growth on non-fermentable carbon sources at 30 ◦C, impaired oxygen
consumption at 18 ◦C and decreased amount of fully assembled LSU [76,77]. Most likely Pet56 is active
at early steps of LSU assembly as it can methylate deproteinized 16S rRNA in vitro [76].

RlmB ortholog in mammals is MRM1. Knockdown of its gene was shown to result in a decrease of
the 16S rRNA nucleotide G1145 ribose methylation [78]. Most likely the protein acts co-transcriptionally
because it colocalizes with mt-DNA and migrates with nucleoid in sucrose gradients [79]. Methylation
of G1145 by MRM1 was found to depend on the activity of MTG2/GTPBP5, which is mainly associated
with the function of MRM2 (see below) [80].

3.3. 16S rRNA Um1369

Methylation of the 16S rRNA nucleotide Um1369, equivalent to E. coli 23S rRNA nucleotide
Um2552, is almost universally conserved [3] with the exception of some gram-positive bacteria [81].
This nucleotide is located in the A-loop, next to the nucleotide G2553 (E. coli numbering), which forms a
base pair with the nucleotide C75 of A-site bound tRNA [82,83]. In gram negative bacteria, nucleotide
Um2552 is methylated by RlmE (FtsJ) [84], which is co-expressed with a number of heat shock genes.
Inactivation of bacterial rlmE gene results in growth retardation [85], which is most severe among all
knockouts of rRNA methyltransferases in E. coli [58]. Without RlmE, the amount of 70S ribosomes
decreases, while the 45S precursor of the large ribosomal subunit accumulates. This protein can
methylate in vitro both 45S assembly intermediate and 50S subunits isolated from knockout strain,
leading to a suggestion that it naturally acts during late steps of assembly [84–86]. Mutation U2552C of
the bacterial 23S rRNA also results in the 45S assembly intermediate accumulation, while RlmE binding
is not affected, suggesting that mere RlmE binding is not sufficient to assist ribosome construction.

Overexpression of two GTPases, ObgE (YhbZ) and EngA, complement phenotypic manifestations
of rlmE gene knockout, but do not restore U2552 methylation [87]. Deletion of engA gene results in
similar consequences as inactivation of rlmE, namely LSU precursor accumulation and diminished
LSU stability at low Mg2+ concentration [88]. ObgE prevents association of LSU with SSU until the
completion of assembly or at stress conditions [89] and is needed for sister genomes segregation during
cell division [90].

Yeast Mrm2 is homologous to RlmE and is responsible for 2′-O methylation of a mt-rRNA [91].
Cells devoid of the functional protein have phenotype characteristic for mitochondrial disfunction, such as
inability to grow on non-fermentable carbon source at elevated temperature (37 ◦C), while passaging of
knockout strain in a medium with glucose causes inability to grow on non-fermentable carbon source
even at optimal temperature (30 ◦C). Overexpression of Mtg2, which is homologous to E. coli ObgE,
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can partially suppress this phenotype and prevent a loss of mitochondrial DNA [92]. As its bacterial
homologue, Mrm2 is likely to methylate rRNA on the late stages of assembly; its substrate being LSU,
but not deproteinized rRNA [91].

In mammals, nucleotide U1369 of the 16S mt-rRNA is methylated by MRM2, homologue of
RlmE [78,93]. Firstly, it was erroneously considered as a nuclear protein [94] due to unsuitable
placement of tags on the N-terminus, interfering with proper localization. Subsequently it was shown
that the protein is localized exclusively in mitochondria and migrated with LSU and monosome
in sucrose gradients [79,93]. MRM2 knockdown results in a decrease of LSU amount, likely due
to defects in the 39S subunit assembly or stability. As a consequence such cells have impaired
mitochondrial translation, decreased activity of respiratory chain and decreased growth rate in medium
with galactose [93]. Functional interaction of bacterial RlmE and ObgE is conserved in mammalian
mitochondria. Their homologs, MRM2 and MTG2/GTPBP5 directly interacts and simultaneously bind
LSU assembly intermediate [80]. Inactivation of MTG2 gene results in an accumulation of the large
ribosomal subunit assembly intermediate devoid of bL36m while containing a number of assembly
factors, such as MTG1, GTPBP10, MALSU1 and MTERF4, and substoichiometric methylation of U1369,
indicating a functional interaction [80].

Mutation in the human MRM2 gene causes MELAS (Mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes), which demonstrate the importance of mt-rRNA methylation
for proper mitochondria function [95].

4. Common Modified Nucleotides in Mitochondrial and Bacterial rRNA

Two methylated nucleotides of the 12S mt-rRNA helix 44 and a single pseudouridine in the
peptidyltransferase region of the 16S mt-rRNA are similar to their bacterial counterparts.

4.1. 12S rRNA m5C841

Helix 44 of E. coli 16S rRNA contains a number of modified nucleotides [3,4]. Among them is
m5C1407 whose modification is a function of RsmF methyltransferase [96]. Inactivation of rsmF gene
lead to moderate retardation of bacterial growth in a rich medium, which is exacerbated in a minimal
medium. Also, in growth competition experiments, populations of knockout cells decline from 50% to
1% after 40 generations. Most likely RsmF is active at late stage of SSU assembly because in vitro it can
methylate 30S subunit but not naked 16S rRNA [96]. Remarkably, inactivation of rsmF gene leads to an
increased ectopic expression of exogenous gene introduced on a plasmid [58] suggesting a role for this
protein in control of gene expression. While in E. coli RsmF methyltransferase modifies only a single
16S rRNA nucleotide, in T. thermophilus its homologue modifies three nucleotides, equivalent to the
E. coli 16S rRNA residues C1400, C1404 and C1407. Nucleotides C1400 and C1404 could be methylated
in vitro using deproteinized rRNA as a substrate, while C1407 could only be methylated in a context
of 30S subunit. At normal temperature for T. thermophilus (70 ◦C) rsmF inactivation don’t lead to any
notable phenotype but at low temperature (60 ◦C) knockout strain grows slightly slower [97].

Nucleotide C844 of human mitochondrial 12S rRNA, which is equivalent to E. coli m5C1407,
is unmodified. However, a nucleotide C841, corresponding to m5C1404 in T. thermophilus 16S rRNA,
is C5-methylated by NSUN4 [98]. NSUN4 forms a complex with MTERF4 protein [99,100] which belongs
to a family of mitochondrial transcription termination factors [101]. Surprisingly, MTERF4·NSUN4
complex interacts mostly with the large mitoribosomal subunit [102], while the methyltransferase
activity of NSUN4 is required for the small subunit modification. This complex turned out to be
important for mitoribosome assembly [100]. Mterf4 inactivation led to embryonic lethality, while tissue
specific inactivation resulted in mitochondrial disfunction phenotype: elevated transcription level
of mitochondrial DNA, increased mitochondrial mass and impaired mitochondrial translation.
Mitochondria with inactivated MTERF4 accumulate free ribosomal subunits, which are unable
to associate to form the 55S mitoribosomes [100]. The stage of the mitochondrial large ribosomal
subunit assembly which requires a binding of MTERF4·NSUN4 complex was suggested on the basis of
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GTPBP5/MTG2 pulldown experiments and an analysis of a composition of assembly intermediates
after GTPBP5/MTG2, MRM2 and mL36 gene knockdowns [80]. As suggested, it should bind after
MALSU1·L0R8F8·mt-ACP module whose structure was visualized by cryo-EM [31], prior to the final
stage of GTPBP5/MTG2 binding, U1369 methylation by MRM2 and association of mL36, finalizing
LSU assembly.

An open question is whether MTERF4·NSUN4 complex function in the large mitoribosome subunit
assembly is coordinated with the methyltransferase activity of NSUN4 towards the small mitoribosomal
subunit. NSUN4 ability to modify the 12S mitochondrial rRNA do not require its association with
MTERF4 [98], since Mterf4 gene inactivation has not abolished m5C841 formation. It is also likely
that NSUN4 methylates 12S rRNA after the formation of m4C839 by METTL15, since inactivation
of the latter inhibits NSUN4 ability to modify 12S rRNA [10,12,13]. Inactivation of a mitochondrial
methyltransferase METTL17, whose target is yet unknown, also leads to a decrease in the efficiency
of C841 methylation [103]. At the same time, methylation of C841 by NSUN4 does not influence an
efficiency of m2

6A936 and m2
6A937 methylation by TFB1M [98].

Nsun4 gene inactivation in mice led to the same consequences as inactivation of Mterf4. Whole body
knockout leads to the embryonic lethality, while tissue specific knockout in the heart leads to impaired
mitochondrial translation, elevated level of transcription and mitochondrial mass increase, likely due
to some compensatory mechanism. The reason of all of that is likely the same—accumulation of free
ribosomal subunits and decreased amount of monosome. How and whether modification of the small
subunit by NSUN4 is coordinated with the large ribosomal assembly facilitated by NSUN4·MTERF4
complex is unknown. According to the suggested model [98] NSUN4 modifies the small subunit
independently, while NSUN4·MTERF4 complex binds an intermediate of the large ribosomal subunit
assembly and following its completion, mediate subunit association.

4.2. 12S rRNA m4C839

In E. coli 16S rRNA nucleotide m4Cm1402 is located in the helix 44 approaching mRNA in the
P-site. Its nucleobase methylation is done by RsmH, while ribose is methylated by RsmI [104]. Lack of
either protein increases the doubling time of bacteria while in double knockout strain this effect
is more pronounced. Both of the proteins could modify, albeit inefficiently, SSU isolated from the
corresponding knockout strain in vitro, but neither 70S ribosomes nor deproteinized rRNA could be
methylated. This indicates that RsmH and RsmI target is likely to be a late assembly intermediate,
close to the 30S subunit in its composition. Ribosomes without C1402 base methylation are able to start
translation from non-canonical start codons more effectively when the wild type ones, while ribosomes
without the ribose modification were shown to erroneously recognize UGA as a sense codon more
frequently [104].

