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CLPP coordinates mitoribosomal assembly through
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Abstract

Despite being one of the most studied proteases in bacteria, very
little is known about the role of ClpXP in mitochondria. We now
present evidence that mammalian CLPP has an essential role in
determining the rate of mitochondrial protein synthesis by regu-
lating the level of mitoribosome assembly. Through a proteomic
approach and the use of a catalytically inactive CLPP, we produced
the first comprehensive list of possible mammalian ClpXP
substrates involved in the regulation of mitochondrial translation,
oxidative phosphorylation, and a number of metabolic pathways.
We further show that the defect in mitoribosomal assembly is a
consequence of the accumulation of ERAL1, a putative 12S rRNA
chaperone, and novel ClpXP substrate. The presented data suggest
that the timely removal of ERAL1 from the small ribosomal subunit
is essential for the efficient maturation of the mitoribosome and a
normal rate of mitochondrial translation.
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Introduction

Proteases have an essential role in safeguarding cell survival by

maintaining protein homeostasis, which is threatened by different

internal and external insults. They also perform another, equally

important role in cellular physiology, namely regulated proteolysis

that ensures constant turnover of house-keeping proteins as well as

the elimination of specific proteins when they are no longer needed.

The irreversible nature of this process demands rigorous selectivity

in the choice of substrates and the degradation timing. In prokary-

otes, regulated protein degradation is governed by energy-dependent

proteases, of which ClpXP is probably the best studied as it contri-

butes to a large fraction of protein turnover in bacteria (Sauer &

Baker, 2011). ClpXP is a highly conserved proteasome-like machin-

ery present in all bacterial species and is also found in the mitochon-

dria and chloroplasts of eukaryotic cells (Sauer & Baker, 2011). In

mammals, ClpXP protein substrates are recognized and unfolded by

the hexameric AAA+ protein CLPX that delivers them to the CLPP

protease for degradation (Sauer & Baker, 2011). The CLPP protease

is formed by one or two heptameric rings and on its own can degrade

small peptides but has no significant activity against proteins (Sauer

& Baker, 2011). CLPX appears to be the only unfoldase present in

mammalian mitochondria that interacts with the CLPP protease

(Kang et al, 2002). Some eukaryotes, like Saccharomyces cerevisiae,

lack CLPP but still possess the CLPX unfoldase that has specific roles,

independent of the protease activity, like a recently shown function

in the regulation of heme synthesis (Kardon et al, 2015).

ClpXP is important for the viability and growth, cell cycle progres-

sion, recovery from environmental insults, and sporulation in many

bacterial species (Damerau & St John, 1993; Jenal & Fuchs, 1998).

Much less is known about the role of mitochondrial ClpXP, and we

just begin to understand the different aspects of its impact on

mitochondrial physiology. In humans, CLPP deficiency causes Perrault

syndrome characterized by sensorineural hearing loss and a premature

ovarian failure (Jenkinson et al, 2013). Recently, it was shown that

CLPP-deficient mice faithfully replicate major physiological aspects of

the human disease (Gispert et al, 2013). Remarkably, deletion of

mitochondrial Clpp leads to improved health and increased life span in

the filamentous fungus, Podospora anserina (Fischer et al, 2013).

The present study aimed to analyze the role of CLPP in mamma-

lian mitochondria by creating Clpp knockout mice. Depletion of

CLPP leads to the development of moderate respiratory deficiency
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caused by ineffective mitochondrial protein synthesis, due to

decreased amounts of fully assembled mitochondrial ribosomes

(55S, mitoribosomes). We show that in the absence of CLPP,

ERAL1, a putative 12S rRNA chaperone, strongly associates with the

small ribosomal subunit (28S), therefore preventing formation of

functional mitoribosomes.

Results

Generation of Clpp knockout mice

To determine the in vivo function of CLPP in mammals, we gener-

ated a conditional knockout allele of the mouse Clpp gene (Fig 1A

and B). CLPP-deficient mice (Clpp�/�) were obtained from inter-

crossing of Clpp+/� animals (Fig 1C), and the loss of CLPP was con-

firmed on both transcript and protein level (Fig 1D and E).

