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Abstract

Pathogenic variants that disrupt human mitochondrial protein synthesis are associated with a clinically heterogeneous group of
diseases. Despite an impairment in oxidative phosphorylation being a common phenotype, the underlying molecular pathogenesis
is more complex than simply a bioenergetic deficiency. Currently, we have limited mechanistic understanding on the scope by
which a primary defect in mitochondrial protein synthesis contributes to organelle dysfunction. Since the proteins encoded in the
mitochondrial genome are hydrophobic and need co-translational insertion into a lipid bilayer, responsive quality control mechanisms
are required to resolve aberrations that arise with the synthesis of truncated and misfolded proteins. Here, we show that defects
in the OXA1L-mediated insertion of MT-ATP6 nascent chains into the mitochondrial inner membrane are rapidly resolved by the
AFG3L2 protease complex. Using pathogenic MT-ATP6 variants, we then reveal discrete steps in this quality control mechanism and
the differential functional consequences to mitochondrial gene expression. The inherent ability of a given cell type to recognize and
resolve impairments in mitochondrial protein synthesis may in part contribute at the molecular level to the wide clinical spectrum
of these disorders.

Introduction
Human mitochondrial DNA (mtDNA) encodes 13 core
protein subunits of the oxidative phosphorylation
(OXPHOS) complexes (1). Defects in the faithful synthesis
of these proteins represent the largest and most clinically
diverse group of human mitochondrial disorders (2).
At the molecular level, these disorders are typically
characterized by a biochemical defect in OXPHOS, yet
the clinical presentation cannot be explained by the
bioenergetic dysfunction alone. Understanding the basis
by which distinct pathogenic variants impair mitochon-
drial protein synthesis and organelle homeostasis is
critical to determine the molecular pathogenesis of these
disorders. The hydrophobicity of these 13 membrane
proteins requires co-translational insertion into the inner
mitochondrial membrane prior to sorting into distinct
assembly pathways for each OXPHOS complex (3,4). Even
though a detailed molecular understanding emerges
of mitochondrial protein synthesis (5), critical gaps in
knowledge nonetheless remain in the quality control

mechanisms required to resolve aberrations in protein
synthesis (6).

Mitochondrial nascent chain insertion into the inner
membrane is mediated by OXA1L (7,8). This protein is a
member of the Oxa1 insertase superfamily, which acts
functionally through a conserved mechanism, whereby
the insertase forms a positively charged groove to facil-
itate an interaction via the short hydrophilic sequence
of substrates which precede the transmembrane domain
(9,10). As a consequence, this facilitates the translocation
of substrates across the bilayer to obtain their correct
topology. Biallelic pathogenic variants in human OXA1L
present with severe encephalopathy, hypotonia and
developmental delay and a defect in OXPHOS complex
assembly (11). A similar molecular phenotype is also
observed with reverse genetic approaches to silence
OXA1L function in cultured human cells (12). In yeast,
OXA1 also mediates the N-terminal insertion of nuclear-
encoded substrates into the inner membrane of the
organelle (13). In terms of mitochondrially encoded
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substrates, the most extensive investigations have
been conducted in the budding yeast with Cox2 of
cytochrome c oxidase and Atp6 and Atp9 of the F1FO ATP
synthase (7,8,14). Biochemical data has long supported
contact between the C-terminal extension of OXA1L
and mitochondrial ribosomes (15,16), suggesting a co-
translational interaction. Recently, a high-resolution
structure identified the molecular basis of this mecha-
nism. OXA1L binds the mitochondrial ribosome at three
sites, which correlates with conformational changes in
mL45 to limit folding of the emerging nascent chain in
the exit tunnel (17). Despite the co-translational contact
between OXA1L and the mitochondrial ribosome, a gap
remains between the exit site and the membrane that
could allow additional interactions with the emerging
nascent chains prior to membrane insertion.

Following insertion, newly synthesized polypeptides
follow two fates: stable assembly into an OXPHOS com-
plex or degradation. The AAA (ATPases associated with
various cellular activities) protease complex composed
of AFG3L2 subunits plays a key role in the quality con-
trol of mitochondrial nascent chains (18–21). In humans,
AFG3L2 exists as a homo- or hetero-hexameric complex
with paraplegin subunits anchored in the inner mem-
brane and facing the matrix space. Pathogenic variants
in these subunits manifest as autosomal dominant and
or recessive neuromuscular disorders (22–27) and appear
to cluster into distinct structural elements of the com-
plex (28). Progressive loss of AFG3L2 function triggers a
stress response that remodels mitochondrial membrane
morphology and a series of pathways that negatively
affect mitochondrial gene expression (20,21,29). In the
budding yeast, there is a genetic interaction between this
mitochondrial matrix AAA protease complex, the OXA1
insertase and assembly of the F1FO ATP synthase (30),
where the chaperone function of the complex appears to
be particularly important (31). Despite a detailed under-
standing on the structural mechanisms by which the
AFG3L2 complex mediates protein unfolding and prote-
olytic degradation (28), the basis and selectivity by which
mitochondrial nascent chain substrates are delivered to
the complex remains poorly understood.

