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Many proteins are modified by posttranslational methyl-
ation, introduced by a number of methyltransferases (MTases).
Protein methylation plays important roles in modulating pro-
tein function and thus in optimizing and regulating cellular
and physiological processes. Research has mainly focused on
nuclear and cytosolic protein methylation, but it has been
known for many years that also mitochondrial proteins are
methylated. During the last decade, significant progress has
been made on identifying the MTases responsible for mito-
chondrial protein methylation and addressing its functional
significance. In particular, several novel human MTases have
been uncovered that methylate lysine, arginine, histidine, and
glutamine residues in various mitochondrial substrates. Several
of these substrates are key components of the bioenergetics
machinery, e.g., respiratory Complex I, citrate synthase, and the
ATP synthase. In the present review, we report the status of the
field of mitochondrial protein methylation, with a particular
emphasis on recently discovered human MTases. We also
discuss evolutionary aspects and functional significance of
mitochondrial protein methylation and present an outlook for
this emergent research field.
Protein methylation

Cellular proteins are commonly modified by a wide range of
posttranslational modifications that serve to optimize or
regulate their function. Such modifications encompass the
addition of small chemical groups, e.g., methylation or phos-
phorylation, but also complex glycosylations or the addition of
entire protein domains, as in the case of ubiquitination and
sumoylation. During the last two decades, it has been estab-
lished that methylation is a crucial protein modification, and
thousands of methylation sites have been reported in the hu-
man proteome (1). In addition, a number of methyltransferase
(MTase) enzymes that mediate protein methylation have been
uncovered, catalyzing the transfer of a methyl group from the
universal methyl donor S-adenosylmethionine (AdoMet) to
various substrates (Fig. 1A). Importantly, it has been well
established that defective or altered methylation of specific
proteins can cause human diseases, such as cancer and
neurological disorders, thus underscoring the biological
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significance and medical importance of protein methylation
(2, 3).

The most frequent targets of protein methylation are lysine
and arginine, but also other residues, such as histidine and
glutamine, can be methylated (4–7) (Fig. 1B). Methylation
increases the bulkiness of these residues and alters their
hydrogen-bonding properties, but the charge remains un-
changed. In the case of lysine, its ε-amino group can accept up
to three methyl groups, thus yielding three distinct methyl-
ation states; mono-, di-, or trimethylation (Fig. 1B). Protein
lysine methylation is particularly abundant in histone proteins,
especially in their N-terminal, flexible tails. Histone methyla-
tions represent epigenetic marks that govern gene expression
and chromatin state, and they have been studied extensively
(8). The effects of histone lysine methylations are exerted
through recruitment of various chromatin modifying and
remodeling enzymes, which often contain so-called reader
domains that in a highly specific manner recognize the
methylation status of a particular lysine residue (9). There also
exist several lysine demethylases that can remove such meth-
ylations; thus, histone lysine methylations are reversible and
dynamic (10). Importantly, recent research has demonstrated
that also a number of nonhistone proteins carry functionally
important lysine methylations (7).

Arginine can be methylated on one or both nitrogen atoms
in the guanidine group, thus yielding monomethylarginine, or
one out of two forms of dimethylarginine: symmetric or
asymmetric (Fig. 1B). Similar to lysine methylation, arginine
methylation of histones plays a key role in epigenetic gene
regulation, but a number of nonhistone proteins are also
subject to arginine methylation, regulating important pro-
cesses such as RNA splicing and DNA repair (4, 11). Histidine
can be monomethylated at one of the two nitrogen atoms in its
imidazole ring, thus producing 1-methylhistidine (1MH or π-
MH) or 3-methylhistidine (3MH or τ-MH), whereas glutamine
can be monomethylated at the amide group (Fig. 1B). The
biological significance of histidine methylation has remained
elusive since its discovery half a century ago, but some recent
studies have provided substantial insights. The first three hu-
man histidine-specific MTases have now been discovered and
functionally characterized, and it has been demonstrated that
histidine methylation is abundant and pervasive (12–16).

Protein methyltransferases

Bioinformatics analyses have predicted the existence of
approximately 200 AdoMet-dependent MTases in humans,
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Figure 1. Protein methylation by AdoMet-dependent methyltransferases (MTases). A, schematics of MTase-catalyzed reaction showing the methyl
donor AdoMet and its demethylated counterpart AdoHcy. The transferred methyl group is shown in red. B, chemical structure of various methylated amino
acid residues found in proteins. AdoHcy, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine; MTase, methyltransferase.
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and many of these have been established as protein MTases
(17). Based on sequence and structural homology, MTases
have been divided into several classes. The so-called seven
β-strand (7BS) MTases and the Su(var)3–9, Enhancer-of-
zeste and Trithorax (SET) proteins form the two largest
classes, together accounting for �90% of all human MTases
(17), with the remaining MTases distributing between
several minor classes, such as the SPOUT and radical-SAM
MTases. The 7BS MTases contain a characteristic
Rossmann-like fold, usually consisting of a seven-stranded β-
sheet, and they, collectively, target a wide range of sub-
strates, including metabolites and nucleic acids, as well as
lysine, arginine, histidine, and glutamine residues in proteins
(17, 18). In particular, the nine related protein arginine-(R)
MTase (PRMT1-9) enzymes that are responsible for virtually
all arginine methylation in human cells belong to this class,
and a number of novel 7BS lysine-(K)-specific MTases
2 J. Biol. Chem. (2022) 298(4) 101791
(KMTs) have also been discovered in recent years (11, 19).
The SET proteins contain a characteristic SET domain,
which is often accompanied by a pre-SET and a post-SET
region (20). In contrast to the versatile 7BS MTases, the
SET proteins that have shown bona fide MTase activity,
almost exclusively target lysines in proteins, and encompass
nearly all the KMTs involved in histone methylation. Some
protein MTases are highly specific, apparently targeting a
single substrate protein that is recognized through structural
features, exemplified by several recently discovered 7BS
KMTs (21–27). Other MTases primarily recognize the local
sequence surrounding the methylation site, and many of
these enzymes act on a multitude of substrates, recognizing
a consensus motif rather than a unique sequence. Several
PRMTs and some SET-domain KMTs (e.g., SMYD2 and
SET7/9), as well as the recently discovered histidine meth-
yltransferase METTL9, belong to this category (12, 28, 29).
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Mitochondrial proteins

Human mitochondria contain >1000 different proteins. The
majority (�99%) of these are nuclear-encoded and synthesized
in the cytoplasm before they are imported into mitochondria,
whereas only 13 proteins (�1%) are encoded by the mito-
chondrial DNA and translated by the mitochondrial (55S)
ribosomes in the mitochondrial matrix (30, 31). Several com-
plex and sophisticated translocation machineries mediate
mitochondrial protein import and ensure proper protein
localization within the four mitochondrial compartments: the
matrix, the inner and the outer mitochondrial membrane, and
the intermembrane space (reviewed in (32, 33)). Moreover,
mitochondrial precursor proteins contain a variety of targeting
signals that mediate their recognition by the translocation
apparatus and delivery to the proper destination. About 60% of
mitochondrial proteins, including the majority of soluble ma-
trix proteins and many of the inner mitochondrial membrane
proteins, contain a positively charged N-terminal presequence
that is usually cleaved off during import, referred to as the
“classical” mitochondrial targeting sequence (MTS) (34).
Several bioinformatics algorithms have been developed to
predict MTSs in protein sequences, thus facilitating the
identification of mitochondrial proteins. The MTS-less mito-
chondrial proteins contain other types of targeting signals,
which are typically located internally and retained in the
mature protein. In many cases, the targeting signal encom-
passes hydrophobic stretches that form transmembrane do-
mains (TMDs), anchoring the protein to the inner or the outer
mitochondrial membrane (32).