In mammalian mitochondria, this nucleotide is methylated by a homologue of bacterial RsmH,
METTL15 [10,12,13]. The phenotype of METTL15 gene inactivation is a matter of some discrepancies.
Studies performed on HAP1, human haploid adherent cell line, demonstrated that METTL15
inactivation resulted in impaired mitochondrial translation, decreased activity of ETC complexes and
decreased level of SSU and LSU association [10,12]. In the case of Mettl15 gene inactivation in murine
suspension cell line NS0, no decrease in mitochondrial translation or ETC complexes activity were
observed [13]. However, the amount of free LSU and SSU was shown to slightly increase in the case of
overexpression of the catalytically dead METTL15 protein.

METTL15 is involved in the assembly of the mitochondrial small ribosomal subunit.
Immunoprecipitation of METTL15 allowed our group to identify a composition of its substrate
complex [13]. While it contains the 12S rRNA and almost entire set of the small subunit mitochondrial
r-proteins, it lacks mS37, mS38 and mS39 proteins. The protein mS39 binds the small subunit from
the cytoplasmic side and facilitate a recruitment of mRNAs [39,40]. Proteins mS37 and mS38 are
located in the platform region of the small subunit [96] and also contribute to the interaction with
mRNAs [37,38]. The latter protein is nearest to the modification site. Additionally to the mitochondrial
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proteins (with above mentioned exceptions) the complex of METTL15 with the small ribosomal subunit
assembly intermediate contained RBFA [13]. This protein was previously demonstrated to function as
an assembly factor for the small mitoribosomal subunit [105], whose absence, albeit almost neutral for
the efficiency of mitochondrial translation, lead to substoichiometric 12S rRNA methylation by TFB1M.
In bacteria the function of RbfA homologue is better studied. It is known to participate in the very
late stages of the small ribosomal subunit assembly preventing recruitment of the 30S into translation
until the assembly is completed [106]. Structure of the 30S·RbfA complex investigated by a cryo-EM,
demonstrated that the protein binds next to the 16S rRNA helices 44 and 45 [107], roughly at a place
occupied by mS38 in the mitochondrial ribosomes. Moreover, RbfA induces substantial displacement of
these helices and disturbs their conformation in the region approximately corresponding to the location
of the 16S rRNA nucleotide C1402. It might be hypothesized that a complex of bacterial 30S subunit
precursor bound to RbfA might be a substrate of RsmH, similar to that for the mitochondrial RBFA and
METTL15 proteins. In addition to RBFA, methyltransferase TFB1M which is engaged to the late steps of
the SSU assembly and whose activity is stimulated by RBFA [105] was also found coprecipitating with
METTL15 [13]. Another mitochondrial rRNA methyltransferase, NSUN4, was found to act inefficiently
upon inactivation of METTL15 gene [10,12,13], which is discussed in a previous section. In turn,
activity of METTL15 was found to be reduced upon inactivation of the mitochondrial methyltransferase
METTL17 [103].

Lack of active METTL15 leads to a substoichiometric inclusion of mS12, mS15, mS17 and mS38
proteins into the human mitochondrial small ribosomal subunit in HAP1 cells [10], albeit this was not
observed for the murine NS0 cells [13]. Additionally we observed RBFA redistribution between the
55S ribosome and SSU so that upon inactivation of METTL15 gene RBFA might be found not only
in the fraction of small ribosomal subunits, but also in that of 55S ribosomes [13], which is likely to
represent suboptimal function of an assembly quality control mechanism.

While RsmH/METTL15 function in bacteria and mitochondria to methylate N4 amino group of the
nucleotide C1402/C839, the corresponding nucleotide of the archaeal or eukaryotic cytosolic ribosomes
is either unmodified or modified at the ribose hydroxyl [3]. This difference might be explained
by a mutually exclusive presence of either m4C introduced by RsmH [104]/METTL15 [10,12,13] or
m6A (m6A1832 in human cytosolic 18S rRNA numbering) introduced by METTL5 [108]. The latter
modification might be found in the cytosolic ribosomes of eukaryotes [109] or in archaeal ribosomes [110].
These two nucleotides are forming a non-canonical basepair in all organisms, so that a single methyl
group is placed in roughly equivalent position while attached to either one of these nucleotides.
Such mutually exclusive modifications are common in ribosomes [3]. It remains unclear as to whether
the methylation of m4C1402/C839 and m6A1832 have similar functional roles or these modifications
are specifically adapted for bacterial-type and archaeal-type ribosomes.

4.3. 16S rRNA Ψ 1397

16S rRNA Ψ1397 is the only pseudouridine in human mitochondrial ribosome [7]. It is formed by
RPUSD4, an enzyme also responsible for the modification of mt-tRNAPhe [111,112]. Nucleotides in
yeast mitochondrial [113] and bacterial ribosomes [114,115] equivalent to Ψ1397 are pseudouridinylated.
E. coli RluC pseudouridine synthase is responsible for modification of the 23S rRNA nucleotides
Ψ955, Ψ2504 and Ψ2580; the latter being equivalent to the mitochondrial 16S rRNA Ψ1397 residue.
Mitochondrial 16S rRNA unlike bacterial 23S rRNA do not have an equivalent to U955, while an
equivalent to U2506 is present, although unmodified. It seems likely, but could not be unequivocally
stated, that RluC and RPUSD4 are orthologues; RPUSD4 bears a significant similarity with a number of
bacterial pseudouridine synthases, such as RluA [116], which have an ability, like RPUSD4, to modify
tRNA [117]. Inactivation of rluC gene in bacteria and the corresponding PUS5 in yeast has very mild
phenotype [113,114].

Formation of 16S rRNA Ψ1397 modification in mammalian mitochondria seems more important.
RPUSD4 gene, responsible for formation of this modification, was found by a genome-wide CRISPR/Cas9
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gene inactivation screen as essential for oxidative phosphorylation [118]. RPUSD4 knockdown results in
a decrease of the 16S rRNA, LSU and monosome amounts leading to impaired mitochondrial translation
and decreased activity of ETC complexes [111]. RPUSD4 mediated pseudouridinylation of mt-tRNAPhe

seems less important than modification of the 16S rRNA, since this modification influences neither
amount of the tRNAPhe nor its aminoacylation level [112].

5. 16S rRNA Nucleotide Gm1370 Is Methylated in Mitochondrial and Cytosolic Ribosomes

While several nucleotides of mitochondrial rRNAs are modified in a way similar to that in
bacteria, there is a remarkable exception. Nucleotide Gm1370 of the ribosomal A-loop is modified in
mitochondrial [6] and cytosolic [119] ribosomes of eukaryotes, as well as in archaea [120], but not in
gram-negative bacteria. Interestingly, the presence of Gm nucleotide in the A-loop was documented in
some gram-positive bacterial species [81], although the enzyme responsible for this modification has
not been identified. Mitochondria are likely to acquire this rRNA modification from archaea that was a
predecessor of eukaryotic cell that engulfed bacterial predecessor of mitochondria. A bacterial origin
of this modification is less likely, since gram-negative proteobacterial predecessor of mitochondria
possibly did not have it.

Although in gram-negative bacteria equivalent 23S rRNA nucleotide G2553 is not methylated,
it is functionally very important because it forms a basepair with nucleotide C75 of the A-site bound
tRNA [82,83]. Yeast cytosolic ribosomes are modified at equivalent 25S rRNA nucleotide Gm2922 by a
specialized protein Spb1 acting late in the ribosome assembly process [121]. Yeast strain with inactive
Spb1 mutant is cold-sensitive and has ribosome subunit association defect. It is of interest to note
that neighboring nucleotide Um2921 of yeast cytosolic 25S rRNA, although universally conserved,
is modified by snoRNA guided mechanism, while for the modification of Gm2922 a specialized protein
methyltransferase was used. This peculiarity may lead to the suggestion that Spb1 methyltransferase
has a separate role in ribosome assembly, which goes beyond a mere introduction of the methyl group.

Ribose methylation of G1370 in human 16S mt-rRNA is done by MRM3 [78,93]. It is localized
in mitochondria and on sucrose gradients co-migrates with nucleoid and LSU [79,93]. Not only LSU
proteins, but also RNA-chaperones (p32/C1QBP, LRPPRC, PTCD3 and GRSF1), assembly factors
MTERF3 and DDX28 and 16S rRNA pseudouridine synthase RPUSD4 co-precipitate with MRM3 [79].
In the case of MRM3 gene knockdown LSU assembly intermediate is accumulated [93] and, as results
of it, mitochondrial translation is impaired [79,93], ETC complexes activity is decreased and cells
growth is slowed on either glucose or galactose containing medium [93]. To summarize it, the MRM3
target is assembly intermediate of 39S subunit and the presence or activity of the protein are important
for proper ribosome assembly.

6. rRNA Nucleotides Methylated Exclusively in the Mitochondrial Ribosomes

Apart from the ribosomal RNA modification machinery acquired from the bacterial and archaeal
predecessors of eukaryotic cells, a couple of rRNA methyltransferases evolved to function exclusively
in the mitochondria to make modification which could not be found in any other ribosomal RNA
outside this organelle.

6.1. m1A947 16S rRNA

In the 3D structure of the mitochondrial ribosome 16S rRNA nucleotide m1A947 is located close
to the methylated nucleotides of the A-loop (Figure 1). Modification of this nucleotide is specific for
mammalian mitochondria and it is the only methylation of a heterocyclic base in the 16S mt-rRNA.

This nucleotide is modified by the dual-specific enzyme TRMT61B, the other target of which
is mt-tRNA. An ability to modify nucleotide A58 of mitochondrial tRNA was discovered first,
driven by a homology of TRMT61B to a family of tRNA methyltransferases responsible for making
m1A58 nucleotide modification [122]. In bacteria, a homologue of this enzyme, TrmI, acts as a
homotetramer [123,124], while yeast cytoplasmic tRNAs are modified by a heterotetramer composed of
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Trm6·Trm61 dimers [125] which had likely been evolved due to gene duplication. Human orthologues
of these proteins, TRMT6 and TRMT61A, are responsible for the cytoplasmic tRNA modification [126].
Another gene duplication event which is likely to happen in the evolution of vertebrates resulted in
the formation of a paralogous TRMT61B gene.