Currently, little is known about the regulation of
co-translation quality control mechanisms required
to resolve the aberrations in mitochondrial protein
synthesis (6). Although there is a spatial separation of the
mitochondrial genome from RNA processing (32), there
is no physical barrier within the organelle to enforce
strict quality control mechanisms to prevent translation
of faulty mRNA, such as truncated transcripts. As
a consequence, the importance of co-translational
quality control mechanisms is paramount for organelle
homeostasis and cell fitness.

In this study, we establish a model by which failures
in the co-translational insertion of MT-ATP6 are rapidly
resolved by the AFG3L2 complex. Using specific MT-ATP6
pathogenic variants, we then reveal discrete regulatory
steps in the quality control of mitochondrial nascent

chain synthesis and the phenotypic consequences from
disruptions in these processes. Collectively, our findings
point to the differential effects that translation of mito-
chondrial pathogenic variants of the same gene can exert
on organelle homeostasis.

Results
MT-ATP6 as a model substrate for the study of
co-translational quality control
Despite the importance of OXA1L and AFG3L2 to OXPHOS
complex assembly, how these two factors work synergis-
tically during mitochondrial protein synthesis remains
unclear. To investigate these functions, we performed
single and combined siRNA knockdown of AFG3L2 and
OXA1L in human cultured fibroblasts, which is followed
by metabolic labelling with 35S methionine/cysteine
(Fig. 1A–C). A robust inhibition of OXA1L function did not
impair the overall synthesis of mitochondrial nascent
chains (Fig. 1B), however, the MT-ATP6 and MT-CO2
nascent chains were completely unstable and rapidly
degraded. In contrast, stability of other mitochondrial
nascent chains was either modestly affected or not at
all from OXA1L inhibition in this assay (Fig. 1B and C).
We have shown previously that acute pharmacological
inhibition of AFG3L2 can lead to the accumulation
of mitochondrial nascent chains (20). Therefore, we
addressed whether AFG3L2 was responsible for the rapid
degradation of MT-ATP6 and MT-CO2 nascent chains.
The double knockdown of AFG3L2 and OXA1L did not
impair nascent chain synthesis but did prevent the rapid
degradation of both MT-ATP6 and MT-CO2 (Fig. 1B and C).
Although these two mitochondrially encoded proteins
differ considerably in their structure and hydrophobicity
(33,34), the apparent inability to insert these nascent
chains into the inner membrane induces proteolytic
degradation by the AFG3L2 complex. Together, the data
establish MT-ATP6 as model substrate with which to
investigate co-translation quality control mechanisms
of mitochondrial protein synthesis.

Pathogenic variants of MT-ATP6 to probe
mitochondrial co-translation quality control
To investigate the co-translation quality control of MT-
ATP6, we turned to two pathogenic mtDNA variants seg-
regating in patient-derived skin fibroblasts that distinctly
affect the translation of this open reading frame (ORF)
(Fig. 2A). The first variant (m.9205delTA) encodes a 2 bp
deletion that removes the in-frame stop codon required
for translation termination of MT-ATP6 (35) and will be
referred to as the non-stop mRNA. The second variant
(m.8611insC, L29PfsX36) encodes a 1 bp insertion that
alters the MT-ATP6 reading frame, leading to premature
translation termination after 36 amino acids (36) and will
be referred to as the frameshift (FS) mRNA. Both variants
are present at high heteroplasmy levels (e.g. 97 and 80%,
respectively) in cultured fibroblasts (21).

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/31/8/1230/6413577 by H
U

S-N
AISTEN

SAIR
AALA-N

AISTEN
KLIN

IKK TIETEELLIN
EN

 KIR
JASTO

 user on 12 M
ay 2022



1232 | Human Molecular Genetics, 2022, Vol. 31, No. 8

Figure 1. MT-ATP6 as a model substrate for the study of co-translational quality control. (A) Immunoblotting of whole-cell lysates from human
fibroblasts treated with the indicated siRNAs. sc, scrambled control. ∗Non-specific band detected with AFG3L2 antibody. (B) A representative image
of 35S-methionine/cysteine metabolic labelling of mitochondrial protein synthesis in human fibroblasts treated with the indicated siRNAs. Cells were
pulse-labelled for 30 min, followed by 60 and 180 min cold chase. (C) Quantification of the metabolic labelling from five independent experiments with
the mean ± SD.