Article scope

Studies on protein methylation have mainly focused on pro-
teins found in the nucleus and the cytoplasm. Although it has
been known for decades that some abundant mitochondrial
proteins contain methylated residues, it was only recently that
some of the corresponding MTases were identified, typically
through studies aimed at unravelling the function of unchar-
acterized "orphan" MTases. Importantly, the identification of
these MTases has also made it possible, through studies of
MTase-deficient cells/organisms, to investigate the functional
significance of the respective methyl modifications, and sub-
stantial novel insights have been obtained. The present review
aims at presenting the current state of knowledge on mito-
chondrial proteinmethylation, with a particular focus on human
MTases. Thefirst part is devoted to the individualmitochondrial
MTases, whereas the last part addresses and discusses general
aspects of mitochondrial protein methylation and presents
future perspectives.

Mitochondrial protein methyltransferases and their
targets

So far, seven human mitochondrial MTases have been
discovered and characterized, all belonging to the 7BS MTase
class, and several of these have orthologues in a wide range of
organisms. In addition, Ctm1, a mitochondrial KMT only found
in fungi, has been described in the budding yeast Saccharomyces
cerevisiae. Below, individual sections are devoted to each of
these eightMTases. In addition, Table 1 gives an overview of the
seven mitochondrial protein MTases discovered in humans so
far, whereas Figure 2 gives a graphical overview of the submi-
tochondrial localization of their substrate proteins, indicating
also the targeted residues and their orientation.

Of note, in databases on protein methylation such as Phos-
phoSitePlus, a nonprocessed protein, i.e., the relevant UniProt/
SwissProt entry, is typically used as the basis for amino acid
numbering. In contrast, older studies of mitochondrial protein
methylation have typically used numbering corresponding to
the mature, processed protein. Here, we have used "precursor
numbering" for some methylation targets and "mature
numbering" for others (and in some cases also indicated both
types of numbering), based on its use in the scientific literature.

NDUFAF7-mediated arginine methylation of subunit NDUFS2
from Complex I

Mammalian Complex I, also denoted as NADH:ubiquinone
oxidoreductase, is part of the mitochondrial electron transport
chain (ETC) and catalyzes oxidation of NADH in the mito-
chondrial matrix with concomitant reduction of the mito-
chondrial ubiquinone (coenzyme Q) pool. This process is
coupled to the extrusion of four protons from the mitochon-
drial matrix into the intermembrane space and contributes to
the generation of the proton motive force used by the mito-
chondrial ATP synthase (ATPS) to produce ATP during
oxidative phosphorylation (OxPhos). Complex I forms an
L-shaped structure, with one hydrophobic arm embedded in
the inner mitochondrial membrane and a second hydrophilic
arm protruding into the mitochondrial matrix (Fig. 2, A and B)
(35). The catalytic core of Complex I is composed of several
mitochondrial- and nuclear-encoded proteins, including the
NDUFS2 subunit, which is localized at the junction between
the two arms (Fig. 2A). In addition, Complex I contains several
so-called “supernumerary” or “accessory” subunits, such as
NDUFAF7, which are not directly involved in the catalytic
mechanism, but are required for proper biogenesis and as-
sembly of the complex (reviewed in (36)).

NDUFAF7/MidA was originally identified in the slime mold
Dictyostelium discoideum as an evolutionary conserved protein
of α-proteobacterial origin, whose deletion resulted in reduced
ATP synthesis and Complex I activity (37, 38). Bioinformatics
analysis predicted NDUFAF7 to contain a classical MTS, and
its mitochondrial localization was confirmed in several inde-
pendent studies (38–40). Genetic screening and direct pull-
down assays demonstrated that human and Dictyostelium
NDUFAF7 interact directly with NDUFS2, and bioinformatics
analysis and structural modeling indicated NDUFAF7 to
contain a 7BS MTase domain (17, 38). Interestingly, NDUFS2
contains an evolutionary conserved arginine (Arg-85 in
humans; mature numbering), which was found to be sym-
metrically dimethylated in several eukaryotic organisms (41).
Rhein et al., (39) demonstrated that Arg-85 in NDUFS2 from
human osteosarcoma cells was fully dimethylated, but its
methylation was strongly reduced after prolonged NDUFAF7
knock-down (KD), indicating that NDUFAF7 is the arginine-
J. Biol. Chem. (2022) 298(4) 101791 3
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specific MTase responsible for methylation of NDUFS2 at
Arg-85 in vivo. Additionally, evidence was provided for in vitro
arginine methylation of NDUFS2-derived peptide by recom-
binant NDUFAF7 from Dictyostelium (42). Of note, NDU-
FAF7 represents an arginine-specific MTase unrelated to other
PRMTs.

NDUFS2 is located near the catalytic center of Complex I, in
close proximity to some of the iron-sulfur clusters, where it
contributes to ubiquinone binding (35). Accordingly, knock-
out (KO) or KD of the MTase NDUFAF7 in human cells
affected Complex I assembly and respiration (39, 40). In Dic-
tyostelium, NDUFAF7 KO affected Complex I-dependent
respiration and caused phototaxy and growth defects, which
were rescued by wild-type NDUFAF7, but not by an MTase-
deficient mutant (38, 42). NDUFAF7 KD in zebrafish caused
impaired Complex I assembly, delayed hatching and
morphological abnormalities, whereas NDUFAF7 KO was
embryonically lethal in mice (40). Interestingly, recent studies
indicate that NDUFAF7 variants may be associated with
pathologic myopia in humans (43, 44). Overall, these studies
highlight the importance of NDUFAF7-mediated NDUFS2
methylation in various physiological processes in several
different organisms.