Nucleotide m1A58 of tRNA forms reverse Hoogsteen base pair with m5U54 in T-loop [127]. It is
considered that A58 methylation introduces positive charge to the base and stabilize tertiary tRNA
structure [128].

Modified nucleotide m1A947 in the mitochondrial 16S rRNA was serendipitously discovered
by difference in sequences of DNA and RNA (RDD, RNA-DNA difference) [129]. In the sequence
of mt-DNA only adenine was observed at this position, while in RNA sequence reads adenine,
thymine or guanine could be found due to erroneous nucleotide incorporation into cDNA opposite
to the m1A by a reverse transcriptase. Inactivation of the TRMT61B gene resulted in the loss of this
16S rRNA modification supporting the idea that this enzyme acquired a new target, mitochondrial
rRNA, in addition to the mitochondrial tRNA molecules.

It is hypothesized that m1A947 facilitates helix H71 interaction with H64 and H92 in 39S subunit.
However, no phenotype of the TRMT61B gene knockdown was found. Corroborating the moderate
influence of TRMT61B on organism fitness is the fact that some species, such as M. musculus and
O. anatinus, don’t have a functional TRMT2B gene which is accompanied by a substitution of the
corresponding target nucleotide in the 16S rRNA. In majority of bacterial ribosomes the nucleotide
corresponding to the mitochondrial 16S rRNA nucleotide m1A947 is G, while in eukaryotic cytosolic
ribosome this position is occupied by T. Artificial substitution of the equivalent nucleotide in E. coli
ribosomes demonstrated that while G to T substitution has virtually no consequences, G to (unmodifed)
A substitution decreased the growth rate and impaired in vitro and in vivo translation efficiencies [129].
It is thus possible that m1A947 modification might prevent formation of some unproductive interactions
that might be formed by the adenine at this position.

6.2. 12S rRNA m5U429

Modified 12S rRNA nucleotide m5U429 is unique for vertebrate mitochondria; equivalent
nucleotides in other types of ribosomes are not modified. It was recently demonstrated that
U429 is methylated by protein TRMT2B [9,11], a dual specificity enzyme which is also capable
to form m5U54 residue in the T-loop of a number of mitochondrial tRNAs. Although equivalent
nucleotides in other ribosomes are not modified, bacteria and yeast have homologues tRNA-specific
methyltransferases TrmA [130] and Trm2 [131]. Reconstruction of the phylogenetic tree of C5 uridine
RNA methyltransferases allows us to suggest that this type of enzyme is related to bacterial 23S specific
RNA methyltransferases RlmD, RlmC and RlmCD whose evolution in bacteria [132,133] is outside
a scope of this review (see [3] for a review). While invertebrates possess a single representative of
this family, Trm2, responsible for the cytosolic tRNA modification [131], vertebrate genomes encode
its two paralogues, TRMT2A and TRMT2B. TRMT2A is capable to modify cytosolic tRNA [134],
while TRMT2B became specialized not only in mitochondrial tRNA modification, but also in
modification of the 12S rRNA. This evolutionary history is reminiscent to the emergence of the
dual specificity methyltransferase TRMT61B. However, unlike TRMT61B gene inactivation, which is
phenotypically silent, TRMT2B gene inactivation resulted in a moderate decrease in the activity of
ETC complexes containing mitochondrially encoded subunits, while the efficiency of mitochondrial
translation was apparently unaffected [9,11].

Location of the modified 12S rRNA m5U429 in a conserved functionally important region of the
mitochondrial ribosomal subunit (Figure 1b) suggest that it may have specific function in mitochondrial
protein synthesis. In line with this hypothesis is a direct contact of m5U429 with the mitochondrially
specific extension of the translation initiation factor mt-IF3 [135] (Figure 3a) and mRNA at the position
5′ to the P-site [69] (Figure 3b). Both might be relevant to the peculiarities of mitochondrial translation
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initiation. However, without more experimentation the role for the 12S rRNA m5U429, modification
remains elusive.Cells 2020, 9, x 12 of 21 
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Figure 3. Location of the methylated nucleotide m5U429 of the 12S rRNA (red spacefilled object) relative
to the ligands of the small subunit of mitochondrial ribosome. (a) tertiary structure of mt-IF3 complex
with the 28S subunit [135]. mt-IF3 is shown as pink ribbon, while its mitochondria-specific N-terminal
extension is shown as green ribbon. (b) tertiary structure of the mammalian mitochondrial ribosome
complex with mRNA and tRNAs [69]. Color scheme is the same as for the Figure 2. UCSF Chimera [36]
was used to create this illustration.

7. Conclusions

While the eukaryotic cell is likely to be a product of symbiosis of primordial archaea and bacteria,
mitochondrial rRNA modification machinery originated from both of these sources (Figure 4a).
Bacterial-type modifications are likely to reflect a more substantial similarity of mitoribosomes, as well
as a translation apparatus in general to bacterial ones. On the other hand, at least one modification,
of the 16S rRNA nucleotide Gm1370, is likely to be acquired from the archaea/cytosolic ribosome
modification apparatus. Two modifications of the vertebrate mitoribosomes have not been inherited
from other ribosomal modification systems, 12S rRNA m5U429 and 16S rRNA m1A947. Both of
these modifications appeared as a result of duplications of genes coding for tRNA-specific RNA
metyltransferases and both enzymes thus formed, TRMT2B and TRMT61B, have dual specificity
(Figure 4a). Due to this fact, it remains an open question as to whether modification of rRNA by these
proteins is a mere byproduct of tRNA modification, or does it have a special function? For another
dual specificity mitochondrial rRNA/tRNA modification enzyme, RPUSD4 pseudouridine synthetase,
the primary function is likely to be modification of rRNA.

While a detailed map of the mitochondrial ribosome assembly is only emerging [80,136–139],
few snapshots of this complex process involving rRNA methyltransferases might be drawn (Figure 4b).
Small subunit assembly factor RBFA (Figure 4b, upper panel) is known to positively influence activity
of TFB1M and coprecipitate with METTL15. Activity of METTL15 is needed for efficient functioning of
NSUN4, placing the latter downstream. While there are discrepancies on the particular set of r-proteins
which joins 28S subunit after the methylation of its precursor by METTL15; mS38, the protein closest to
the modification site, was included into this list by all researchers. Nothing is known about the timing
of TRMT2B action.
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Figure 4. Mitochondrial rRNA modification in the context of evolution and mitochondrial ribosome
assembly. (a) Likely evolutionary origin of enzymes responsible for mammalian mitochondrial
rRNA modification. Boxed are the systems for the methylation of mammalian mitochondrial rRNA
(center), related part of the bacterial (left) and archaeal/eukaryotic cytosolic (right) rRNA modification
systems. Related systems of tRNA methylation are shown on the lower part of the panel. Pink arrows
demonstrate enzymatic activities. Green arrows demonstrate possible evolutionary origin. Mutually
exclusive presence of METTL15 and METTL5 is shown by a red blunt-ended arrow. (b) A model for
the involvement of mitochondrial rRNA modification enzymes in the assembly of the small (upper
part) and the large (lower part) mitochondrial ribosome subunit assembly. Orange objects corresponds
to the small subunit components, while blue ones to that of the large subunit. Red circles correspond
to methyl groups transferred by rRNA methyltransferases and pseudouridine formed by RPUSD4.
Black arrows correspond to the stimulatory interactions; dotted arrow to the putative one.
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During construction of the large 39S subunit, an intermediate containing a set of assembly factors
binds GTPBP5, interacting with and stimulating the activity of MRM2 (Figure 4b, lower panel). It is
known that MRM1 activity is also stimulated by this factor. Association of the ribosomal protein mL36
happens downstream. The timing of RPUSD4, MRM3 and TRMT61B functioning is yet unknown.

While the list of enzymes responsible for the modification of mammalian mitochondrial rRNA is
completed, further studies are needed to illuminate all details of the mitochondrial ribosome assembly
and maturation map. The same is true for the investigation of the roles modified nucleotides play in
the mitochondrial translation process.

Author Contributions: Writing—original draft preparation, I.L.; writing—review and editing, P.S., O.D.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 19-14-00043.

Acknowledgments: Authors thank all members of their laboratory for fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boccaletto, P.; Machnicka, M.A.; Purta, E.; Piatkowski, P.; Baginski, B.; Wirecki, T.K.; de Crécy-Lagard, V.;
Ross, R.; Limbach, P.A.; Kotter, A.; et al. MODOMICS: A database of RNA modification pathways.
2017 update. Nucleic Acids Res. 2018, 46, D303–D307. [CrossRef]

2. Brimacombe, R.; Mitchell, P.; Osswald, M.; Stade, K.; Bochkariov, D. Clustering of modified nucleotides at
the functional center of bacterial ribosomal RNA. FASEB J. 1993, 7, 161–167. [CrossRef]

3. Sergiev, P.V.; Aleksashin, N.A.; Chugunova, A.A.; Polikanov, Y.S.; Dontsova, O.A. Structural and evolutionary
insights into ribosomal RNA methylation. Nat. Chem. Biol. 2018, 14, 226–235. [CrossRef] [PubMed]

4. Sergiev, P.V.; Golovina, A.Y.; Prokhorova, I.V.; Sergeeva, O.V.; Osterman, I.A.; Nesterchuk, M.V.;
Burakovsky, D.E.; Bogdanov, A.A.; Dontsova, O.A. Ribosomes: Structure, Function, and Dynamics; Springer:
Vienna, Austria, 2011; pp. 97–110.