Within human mtDNA, MT-ATP6 has an overlapping
ORF with MT-ATP8 (1). At the mRNA level, two transcripts
can be detected for MT-ATP6. The first is a tricistronic
mRNA that contains MT-ATP8, MT-ATP6 and MT-CO3
and a shorter processed transcript of MT-ATP8 and MT-
ATP6 (Fig. 2A and B). In human wild-type fibroblasts,
both mRNAs are abundantly detected (Fig. 2B). The
RNA processing mechanism of the tricistronic transcript
has not yet been established, but it is not owing to
the canonical endonucleolytic cleavage catalyzed by
the mitochondrial RNase P complex and RNase Z (37).
Surprisingly, in the m.9205delTA patient fibroblasts, we
could not detect the shorter MT-ATP6 mRNA transcript
with northern blotting of total RNA or MT-ATP6 synthesis
with metabolic labelling (Fig. 2B and C). In contrast, the
m.8611insC patient fibroblasts had no difference in the
abundance of the two MT-ATP6 mRNA transcripts or syn-
thesis of the corresponding nascent chain (Fig. 2B and C).
Although, an aberrant mitochondrial polypeptide was
generated in the pulse metabolic labelling of fibroblasts,

segregating the MT-ATP6 FS variant (Fig. 2C). Despite the
fact that two MT-ATP6 transcripts are readily detected in
human cultured cells, it has not been established which
transcript is used as a template in mitochondrial protein
synthesis.

The tricistronic transcript is associated with
mitochondrial ribosomes
To address this question, we sought to determine
which MT-ATP6 mRNA is associated with mitochondrial
ribosomes using the wild-type and m.9205delTA fibrob-
lasts. Mitochondrial ribosomes were isolated by sucrose
density gradient preparation that revealed no difference
in the assembly profiles (Fig. 3A). Northern blotting of
pooled fractions isolated from this preparation demon-
strates that the longer tricistronic mRNA containing MT-
ATP8/6/CO3 is the predominant transcript associated
with the 55S mitochondrial monosome in both wild-type
and m.9205delTA fibroblasts (Fig. 3B). In contrast, the
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Figure 2. The effect of pathogenic MT-ATP6 variants at the RNA level and on mitochondrial protein synthesis. (A) Top, a schematic illustrating the RNA
processing of the mitochondrial polycistronic transcript to liberate MT-ATP6 mRNA. Arrows indicate the position of the AUG start codon and asterisk
the respective stop codon. MT-ATP8 and MT-ATP6 have an overlapping start and stop codons. MT-CO3 does not encode a stop codon. (B) Top, diagram
illustrating the binding sites of oligonucleotide probes used in northern blotting analysis. Northern blotting of total whole cell RNA isolated from cultured
human fibroblasts with the indicated MT-ATP6 genotypes. Each depiction represents a representative image following hybridization with the indicated
oligonucleotide probes. (C) A representative 30-min pulse of metabolic labelling with 35S-methionine/cysteine of the cultured human fibroblasts with
the indicated MT-ATP6 genotypes. All data are representative of independent experiments.

shorter MT-ATP6 and MT-CO3 transcripts clearly appear
to sediment in lighter fractions of the sucrose gradient.

Next, we turned to two orthogonal approaches to
further validate our northern blotting results. In the
first, we developed a poisoned primer extension assay

to provide single nucleotide resolution of the MT-ATP6
mRNAs. A primer annealing to MT-CO3 was radiolabelled
at the 5′ end to be used for reverse transcription. In
this assay, cDNA synthesis terminates following incor-
poration of the chain-terminating dideoxynucleotide
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Figure 3. The longer tricistronic transcript of MT-ATP8, MT-ATP6 and MT-CO3 associates with the mitochondrial ribosome. (A) Immunoblotting of
sucrose density gradient fractions of the cultured human fibroblasts with the indicated MT-ATP6 genotypes to profile the sedimentation profile of the
mitochondrial ribosome. (B) Northern blotting of RNA isolated from the indicated sucrose density gradient fractions. (C) Left, a diagram of the poison
primer extension assay to determine the tricistronic transcript from processed MT-CO3 in the indicated MT-ATP6 genotypes. Middle, a representative
poison primer extension analysis from total RNA collected from the indicated sucrose gradient fractions. Right, quantification of the primer extension
analysis from three independent experiments (mean ± SD) with the indicated MT-ATP6 genotypes. (D) Semi-quantitative RT-PCR of RNA isolated from
the indicated sucrose gradient fractions of cultured human fibroblasts with the indicated MT-ATP6 genotypes. Left, a diagram of the assay. Right,
representative image of the analysis. -, PCR with no cDNA template; -RT, PCR without the RT step. All data are representative of independent experiments.

