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Methionine on the rise: how mitochondria
changed their codon usage
Felix Boos, Michael Wollin & Johannes M Herrmann

The tRNA specific for methionine
(tRNAMet) of human mitochondria contains
a formyl-cytosine at the wobble position
of the anticodon to facilitate its binding to
AUG, AUA and (in one instance) to AUU. In
this issue of The EMBO Journal, Haag et al
identify a two-step enzyme pathway
facilitating the modification of the tRNA.
Sequential reactions of the methyltrans-
ferase NSUN3 and the dioxygenase
ALKBH1/ABH1 are important to render the
tRNA as able to recognize the non-
canonical methionine codons AUA and
AUUs, a property critical for efficient
protein synthesis in human mitochondria.

See also: S Haag et al (October 2016)

E ukaryotic cells contain two distinct

translation machineries: one in the

cytosol and one in mitochondria.

While cytosolic ribosomes synthesize thou-

sands of different proteins, the mitochon-

drial translation system is specialized on the

production of only a handful of proteins.

The size of the mitochondrial genome,

particularly in animals (including humans),

was reduced to almost the theoretical mini-

mum. The 16,569 base pairs of human mito-

chondrial genome code for 13 proteins (all

being core constituents of the respiratory

chain complexes), two ribosomal RNAs (one

forming the core of the large subunit and

one the core of the small subunit), and 22

tRNAs (Gustafsson et al, 2016). Except for

some small regulatory elements controlling

transcription and replication, all other

sequences were removed during evolution.

Even the equivalent of the 5S rRNA, a struc-

tural element found in the large subunit of

all other ribosomes, was lost in mammalian

mitochondria and replaced by the valine

tRNA that was incorporated into the body of

the ribosome (Brown et al, 2014). This dras-

tic reduction in the mitochondrial genome

size was presumably driven by Muller’s

ratchet, that is, the drift to irretrievably loose

genetic information in genomes lacking

sexual recombination.

As a consequence to their reduced

genome size, human mitochondria employ a

minimalistic set of tRNAs, which as compen-

sation often decodes an increased number of

codons. This change is apparent in the

tRNAMet, which in the canonical codon

usage only recognizes AUG codons.

However, in mammalian mitochondria the

tRNAMet also binds to AUA codons and, in

the unconventional context of the start

codon of the NADH dehydrogenase subunit

2 (ND2), also to AUU, both normally coding

for isoleucine. Thus, a single tRNAIle is suffi-

cient to incorporate all isoleucines of mito-

chondrially encoded proteins. The larger

number of codons recognized by the

tRNAMet resulted in an increased methionine

content in mitochondrial proteins. High

levels of this easily oxidized amino acid

residue might have helped to counteract the

oxidative conditions at the inner membrane

(Bender et al, 2008).

The mammalian mitochondrial genome

has a strong bias toward a very high AT

content. Presumably as a consequence of

this trend, 167 of the 207 mitochondrially

encoded methionine residues use AUA and

only 40 use the canonical AUG codon. This

increase in the codon spectrum of the mito-

chondrial tRNAMet is made possible due to

posttranscriptional modifications of the cyto-

sine residue in the wobble position of the

anticodon (Bilbille et al, 2011) (Fig 1).

Three recent studies identified two sequen-

tially acting enzymes, which are responsible

for the modification of this cytosine 34

(Haag et al, 2016; Nakano et al, 2016; Van

Haute et al, 2016). Initially a methyl group

is added to this nucleoside and then further

converted to a formyl group.

In the first step, cytosine 34 is methylated

on carbon 5 (Fig 1) by NSUN3, a mitochon-

drial representative of the Nol1/Nop2/Sun

domain (NSUN) family of putative m5C

RNA methyltransferases. Mammalian

genomes encode at least seven highly

conserved members of this protein family to

modify different RNAs, predominantly

tRNAs and rRNAs, in a highly site-specific

manner. Using in vivo crosslinking with UV

light or the chemical 5-azacytidine, Haag

et al (2016) identified NSUN3 as a direct

binder of the tRNAMet of mitochondria. They

could even reconstitute the methylation

reaction in vitro by incubation of recombi-

nant NSUN3 in the presence of the methyl-

group donor S-adenosylmethionine (SAM)

with freshly transcribed methyl-tRNA, which

was efficiently methylated at its cytosine 34

position (Haag et al, 2016). In the parallel

study by Van Haute et al, the authors

designed an NSUN3 trapping mutant which

contains the catalytic cysteine but lacks the

resolving cysteine required for cleavage of

the covalent adduct and thus for release of the

methylated RNA from the enzyme. Using this

elegant tool, NSUN3 was caught red-handed

in the process of binding to the anticodon

loop of the mitochondrial tRNAMet (Van

Haute et al, 2016). Van Haute et al initially

had become interested in NSUN3 when they

identified a patient with a loss-of-function

variant of NSUN3. This patient developed

mitochondrial disease symptoms such as a
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combined OXPHOS deficiency in muscle cells

at the age of 3 months. The non-modified

anticodon of the mitochondrial tRNAMet

(Haag et al, 2016; Nakano et al, 2016; Van

Haute et al, 2016) results in strongly reduced

translation rates in mitochondria, which in

turn leads to a decrease in their respiratory

activity (Nakano et al, 2016).

The Haag et al (2016) study also identi-

fied the enzyme responsible for the second

reaction in which the methyl-cytosine at

position 34 of the tRNAMet is further

converted to formyl-cytosine. This enzyme,

ALKBH1/ABH1, is a member of the AlkB-

like Fe2+/a-ketoglutarate-dependent dioxy-

genases (ALKBH), which they reported to be

largely located in the mitochondria of

HEK293 cells. In the reconstitution experi-

ments, the addition of ALKBH1/ABH1

together with Fe2+ and a-ketoglutarate
converted the methylated tRNAMet into the

formylated species that is prevalent under

physiological conditions. It is currently not

clear whether in vivo, the entire pool of

mitochondrial tRNAMet is formylated or

whether differentially modified states are

used to modulate mitochondrial translation

activity.

Over the past few years, more than 100

different species of modified nucleosides

have been identified in RNAs from all

domains of life (Machnicka et al, 2013).

Many of these modifications alter the first

(wobble) position of the anticodon of tRNA

molecules to modulate codon recognition.

The identification of the enzymes that

exhibit these modifications now offers an

exciting opportunity to unravel how changes

in the tRNA modification patterns translate

into different codon preferences. Differential

modification patterns on tRNAs might repre-

sent an additional important level of regula-

tion by which cellular translation activity

can be adapted to the needs of different

tissues or developmental stages (Roundtree

& He, 2016). It will be exciting to explore

this “RNA epigenetics” in greater detail in

the future.
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Figure 1. The anticodon of the mitochondrial tRNAMet is modified by two sequential enzymatic
reactions.
In a first step the cytosine at position 34 in the wobble position of the anticodon is methylated by NSUN3 in a
reaction using S-adenosylmethionine (SAM). Subsequently, the oxygenase ALKBH1/ABH1 converts the
methyl-cytosine to formyl-cytosine, thereby increasing the spectrum of recognized codons to AUG, AUA and
AUU.
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