5. Baer, R.; Dubin, D.T. The 3′-terminal sequence of the small subunit ribosomal RNA from hamster mitochondria.
Nucleic Acids Res. 1980, 8, 4927–4941. [CrossRef] [PubMed]

6. Baer, R.J.; Dubin, D.T. Methylated regions of hamster mitochondrial ribosomal RNA: Structural and functional
correlates. Nucleic Acids Res. 1981, 9, 323–337. [CrossRef] [PubMed]

7. Ofengand, J.; Bakin, A. Mapping to nucleotide resolution of pseudouridine residues in large subunit
ribosomal RNAs from representative eukaryotes, prokaryotes, archaebacteria, mitochondria and chloroplasts.
J. Mol. Biol. 1997, 266, 246–268. [CrossRef]

8. Rorbach, J.; Minczuk, M. The post-transcriptional life of mammalian mitochondrial RNA. Biochem. J. 2012,
444, 357–373. [CrossRef]

9. Laptev, I.; Shvetsova, E.; Levitskii, S.; Serebryakova, M.; Rubtsova, M.; Bogdanov, A.; Kamenski, P.; Sergiev, P.;
Dontsova, O. Mouse Trmt2B protein is a dual specific mitochondrial metyltransferase responsible for m5U
formation in both tRNA and rRNA. RNA Biol. 2020, 17, 441–450. [CrossRef]

10. Haute, L.V.; Hendrick, A.G.; D’Souza, A.R.; Powell, C.A.; Rebelo-Guiomar, P.; Harbour, M.E.; Ding, S.;
Fearnley, I.M.; Andrews, B.; Minczuk, M. METTL15 introduces N4-methylcytidine into human mitochondrial
12S rRNA and is required for mitoribosome biogenesis. Nucleic Acids Res. 2019, 47, 10267–10281. [CrossRef]

11. Powell, C.A.; Minczuk, M. TRMT2B is responsible for both tRNA and rRNA m5 U-methylation in human
mitochondria. RNA Biol. 2020, 17, 451–462. [CrossRef]

12. Chen, H.; Shi, Z.; Guo, J.; Chang, K.; Chen, Q.; Yao, C.-H.; Haigis, M.C.; Shi, Y. The human mitochondrial
12S rRNA m4 C methyltransferase METTL15 is required for mitochondrial function. J. Biol. Chem. 2020, 295,
8505–8513. [CrossRef] [PubMed]

13. Laptev, I.; Shvetsova, E.; Levitskii, S.; Serebryakova, M.; Rubtsova, M.; Zgoda, V.; Bogdanov, A.; Kamenski, P.;
Sergiev, P.; Dontsova, O. METTL15 interacts with the assembly intermediate of murine mitochondrial small
ribosomal subunit to form m4C840 12S rRNA residue. Nucleic Acids Res. 2020, 48, 8022–8034. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/nar/gkx1030
http://dx.doi.org/10.1096/fasebj.7.1.8422963
http://dx.doi.org/10.1038/nchembio.2569
http://www.ncbi.nlm.nih.gov/pubmed/29443970
http://dx.doi.org/10.1093/nar/8.21.4927
http://www.ncbi.nlm.nih.gov/pubmed/7443529
http://dx.doi.org/10.1093/nar/9.2.323
http://www.ncbi.nlm.nih.gov/pubmed/6782552
http://dx.doi.org/10.1006/jmbi.1996.0737
http://dx.doi.org/10.1042/BJ20112208
http://dx.doi.org/10.1080/15476286.2019.1694733
http://dx.doi.org/10.1093/nar/gkz735
http://dx.doi.org/10.1080/15476286.2020.1712544
http://dx.doi.org/10.1074/jbc.RA119.012127
http://www.ncbi.nlm.nih.gov/pubmed/32371392
http://dx.doi.org/10.1093/nar/gkaa522
http://www.ncbi.nlm.nih.gov/pubmed/32573735


Cells 2020, 9, 2181 15 of 21

14. Rebelo-Guiomar, P.; Powell, C.A.; Van Haute, L.; Minczuk, M. The mammalian mitochondrial
epitranscriptome. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 429–446. [CrossRef] [PubMed]

15. Lopez Sanchez, M.I.G.; Cipullo, M.; Gopalakrishna, S.; Khawaja, A.; Rorbach, J. Methylation of Ribosomal
RNA: A Mitochondrial Perspective. Front. Genet. 2020, 11, 761. [CrossRef]

16. Bohnsack, M.T.; Sloan, K.E. The mitochondrial epitranscriptome: The roles of RNA modifications in
mitochondrial translation and human disease. Cell. Mol. Life Sci. 2018, 75, 241–260. [CrossRef]

17. McBride, H.M.; Neuspiel, M.; Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 2006, 16,
R551–R560. [CrossRef] [PubMed]

18. Sagan, L. On the Origin of Mitosing Cells. J. Theor. Biol. 1967, 225–274. [CrossRef]
19. Burger, G.; Gray, M.W.; Franz Lang, B. Mitochondrial genomes: Anything goes. Trends Genet. 2003, 19, 709–716.

[CrossRef]
20. Zollo, O.; Tiranti, V.; Sondheimer, N. Transcriptional requirements of the distal heavy-strand promoter of

mtDNA. Proc. Natl. Acad. Sci. USA 2012, 109, 6508–6512. [CrossRef]
21. Morozov, Y.I.; Agaronyan, K.; Cheung, A.C.M.; Anikin, M.; Cramer, P.; Temiakov, D. A novel intermediate in

transcription initiation by human mitochondrial RNA polymerase. Nucleic Acids Res. 2014, 42, 3884–3893.
[CrossRef]

22. O’Brien, T.W. Evolution of a protein-rich mitochondrial ribosome: Implications for human genetic disease.
Gene 2002, 286, 73–79. [CrossRef]

23. Sharma, M.R.; Koc, E.C.; Datta, P.P.; Booth, T.M.; Spremulli, L.L.; Agrawal, R.K. Structure of the Mammalian
Mitochondrial Ribosome Reveals an Expanded Functional Role for Its Component Proteins. Cell 2003, 115,
97–108. [CrossRef]

24. Kaushal, P.S.; Sharma, M.R.; Booth, T.M.; Haque, E.M.; Tung, C.-S.; Sanbonmatsu, K.Y.; Spremulli, L.L.;
Agrawal, R.K. Cryo-EM structure of the small subunit of the mammalian mitochondrial ribosome. Proc. Natl.
Acad. Sci. USA 2014, 111, 7284–7289. [CrossRef]

25. Greber, B.J.; Boehringer, D.; Leibundgut, M.; Bieri, P.; Leitner, A.; Schmitz, N.; Aebersold, R.; Ban, N.
The complete structure of the large subunit of the mammalian mitochondrial ribosome. Nature 2014, 515,
283–286. [CrossRef]

26. Greber, B.J.; Ban, N. Structure and Function of the Mitochondrial Ribosome. Annu. Rev. Biochem. 2016, 85,
103–132. [CrossRef]

27. Cavdar Koc, E.; Burkhart, W.; Blackburn, K.; Moseley, A.; Spremulli, L.L. The Small Subunit of the Mammalian
Mitochondrial Ribosome: Identification of the full complement of ribosomal proteins present. J. Biol. Chem.
2001, 276, 19363–19374. [CrossRef] [PubMed]

28. Koc, E.C.; Burkhart, W.; Blackburn, K.; Moyer, M.B.; Schlatzer, D.M.; Moseley, A.; Spremulli, L.L. The Large
Subunit of the Mammalian Mitochondrial ribosome: Analysis of the complement of ribosomal proteins
present. J. Biol. Chem. 2001, 276, 43958–43969. [CrossRef]

29. Amunts, A.; Brown, A.; Bai, X.; Llácer, J.L.; Hussain, T.; Emsley, P.; Long, F.; Murshudov, G.; Scheres, S.H.W.;
Ramakrishnan, V. Structure of the Yeast Mitochondrial Large Ribosomal Subunit. Science 2014, 343, 1485–1489.
[CrossRef]

30. Desai, N.; Brown, A.; Amunts, A.; Ramakrishnan, V. The structure of the yeast mitochondrial ribosome.
Science 2017, 355, 528–531. [CrossRef]

31. Brown, A.; Rathore, S.; Kimanius, D.; Aibara, S.; Bai, X.; Rorbach, J.; Amunts, A.; Ramakrishnan, V. Structures
of the human mitochondrial ribosome in native states of assembly. Nat. Struct. Mol. Biol. 2017, 24, 866–869.
[CrossRef]

32. Brown, A.; Amunts, A.; Bai, X.-C.; Sugimoto, Y.; Edwards, P.C.; Murshudov, G.; Scheres, S.H.W.;
Ramakrishnan, V. Structure of the large ribosomal subunit from human mitochondria. Science 2014,
346, 718–722. [CrossRef] [PubMed]

33. Ott, M.; Herrmann, J.M. Co-translational membrane insertion of mitochondrially encoded proteins.
Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2010, 1803, 767–775. [CrossRef] [PubMed]

34. Cannone, J.J.; Subramanian, S.; Schnare, M.N.; Collett, J.R.; D’Souza, L.M.; Du, Y.; Feng, B.; Lin, N.;
Madabusi, L.V.; Müller, K.M.; et al. The comparative RNA web (CRW) site: An online database of
comparative sequence and structure information for ribosomal, intron, and other RNAs. BMC Bioinform.
2002, 3, 2. [CrossRef]

http://dx.doi.org/10.1016/j.bbagrm.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30529456
http://dx.doi.org/10.3389/fgene.2020.00761
http://dx.doi.org/10.1007/s00018-017-2598-6
http://dx.doi.org/10.1016/j.cub.2006.06.054
http://www.ncbi.nlm.nih.gov/pubmed/16860735
http://dx.doi.org/10.1016/0022-5193(67)90079-3
http://dx.doi.org/10.1016/j.tig.2003.10.012
http://dx.doi.org/10.1073/pnas.1118594109
http://dx.doi.org/10.1093/nar/gkt1356
http://dx.doi.org/10.1016/S0378-1119(01)00808-3
http://dx.doi.org/10.1016/S0092-8674(03)00762-1
http://dx.doi.org/10.1073/pnas.1401657111
http://dx.doi.org/10.1038/nature13895
http://dx.doi.org/10.1146/annurev-biochem-060815-014343
http://dx.doi.org/10.1074/jbc.M100727200
http://www.ncbi.nlm.nih.gov/pubmed/11279123
http://dx.doi.org/10.1074/jbc.M106510200
http://dx.doi.org/10.1126/science.1249410
http://dx.doi.org/10.1126/science.aal2415
http://dx.doi.org/10.1038/nsmb.3464
http://dx.doi.org/10.1126/science.1258026
http://www.ncbi.nlm.nih.gov/pubmed/25278503
http://dx.doi.org/10.1016/j.bbamcr.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19962410
http://dx.doi.org/10.1186/1471-2105-3-2