ddCTP when a guanine nucleotide is encountered in
the template sequence (Fig. 3C). The assay distinguishes
the 2 bp deletion in the MT-ATP6 mRNA associated
with the m.9205delTA fibroblasts (Fig. 3C). In both
wild-type and the m.9205delTA fibroblasts, the longer
tricistronic transcript associates with mitochondrial
ribosomes, whereas the shorter processed MT-CO3
transcript is enriched at the top of the gradient (Fig. 3C).
Lastly, we used strand-specific reverse transcription
followed by semi-quantitative PCR, which also showed
an enrichment of the MT-ATP8/6/CO3 transcript in the
monosome fractions of both wild-type and m.9205delTA
fibroblasts (Fig. 3D).

Although the m.9205delTA MT-ATP6 variant was origi-
nally described as a non-stop mRNA (38), the tricistronic
transcript with a 2 bp deletion generates an in-frame
fusion ORF with MT-ATP6 and MT-CO3. To test such a
hypothesis, we developed an in vitro translation assay.
Since a completely reconstituted translation system
does not yet exist for human mitochondria, we used the
bacterial PURE system. We took the sequence flanking
the junction of wild-type human MT-ATP6 and MT-CO3
to insert it between two bacterial genes, dihydrofolate
reductase (DHFR) and bla (Fig. 4A). The stop codon in
the upstream DHFR was removed so that translation
termination would be dependent upon the UAA within
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Figure 4. An in vitro translation assay to evaluate the synthesis of MT-ATP6 variants. (A) A schematic illustrating the template design. +A, an additional
adenine nucleotide was added to generate a stop codon. �TA, represent the m.9205delTA MT-ATP6 variant. (B) Autoradiogram of a representative in vitro
experiment using the indicated templates with 35S-methionine/cysteine to label all nascent chains following a 90-min incubation. All samples were
treated with a nuclease prior to gel loading to hydrolyze any potential polypeptidyl tRNAs.

the MT-ATP6 sequence. An upstream ribosomal binding
site was placed 5′ to the DHFR ORF, thus translation will
be skewed towards the synthesis of this product. We also
generated two variations of the construct, one contained
an additional adenine (+A) to produce distinct stop and
start codons, while the other contained the 2-bp deletion
found in m.9205delTA (�TA) (Fig. 4A). As expected, in this
in vitro translation assay, the stop codon in the wild-type
and +A constructs favours synthesis of the upstream
DHFR, whereas the �TA template generates a fusion
ORF (Fig. 4B). Together, the data provide robust evidence
that the absence of a stop codon in the m.9205delTA
variant would generate a fusion ORF between MT-ATP6
and MT-CO3.

Differential effects on mitochondrial protein
synthesis from the loss of co-translational
quality control of MT-ATP6 pathogenic variants
The two pathogenic MT-ATP6 variants provide sub-
strates to test mechanisms in co-translational quality
control of mitochondrial protein synthesis using the
model established in Fig. 1. The fusion ORF encoded
by the m.9205delTA variant will generate an aberrant
polypeptide with impaired membrane insertion and will
misfold during synthesis. In contrast, the FS mutation
will generate a short polypeptide of 36 amino acids
that will be too short to engage co-translationally with
the OXA1L insertase. First, we used the m.9205delTA

variant with siRNA knockdown of AFG3L2 and OXA1L
to assess the de novo mitochondrial protein synthesis.
Unlike in wild-type fibroblasts, to our surprise, loss
of either the OXA1L insertase or the AFG3L2 complex
induced a profound inhibitory effect on the synthesis
of all mitochondrial nascent chains (Fig. 5B and C).
This suggests that failures in co-translational protein
membrane insertion and or degradation following trans-
lation of the MT-ATP6 m.9205delTA variant generate
negative feedback onto mitochondrial protein synthesis.
Next, we turned to the m.8611insC variant focusing
on the role of AFG3L2. In this background, loss of
function for the AFG3L2 complex induced a similar
phenotype to what we observed in wild-type fibroblasts
(Figs 1 and 6). Further, the abundance of the aberrant
polypeptide generated in the m.8611insC fibroblasts
(Fig. 2C) was unaffected with the loss of AFG3L2. Despite
both MT-ATP6 pathogenic variants manifesting with a
biochemical defect in OXPHOS (21,39), our data point to
distinct molecular consequences from the translation
of these pathogenic mRNAs and the quality control
requirements in mitochondrial gene expression.