METTL9-mediated histidine methylation of subunit NDUFB3
from Complex I

NDUFB3 is one of the accessory subunits of the mito-
chondrial ETC Complex I. It consists of a C-terminal domain,
which forms an alpha helix spanning the inner mitochondrial
membrane, and a hydrophilic N-terminal region facing the
matrix (Fig. 2B). The N-terminal region of NDUFB3 is crucial
for Complex I assembly and function, and a homozygous
mutation (Trp22Arg) in this region was found to cause
mitochondrial disease in humans. Affected patients showed
short stature and distinctive facial appearances and, to varying
degrees, defects in metabolism and Complex I assembly
(45, 46). The N-terminus of vertebrate NDUFB3 contains a
stretch of alternating histidines (HxHxH….), varying in length
between species and containing from two to nine alternating
histidines, with five histidines, i.e., HxHxHxHxH being present
in humans (12). MS analysis of the corresponding fragment in
bovine NDUFB3, which contains four alternating histidines,
revealed that several of these histidines were monomethylated
in various combinations, with the second and the third histi-
dine of the motif being methylated most frequently, and the
first histidine remaining unmodified in all cases (47).

The hitherto uncharacterized 7BS MTase METTL9 was
recently found to methylate histidines at HxH motifs in several
mammalian proteins, including NDUFB3 (12). Amino acid an-
alyses of protein hydrolysates revealed thatMETTL9 exclusively
introduces 1MH both in vitro and in vivo. Importantly, histidine
methylation of human NDUFB3 was completely abolished in
METTL9 KO cells, thus firmly demonstrating that METTL9 is
the MTase responsible for NDUFB3methylation (12). However,
it remains unclear whether NDUFB3 methylation takes place
before or after its mitochondrial import, as METTL9 is found in
multiple cellular compartments, including the cytosol and



Figure 2. Overview of mitochondrial protein MTases and their substrates. Shown are the substrates of known human mitochondrial protein MTases, as
well as their submitochondrial localization and the specific residues targeted. A and B, the target site(s) of NDUFAF7 on NDUFS2 (A) and METTL9 on NDUFB3
(B) are shown on the Complex I structure (generated from pdb: 5LNK). The sequence in (B) represents the N-terminal region of bovine NDUFB3, which was
demonstrated to contain methylhistidines at positions 5, 7, and 9 (47). C, the methylation site in MTRF1L targeted by HEMK1 is visualized on a model
generated by AlphaFold and retrieved from UniProt (ID: AF-Q9UGC7-F1). D, the methylation sites for ETFβ-KMT in ETFβ (olive green) is found in a part
interacting with MCAD (light green) (adapted from ref. (24)). CoQ, coenzyme Q; e-, electron. E, Lys-395 in citrate synthase (CS) is methylated by CS-KMT only
when the enzyme is in the “open” conformation (blue), but not in “closed” conformation (red) with bound oxaloacetate (cyan) (adapted from ref. (68)). F, the
c8-ring of ATP-synthase consist of eight ATPSc monomers, one of which is shown in red and magnified to visualize the methylation site (Lys-43) (adapted
from ref. (84)). G, in the ANT structure, a cardiolipin molecule (CL; yellow) is bound in the vicinity of the methylation site (Lys-52) (adapted from ref. (92)). For
some of the MTases, alternative names are given in parentheses. All structural visualizations were made using PyMOL Molecular Graphics System, Version
1.3 (Schrodinger, LLC). ETF, electron transfer flavoprotein; MTase, methyltransferase
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mitochondria (12). Interestingly, METTL9 KO cells showed
diminished Complex I-dependent mitochondrial respiration,
which was restored to WT levels after complementation with
enzymatically active METTL9, indicating that histidine methyl-
ation of NDUFB3 is important for Complex I function (12).

METTL9 has a broad organismal distribution, with homo-
logues found in all metazoans, but also in some protists and
unicellular algae. However, it is likely that METTL9-mediated
methylation of NDUFB3 is restricted to vertebrates only,
which are the only organisms with HxH motifs at the N-ter-
minus of NDUFB3.
HEMK1/Mtq1p-mediated glutamine methylation of translation
release factors

Translation release factors (RFs) are conserved proteins uni-
versally present in all kingdoms of life, acting as tRNA-mimics
that recognize stop codons and terminate mRNA translation.
Mitochondrial RFs show high sequence homology to their bac-
terial counterparts, reflecting the bacterial evolutionary origin of
mitochondria. All RFs contain a conserved GGQ motif that in-
teracts with the ribosomal peptidyl transferase center (48) and is
subject to glutamine monomethylation in many organisms. In
bacteria, the 7BS MTase HemK (also referred as PrmC) targets
J. Biol. Chem. (2022) 298(4) 101791 5
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the release factors RF1 and RF2 (49, 50). Correspondingly,
sequence homologues of HemK catalyze methylation of
eukaryotic mitochondrial release factors. In yeast, the HemK-
homologue, Mtq1p, was found to localize to mitochondria and
to mediate both in vitro and in vivo monomethylation of the
mitochondrial release factor Mrf1p at Gln-287 (precursor
numbering), locatedwithin theGGQmotif (51, 52). Similarly, the
human MTase HEMK1 was shown to localize to mitochondria
and to monomethylate Gln-252 of the canonical mitochondrial
release factor MTRF1L (Fig. 2C) (53, 54). Another human
mitochondrial RF, MTRF1, which recognizes Arg codons (AGG
and AGA) that have been reassigned to stop codons, is highly
homologous to MTRF1L (55). Thus, it is likely that also MTRF1
is subject to HEMK1-mediated methylation, but this remains to
be demonstrated experimentally.

Since the GGQ motif is important for interaction with the
ribosomal peptidyl transferase center, one may anticipate that
ablation of its glutamine methylation may affect mitochondrial
translation (48). Also, since nearly all of the 13 proteins
encoded by mitochondrial DNA are subunits of mitochondrial
ETC complexes, effects on mitochondrial translation will likely
have an impact on mitochondrial respiration as well. In
agreement with this, Δmtq1 yeast showed increased stop
codon read-through and grew slower than the wild-type strain
in nonfermentable media containing ethanol or glycerol as the
only carbon source (51). Similarly, siRNA-mediated depletion
of HEMK1 in human HeLa cells resulted in decreased mito-
chondrial translation (53).

In summary, HemK orthologues appear to mediate gluta-
mine methylation of mitochondrial RFs across the eukaryotic
kingdom, and such methylation seems to ensure accurate and
efficient mRNA translation in mitochondria. However, further
investigations, such as structural studies on translating ribo-
somes, are required to reveal the corresponding molecular
mechanisms.

ETFβ-KMT (METTL20)-mediated lysine methylation of the
β-subunit of electron transfer flavoprotein

Electron transfer flavoprotein (ETF) is an α/β heterodimer
that localizes to the mitochondrial matrix and acts as a mobile
carrier of electrons from several FAD-containing de-
hydrogenases to ETF:quinone oxidoreductase, which mediates
reduction of the mitochondrial ubiquinone pool (reviewed in
(56)). These ETF-dependent dehydrogenases mediate e.g. β-
oxidation of fatty acids and degradation of choline and various
amino acids (reviewed in (57)), thus making ETF a major
provider of electrons for the ubiquinone pool of the ETC (58).