Although we regularly acquired Clpp�/� mice, they were not born

in Mendelian ratios (Table EV1), likely dying in utero, since no post-

natal lethality prior to the age of weaning was observed. Currently,

we follow an aging cohort of CLPP-deficient mice that show the

same survival as respective wild-type littermates at least up to

2 years of age. This is in contrast to findings on a similar mouse

model reported to have increased postnatal mortality and possibly

shorter life span, although we also observed general sterility of both

CLPP-deficient genders and shorter stature of the mice, as describe

earlier (Gispert et al, 2013). Besides differences in the genetic

approach used to generate CLPP-deficient mice (conditional knock-

out targeting versus gene-trap technology), also different hygienic

level in animal facilities might contribute to these disparities. Over-

all, our results suggest that CLPP function is essential in some criti-

cal period during development and that in the postnatal life mice

can tolerate a CLPP deficiency.

Loss of CLPP causes moderate respiratory deficiency

To understand the role of CLPP in the organelle physiology, we

analyzed the global protein changes in the presence and absence of

CLPP. Proteomes of sucrose-cushion-purified heart mitochondria

were analyzed by liquid chromatography–tandem mass spectro-

metry (LC-MS/MS). With this approach, we were able to identify

736 proteins, of which 595 (81%) were mitochondrial (Table EV2),

with high reproducibility as determined by Pearson correlation coef-

ficient for biological replicates R > 0.97 (Fig EV1A). In addition, we

detected similar numbers of significantly upregulated and downreg-

ulated proteins (51 and 62, respectively, at a FDR < 0.05) upon

CLPP depletion (Table EV2).

GO term analysis (Eden et al, 2009) was used to obtain a more

systematic evaluation of specific changes in our dataset related to

CLPP deficiency (Fig 2B). Proteins that are annotated as mitochon-

drial respiratory chain (RC), in particular complex I (NADH:ubiqui-

none oxidoreductase, EC 1.6.5.3) subunits, showed a clear

downregulation in CLPP-deficient mitochondria (Fig 2A and B, and

Table EV2). In contrast, mitochondrial translation machinery was

highly upregulated, as the levels of multiple mitoribosome subunits

(mainly part of 28S) and proteins involved in translation initiation,

elongation, and ribosome recycling were increased (Fig 2A and

Table EV2). Taken together, these results demonstrate that loss of

CLPP causes downregulation of RC subunits and alteration in mito-

chondrial gene expression, indicating respiratory chain deficiency.

Thus, we next measured RC enzyme activities in CLPP-deficient

heart mitochondria (Fig 2C). An isolated complex I (C I) deficiency

was detected at 15 weeks of age and was followed by complex IV

deficiency (C IV) at 35 weeks (Fig 2C). Additional experiments

allowed us to further characterize the nature of the RC deficiency

in Clpp knockout mice. We measured the oxidation of complex I

or complex I + II substrates in freshly isolated heart mitochondria

and found a general reduction in all inducible respiratory states

resulting from the loss of CLPP (Fig 2D). The decrease in the RC

complex activities was accompanied by a significant reduction in

the steady-state levels of RC subunits encoded either by mitochon-

drial or nuclear DNA (Fig 2E). Likewise, a clear reduction in

the level of assembled complexes I and IV was observed in CLPP-

deficient heart and skeletal muscle mitochondria, while liver mito-

chondria showed a milder decrease in both RC complexes

(Fig EV1B). Reduction in complex I and IV levels in heart and

skeletal muscle mitochondria was mirrored by a reduction in the

level of supercomplexes (Fig 2F) and a decrease in in-gel activity

(Fig EV1C and D). An additional sign of existing respiratory chain

dysfunction was the presence of a subcomplex of complex V

(Fig EV1B) that is likely the F1 part of the ATP synthase and was

found in other models defective in mitochondrial gene expression

like Mterf3 (Park et al, 2007), Mterf4 (Camara et al, 2011), and

Dars2 knockout mice (Dogan et al, 2014).