Cells 2020, 9, 2181 16 of 21

35. Amunts, A.; Brown, A.; Toots, J.; Scheres, S.H.W.; Ramakrishnan, V. The structure of the human mitochondrial
ribosome. Science 2015, 348, 95–98. [CrossRef] [PubMed]

36. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E.
UCSF Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25,
1605–1612. [CrossRef] [PubMed]

37. Mays, J.-N.; Camacho-Villasana, Y.; Garcia-Villegas, R.; Perez-Martinez, X.; Barrientos, A.; Fontanesi, F.
The mitoribosome-specific protein mS38 is preferentially required for synthesis of cytochrome c oxidase
subunits. Nucleic Acids Res. 2019, 47, 5746–5760. [CrossRef] [PubMed]

38. Ayyub, S.A.; Varshney, U. Translation initiation in mammalian mitochondria- a prokaryotic perspective.
RNA Biol. 2020, 17, 165–175. [CrossRef] [PubMed]

39. Kummer, E.; Leibundgut, M.; Rackham, O.; Lee, R.G.; Boehringer, D.; Filipovska, A.; Ban, N. Unique
features of mammalian mitochondrial translation initiation revealed by cryo-EM. Nature 2018, 560, 263–267.
[CrossRef] [PubMed]

40. Aibara, S.; Singh, V.; Modelska, A.; Amunts, A. Structural basis of mitochondrial translation. eLife 2020,
9, e58362. [CrossRef]

41. Koripella, R.K.; Sharma, M.R.; Bhargava, K.; Datta, P.P.; Kaushal, P.S.; Keshavan, P.; Spremulli, L.L.;
Banavali, N.K.; Agrawal, R.K. Structures of the human mitochondrial ribosome bound to EF-G1 reveal
distinct features of mitochondrial translation elongation. Nat. Commun. 2020, 11, 1–11. [CrossRef]

42. Kuzmenko, A.; Atkinson, G.C.; Levitskii, S.; Zenkin, N.; Tenson, T.; Hauryliuk, V.; Kamenski, P. Mitochondrial
translation initiation machinery: Conservation and diversification. Biochimie 2014, 100, 132–140. [CrossRef]
[PubMed]

43. Haque, M.E.; Spremulli, L.L. Roles of the N- and C-terminal domains of mammalian mitochondrial initiation
factor 3 in protein biosynthesis. J. Mol. Biol. 2008, 384, 929–940. [CrossRef] [PubMed]

44. Ohtsuki, T.; Watanabe, Y. T-armless tRNAs and elongated elongation factor Tu. Iubmb Life 2007, 59, 68–75.
[CrossRef] [PubMed]

45. Gaur, R.; Grasso, D.; Datta, P.P.; Krishna, P.D.V.; Das, G.; Spencer, A.; Agrawal, R.K.; Spremulli, L.; Varshney, U.
A single mammalian mitochondrial translation initiation factor functionally replaces two bacterial factors.
Mol. Cell 2008, 29, 180–190. [CrossRef] [PubMed]

46. Derbikova, K.; Kuzmenko, A.; Levitskii, S.; Klimontova, M.; Chicherin, I.; Baleva, M.; Krasheninnikov, I.;
Kamenski, P. Biological and Evolutionary Significance of Terminal Extensions of Mitochondrial Translation
Initiation Factor 3. Int. J. Mol. Sci. 2018, 19, 3861. [CrossRef]

47. Anderson, S.; Bankier, A.T.; Barrell, B.G.; de Bruijn, M.H.; Coulson, A.R.; Drouin, J.; Eperon, I.C.; Nierlich, D.P.;
Roe, B.A.; Sanger, F.; et al. Sequence and organization of the human mitochondrial genome. Nature 1981, 290,
457–465. [CrossRef]

48. Temperley, R.; Richter, R.; Dennerlein, S.; Lightowlers, R.N.; Chrzanowska-Lightowlers, Z.M. Hungry codons
promote frameshifting in human mitochondrial ribosomes. Science 2010, 327, 301. [CrossRef]

49. Temperley, R.J. Investigation of a pathogenic mtDNA microdeletion reveals a translation-dependent
deadenylation decay pathway in human mitochondria. Hum. Mol. Genet. 2003, 12, 2341–2348. [CrossRef]

50. Helser, T.L.; Davies, J.E. Change in Methylation of 16S Ribosomal RNA Associated with Mutation to
Kasugamycin Resistance in Escherichia coli. Nat. New Biol. 1971, 233, 12–14. [CrossRef]

51. Van Buul, C.P.J.J.; Damm, J.B.L.; Van Knippenberg, P.H. Kasugamycin resistant mutants of Bacillus
stearothermophilus lacking the enzyme for the methylation of two adjacent adenosines in 16S ribosomal
RNA. Mol. Gen. Genet. 1983, 189, 475–478. [CrossRef]

52. Poldermans, B.; Goosen, N.; Knippenberg, P.H.V. Studies on the function of two adjacent N6,
N6-dimethyladenosines near the 3′ end of 16 S ribosomal RNA of Escherichia coli. I. The effect of kasugamycin
on initiation of protein synthesis. J. Biol. Chem. 1979, 254, 9085–9089. [PubMed]

53. Helser, T.L.; Davies, J.E.; Dahlberg, J.E. Mechanism of kasugamycin resistance in Escherichia coli. Nat. New Biol.
1972, 235, 6–9. [CrossRef] [PubMed]

54. Cunningham, P.R.; Weitzmann, C.J.; Nurse, K.; Masurel, R.; Van Knippenberg, P.H.; Ofengand, J. Site-specific
mutation of the conserved m62 A m62 A residues of E. coli 16S ribosomal RNA. Effects on ribosome function
and activity of the ksgA methyltransferase. Biochim. Biophys. Acta 1990, 1050, 18–26. [CrossRef]

http://dx.doi.org/10.1126/science.aaa1193
http://www.ncbi.nlm.nih.gov/pubmed/25838379
http://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://dx.doi.org/10.1093/nar/gkz266
http://www.ncbi.nlm.nih.gov/pubmed/30968120
http://dx.doi.org/10.1080/15476286.2019.1690099
http://www.ncbi.nlm.nih.gov/pubmed/31696767
http://dx.doi.org/10.1038/s41586-018-0373-y
http://www.ncbi.nlm.nih.gov/pubmed/30089917
http://dx.doi.org/10.7554/eLife.58362
http://dx.doi.org/10.1038/s41467-020-17715-2
http://dx.doi.org/10.1016/j.biochi.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23954798
http://dx.doi.org/10.1016/j.jmb.2008.09.077
http://www.ncbi.nlm.nih.gov/pubmed/18930736
http://dx.doi.org/10.1080/15216540701218722
http://www.ncbi.nlm.nih.gov/pubmed/17454297
http://dx.doi.org/10.1016/j.molcel.2007.11.021
http://www.ncbi.nlm.nih.gov/pubmed/18243113
http://dx.doi.org/10.3390/ijms19123861
http://dx.doi.org/10.1038/290457a0
http://dx.doi.org/10.1126/science.1180674
http://dx.doi.org/10.1093/hmg/ddg238
http://dx.doi.org/10.1038/newbio233012a0
http://dx.doi.org/10.1007/BF00325912
http://www.ncbi.nlm.nih.gov/pubmed/383710
http://dx.doi.org/10.1038/newbio235006a0
http://www.ncbi.nlm.nih.gov/pubmed/4336392
http://dx.doi.org/10.1016/0167-4781(90)90135-O


Cells 2020, 9, 2181 17 of 21

55. Formenoy, L.; Cunningham, P.; Pleij, C.; Ofengand, J. Methylation of the conserved A1518-A1519 in
Escherichia coli 16S ribosomal RNA by the ksgA methyltransferase is influenced by methylations around
the similarly conserved U1512.G1523 base pair in the 3′ terminal hairpin. Biochimie 1994, 76, 1123–1128.
[CrossRef]

56. Xu, Z.; O’Farrell, H.C.; Rife, J.P.; Culver, G.M. A conserved rRNA methyltransferase regulates ribosome
biogenesis. Nat. Struct. Mol. Biol. 2008, 15, 534–536. [CrossRef]

57. Connolly, K.; Rife, J.P.; Culver, G. Mechanistic insight into the ribosome biogenesis functions of the ancient
protein KsgA. Mol. Microbiol. 2008, 70, 1062–1075. [CrossRef]

58. Pletnev, P.; Guseva, E.; Zanina, A.; Evfratov, S.; Dzama, M.; Treshin, V.; Pogorel’skaya, A.; Osterman, I.;
Golovina, A.; Rubtsova, M.; et al. Comprehensive Functional Analysis of Escherichia coli Ribosomal RNA
Methyltransferases. Front. Genet. 2020, 11, 97. [CrossRef]

59. Demirci, H.; Murphy, F.; Belardinelli, R.; Kelley, A.C.; Ramakrishnan, V.; Gregory, S.T.; Dahlberg, A.E.; Jogl, G.
Modification of 16S ribosomal RNA by the KsgA methyltransferase restructures the 30S subunit to optimize
ribosome function. RNA 2010, 16, 2319–2324. [CrossRef]

60. Lafontaine, D.; Delcour, J.; Glasser, A.L.; Desgrès, J.; Vandenhaute, J. The DIM1 gene responsible for the
conserved m6(2)Am6(2)A dimethylation in the 3′-terminal loop of 18 S rRNA is essential in yeast. J. Mol. Biol.
1994, 241, 492–497. [CrossRef]

61. Zorbas, C.; Nicolas, E.; Wacheul, L.; Huvelle, E.; Heurgué-Hamard, V.; Lafontaine, D.L.J. The human 18S rRNA
base methyltransferases DIMT1L and WBSCR22-TRMT112 but not rRNA modification are required for
ribosome biogenesis. Mol. Biol. Cell 2015, 26, 2080–2095. [CrossRef]