Based on sequence similarity, METTL20 was identified as
one of ten human members of the so-called MTase Family 16,
which primarily encompasses 7BS KMTs that target nonhis-
tone proteins (21, 22, 25, 27, 59, 60). Bioinformatics analysis
suggested METTL20 to contain a cleavable MTS located at its
N-terminus and accordingly, METTL20 was shown to localize
to mitochondria (24, 39, 61). Two independent studies
demonstrated that human METTL20 specifically targets the β-
subunit of ETF (ETFβ), thus representing the first discovered
human mitochondrial KMT (24, 61). The first study identified
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ETFβ as a binding partner of METTL20 (61), whereas the
second study used an activity-based purification to identify
ETFβ as the substrate of recombinant METTL20 (24), and
both studies revealed that METTL20 methylates ETFβ on two
adjacent residues, Lys-200 and Lys-203 (precursor
numbering). The extent of ETFβ methylation varied between
cell types, with Lys-200 and Lys-203 typically being di- or
trimethylated, thus producing a complex mixture of methyl-
ation states, with each ETFβ molecule carrying up to six
methyl groups. Importantly, siRNA-mediated knockdown of
METTL20 led to diminished ETFβ methylation, whereas
methylation was increased by METTL20 overexpression (OE)
(24, 61), thus firmly establishing METTL20 as the MTase
responsible for ETFβ methylation in vivo. Based on these
findings, METTL20 was renamed ETFβ-KMT (gene name
ETFBKMT) (24).

Both methylated lysines in ETFβ are located in close prox-
imity to the so-called “recognition loop” that interacts with
medium chain acyl-CoA dehydrogenase (MCAD) (Fig. 2D)
(62) and likely mediates interaction with other ETF-dependent
dehydrogenases. Indeed, methylated ETFβ showed, relative to
its unmethylated counterpart, decreased ability to extract
electrons from various ETFβ-dependent dehydrogenases
in vitro (24), and accordingly, mitochondrial extracts from
ETFβ-KMT KO mice displayed higher ETF activity than WT
extracts (63). In line with this, the KO mice showed increased
heat production and O2 consumption when fed a ketogenic
diet and also displayed increased tolerance to low temperature
under fasting (63). Taken together, these findings indicate that
ETFβ-KMT–mediated methylation decreases ETF activity and
may play an important role in regulating metabolic processes,
such as the β-oxidation of fatty acids.

ETFβ-KMT shows a scattered organismal distribution, with
putative orthologues found in all chordates, but only in
selected invertebrates, such as the nematode Caenorhabditis
elegans (24). Strikingly, METTL20 homologues are also found
in a few bacteria, especially in α-proteobacteria, which are
considered the evolutionary precursors of mitochondria (64).
Also, such bacterial homologues were shown to methylate
ETFβ (64), and ETFβ-KMT/METTL20 therefore represents
the first KMT found to catalyze the same reaction in bacteria
and humans.

CS-KMT (METTL12)-mediated lysine methylation of citrate
synthase

Citrate synthase (CS) resides in the mitochondrial matrix
and catalyzes the rate-limiting step of the Krebs cycle, namely
the synthesis of citrate from acetyl-CoA and oxaloacetate. It
has been known for four decades that Lys-395 (precursor
numbering) in mammalian CS is modified to trimethyllysine
(65), but the responsible MTase remained elusive until very
recently.

Based on sequence similarity, METTL12 was identified as
one of four human members of a small family of 7BS MTases,
which otherwise encompasses KMTs targeting eukaryotic
elongation factor 1α (eEF1A) (23, 66, 67). Bioinformatics
analysis suggested METTL12 to contain a cleavable, N-
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terminal MTS (39, 68), and accordingly, METTL12 was shown
to localize to mitochondria (68). Recently, two parallel studies
identified METTL12 as the long-sought MTase responsible for
methylation of CS at Lys-395 (68, 69). The first study showed
that METTL12 KO resulted in loss of CS methylation in cells
(69), while the second study identified CS as the substrate of
recombinant METTL12, and proved that complementation of
METTL12 KO cells with an enzyme-active METTL12, but not
with an enzyme-dead mutant, resulted in restoration of Lys-
395 trimethylation (68). Together, the two studies firmly
established METTL12 as the enzyme responsible for CS
methylation in vivo, and consequently, METTL12 was
renamed CS-KMT (gene name CSKMT) (68).

Regulation of CS has been extensively investigated, and it is
generally accepted that the overall rate of CS-catalyzed reac-
tion is dictated by the availability of its two substrates,
oxaloacetate and acetyl-CoA, which are typically present in
mitochondria at limiting concentrations and below CS satu-
ration levels (reviewed in (70, 71)). CS is also inhibited by its
product, citrate, and a downstream product of the Krebs cycle,
succinyl-CoA (72, 73). Recent work suggests that CS activity
may also be influenced by CS-KMT-mediated methylation at
Lys-395 (68), which is localized in the vicinity of the CS active
site (Fig. 2E) (74). It was shown that incubation of CS with
wild-type CS-KMT, in the presence of AdoMet, decreased CS
activity, but no such effect was observed when AdoMet was
omitted or an enzyme-dead mutant of CS-KMT was used (68).
Binding of oxaloacetate induces CS to adopt a “closed state”
conformation, where the segment encompassing Lys-395 is
reoriented (Fig. 2E) (75), and methylation of CS by CS-KMT
was shown to be strongly inhibited by oxaloacetate (68).
Moreover, MTases are generally inhibited by S-adenosylho-
mocysteine (AdoHcy), the by-product of MTase reactions
(Fig. 1A), and CS-KMT was found to be particularly sensitive
to such inhibition (68). Thus, the observed inhibition of CS
methylation by oxaloacetate and AdoHcy in vitro may suggest
that methylation at Lys-395 is modulated in response to the
metabolic state also in vivo. In line with this notion, CS
methylation status was found to vary depending on the cell
type; Lys-395 showed full trimethylation in various pig organs
and several human cell lines, whereas methylation levels were
lower in other cell lines (68, 69).

CS-KMT orthologues show a somewhat scattered evolu-
tionary distribution and are present mainly in vertebrates, but
also in some invertebrates (68). Among mammals, CS-KMT is
found in human, cow, pig, and a subset of rodents, such as
guinea pig, but is absent in rat and mouse. This suggests that
CS methylation is not strictly required for its function, but
rather serves an optimizing or regulatory role that is beneficial
under certain conditions.