CLPP deficiency increases mitochondrial transcription rate

The respiratory dysfunction in Clpp knockout mice prompted us to

inspect mtDNA levels and mitochondrial expression patterns.

Southern blot analysis showed no increase in the level of mtDNA

in Clpp knockout hearts (Fig 3A), in contrast to a previous report

on a similar model (Gispert et al, 2013). The difference might

stem from methods applied to examine mtDNA levels (Southern

blot analysis versus RT–PCR) or from the genetic approach used

to generate CLPP-deficient mice (conditional knockout targeting

versus gene-trap technology) (Gispert et al, 2013). Remarkably,

this study also reports that the marked rise in the amount of

mtDNA is not accompanied by an increase in steady-state levels of

mitochondrial transcription factor A (TFAM) (Gispert et al, 2013),

a protein that packages mtDNA and is absolutely necessary for

mtDNA maintenance (Freyer et al, 2010), making this result hard

to interpret.

We next examined the levels of mitochondrial RNAs and

detected a substantial increase in most (Fig 3B and C). Matching

the increase in steady-state levels of mitochondrial transcripts, we

found higher levels of LRPPRC, an RNA binding protein essential

for the stability and polyadenylation of mitochondrial mRNAs

(Fig 3D) (Ruzzenente et al, 2012). Remarkably, a twofold increase

in 12S rRNA was observed, while the levels of 16S rRNA were

not significantly different (Fig 3B). De novo transcription rates in

CLPP-deficient mitochondria were also increased, matching the

observed higher levels of mtRNA species (Fig 3E). An enhanced

transcription is often detected in mouse models with defects in

mitochondrial protein synthesis, as a likely compensatory mecha-

nism for respiratory chain deficiency (Camara et al, 2011; Dogan

et al, 2014).
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Figure 1. Creation of Clpp knockout mice.

A Targeting strategy for the conditional disruption of the Clpp gene. Map of the genomic locus region of the wild-type Clpp gene (wild type), the targeting vector, the
Clpp locus after homologous recombination (Targeted Allele) and targeted allele after Flp-recombinase-mediated excision of the PuroR cassette (Conditional KO Allele
ClpploxP), and the knocked-out allele after Cre-recombinase-mediated excision of the exons 3–5 (Constitutive KO Allele Clpp�). The position of primers used for
genotyping is indicated by red arrows.

B Southern blot analysis of targeted ES cells. Positions of wild-type (WT, 14.7 kb) and targeted (loxP, 12.8 kb) alleles are indicated.
C Genotyping analysis of wild-type (Clpp+/+), heterozygous (Clpp+/�), and homozygous (Clpp�/�) Clpp knockout animals. DNA fragments corresponding to the wild-type

(WT, 199 bp) and knockout (KO, 273 bp) Clpp loci are indicated.
D Analysis of Clpp transcript levels in heart (n = 4). Bars represent mean � standard deviation (SD). Student’s t-test was used to determine the level of statistical

difference.
E Western blot analysis of CLPP protein levels in heart (He), quadriceps (Quad), liver (Li), kidney (Ki), lung (Lu), brain (Br), spleen (Sp), and pancreas (Pa). Tubulin and

actin are used as loading controls. The arrowhead indicates position of CLPP, and the star indicates position of cross-reacting bands.

Source data are available online for this figure.
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Loss of CLPP decreases the amount of fully formed
mitoribosomes and diminishes protein synthesis

To assess mitochondrial translation, we measured the rate of de

novo protein synthesis in CLPP-deficient heart mitochondria and

detected a general decrease in mitochondrial translation rates

(Fig 4A). The absence of a major protease might prevent the genera-

tion of peptides and possibly decreases the pool of free amino acids

in the mitochondrial matrix. However, the analysis of different

tRNAs showed that aminoacylation levels of mt-tRNAs is not dimin-

ished by CLPP deficiency and might be even increased, correspond-

ing to higher steady-state levels of mt-tRNAs (Fig EV2A).