Discussion
Disruptions to protein synthesis are one of the most
common causes of human mitochondrial diseases but
yet present with tremendous clinical heterogeneity (2).
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Figure 5. Defective co-translational insertion and quality control of the MT-ATP6 fusion ORF encoded by the m.9205delTA variant impairs mitochondrial
protein synthesis. (A) Immunoblotting of whole-cell lysates from cultured human fibroblasts segregating the m.9205delTA variant following treatment
with the indicated siRNAs. sc, scrambled control; asterisk, non-specific band detected with AFG3L2 antibody. (B) A representative image of 35S-
methionine/cysteine metabolic labelling of mitochondrial protein synthesis in human fibroblasts segregating the m.9205delTA variant treated with
the indicated siRNAs. Cells were pulse-labelled for 30 min, followed by 60 min and 180 min cold chase. (C) Quantification of the metabolic labelling
from three independent experiments with the mean ± SD.

For a long-time, these pathogenic variants have been
investigated through a prism focusing specifically on the
bioenergetic defect arising from the failure in OXPHOS
complex assembly. Unfortunately, this perspective over-
looks the myriad of ways in which a primary molecular
defect in protein synthesis can impinge upon organelle
function. Here, we reveal how disruptions to a co-
translational step in nascent chain synthesis and quality
control can exert differential functional consequences
from translation of pathogenic variants in the same gene.

In the fully assembled F1FO ATP synthase, the MT-
ATP6 subunit has five alpha helices embedded within the
membrane, including one formed at the N-terminus (33).
Four helices create the critical functional interface with
the c-ring, forming the water half-channels for proton
translocation. In the absence of co-translational inser-
tion into the membrane, the hydrophobicity of MT-ATP6
nascent chains would likely generate protein misfolding
upon exit of the mitochondrial ribosome. This nascent
chain misfolded state is clearly recognized to initiate
proteolytic degradation, but how it is facilitated is not
so clearly understood. The AFG3L2 complex requires
substrates to possess unstructured N- or C-termini at
least 20 amino acids in length (40). Our previous research
using the peptidomimetic actinonin, which resembles
formylated methionine, established the small molecule
as a robust inhibitor of the AFG3L2 complex (20). Since
mitochondrial translation initiation requires a formyl
methionine (41), a mechanism consistent with the data
would suggest that failures in the membrane insertion
of MT-ATP6 will be delivered to the AFG3L2 complex
via the N-terminus. Considering the spatial constraints
between the ribosome and membrane (17), however, it is
likely that additional factors first recognize the misfolded
protein to facilitate subsequent delivery to the AFG3L2

complex. The use of proximity labelling approaches to
identify spatial functional domains or networks within
mitochondria (42,43) will likely be critical to elucidate
these mechanisms. Of note, AFG3L2 stoichiometry varies
across cell types (44) and is critical to the quality con-
trol of mitochondrial nascent chain synthesis that is
linked to the activation of an organelle stress response
(20,21,29,45). Although, the genetic regulation that deter-
mines AFG3L2 stoichiometry across distinct cell types
has yet to be determined.

Translation of the MT-ATP6-CO3 fusion ORF will gen-
erate a larger misfolded protein upon the exit of the ribo-
some. This aberrant nascent chain will disrupt the inser-
tion process and translocation into the membrane. In the
metabolic labelling experiments, we did not observe the
synthesis of any aberrantly sized protein or polypeptide
fragments that could be attributable to this fusion ORF.
This could imply rapid degradation. Equally possible,
however, is that the synthesized product co-migrates
with MT-CO1 as it is predicted to be a similar size and
would thus be difficult to distinguish in this assay. The
profound inhibitory effect observed in the patient fibrob-
lasts in metabolic labelling when OXA1L and AFG3L2 are
missing suggest that the co-translational quality control
of this aberrant protein is paramount for organelle home-
ostasis. Previously, we established that translation of
the m.9205delTA pathogenic variant upon an acute heat
shock generated a rapid attenuation in mitochondrial
protein synthesis, triggering a ribosome and RNA quality
control response but with no effect on mtDNA abun-
dance (21). At the time, we considered the variant as a
non-stop mRNA, but our data here clearly demonstrate it
is a fusion ORF associated with mitochondrial ribosomes.
Since temperature is a well-known modulator for protein
folding (46), the findings suggest a mechanism by which
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Figure 6. Loss of AFG3L2 function with translation of the m.8611insC
MT-ATP6 FS variant does not adversely affect mitochondrial protein syn-
thesis. (A) Immunoblotting of whole-cell lysates from cultured human
fibroblasts with the indicated MT-ATP6 genotypes following treatment
with the indicated siRNAs. sc, scrambled control; asterisk, non-specific
band detected with AFG3L2 antibody. (B) A representative image of 35S-
methionine/cysteine metabolic labelling of mitochondrial protein syn-
thesis in human fibroblasts segregating the m.8611insC variant treated
with the indicated siRNAs. Cells were pulse-labelled for 30 min, followed
by 60 and 180 min cold chase. (C) Quantification of the metabolic labelling
from three independent experiments with the mean ± SD.