ATPSc-KMT (FAM173B)-mediated lysine methylation of the
ATP synthase c-subunit

Mitochondrial Complex V, primarily known as ATP synthase
(ATPS), mediates the synthesis of ATP from ADP and phos-
phate during OxPhos, driven by the proton-motive force
generated by transport of electrons through the ETC (76). ATPS
consists of two regions, F1 and FO, where the catalytic part, F1,
faces the mitochondrial matrix, and FO traverses the inner
mitochondrial membrane. In metazoans, the central core of FO
is composed of eight membrane-embedded ATPS c-subunits
(ATPSc) assembled into the so-called "c8-ring" (Fig. 2F), which,
together with proteins of the so-called “central stalk,” constitute
the rotary element of ATPS (77). In humans, three distinct genes
(ATP5MC1, ATP5MC2, and ATP5MC3) encode slightly
different ATPSc precursors that give rise to an identical mature
protein. Several independent reports showed that ATPSc is
invariably trimethylated at Lys-43 (mature numbering) in
metazoans (78–80).

A broad-specificity 7BSKMT, denoted as "aKMT," is found in
certain archaeabacteria, such as Sulfolobus islandicus, and it was
noted that a distant aKMT sequence homologue, denoted as
FAM173B, is present in mammals (19, 81, 82). Interestingly,
mammalian FAM173Bwas found to be amitochondrial protein,
localized specifically to the cristae (83). FAM173B consists of a
stretch of N-terminal nonconserved sequence, followed by a
putative TMD, followed by a conserved "pre-MTase" domain,
and the MTase domain. Notably, the N-terminal sequence and
the TMD were dispensable for mitochondrial targeting of
FAM173B, and the pre-MTase domain was by itself able to
target green fluorescent protein to mitochondria (84).
FAM173B appears not to be processed during mitochondrial
import, indicating that the entire N-terminal region represents
an atypical noncleavableMTS, with the TMD likely functioning
as a membrane anchor. Importantly, it was found by Western
blotting with methyllysine-specific antibodies that FAM173B
KO cells were deficient in methylation of a single protein of
�8 kDa in size, identified as ATPSc (84). Trimethylation of Lys-
43 in ATPSc was completely abolished in KO cells, but was fully
restored after complementation with enzymatically active
FAM173B (84). This firmly establishes FAM173B as the long-
sought MTase responsible for methylation of ATPSc in vivo,
and accordingly, FAM173B was renamed ATPSc-KMT (gene
name ATPSCKMT) (84).

ATPSc-KMT-deficient cells showed accumulation of in-
termediates of the ATPS complex, indicating defects in
Complex V assembly (84). Moreover, these cells also displayed
decreased ATP synthesis and O2 consumption related to
OxPhos (84). Interestingly, a genome-wide association study
implicated ATPSc-KMT in development of chronic pain in
humans (85), and a subsequent study showed that ATPSc-
KMT KD abrogated chronic pain in a mouse model, whereas
ATPSc-KMT OE promoted pain (83). ATPSc-KMT OE in
neurons increased mitochondrial hyperpolarization and pro-
duction of reactive oxygen species (83). It remains unclear,
however, how changes induced by ATPSc-KMT OE are linked
to Lys-43 methylation, since ATPSc is generally found to be
fully trimethylated under non-OE conditions, i.e., in various
tissues/cells from several different species (84).

Lys-43 is evolutionary conserved and located on a solvent-
exposed loop facing the matrix side of the inner mitochon-
drial membrane (Fig. 2F). Lys-43 in ATPSc has been shown to
be involved in the binding of the anionic lipid cardiolipin,
which is abundant in the inner mitochondrial membrane, and
J. Biol. Chem. (2022) 298(4) 101791 7
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considered an essential component of the ATPS complex (86).
Thus, one may speculate that Lys-43 methylation somehow
optimizes the ATPSc/cardiolipin interaction, thus ensuring
efficient assembly and function of the ATPS complex.

Sequence homologues of ATPSc-KMT are found
throughout the animal kingdom, in agreement with the
apparent ubiquitous presence of trimethyllysine in ATPSc
from metazoans (80). The ATPSc-KMT orthologue from the
nematode C. elegans was shown to methylate human ATPSc at
Lys-43 when introduced into ATPSc-KMT KO cells, indi-
cating that also nonvertebrate homologues of ATPSc-KMT
target ATPSc (84).

ANT-KMT (FAM173A)-mediated lysine methylation of adenine
nucleotide translocase

The mitochondrial adenine nucleotide translocase (ANT),
alternatively referred to as the ADP/ATP translocase or the
ADP/ATP carrier, is a transmembrane protein residing inside
the inner mitochondrial membrane, where it forms a protein
channel (87, 88). ANT promotes continuous synthesis of ATP
by the mitochondrial ATPS through constant exchange of
ATP synthesized in the mitochondrial matrix for ADP present
in intermembrane space. Four paralogous genes (ANT1, -2, -3,
and -4) encode four different ANT isoforms in mammals (89),
and three of these, namely ANT1, -2, and -3, have been re-
ported to be trimethylated at Lys-52 (precursor numbering), a
conserved residue present in all ANT isoforms and located on
a solvent-exposed loop facing the matrix side of the inner
mitochondrial membrane (Fig. 2G) (90, 91).

In addition to ATPSc-KMT (FAM173B) described in the
preceding section, which is ubiquitously present in all Meta-
zoa, vertebrates have an additional paralogue, FAM173A (84).
The two proteins show sequence homology throughout their
respective sequences, and it was shown also for FAM173A that
its N-terminal region contains an atypical, noncleavable MTS
responsible for mitochondrial localization, and with mem-
brane anchoring putatively mediated by the hydrophobic TMD
(84, 92). Similarly as for ATPSc-KMT, using methyllysine-
specific antibodies, it was shown that a �32 kDa protein
species was devoid of methylation in FAM173A KO cells. This
protein species was identified as a mixture of ANT2 and ANT3
(92), which both showed trimethylation at Lys-52 in cells
expressing enzymatically active FAM173A, but not in
FAM173A-deficient cells. Moreover, it was demonstrated that
ANT1 and ANT2 are fully trimethylated at Lys-52 in a variety
of rat tissues. Collectively, these data firmly establish
FAM173A as the MTase responsible for methylation of ANT
in vivo, and consequently, FAM173A was renamed ANT-KMT
(gene name ANTKMT) (92).

Since ADP/ATP exchange across the inner mitochondrial
membrane is required for ATP synthesis, ANT methylation
may conceivably affect mitochondrial respiration, which is
coupled to ATP synthesis. Indeed, mitochondrial respiration
linked to ATP synthesis by OxPhos was increased in ANT-
KMT KO cells and restored to WT levels after complemen-
tation with enzyme-active FAM173A, but not with the
enzyme-dead mutant (92). Interestingly, ANT tightly binds
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cardiolipin (93), and one of the three cardiolipin molecules
found in ANT crystal structures is located in the vicinity of
Lys-52. Moreover, it was reported that cardiolipin binding to
ANT influenced its self-association and interaction with other
proteins (94–96). Therefore, one may speculate that ANT-
KMT-mediated methylation of ANT at Lys-52 evolved to
optimize its interaction with cardiolipin and modulate its
cardiolipin-dependent activities.