To further understand the defect in mitochondrial protein synthe-

sis caused by the loss of CLPP, we treated immortalized mouse

embryonic fibroblasts (MEFs) with antibiotics that block mitochon-

drial translation at different steps. Clpp knockout MEFs recapitu-

lated a decrease in the steady-state level of individual OXPHOS

subunits observed in CLPP-deficient hearts (Fig EV2B). We moni-

tored the level of mtDNA-encoded COXI/MT-CO1 subunit upon

48 h incubation in the presence of the antibiotic, followed by a

recovery period of additional 2 days. Treatment of MEFs with acti-

nonin, a peptidomimetic antibiotic, which inhibits peptide deformy-

lase that catalyzes the removal of the formyl group from the starter

methionine (Richter et al, 2013), demonstrated that Clpp knockout

cells have a lower recovery of COXI levels, in agreement with defec-

tive mitochondrial synthesis and possibly diminished translation

initiation (Fig 4B and C). Doxycycline and chloramphenicol are

known inhibitors of mitochondrial translation elongation, occupying

the ribosomal A-site, the former binding to the small (28S), and the

latter to the large (39S) ribosomal subunit (LaPolla & Lambowitz,

1977; Kearsey & Craig, 1981). Chloramphenicol had an identical

effect on both cell lines, resulting in an almost full recovery of the

COXI levels (Fig 4B and C). In contrast, doxycycline-treated Clpp

knockout cells were not able to recover COXI levels, even though

this antibiotic had an overall milder effect on wild-type MEFs

(Fig 4B and C). This result suggests that loss of CLPP specifically

affects the function of the 28S small ribosome.

To assess the state of mitoribosome assembly, we performed

sucrose gradient sedimentation analyses of mitochondrial extracts.

Following the distribution of MRPS35, we observed high accumula-

tion of the 28S small ribosome in Clpp knockout mitochondria,

while levels of fully assembled mitoribosomes (55S) were dimin-

ished (Fig 4D). The distribution of MRPL12, a subunit of the 39S

large ribosome, further confirmed these results (Fig 4D). In agree-

ment with previous results, we detected a high accumulation of 12S

rRNA in the 28S fraction, while the distribution of 16S rRNA was

less affected by CLPP deficiency (Fig 4D and EV2C). Both 12S and

16S rRNAs showed decreased association with the fully assembled

mitoribosome, matching the decrease observed on the protein level

(Fig 4D and E). Different mt-mRNAs presented an abnormal pattern

of distribution resulting in a smaller proportion of mt-mRNAs bound

to the mitoribosome (Figs 4D and E, and EV2C). Correspondingly,

the steady-state levels of individual 28S ribosomal proteins were

highly increased, while the subunits of 39S ribosome showed milder

changes (Fig EV2D). The upregulation was likely the result of

increased stability, rather than synthesis, as transcript levels of

these ribosomal subunits were normal (Fig EV2E).

CLPP-substrate screen reveals proteins involved in
mitochondrial translation

To identify mammalian ClpXP substrates, we took advantage of the

ability of inactivated CLPP to accept and retain proteins translocated

into its chamber. We constructed a FLAG-tagged variant of murine

CLPP in which the conserved Ser-149 residue of the consensus

active site is replaced with alanine (S149A) (Fig EV3A). The homol-

ogous active-site mutation in Escherichia coli, Staphylococcus aureus,

and Caulobacter crescentus was previously successfully used as a

CLPP-substrate trap (Flynn et al, 2003; Bhat et al, 2013; Feng et al,

2013). Immortalized Clpp knockout MEFs were transfected with

either empty plasmid or plasmids carrying genes encoding wild-type

(CLPPWT-FLAG) or the mutant variant (CLPPS149A-FLAG) of CLPP

(Fig EV3A). The ability of FLAG-tagged CLPP to form a functional

chamber was confirmed on BN-PAGE, and we show that CLPPS149A

produced stable tetradecamers and steadily interacted with CLPX

likely due to a failure to release substrates (Fig EV3B). After isolation

of mitochondria and subsequent co-immunoprecipitation with anti-

FLAG antibodies, CLPP-bound proteins were analyzed by LC-MS/MS.