a severe proteotoxicity can be induced by translation of
a fusion ORF. Our findings may have relevance to other
pathogenic mtDNA variants, especially genome deletions
which transcribe fusion ORFs, such as with MT-CO2-CYTB

(47), and the role of acute febrile infections that are
well-known to modulate the natural history of these
mitochondrial disorders (48). Therefore, understanding
the molecular basis by which defects in mitochondrial
protein synthesis arise and are resolved across different
cell types appears to be a critical modulator to the patho-
genesis.

Translation of the MT-ATP6 FS variant will generate a
shorter nascent chain 36 amino acids in length. Since
the length of the exit tunnel in the human mitochondrial
ribosome from the peptidyl transferase centre is approx-
imately 100 Å and prevents secondary helix formation
(17), this would correspond to approximately 30 amino
acids of a linear polypeptide chain, assuming 3.35 Å per
amino acid. Although, there is a gap between the ribo-
some and OXA1L in the membrane, it is likely that this
nascent chain prematurely terminates synthesis prior to
becoming fully engaged as a substrate for insertion. In
contrast to the data with m.9205delTA pathogenic vari-
ant, loss of AFG3L2 function with the FS variant exhib-
ited no negative inhibitory feedback onto mitochondrial
protein synthesis. This reveals differential consequences
from translation of aberrant proteins and the necessary
quality control steps to resolve these errors.

Another surprising discovery in our study was the
demonstration that the longer tricistronic mRNA encod-
ing MT-ATP8/6/CO3 is the predominant transcript asso-
ciated with the 55S mitochondrial monosome in both
wild-type and patient fibroblasts. The processed shorter
transcripts appear enriched off the ribosome. This data
would suggest that the longer transcript is translated for
nascent chain synthesis for these proteins. A previous
study hinted at such an interpretation. Genetic silencing
of FASTKD5 impaired the RNA processing of the tri-
cistronic mRNA but had no effect on MT-ATP6 synthesis
or assembly of the F1FO ATP synthase (49). Although
FASTKD5 binds mitochondrial RNA it is not known to
possess any nucleolytic activity, suggesting that other
factors are required for the RNA processing event and
that this may be translationally regulated. Future studies
should reveal the basis of this mechanism.

In summary, our findings highlight the importance of
co-translational quality control of mitochondrial protein
synthesis and the differential consequences on organelle
homeostasis. Going forward, it is important to under-
stand the regulation of these mechanisms across the
affected cell types in patients to determine the scope
by which primary molecular defects in mitochondrial
protein synthesis impair cell fitness.

Materials and Methods
Cell culture
Human and mouse fibroblasts were cultured at 37◦C
and 5% CO2 in Dulbecco’s modified Eagle’s medium
(Lonza) with high glucose supplemented with 10% fetal
bovine serum, 1× glutamax and 50 μg/ml uridine.
All primary cells were immortalized by expressing
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E7 and hTERT (47) unless previously immortalized
by the donating laboratory. All cells tested negative
for mycoplasma infection (PromoKine). Stealth siRNA
against AFG3L2 (HSS116886), OXA1L (HSS107511 and
MSS229504) and scrambled sequences were obtained
from Life Technologies. siRNAs were transfected on days
1 and 3 with LipofectamineTM RNAiMAX (Thermo Fisher)
and were collected on day 8 for analysis. All siRNA
knockdowns were evaluated by immunoblotting using
specific antibodies.