62. Lafontaine, D.; Vandenhaute, J.; Tollervey, D. The 18S rRNA dimethylase Dim1p is required for pre-ribosomal
RNA processing in yeast. Genes Dev. 1995, 9, 2470–2481. [CrossRef] [PubMed]

63. Seidel-Rogol, B.L.; McCulloch, V.; Shadel, G.S. Human mitochondrial transcription factor B1 methylates
ribosomal RNA at a conserved stem-loop. Nat. Genet. 2003, 33, 23–24. [CrossRef] [PubMed]

64. Liu, X.; Shen, S.; Wu, P.; Li, F.; Liu, X.; Wang, C.; Gong, Q.; Wu, J.; Yao, X.; Zhang, H.; et al. Structural insights
into dimethylation of 12S rRNA by TFB1M: Indispensable role in translation of mitochondrial genes and
mitochondrial function. Nucleic Acids Res. 2019, gkz505. [CrossRef] [PubMed]

65. Falkenberg, M.; Gaspari, M.; Rantanen, A.; Trifunovic, A.; Larsson, N.-G.; Gustafsson, C.M. Mitochondrial
transcription factors B1 and B2 activate transcription of human mtDNA. Nat. Genet. 2002, 31, 289–294.
[CrossRef] [PubMed]

66. McCulloch, V.; Shadel, G.S. Human Mitochondrial Transcription Factor B1 Interacts with the C-Terminal
Activation Region of h-mtTFA and Stimulates Transcription Independently of Its RNA Methyltransferase
Activity. Mol. Cell. Biol. 2003, 23, 5816–5824. [CrossRef] [PubMed]

67. Cotney, J.; Wang, Z.; Shadel, G.S. Relative abundance of the human mitochondrial transcription system and
distinct roles for h-mtTFB1 and h-mtTFB2 in mitochondrial biogenesis and gene expression. Nucleic Acids Res.
2007, 35, 4042–4054. [CrossRef]

68. Surovtseva, Y.V.; Shadel, G.S. Transcription-independent role for human mitochondrial RNA polymerase in
mitochondrial ribosome biogenesis. Nucleic Acids Res. 2013, 41, 2479–2488. [CrossRef]

69. Greber, B.J.; Bieri, P.; Leibundgut, M.; Leitner, A.; Aebersold, R.; Boehringer, D.; Ban, N. The complete
structure of the 55S mammalian mitochondrial ribosome. Science 2015, 348, 303–308. [CrossRef]

70. Metodiev, M.D.; Lesko, N.; Park, C.B.; Cámara, Y.; Shi, Y.; Wibom, R.; Hultenby, K.; Gustafsson, C.M.;
Larsson, N.-G. Methylation of 12S rRNA Is Necessary for In Vivo Stability of the Small Subunit of the
Mammalian Mitochondrial Ribosome. Cell Metab. 2009, 9, 386–397. [CrossRef]

71. Sharoyko, V.V.; Abels, M.; Sun, J.; Nicholas, L.M.; Mollet, I.G.; Stamenkovic, J.A.; Göhring, I.; Malmgren, S.;
Storm, P.; Fadista, J.; et al. Loss of TFB1M results in mitochondrial dysfunction that leads to impaired insulin
secretion and diabetes. Hum. Mol. Genet. 2014, 23, 5733–5749. [CrossRef]

72. Samaha, R.R.; Green, R.; Noller, H.F. A base pair between tRNA and 23S rRNA in the peptidyl transferase
centre of the ribosome. Nature 1995, 377, 309–314. [CrossRef] [PubMed]

73. Lovgren, J.M.; Wikstrom, P.M. The rlmB Gene Is Essential for Formation of Gm2251 in 23S rRNA but Not for
Ribosome Maturation in Escherichia coli. J. Bacteriol. 2001, 183, 6957–6960. [CrossRef] [PubMed]

74. Kiss-László, Z.; Henry, Y.; Bachellerie, J.P.; Caizergues-Ferrer, M.; Kiss, T. Site-specific ribose methylation of
preribosomal RNA: A novel function for small nucleolar RNAs. Cell 1996, 85, 1077–1088. [CrossRef]

http://dx.doi.org/10.1016/0300-9084(94)90040-X
http://dx.doi.org/10.1038/nsmb.1408
http://dx.doi.org/10.1111/j.1365-2958.2008.06485.x
http://dx.doi.org/10.3389/fgene.2020.00097
http://dx.doi.org/10.1261/rna.2357210
http://dx.doi.org/10.1006/jmbi.1994.1525
http://dx.doi.org/10.1091/mbc.E15-02-0073
http://dx.doi.org/10.1101/gad.9.20.2470
http://www.ncbi.nlm.nih.gov/pubmed/7590228
http://dx.doi.org/10.1038/ng1064
http://www.ncbi.nlm.nih.gov/pubmed/12496758
http://dx.doi.org/10.1093/nar/gkz505
http://www.ncbi.nlm.nih.gov/pubmed/31251801
http://dx.doi.org/10.1038/ng909
http://www.ncbi.nlm.nih.gov/pubmed/12068295
http://dx.doi.org/10.1128/MCB.23.16.5816-5824.2003
http://www.ncbi.nlm.nih.gov/pubmed/12897151
http://dx.doi.org/10.1093/nar/gkm424
http://dx.doi.org/10.1093/nar/gks1447
http://dx.doi.org/10.1126/science.aaa3872
http://dx.doi.org/10.1016/j.cmet.2009.03.001
http://dx.doi.org/10.1093/hmg/ddu288
http://dx.doi.org/10.1038/377309a0
http://www.ncbi.nlm.nih.gov/pubmed/7566085
http://dx.doi.org/10.1128/JB.183.23.6957-6960.2001
http://www.ncbi.nlm.nih.gov/pubmed/11698387
http://dx.doi.org/10.1016/S0092-8674(00)81308-2


Cells 2020, 9, 2181 18 of 21

75. Lowe, T.M.; Eddy, S.R. A computational screen for methylation guide snoRNAs in yeast. Science 1999, 283,
1168–1171. [CrossRef]

76. Sirum-Connolly, K.; Mason, T. Functional requirement of a site-specific ribose methylation in ribosomal
RNA. Science 1993, 262, 1886–1889. [CrossRef]

77. Sirum-Connolly, K.; Peltier, J.M.; Crain, P.F.; McCloskey, J.A.; Mason, T.L. Implications of a functional large
ribosomal RNA with only three modified nucleotides. Biochimie 1995, 77, 30–39. [CrossRef]

78. Lee, K.-W.; Bogenhagen, D.F. Assignment of 2′-O-Methyltransferases to Modification Sites on the Mammalian
Mitochondrial Large Subunit 16 S Ribosomal RNA (rRNA). J. Biol. Chem. 2014, 289, 24936–24942. [CrossRef]

79. Lee, K.-W.; Okot-Kotber, C.; LaComb, J.F.; Bogenhagen, D.F. Mitochondrial Ribosomal RNA (rRNA)
Methyltransferase Family Members Are Positioned to Modify Nascent rRNA in Foci near the Mitochondrial
DNA Nucleoid. J. Biol. Chem. 2013, 288, 31386–31399. [CrossRef]

80. Maiti, P.; Antonicka, H.; Gingras, A.-C.; Shoubridge, E.A.; Barrientos, A. Human GTPBP5 (MTG2) fuels
mitoribosome large subunit maturation by facilitating 16S rRNA methylation. Nucleic Acids Res. 2020, 48,
7924–7943. [CrossRef]

81. Hansen, M.A.; Kirpekar, F.; Ritterbusch, W.; Vester, B. Posttranscriptional modifications in the A-loop of 23S
rRNAs from selected archaea and eubacteria. RNA 2002, 8, 202–213. [CrossRef]

82. Brunelle, J.L.; Youngman, E.M.; Sharma, D.; Green, R. The interaction between C75 of tRNA and the A loop
of the ribosome stimulates peptidyl transferase activity. RNA 2006, 12, 33–39. [CrossRef] [PubMed]

83. Kim, D.F.; Green, R. Base-Pairing between 23S rRNA and tRNA in the Ribosomal A Site. Mol. Cell 1999, 4,
859–864. [CrossRef]

84. Caldas, T.; Binet, E.; Bouloc, P.; Costa, A.; Desgres, J.; Richarme, G. The FtsJ/RrmJ Heat Shock Protein of
Escherichia coli Is a 23 S Ribosomal RNA Methyltransferase. J. Biol. Chem. 2000, 275, 16414–16419. [CrossRef]
[PubMed]

85. Bügl, H.; Fauman, E.B.; Staker, B.L.; Zheng, F.; Kushner, S.R.; Saper, M.A.; Bardwell, J.C.A.; Jakob, U.
RNA Methylation under Heat Shock Control. Mol. Cell 2000, 6, 349–360. [CrossRef]

86. Arai, T.; Ishiguro, K.; Kimura, S.; Sakaguchi, Y.; Suzuki, T.; Suzuki, T. Single methylation of 23S rRNA triggers
late steps of 50S ribosomal subunit assembly. Proc. Natl. Acad. Sci. USA 2015, 112, E4707–E4716. [CrossRef]
[PubMed]

87. Tan, J.; Jakob, U.; Bardwell, J.C.A. Overexpression of Two Different GTPases Rescues a Null Mutation in a
Heat-Induced rRNA Methyltransferase. J. Bacteriol. 2002, 184, 2692–2698. [CrossRef]

88. Hwang, J.; Inouye, M. The tandem GTPase, Der, is essential for the biogenesis of 50S ribosomal subunits in
Escherichia coli. Mol. Microbiol. 2006, 61, 1660–1672. [CrossRef]

89. Feng, B.; Mandava, C.S.; Guo, Q.; Wang, J.; Cao, W.; Li, N.; Zhang, Y.; Zhang, Y.; Wang, Z.; Wu, J.; et al.
Structural and Functional Insights into the Mode of Action of a Universally Conserved Obg GTPase. PLoS Biol.
2014, 12, e1001866. [CrossRef]

90. Kobayashi, G.; Moriya, S.; Wada, C. Deficiency of essential GTP-binding protein ObgE in Escherichia coli
inhibits chromosome partition: GTP-binding protein ObgE in E. coli. Mol. Microbiol. 2001, 41, 1037–1051.
[CrossRef]