The list of 66 possible substrates and interactors of ClpXP contains

proteins highly enriched in CLPPS149A compared to CLPP�/� and

CLPPWT fractions (Table EV3). In order to decipher the interactome

obtained by our LC-MS/MS analysis, we used the string webtool

(http://www.ncbi.nlm.nih.gov/pubmed/10982861) (Fig 5A). Here,

we observed a strong association of several potential CLPP substrates

and we found 15 proteins which have bacterial orthologues known to

be ClpXP substrates (Table EV3) indicating that our approach is

Figure 2. Mitochondrial function in wild-type (Clpp+/+) and Clpp knockout (Clpp�/�) heart mitochondria.

A Volcano plot of proteomic data reveals significant changes in proteins of the respiratory chain and factors involved in mitochondrial protein synthesis (FDR < 0.05).
B Bar chart representing enriched Gene Ontology (GO) terms. FDR was calculated by Benjamini–Hochberg correction (n = 4).
C Respiratory chain enzyme activities. Relative enzyme activities of respiratory chain enzyme C I (NADH coenzyme Q reductase), C I/III (NADH cytochrome c reductase),

C II (succinate dehydrogenase), C II/III (succinate cytochrome c reductase), and C IV (cytochrome c oxidase) in mitochondrial extracts from wild-type and Clpp
knockout hearts (n = 5). Bars present mean levels � SD. Statistical difference was calculated by Student’s t-test, and changes are presented in the figure (n = 5).

D Substrate-dependent oxygen consumption rates in isolated heart mitochondria. Complex I substrates (pyruvate, malate, glutamate); complex II substrate (succinate).
State 3: ADP stimulated oxygen consumption rate; State 4: respiration rate after addition of oligomycin; Uncoupled: oxygen consumption rate in the presence of
FCCP. Bars present mean levels � SD. Student’s t-test was used to determine the level of statistical difference (n = 7).

E Decrease in steady-state levels of respiratory chain subunits in Clpp knockout hearts relative to wild type (set to 1). VDAC or TOMM20 was used as loading controls.
Bars present mean levels � SD. Student’s t-test was used to determine the level of statistical difference (n = 4).

F Blue Native PAGE (BN-PAGE) analysis of the respiratory chain supercomplexes followed by Western blot analysis using antibodies against C I (anti-NDUFA9), C III
(anti-UQCRC1), and C IV (anti-COX4A).

Source data are available online for this figure.
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suitable for detection of potential substrates. The STRING analysis

revealed a network of proteins involved in mitochondrial translation,

but not replication or transcription, in agreement with our results. We

also identified MRC protein subunits and enzymes involved in multi-

ple metabolic processes in mitochondria (Table EV3).

We then proceeded to further analyze selected candidates with a

role in mitochondrial translation (EFG1, ERAL1, and P32/C1QBP) and

also tested proteins involved in post-transcriptional processing of

mtRNAs (MRPP1 and PNPT1). As expected from protease substrates,

the steady-state levels of EFG1, one of mitochondrial translation elon-

gation factors that catalyzes the movement of mRNA and tRNA within

the 28S subunit (Sharma et al, 2003) and ERAL1, a 12S rRNA chaper-

one needed for the formation of functional small ribosomal subunits

(Dennerlein et al, 2010; Uchiumi et al, 2010), were highly upregulated

in Clpp knockout heart mitochondria and MEFs (Fig 5B and EV3C).