Immunoblotting
Cells were solubilized in phosphate buffered saline, 1%
dodecyl-maltoside (DDM), 1 mm phenylmethylsulfonyl
fluoride (PMSF) and complete protease inhibitor (Thermo
Fisher). Protein concentrations were measured by the
Bradford assay (BioRad). Equal amounts of proteins
were separated by Tris-Glycine SDS-PAGE and were
transferred to nitrocellulose membrane by semi-dry
transfer. Membranes were blocked in TBST with 1%
milk at room temperature for 1 h, followed by incu-
bation with primary antibodies overnight at 4◦C in 5%
BSA/TBST. Signals were detected the following day with
secondary HRP conjugates (Jackson ImmunoResearch)
using ECL with X-ray film and iBright Imaging System
(Thermo Fisher). Primary antibodies from Proteintech
Group: AFG3L2 (14631-1-AP, 1:5000), uL11m (15543-1-
AP, 1:20 000), mS27 (17280-1-AP, 1:5000) and OXA1L
(21055-1-AP, 1:5000). Additional primary antibodies used
were MTCO1(1D6E1A8, 1:500) (Abcam/Mitosciences) and
TOM40 (sc-11 414, 1:5000) (Santa Cruz). Representative
data of independent experiments were cropped in Adobe
Photoshop with only linear corrections to brightness
applied.

Metabolic labelling of mitochondrial protein
synthesis
Mitochondrial protein synthesis was analyzed by metabolic
labelling with 35S methionine/cysteine (20). Cells were
pre-treated with anisomycin (100 ug/ml) for 5 min
to inhibit cytoplasmic translation then pulsed with
200 uCi/ml 35S Met-Cys (EasyTag-Perkin Elmer). In
chase experiments, cells were pulsed for 30 min with
radioisotope, and medium was replaced with one without
the radioisotope for the indicated time. Equal amounts
of sample protein were first treated with Benzonase
(Thermo Fisher) on ice for 20 min and resuspended in
1× translation loading buffer (186 mm Tris-Cl pH 6.7,
15% glycerol, 2% SDS, 0.5 mg/ml bromophenol blue
and 6% beta-mercaptoethanol). A 12–20% gradient
Tris-Glycine SDS-PAGE was used to separate labelled
proteins and they were dried for exposure with a
phosphorimager screen and were scanned with a
Typhoon 9400 or Typhoon FLA 7000 (GE Healthcare)
for quantification. Gels were rehydrated in water and
stained with Coomassie-blue to verify sample loading.

Isokinetic sucrose gradients
Cells were cultured on 150 mm plates, then rapidly trans-
ferred to ice where the media was removed and were
washed with cold PBS. Cells were lysed (50 mm Tris,
pH 7.2, 10 mm Mg (Ac)2, 40 mm NH4Cl 100 mm KCl,
1% DDM, 1 mm ATP, 400 μg/ml chloramphenicol and
1 mm PMSF) and were incubated on ice for 20 min. Cell
lysates were clarified following centrifugation for 10 min
at 20 000 × g at 4◦C, then protein concentrations were
measured (Bradford). From each cell lysate, a total of 1 mg
of protein was loaded on top of a 16 mL linear 10–30%
sucrose gradient (50 mm Tris, pH 7.2, 10 mm Mg (Ac)2,
40 mm NH4Cl 100 mm KCl, 1 mm ATP and 1 mm PMSF) and
was centrifuged for 15 h at 4◦C and 74 400 × g (Beckman
SW 32.1 Ti). From the gradient, 24 equal volume frac-
tions were collected for either protein or RNA isolation.
Samples for protein analysis were precipitated with TCA.
For RNA isolation, fractions were combined according to
the established sedimentation profile of mitochondrial
ribosomes and then were concentrated using Microsep™
centrifugal filter (MWCO 10kD) at 7500 × g for 90 min at
4◦C. RNA was isolated using TRIzol LS reagent (Thermo
Fisher).

RNA isolation and northern blotting
Total RNA from cultured cells and sucrose gradient
fractions were isolated with TRIzol according to the
manufacturer’s instructions. All RNA samples to be
used in reverse transcriptase (RT) reactions were treated
with turbo DNase (Thermo Fisher), followed by re-
isolation with TRIzol. All samples were re-precipitated
with 0.1 volume of 3 M sodium acetate and 3 vol-
umes of ice cold 100% ethanol. For northern blotting,
5 μg of total RNA from each sample was analyzed
through 1.2% agarose-formaldehyde gels and was
transferred to HybondTM-N+ membrane (GE Health-
care) by neutral transfer. T4 Polynucleotide Kinase
(NEB) 5′ radiolabelled oligonucleotides were used for
detection of mitochondrial transcripts (MT-ATP8/6
5′-TGGGTGATGAGGAATAGTGTAAGGAG; MT-CO3 5′-
ATAGGCATGTGATTGGTGGGTCAT; MT-ATP6—MT-CO3
border 5′-ATTGGTGGGTCATTATGTGTTGTC). Hybridiza-
tion (25% formamide, 7% SDS, 1% BSA, 0.25 M sodium
phosphate pH 7.2 and 1 mm EDTA pH 8.0, 0.25 M NaCl2)
was performed overnight at 37◦C. Membranes were
washed (2× SSC/0.1% SDS) and were then dried for
exposure on a phosphorimager screen (GE Healthcare)
and were scanned with a Typhoon 9400 (GE Healthcare).