91. Pintard, L. MRM2 encodes a novel yeast mitochondrial 21S rRNA methyltransferase. EMBO J. 2002, 21,
1139–1147. [CrossRef]

92. Datta, K.; Fuentes, J.L.; Maddock, J.R. The Yeast GTPase Mtg2p Is Required for Mitochondrial Translation
and Partially Suppresses an rRNA Methyltransferase Mutant, mrm2. MBoC 2005, 16, 954–963. [CrossRef]
[PubMed]

93. Rorbach, J.; Boesch, P.; Gammage, P.A.; Nicholls, T.J.J.; Pearce, S.F.; Patel, D.; Hauser, A.; Perocchi, F.;
Minczuk, M. MRM2 and MRM3 are involved in biogenesis of the large subunit of the mitochondrial ribosome.
MBoC 2014, 25, 2542–2555. [CrossRef] [PubMed]

94. Ching, Y.-P.; Zhou, H.-J.; Yuan, J.-G.; Qiang, B.-Q.; Kung, H.; Jin, D.-Y. Identification and Characterization
of FTSJ2, a Novel Human Nucleolar Protein Homologous to Bacterial Ribosomal RNA Methyltransferase.
Genomics 2002, 79, 2–6. [CrossRef] [PubMed]

95. Garone, C.; D’Souza, A.R.; Dallabona, C.; Lodi, T.; Rebelo-Guiomar, P.; Rorbach, J.; Donati, M.A.; Procopio, E.;
Montomoli, M.; Guerrini, R.; et al. Defective mitochondrial rRNA methyltransferase MRM2 causes
MELAS-like clinical syndrome. Hum. Mol. Genet. 2017, 26, 4257–4266. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.283.5405.1168
http://dx.doi.org/10.1126/science.8266080
http://dx.doi.org/10.1016/0300-9084(96)88101-6
http://dx.doi.org/10.1074/jbc.C114.581868
http://dx.doi.org/10.1074/jbc.M113.515692
http://dx.doi.org/10.1093/nar/gkaa592
http://dx.doi.org/10.1017/S1355838202013365
http://dx.doi.org/10.1261/rna.2256706
http://www.ncbi.nlm.nih.gov/pubmed/16373492
http://dx.doi.org/10.1016/S1097-2765(00)80395-0
http://dx.doi.org/10.1074/jbc.M001854200
http://www.ncbi.nlm.nih.gov/pubmed/10748051
http://dx.doi.org/10.1016/S1097-2765(00)00035-6
http://dx.doi.org/10.1073/pnas.1506749112
http://www.ncbi.nlm.nih.gov/pubmed/26261349
http://dx.doi.org/10.1128/JB.184.10.2692-2698.2002
http://dx.doi.org/10.1111/j.1365-2958.2006.05348.x
http://dx.doi.org/10.1371/journal.pbio.1001866
http://dx.doi.org/10.1046/j.1365-2958.2001.02574.x
http://dx.doi.org/10.1093/emboj/21.5.1139
http://dx.doi.org/10.1091/mbc.e04-07-0622
http://www.ncbi.nlm.nih.gov/pubmed/15591131
http://dx.doi.org/10.1091/mbc.e14-01-0014
http://www.ncbi.nlm.nih.gov/pubmed/25009282
http://dx.doi.org/10.1006/geno.2001.6670
http://www.ncbi.nlm.nih.gov/pubmed/11827451
http://dx.doi.org/10.1093/hmg/ddx314
http://www.ncbi.nlm.nih.gov/pubmed/28973171


Cells 2020, 9, 2181 19 of 21

96. Andersen, N.M.; Douthwaite, S. YebU is a m5C Methyltransferase Specific for 16 S rRNA Nucleotide 1407.
J. Mol. Biol. 2006, 359, 777–786. [CrossRef]

97. Demirci, H.; Larsen, L.H.G.; Hansen, T.; Rasmussen, A.; Cadambi, A.; Gregory, S.T.; Kirpekar, F.; Jogl, G.
Multi-site-specific 16S rRNA methyltransferase RsmF from Thermus thermophilus. RNA 2010, 16, 1584–1596.
[CrossRef]

98. Metodiev, M.D.; Spåhr, H.; Loguercio Polosa, P.; Meharg, C.; Becker, C.; Altmueller, J.; Habermann, B.;
Larsson, N.-G.; Ruzzenente, B. NSUN4 Is a Dual Function Mitochondrial Protein Required for Both
Methylation of 12S rRNA and Coordination of Mitoribosomal Assembly. PLoS Genet. 2014, 10, e1004110.
[CrossRef]

99. Spahr, H.; Habermann, B.; Gustafsson, C.M.; Larsson, N.-G.; Hallberg, B.M. Structure of the human
MTERF4-NSUN4 protein complex that regulates mitochondrial ribosome biogenesis. Proc. Natl. Acad.
Sci. USA 2012, 109, 15253–15258. [CrossRef]

100. Cámara, Y.; Asin-Cayuela, J.; Park, C.B.; Metodiev, M.D.; Shi, Y.; Ruzzenente, B.; Kukat, C.; Habermann, B.;
Wibom, R.; Hultenby, K.; et al. MTERF4 Regulates Translation by Targeting the Methyltransferase NSUN4 to
the Mammalian Mitochondrial Ribosome. Cell Metab. 2011, 13, 527–539. [CrossRef]

101. Kruse, B.; Narasimhan, N.; Attardi, G. Termination of transcription in human mitochondria: Identification
and purification of a DNA binding protein factor that promotes termination. Cell 1989, 58, 391–397. [CrossRef]

102. Yakubovskaya, E.; Guja, K.E.; Mejia, E.; Castano, S.; Hambardjieva, E.; Choi, W.S.; Garcia-Diaz, M. Structure
of the Essential MTERF4:NSUN4 Protein Complex Reveals How an MTERF Protein Collaborates to Facilitate
rRNA Modification. Structure 2012, 20, 1940–1947. [CrossRef] [PubMed]

103. Shi, Z.; Xu, S.; Xing, S.; Yao, K.; Zhang, L.; Xue, L.; Zhou, P.; Wang, M.; Yan, G.; Yang, P.; et al. Mettl17,
a regulator of mitochondrial ribosomal RNA modifications, is required for the translation of mitochondrial
coding genes. FASEB J. 2019, 33, 13040–13050. [CrossRef] [PubMed]

104. Kimura, S.; Suzuki, T. Fine-tuning of the ribosomal decoding center by conserved methyl-modifications in
the Escherichia coli 16S rRNA. Nucleic Acids Res. 2010, 38, 1341–1352. [CrossRef] [PubMed]

105. Rozanska, A.; Richter-Dennerlein, R.; Rorbach, J.; Gao, F.; Lewis, R.J.; Chrzanowska-Lightowlers, Z.M.;
Lightowlers, R.N. The human RNA-binding protein RBFA promotes the maturation of the mitochondrial
ribosome. Biochem. J. 2017, 474, 2145–2158. [CrossRef]

106. Sharma, I.M.; Woodson, S.A. RbfA and IF3 couple ribosome biogenesis and translation initiation to increase
stress tolerance. Nucleic Acids Res. 2020, 48, 359–372. [CrossRef]

107. Datta, P.P.; Wilson, D.N.; Kawazoe, M.; Swami, N.K.; Kaminishi, T.; Sharma, M.R.; Booth, T.M.; Takemoto, C.;
Fucini, P.; Yokoyama, S.; et al. Structural Aspects of RbfA Action during Small Ribosomal Subunit Assembly.
Mol. Cell 2007, 28, 434–445. [CrossRef]

108. van Tran, N.; Ernst, F.G.M.; Hawley, B.R.; Zorbas, C.; Ulryck, N.; Hackert, P.; Bohnsack, K.E.; Bohnsack, M.T.;
Jaffrey, S.R.; Graille, M.; et al. The human 18S rRNA m6A methyltransferase METTL5 is stabilized by
TRMT112. Nucleic Acids Res. 2019, 47, 7719–7733. [CrossRef]

109. Piekna-Przybylska, D.; Decatur, W.A.; Fournier, M.J. The 3D rRNA modification maps database:
With interactive tools for ribosome analysis. Nucleic Acids Res. 2008, 36, D178–D183. [CrossRef]

110. Kowalak, J.A.; Bruenger, E.; Crain, P.F.; McCloskey, J.A. Identities and Phylogenetic Comparisons of
Posttranscriptional Modifications in 16 S Ribosomal RNA from Haloferax volcanii. J. Biol. Chem. 2000, 275,
24484–24489. [CrossRef]

111. Antonicka, H.; Choquet, K.; Lin, Z.; Gingras, A.; Kleinman, C.L.; Shoubridge, E.A. A pseudouridine synthase
module is essential for mitochondrial protein synthesis and cell viability. EMBO Rep. 2017, 18, 28–38.
[CrossRef]

112. Zaganelli, S.; Rebelo-Guiomar, P.; Maundrell, K.; Rozanska, A.; Pierredon, S.; Powell, C.A.; Jourdain, A.A.;
Hulo, N.; Lightowlers, R.N.; Chrzanowska-Lightowlers, Z.M.; et al. The Pseudouridine Synthase RPUSD4 Is
an Essential Component of Mitochondrial RNA Granules. J. Biol. Chem. 2017, 292, 4519–4532. [CrossRef]
[PubMed]