The upregulation is a result of increased stability and no changes in

MT-TE

MT-TQ

MT-TK

MT-TL1

MT-TV

MT-TF

18S

tR
N

A
s

LRPPRC

VDAC

CoxI
Cytb

Nd1

CoxIII

CoxII

18S

Nd5/Cytb

Nd5

16S

12S

m
R

N
A

s
rR

N
A

s

A B C

D

E

R
el

at
iv

e 
m

tD
N

A
 le

ve
ls

0.0

0.5

1.0

1.5

2.0

Clpp+/+ Clpp-/-

Clpp+/+ Clpp-/-

Clpp+/+
Clpp+/+Clpp-/-

Clpp-/-

0.0001

0.001

TF TV  TL1 TK   TQ   TE
0

1

2

3

0.0001 3.7E-05

0.04

R
el

at
iv

e 
tra

ns
cr

ip
t l

ev
el

s
as

 %
 o

f c
on

tro
l 

12S   16S    Nd1   Nd5   Cytb  CoxI  CoxII CoxIII

2.1E-05
0.0003

0.0220.005

0.0009

0.0001

R
el

at
iv

e 
tra

ns
cr

ip
t l

ev
el

s
as

 %
 o

f c
on

tro
l 

0

1

2

3

Clpp+/+ Clpp-/- Clpp+/+ Clpp-/-

Figure 3. MtDNA and mtRNA levels in wild-type (Clpp+/+) and Clpp knockout (Clpp�/�) hearts.

A Quantification of mtDNA levels after Southern blot analysis. Bars present mean levels � SD (n = 4).
B, C Northern blot analysis and corresponding quantification of mitochondrial (B) rRNAs and mRNAs or (C) tRNAs. 18S rRNA is used as a loading control. Bars represent

mean � SD. Student’s t-test was used to determine the level of statistical difference (12S n = 5 and the rest of samples n = 4).
D Western blot analysis of LRPPRC levels. VDAC was used as a loading control.
E In organello transcription analysis upon 60 min labeling with a-32P-UTP.
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transcript levels (Fig 5C). Conversely, we did not observe a change in

the steady-state transcript or protein level of P32/C1QBP, proposed to

be an essential RNA-binding factor in mitochondrial translation (Yagi

et al, 2012), in cardiomyocytes or MEFs, suggesting that this protein

might be an interactor of the ClpXP protease (Fig EV3C–E), in agree-

ment with a previous report (Lowth et al, 2012).

Further evidence that EFG1 and ERAL1 are likely ClpXP

substrates came from the analysis in which we have blocked cyto-

plasmic protein synthesis by cycloheximide treatment and followed

the turnover of these proteins. While in wild-type cells levels of both

EFG1 and ERAL1 decreased over time, they were clearly stabilized

in Clpp knockout MEFs (Fig 5D). Correspondingly, a knockdown of

Clpx unfoldase, the interacting partner of CLPP, in wild-type MEFs

also caused an increase in EFG1 and ERAL1 levels (Fig 5E). The

same treatment of CLPP-deficient cells caused no additional effect

on the levels of these two proteins, confirming that the observed

phenotype is a result of general ClpXP deficiency (Fig 5E).

Increased steady-state levels of MRPP1 and PNPT1 were detected

in Clpp knockout hearts, with no change in transcript levels,

suggesting that these two proteins could be bona fide ClpXP

substrates (Figs 5C and EV3D). Nevertheless, no upregulation was

detected in CLPP-deficient MEFs and we could not observe a clear

difference in the turnover rate of these proteins upon cycloheximide

chases, owing to their high stability even in wild-type mitochondria

(Fig EV3E). Together, these data leave the open question if these

proteins are indeed the substrates of ClpXP protease.

As we have detected a strong defect in complex I activity and

levels, we also analyzed NDUFV2 and NDUFS2, two highly scored

C I subunits from our screen as potential CLPP substrates

(Table EV3). Our results demonstrate that both, NDUFV2 and

NDUFS2, are not stable in the absence of CLPP (Fig EV4A). In

contrast, the C II subunit SDHA is highly stable under the same

condition of CLPP deficiency (Fig EV4A). Thus, it is likely a ClpXP

substrate (Fig 5A), as others and we have suggested (Cole et al,

2015; Seiferling et al, 2016). Transcripts of both C I subunits are

present in normal quantities (Fig EV4B), while steady-state protein

levels are either normal (NDUFV2) or even downregulated

(NDUFS2) in CLPP-deficient cardiomyocytes (Fig EV4C). Taken

together, these results suggest that NDUFV2 and NDUFS2 are likely

not substrates of CLPP, and hence, we have not investigated them

further.