As outlined above, vertebrates possess two similar paralo-
gues, ATPSc-KMT and ANT-KMT, both targeting ring-
forming proteins/structures in the inner mitochondrial
membrane, with the methylated lysine facing the matrix side
and being involved in cardiolipin binding (Fig. 2, F and G). In
contrast, nonvertebrate animals only have one such protein,
targeting ATPSc (84, 92), and it is therefore reasonable to
assume that ATPSc-KMT represents the primordial enzyme,
from which the vertebrate-specific ANT-KMT evolved after a
gene duplication event (92).

Ctm1p-mediated lysine methylation of cytochrome c in fungi

Cytochrome c is a highly conserved protein universally
present in all eukaryotes, containing a covalently attached
heme group, and its function depends on its intracellular
localization. Typically, cytochrome c localizes to the mito-
chondrial intermembrane space and acts as mobile carrier for
the ETC, transferring electrons between Complex III (also
known as the cytochrome bc1 complex or ubiq-
uinol:cytochrome c oxidoreductase) and Complex IV (also
known as cytochrome c oxidase). However, in higher animals,
various cellular stresses can induce the release of cytochrome c
from mitochondria into cytosol, thus triggering the process of
programmed cell death, also known as apoptosis.

Many plants and fungi contain cytochrome c with methyl-
ated lysine(s) (97). In yeast, cytochrome c (Cyc1p) is trime-
thylated at Lys-78 (precursor numbering), whereas the
corresponding residue in mammals, referred to as Lys-72
(mature numbering), is unmethylated (98). The responsible
enzymatic activity, cytochrome c-KMT, was partially purified
from various sources and shown to mediate methylation of
cytochrome c of fungal and mammalian origin (99, 100), but it
took nearly two decades until the corresponding gene, CTM1,
was identified in yeast (101, 102). It was demonstrated that
cytochrome c from the ΔCtm1 strain was completely unme-
thylated, and recombinant Ctm1p was shown to specifically
target unmethylated cytochrome c (from mammals or ΔCtm1
yeast) in vitro (102). Moreover, Lys-78 in Cyc1p was confirmed
as the Ctm1p target site by mutational analysis (102) and mass
spectrometry (MS) (103). Collectively, these studies firmly
established Ctm1p as the KMT responsible for methylation of
yeast cytochrome c in vivo (102, 103).

Unlike the other MTases described in this review, which are
all 7BS MTases, Ctm1p belongs to the SET-domain class of
MTases, which primarily encompasses KMTs involved in
histone methylation. Ctm1p is localized to the cytoplasm,
indicating that methylation of cytochrome c occurs in the
cytoplasm, prior to mitochondrial import (102, 104). Apoc-
ytochrome c, i.e., cytochrome c without the heme, is the
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preferred substrate of Ctm1p, and methylation of cytochrome
c was found to enhance both its mitochondrial import and its
interaction with the cytochrome c heme lyase, Cyc3p, which is
responsible for heme attachment (103, 105). Since heme
attachment promotes the mitochondrial import of cytochrome
c, these results are compatible with a model where methylation
promotes cytochrome c heme attachment and mitochondrial
import through enhancing the interaction between cyto-
chrome c and Cyc3p. Several studies reported that methylation
affected various biochemical properties of cytochrome c
(106–109), but the biological significance of these results re-
mains unclear, since Δctm1 yeast strain has no observable
functional defects (102). Also, the absence of cytochrome c
methylation in Metazoa suggests that it is not essential for
cytochrome c function in mitochondrial respiration.
General discussion

Functional roles of mitochondrial protein methylation

Typically, methylated residues in mitochondrial proteins are
located at the protein surface (Fig. 2) and often interact with
other molecules, suggesting that methylation may optimize or
modulate such interactions. For example, the methylated res-
idue Gln-252 in MTRF1L is part of a conserved GGQ-motif
that interacts with the ribosomal peptidyl transferase center
(48), whereas the methylated residues Lys-200 and Lys-203 in
ETFβ are part of the “recognition loop” that interacts with
MCAD and, likely, with other ETF-dependent dehydrogenases
(62). Also, it was suggested that methylation of Arg-85 in
NDUFS2 is important for binding of another subunit,
NDUFS7, during early steps of Complex I assembly (39, 42),
and that methylation of Lys-43 in ATPSc may modulate car-
diolipin binding (110).

In the context of nuclear proteins, such as histones and
transcription factors, methylations often play regulatory roles,
and may therefore be portrayed as tunable "switches" gov-
erning transcriptional activity and/or chromatin state in a
dynamic manner. These methylation "marks" are specifically
recognized by reader domains that are part of multidomain
proteins that modify chromatin through various enzymatic
activities, and, in the case of lysines, methylation is dynamic, as
it can be reversed by the action of various demethylases. In
contrast, many of the cytosolic lysine methylations that have
been discovered in recent years appear static and constant, and
these may rather be likened with "nuts and bolts," playing
important roles in optimizing protein function, but without
being dynamic or exerting a regulatory function. Several of the
mitochondrial methylations apparently belong to this latter
category, for example, lysine methylation of ANT and ATPSc,
which were both found in a fully trimethylated state in all
tissues and cells examined (84, 92).

To our knowledge, there are no indications that protein
demethylases exist in mitochondria. Almost all histone
demethylases belong to the so-called JmjC-domain protein
family, and none of these enzymes have been observed in
mitochondria. The AlkB homologues (ALKBH), which are
similar to the bacterial DNA repair protein AlkB, represent
another group of vertebrate demethylases, belonging to the
same superfamily as the JmjC-domain proteins (111). Actually,
two of these, ALKBH1 and ALKBH7 localize to mitochondria,
but they modify tRNA bases (112–114). However, it should be
mentioned that a single study reported that ALKBH1 targets
proteins, but this has not been confirmed by others (115).

Interestingly, lysine methylation of CS and ETFβ, as well as
METTL9-mediated histidine methylation of NDUFB3, were
shown to be substoichiometric in mammalian cells, with a
substantial and variable proportion of lower methylation states
(24, 68). This may be due to the reversal of methylation by yet
uncovered demethylases, but could also simply reflect a delay
in the methylation of newly synthesized proteins, due to
limited MTase capacity. In a third scenario, these methylations
may be truly dynamic and regulated, but solely at the level of
the MTase, with demethylation occurring by the passive
mechanism of protein turnover.