113. Ansmant, I.; Massenet, S.; Grosjean, H.; Motorin, Y.; Branlant, C. Identification of the Saccharomyces cerevisiae
RNA:pseudouridine synthase responsible for formation of 2819 in 21S mitochondrial ribosomal RNA.
Nucleic Acids Res. 2000, 28, 1941–1946. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jmb.2006.04.007
http://dx.doi.org/10.1261/rna.2088310
http://dx.doi.org/10.1371/journal.pgen.1004110
http://dx.doi.org/10.1073/pnas.1210688109
http://dx.doi.org/10.1016/j.cmet.2011.04.002
http://dx.doi.org/10.1016/0092-8674(89)90853-2
http://dx.doi.org/10.1016/j.str.2012.08.027
http://www.ncbi.nlm.nih.gov/pubmed/23022348
http://dx.doi.org/10.1096/fj.201901331R
http://www.ncbi.nlm.nih.gov/pubmed/31487196
http://dx.doi.org/10.1093/nar/gkp1073
http://www.ncbi.nlm.nih.gov/pubmed/19965768
http://dx.doi.org/10.1042/BCJ20170256
http://dx.doi.org/10.1093/nar/gkz1065
http://dx.doi.org/10.1016/j.molcel.2007.08.026
http://dx.doi.org/10.1093/nar/gkz619
http://dx.doi.org/10.1093/nar/gkm855
http://dx.doi.org/10.1074/jbc.M002153200
http://dx.doi.org/10.15252/embr.201643391
http://dx.doi.org/10.1074/jbc.M116.771105
http://www.ncbi.nlm.nih.gov/pubmed/28082677
http://dx.doi.org/10.1093/nar/28.9.1941
http://www.ncbi.nlm.nih.gov/pubmed/10756195


Cells 2020, 9, 2181 20 of 21

114. Conrad, J.; Sun, D.; Englund, N.; Ofengand, J. The rluC Gene of Escherichia coli Codes for a Pseudouridine
Synthase That Is Solely Responsible for Synthesis of Pseudouridine at Positions 955, 2504, and 2580 in 23 S
Ribosomal RNA. J. Biol. Chem. 1998, 273, 18562–18566. [CrossRef] [PubMed]

115. Huang, L.; Ku, J.; Pookanjanatavip, M.; Gu, X.; Wang, D.; Greene, P.J.; Santi, D.V. Identification of Two
Escherichia coli Pseudouridine Synthases That Show Multisite Specificity for 23S RNA †. Biochemistry 1998, 37,
15951–15957. [CrossRef] [PubMed]

116. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]

117. Wrzesinski, J.; Nurse, K.; Bakin, A.; Lane, B.G.; Ofengand, J. A dual-specificity pseudouridine synthase:
An Escherichia coli synthase purified and cloned on the basis of its specificity for psi 746 in 23S RNA is also
specific for psi 32 in tRNA(phe). RNA 1995, 1, 437–448.

118. Arroyo, J.D.; Jourdain, A.A.; Calvo, S.E.; Ballarano, C.A.; Doench, J.G.; Root, D.E.; Mootha, V.K.
A Genome-wide CRISPR Death Screen Identifies Genes Essential for Oxidative Phosphorylation. Cell Metab.
2016, 24, 875–885. [CrossRef]

119. Veldman, G.M.; Klootwijk, J.; de Regt, V.C.; Planta, R.J.; Branlant, C.; Krol, A.; Ebel, J.P. The primary and
secondary structure of yeast 26S rRNA. Nucleic Acids Res. 1981, 9, 6935–6952. [CrossRef]

120. Kirpekar, F.; Hansen, L.H.; Rasmussen, A.; Poehlsgaard, J.; Vester, B. The Archaeon Haloarcula marismortui has
Few Modifications in the Central Parts of its 23S Ribosomal RNA. J. Mol. Biol. 2005, 348, 563–573. [CrossRef]

121. Lapeyre, B.; Purushothaman, S.K. Spb1p-Directed Formation of Gm2922 in the Ribosome Catalytic Center
Occurs at a Late Processing Stage. Mol. Cell 2004, 16, 663–669. [CrossRef]

122. Chujo, T.; Suzuki, T. Trmt61B is a methyltransferase responsible for 1-methyladenosine at position 58 of
human mitochondrial tRNAs. RNA 2012, 18, 2269–2276. [CrossRef] [PubMed]

123. Varshney, U.; Ramesh, V.; Madabushi, A.; Gaur, R.; Subramanya, H.S.; RajBhandary, U.L. Mycobacterium
tuberculosis Rv2118c codes for a single-component homotetrameric m1A58 tRNA methyltransferase.
Nucleic Acids Res. 2004, 32, 1018–1027. [CrossRef] [PubMed]

124. Droogmans, L.; Roovers, M.; Bujnicki, J.M.; Tricot, C.; Hartsch, T.; Stalon, V.; Grosjean, H. Cloning and
characterization of tRNA (m1A58) methyltransferase (TrmI) from Thermus thermophilus HB27, a protein
required for cell growth at extreme temperatures. Nucleic Acids Res. 2003, 31, 2148–2156. [CrossRef]

125. Anderson, J.; Phan, L.; Hinnebusch, A.G. The Gcd10p/Gcd14p complex is the essential two-subunit
tRNA(1-methyladenosine) methyltransferase of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2000,
97, 5173–5178. [CrossRef]

126. Ozanick, S.; Krecic, A.; Andersland, J.; Anderson, J.T. The bipartite structure of the tRNA m1A58
methyltransferase from S. cerevisiae is conserved in humans. RNA 2005, 11, 1281–1290. [CrossRef]

127. Robertus, J.D.; Ladner, J.E.; Finch, J.T.; Rhodes, D.; Brown, R.S.; Clark, B.F.C.; Klug, A. Structure of yeast
phenylalanine tRNA at 3 Å resolution. Nature 1974, 250, 546–551. [CrossRef]

128. Basavappa, R.; Sigler, P.B. The 3 A crystal structure of yeast initiator tRNA: Functional implications in
initiator/elongator discrimination. EMBO J. 1991, 10, 3105–3111. [CrossRef] [PubMed]

129. Bar-Yaacov, D.; Frumkin, I.; Yashiro, Y.; Chujo, T.; Ishigami, Y.; Chemla, Y.; Blumberg, A.; Schlesinger, O.;
Bieri, P.; Greber, B.; et al. Mitochondrial 16S rRNA Is Methylated by tRNA Methyltransferase TRMT61B in
All Vertebrates. PLoS Biol. 2016, 14, e1002557. [CrossRef]

130. Björk, G.R.; Isaksson, L.A. Isolation of mutants of Escherichia coli lac king 5-methyluracil in transfer ribonucleic
acid or 1-methylguanine in ribosomal RNA. J. Mol. Biol. 1970, 51, 83–100. [CrossRef]

131. Nordlund, M.E.; Johansson, J.O.; von Pawel-Rammingen, U.; Byström, A.S. Identification of the TRM2 gene
encoding the tRNA(m5U54)methyltransferase of Saccharomyces cerevisiae. RNA 2000, 6, 844–860. [CrossRef]

132. Desmolaize, B.; Fabret, C.; Brégeon, D.; Rose, S.; Grosjean, H.; Douthwaite, S. A single methyltransferase YefA
(RlmCD) catalyses both m5U747 and m5U1939 modifications in Bacillus subtilis 23S rRNA. Nucleic Acids Res.
2011, 39, 9368–9375. [CrossRef] [PubMed]

133. Madsen, C.T.; Mengel-Jørgensen, J.; Kirpekar, F.; Douthwaite, S. Identifying the methyltransferases for
m(5)U747 and m(5)U1939 in 23S rRNA using MALDI mass spectrometry. Nucleic Acids Res. 2003, 31,
4738–4746. [CrossRef] [PubMed]

134. Carter, J.-M.; Emmett, W.; Mozos, I.R.; Kotter, A.; Helm, M.; Ule, J.; Hussain, S. FICC-Seq: A method for
enzyme-specified profiling of methyl-5-uridine in cellular RNA. Nucleic Acids Res. 2019, 47, e113. [CrossRef]
[PubMed]

http://dx.doi.org/10.1074/jbc.273.29.18562
http://www.ncbi.nlm.nih.gov/pubmed/9660827
http://dx.doi.org/10.1021/bi981002n
http://www.ncbi.nlm.nih.gov/pubmed/9843401
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/j.cmet.2016.08.017
http://dx.doi.org/10.1093/nar/9.24.6935
http://dx.doi.org/10.1016/j.jmb.2005.03.009
http://dx.doi.org/10.1016/j.molcel.2004.10.022
http://dx.doi.org/10.1261/rna.035600.112
http://www.ncbi.nlm.nih.gov/pubmed/23097428
http://dx.doi.org/10.1093/nar/gkh207
http://www.ncbi.nlm.nih.gov/pubmed/14960715
http://dx.doi.org/10.1093/nar/gkg314
http://dx.doi.org/10.1073/pnas.090102597
http://dx.doi.org/10.1261/rna.5040605
http://dx.doi.org/10.1038/250546a0
http://dx.doi.org/10.1002/j.1460-2075.1991.tb07864.x
http://www.ncbi.nlm.nih.gov/pubmed/1915284
http://dx.doi.org/10.1371/journal.pbio.1002557
http://dx.doi.org/10.1016/0022-2836(70)90272-X
http://dx.doi.org/10.1017/S1355838200992422
http://dx.doi.org/10.1093/nar/gkr626
http://www.ncbi.nlm.nih.gov/pubmed/21824914
http://dx.doi.org/10.1093/nar/gkg657
http://www.ncbi.nlm.nih.gov/pubmed/12907714
http://dx.doi.org/10.1093/nar/gkz658
http://www.ncbi.nlm.nih.gov/pubmed/31361898


Cells 2020, 9, 2181 21 of 21

135. Koripella, R.K.; Sharma, M.R.; Haque, M.E.; Risteff, P.; Spremulli, L.L.; Agrawal, R.K. Structure of Human
Mitochondrial Translation Initiation Factor 3 Bound to the Small Ribosomal Subunit. iScience 2019, 12, 76–86.
[CrossRef]

136. Gopalakrishna, S.; Pearce, S.F.; Dinan, A.M.; Schober, F.A.; Cipullo, M.; Spåhr, H.; Khawaja, A.; Maffezzini, C.;
Freyer, C.; Wredenberg, A.; et al. C6orf203 is an RNA-binding protein involved in mitochondrial protein
synthesis. Nucleic Acids Res. 2019, 47, 9386–9399. [CrossRef]

137. Summer, S.; Smirnova, A.; Gabriele, A.; Toth, U.; Fasemore, A.M.; Förstner, K.U.; Kuhn, L.; Chicher, J.;
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