Primer extension assay
An RNA oligonucleotide (5′-GGCATGTGATTGGTGGGTC)
was 5′ labelled with gamma 32P ATP by T4 polynu-
cleotide kinase (NEB) according to the manufacturer’s
instructions. Labelled oligonucleotides were separated
from non-incorporated nucleotides via G50 MicroSpin
columns (GE Healthcare). One microgramme of total
RNA from the indicated gradient fractions was annealed
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to 0.3 pmol of radiolabelled specific primer in 30 mm Tris-
Cl pH 7.5 and 2 mm KCl at 90◦C for 2 min and was then
cooled down to room temperature for 5 min. Reverse
transcription reaction with 0.2 U/μl AMV RT (NEB) was
performed at 42◦C for 30 min using a dNTP/ddCTP mix
at 0.25 mm each (final concentration). Subsequently,
RNaseH (Epicentre) was added to the reaction and
incubated at 37◦C for 10 min to degrade RNA. To 5 μl
cDNA, 5 μl RNA loading dye (formamide + bromophenol
blue) was added, and RT products were resolved on a 12%
denaturing PAGE (7 M urea, 1× TBE, 30 cm). After the run,
the gel was fixed and dried on Whatman paper and was
exposed to a phosphorimager screen.

Semi-quantitative PCR
Maxima H Minus RT (Thermo Scientific) was used
according to manufacturer’s instructions. Briefly, the
gene specific primer (5′-TGTGCTTTCTCGTGTTACATCGC)
was annealed to 300 ng of RNA and was reverse-
transcribed at 50◦C for 30 min. For the subsequent
PCR, the Econo-Taq (Lucigen) master mix was used
with forward (5′-TGACTATCCTAGAAATCGCTGTCG) and
reverse (5′-GTATGAGGAGCGTTATGGAGTGG) primers
that amplify a fragment of MT-ATP6 and MT-CO3 border.

In vitro translation
The PURExpress �RF123 cell-free translation system
(NEB) was used with the following modifications. DNA
templates were generated by PCR using the supplied
DHFR plasmid as a template, including the bla gene. Each
construct possessed an upstream T7 promoter sequence
and a Shine-Delgarno sequence of the DHFR ORF. In a
20 μl PCR reaction, 1 μl of 100 ng DHFR plasmid was
amplified with 0.4 units of Phusion™ high-fidelity DNA
polymerase (Thermo Fisher), 4 μl of 5× Phusion™ HF
buffer, 0.4 μl of 10 mm dNTPs, 1 μl of 10 μM primer
(forward and reverse) at 95◦C for 5 min, followed by
30 cycles of 95◦C 30 s, 55◦C 30 s, 68◦C 30 s, final extension
at 68◦C 7 min and held at 4◦C. PCR product (3 μl) was
analyzed on 1.5% agarose-TAE gel, and the remaining
product was purified with NucleoSpin Gel and PCR
Clean-up kit (Macherey Nagel). All PCR-generated DNA
templates were verified by Sanger sequencing. For each
construct, in vitro transcription and translation reactions
were prepared in a total volume of 12.5 μl containing 5
μl of PURExpress kit solution A, 3.75 μl of solution B,
0.25 μl each of the supplied release factor (RF1, RF2 and
RF3), 8 U of RiboLock RNase inhibitor (Thermo Fisher),
3 ng DNA template, 5 μM anti-ssrA oligonucleotide (5’-
TTAAGCTGCTAAAGCGTAGTTTTCGTCGTTTGCGACTA)
(50) and 500 μCi 35S Met-Cys (EasyTag-Perkin Elmer)
and incubated at 37◦C for 90 min. All samples were
treated with Benzonase (Sigma) on ice for 30 min to
hydrolyze any polypeptidyl-tRNAs. An equal volume of
gel loading buffer (186 mm Tris-Cl pH 6.7, 15% glycerol,
2% SDS, 0.5 mg/ml bromophenol blue) was added to
the samples and was incubated at room temperature
for 60 min. Translation products were resolved on 12%

NuPAGE Bis-Tris gels (Thermo Fisher) in MOPS running
buffer (50 mm MOPS, 50 mm Tris, 1 mm EDTA and 0.1%
SDS). Gels were dried under vacuum, then exposed with a
phosphorimager screen and were scanned with Typhoon
9400 (GE Healthcare) for quantification.
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