In recent years, substantial cross talk between protein
modification and cellular metabolism has been demonstrated.
For example, levels of protein acetylation are strongly influenced
by the levels of the acetyl donor, acetyl-CoA, which is generated
by keymetabolic processes such as fatty acid breakdown and the
citric acid cycle (116). Similarly, certain cellularmethylations are
particularly sensitive to alterations in the levels of the methyl
donor AdoMet and its unmethylated counterpart AdoHcy,
which may act as an inhibitor of enzymatic methylation re-
actions (117). Both AdoMet and AdoHcy take part in the so-
called one-carbon (1C) cycle, which is intertwined with several
metabolic pathways (118). Interestingly, methylation of CS by
CS-KMT appeared to be particularly sensitive to inhibition by
AdoHcy, potentially representing a regulatory mechanism
whereby changes in the AdoMet/AdoHcy ratio may modulate
CS activity, which was found to be diminished by methylation
(68). Also ETFβ methylation shows potential links to one-
carbon metabolism, since ETF-dependent dehydrogenases are
involved in the metabolism of the 1C metabolites sarcosine and
dimethylglycine (56).

In several cases, methylation was found to affect the activity
of a metabolic protein, thus influencing metabolite levels; for
example, methylation diminished CS and ETFβ activity
(24, 68). In the case of CS, the converse also occurred, namely
that the metabolite influenced methylation, as CS adopts a
"closed" conformation in the presence of its substrate oxalo-
acetate, thereby blocking CS-KMT-mediated methylation (68).
Thus, a self-regulatory circuit is potentially formed, where
oxaloacetate build-up inhibits CS methylation, leading to
increased levels of unmethylated (more active) CS and accel-
erated oxaloacetate consumption. However, these features of
CS and CS-KMT were only observed in vitro, and it remains to
be established whether this circuit is operative and significant
in vivo. As discussed in this section, some of the mitochondrial
protein methylation events display low occupancy and inter-
esting variations, and there appears to be cross talk between
mitochondrial methylation and cellular metabolism. However,
more research is required to establish the extent to which
mitochondrial protein methylation actively regulates meta-
bolism in vivo.
J. Biol. Chem. (2022) 298(4) 101791 9



Table 2
Protein methylations in human mitochondria (from
PhosphoSitePlus)

Category Total Mitochondrial

All proteins 20,386 1234
Methylated proteins 5447 (26.7%a) 385 (31.2%a)
Methylations 15,919 775
Methylations per protein 2.9 2.0
Arg methylations 10,806 (67.9%b) 525 (67.7%b)
- Rme1 0.86 0.94
- Rme2 0.14 0.06
Lys methylations 5101 (32.0%b) 248 (32.0%b)
- Kme1 0.83 0.80
- Kme2 0.11 0.11
- Kme3 0.06 0.09
Other methylations 12 (0.1%b) 2 (0.3%b)

Data on human protein methylation were downloaded from PhosphoSitePlus (in Sept.
2021). Methylations were designated as "mitochondrial" when the corresponding
protein is annotated with a mitochondrial localization in UniProt. For Arg and Lys
methylations, the fraction constituted by each individual methylation state is indicated.
a of all proteins.
b of all methylations.
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The mitochondrial methylproteome

During the last decade, several high-throughput MS studies
have revealed thousands of methylation sites in mammalian
proteomes, focusing mainly on lysines and arginines
(29, 91, 119–124). Data from such studies have been compiled in
the PhosphoSitePlus database (1), which, for humans, currently
encompasses �16,000 methylation sites distributed between
�5500 proteins. To investigate the extent of mitochondrial
protein methylation, we extracted from PhosphoSitePlus the
methylated human proteins that are annotated asmitochondrial
in the UniProt database (note that some of these proteins have
additional subcellular localizations). This retrieved 385 meth-
ylated mitochondrial human proteins, containing 775 methyl-
ation sites (Table 2). Comparison of the mitochondrial
subproteome to the total proteome revealed a similar fraction of
proteins that are methylated (27–31%), and a comparable
number of methylations per (methylated) protein (between two
and three), as well as a similar ratio of Arg to Lys methylations
(�2:1) (Table 2). This analysis suggests that mitochondrial
protein methylation might be extensive and comparable to the
cellular average. However, it is important to point out that data
from high-throughput studies should be approached with
caution, as the false discovery rates for protein methylation are
typically very high (125). In particular, many of the putative
monomethylation events may result from incorrect assignment
of methylpeptide MS spectra or artefactual methyl-ester for-
mation occurring during sample preparation (125).

Besides the high-throughput studies described above,
methylation of a few mammalian mitochondrial proteins has
been discovered through low-throughput studies focusing on
a single abundant protein or protein complex. Somewhat
strikingly, almost all the human MTases described in previous
sections were found to mediate methylation events originally
identified in low-throughput studies, i.e., those on NDUFS2,
CS, ATPSc, ANT, and NDUFB3 (41, 47, 65, 79, 90). Common
for these low-throughput studies is that they typically iden-
tified sites that contained more than one methyl group (i.e.,
dimethyl-Arg or trimethyl-Lys), and that methylation was of
high occupancy, i.e., that the methylated, but not the unme-
thylated form was detected. In contrast, the high-throughput
studies typically used affinity-based enrichment of methylated
sequences (using methylation-specific antibodies), which
would also identify low occupancy methylations. Moreover,
more than 80% of the methylation events discovered in these
high-throughput studies were monomethylations (Table 2).
One may therefore speculate that many of these methylation
events are of low occupancy and without biological signifi-
cance, either representing artefactual methylations (see
above) or resulting from spurious activity of broad-specificity
protein MTases. No mitochondrial broad-specificity protein
MTases have been described, but it is clearly possible that
cytoplasmic MTases methylate mitochondrial proteins prior
to their import into mitochondria. Candidate MTases may be
the SET-domain KMTs SMYD2 and SET7/9, as well as
several of the PRMT enzymes. Also, one should not exclude
the possibility that some low occupancy methylations may
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result from nonenzymatic methyl transfer from the methyl
donor AdoMet.

Despite the high number of human mitochondrial protein
methylations that can be extracted from PhosphoSitePlus,
there are still reasons to believe that functionally important
methylation events await identification. The high-throughput
studies have mainly used trypsin to generate peptides for MS
analysis, and there are obviously many cases where a methyl-
ation site is contained within a trypsin-generated peptide that,
e.g., due to its length or charge state, is not amenable to MS
detection. For example, methylation of ATPSc, which was
detected in several low-throughput studies, was never reported
in any of the high-throughput studies. Also, no dedicated
proteomics studies have focused on the identification of
methylated proteins in isolated human mitochondria, although
such studies have been performed in other organisms, such as
budding yeast and trypanosomes (126, 127). Thus, there is a
strong need for generating a high-confidence human/
mammalian mitochondrial protein methylome by performing
protein MS analysis of isolated mitochondria using a panel of
different proteases for peptide generation.
Evolutionary origin of mitochondrial protein MTases

All the discovered mitochondrial protein MTases in humans
belong to the 7BS MTase class, a diverse group of enzymes
that collectively methylate a wide range of substrates (17, 18).
These enzymes share a similar three-dimensional fold, but,
beyond some conserved motifs, the sequence similarity be-
tween different MTases is usually low, even between MTases
that catalyze the same chemical reaction. For example, several
of the 7BS MTases that catalyze lysine methylation show very
little sequence similarity to one another, suggesting that KMT
activity has arisen independently within the 7BS MTase family
at several occasions throughout evolution (19). This is illus-
trated in Figure 3, which shows an unrooted phylogenetic tree
of the human mitochondrial protein MTases and their closest
human homologues. ETFβ-KMT belongs to the so-called
MTase Family 16, which, in humans, encompasses ten



Figure 3. Phylogenetic grouping of human mitochondrial protein MTases. An unrooted phylogenetic tree of human mitochondrial protein MTases
(bold) and their closest human relatives is shown. Blue indicates members of Methyltransferase Family 16, green the inter-related ANT-KMT and ATPSc-KMT
that are similar to archaeal KMTs, pink the group formed by CS-KMT and three eEF1A-specific KMTs, and beige HEMK1 and its cytosolic counterpart HEMK2/
N6AMT1. First, a sequence alignment of the relevant sequences was generated using MAFFT (133), and then a tree generated and rendered using the
PhyML and TREEDYN programs, respectively, both found as part of the Phylogeny.fr package (134–136). KMT, lysine specific MTase; MTase,
methyltransferase.
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MTases that mainly catalyze lysine methylation (19, 21, 27).
Similarly, CS-KMT belongs to a KMT family with four human
members, where the three other members all target eukaryotic
translation elongation factor 1α (eEF1A) (66), and the RF
MTase HEMK1 forms a small group with its cytosolic coun-
terpart HEMK2 (N6AMT1). In contrast, the Arg-specific
MTase NDUFAF7 and the His-specific MTase METTL9, as
well as the interrelated ATPSc-KMT and ANT-KMT, do not
show pronounced similarity to other human MTases. In
summary, the mitochondrial protein MTases represent a
diverse group of enzymes, some of which are closely related to
nonmitochondrial (mainly cytosolic) protein MTases.

According to the endosymbiotic theory, which is now
commonly accepted, mitochondria evolved from bacteria
taken up by cells, and the bacterial lines that gave rise to
mitochondria appear similar to today’s α-proteobacteria (128).
Interestingly, several of the mitochondrial MTases described
here have closely related sequence homologues in α-proteo-
bacteria, and one may speculate that they have a bacterial
origin. Moreover, some of the MTases have been shown to
modify the same protein on the equivalent residue in bacteria
and mitochondria. ETFβ-KMT homologues from the α-pro-
teobacteria Rhizobium etli and Agrobacterium tumefaciens
were shown to methylate the same residues in ETFβ as the
human counterpart (64), and Gln methylation of RFs at GGQ
motifs by HEMK family enzymes occurs both in bacteria and
eukaryotes (129). Also, bioinformatics and structural evidence
indicate that NDUFAF7 homologues from α-proteobacteria
mediate NDUFS2 methylation (42). The two related MTases
ANT-KMT and ATPSc-KMT show similarity to aKMT, a
broad-specificity KMT from Archeae, which also has homo-
logues in α-proteobacteria, suggesting a bacterial origin also
for these two MTases. In contrast, CS-KMT shows a very
limited distribution in eukaryotes; it is found primarily in
vertebrates, where it shows a scattered presence, and no bac-
terial homologues appear to exist. This, taken together with
the existence of three CS-KMT paralogues in humans, may
suggest that CS-KMT arose from a gene duplication event in a
higher eukaryote. Finally, it is difficult to speculate on the
evolutionary origin of the His-specific MTase METTL9, since
only distant homologues are found in bacteria, and no human
paralogues exist.

Discovering novel mitochondrial protein MTases

So far, seven mitochondrial protein MTases have been
described in humans, but given the extent of mitochondrial
protein methylation, it is reasonable to assume that more
remain to be discovered. Based on the published literature and
algorithms for predicting classic MTSs, Rhein et al. (39)
compiled in 2013 a list of 35 putative and established mito-
chondrial MTases in humans. In 2017, a similar list was
published, but now limited to established and candidate
J. Biol. Chem. (2022) 298(4) 101791 11
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mitochondrial protein MTases, where the latter category
comprised uncharacterized MTases with established or puta-
tive mitochondrial localization (69). This list, encompassing 11
MTases, included HEMK1, NDUFAF7, METTL9, CS-KMT,
and ETFβ-KMT. However, the (then uncharacterized) MTS-
less MTases ANT-KMT and ATPSc-KMT were, for obvious
reasons, not on the list, underscoring that additional MTS-less
mitochondrial MTases may exist. The uncharacterized
"orphan" MTases on the list are indeed interesting candidates
for mitochondrial protein MTases (69). In particular, the SET-
domain MTase SETD9 is the nearest relative of the broad-
specificity KMT SETD7 (aka SET7/9) and has also been
observed in mitochondria. Also, another SET-domain enzyme,
SETD4, which is the closest homologue of the established
KMT SETD6, showed, in immunofluorescence experiments, a
staining compatible with mitochondrial localization (69, 130).
The remaining MTases on the list are not particularly similar
to protein MTases, but should still be further investigated, as
there are several examples that MTases show activities
different from what one would predict from sequence and
structural analysis.

In recent years, tremendous progress has been made on
identifying novel human protein MTases, but it has also been
pointed out that some MTase substrate assignments appear
dubious and lack sufficient experimental support (131, 132).
However, an important factor in resolving this issue has been the
recent availability of MTase KO cells, which now can be readily
generated by CRISPR/Cas9 technology. If a proteinmethylation
event is observed in wild-type cells, but not in KO cells lacking a
specificMTase, this represents a strong indication that the given
MTase is catalyzing the corresponding methylation reaction.
Combinedwith in vitro enzymology, this approach allows robust
identification of protein MTase substrates; illustratively, many
of the recent MTase substrate assignments have been made
independently by two or more research groups. Clearly, once a
high confidence mitochondrial protein methylome has been
established, it will be of great interest to investigate the effect of
variousMTase KOs on the individualmodification events. Since
it is highly likely that some of the mitochondrial proteins are
methylated prior to import intomitochondria, cytosolicMTases
should also be investigated.
Conclusions and future perspectives

In recent years, considerable progress has been made on the
identification of MTases catalyzing mitochondrial protein
methylation, particularly in humans. Also, in several cases, it
has been demonstrated that methylation of components of the
energy production machinery plays important roles in respi-
ration and metabolism. However, several questions remain for
future studies. It is necessary to establish a high-quality cata-
logue of mitochondrial methylation events. Specifically
assessing these methylation events in cells/organisms that are
deficient in candidate MTases will likely lead to the identifi-
cation of more MTases involved in mitochondrial methylation.
Additionally, it will be interesting to investigate in more detail
how methylation affects the molecular properties of the target
12 J. Biol. Chem. (2022) 298(4) 101791
proteins and to what extent mitochondrial protein methylation
actively regulates cellular metabolism.
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