ERAL1 strongly binds to the 28S subunit and affects formation of
the mitoribosome

To unravel how increased levels of EFG1 and ERAL1 could affect

the formation of the mitoribosome, we performed gradient sedimen-

tation analyses of mitochondrial ribosomes. To this end, we used

shorter gradients that have a lower separation power, but allowed

us to collect more material needed for subsequent studies. We con-

firmed our previous results, showing accumulation of 12S rRNA in

the 28S small ribosomal subunit fraction, but decreased levels of

fully assembled mitoribosomes (Fig 6A). Similarly, we detected a

massive increase (fivefold) in the level of unassembled (“free”) 39S

ribosome subunits (MRPL12) in the absence of CLPP, accompanied

by a milder rise in the level of unassembled 28S ribosome subunits

(MRPS35) (Fig 6A and EV5A).

Next we investigated the migration of EFG1 and ERAL1 with

the small (28S) and large (39S) ribosomal subunit or complete

mitoribosomes (55S). Both of these proteins primarily interact

with the 28S small ribosomal subunit (Coenen et al, 2004;

Dennerlein et al, 2010). In wild-type mitochondria, EFG1 loosely

associates with 28S ribosome and we detected it mainly as a free

protein (Fig 6B and D). In the absence of CLPP, EFG1 is present

in higher levels in the mitochondria, but the association with the

small ribosomal subunit is only mildly increased, suggesting that

ClpXP is likely involved in turnover of this protein in its free

form (Fig 6B–D).

In the absence of CLPP, ERAL1 association with the 28S riboso-

mal subunit was highly increased and spans over many fractions,

suggesting that ERAL1 is not sufficiently removed from the 28S

subunit and might still be present in the complete mitoribosome

(Fig 6B and C). This is even more obvious on long gradients, where

we have corrected for the amount of the protein present in the

sample (input) (Fig 6D). Pretreatment of mitochondrial lysates with

RNase that disrupts formation of mitoribosomes also leads to the

loss of ERAL1 in the high molecular-mass fractions, suggesting that

it indeed binds the ribosomal subunits (Fig EV5B). Collectively,

these data suggest that this abnormal association of ERAL1 where

approximately 20% of the protein present in the mitochondria is

bound to multiple ribosomal fractions, likely has a major effect on

mitoribosomal function and might be the main cause for the mito-

chondrial translation defect.

Figure 4. Analysis of mitochondrial protein synthesis and mitoribosome assembly in wild-type (Clpp+/+) and Clpp knockout (Clpp�/�) heart mitochondria.

A De novo synthesized mitochondrial proteins were isolated after labeling with 35S-methionine for 1 h. Positions of individual mitochondrial encoded proteins are
indicated.

B Western blot analysis of RC subunits in MEFs upon 48-h treatment with actinonin, doxycycline, and chloramphenicol (+ antibiotic), followed by a 48-h recovery
period (� antibiotic). During both periods, proteins were isolated at 12, 24, and 48 h. Antibodies against subunits of C I (NDUFB6), C III (UQCRC1), C IV (COXI),
MRPS35, and MRPL37 were used as indicated.

C Quantitative analysis of the COXI recovery upon treatment with antibiotics (actinonin, doxycycline (DOXY), and chloramphenicol (CAP)) as in (B). The values represent
ratios of recovered (48 h, � antibiotics) versus untreated (0 h) COXI levels. Bars represent mean � SD. Student’s t-test was used to determine the level of statistical
difference (actinonin and CAP n = 3, DOXY n = 4).

D Sucrose density gradient sedimentation profile of ribosomal proteins and mtRNAs from heart mitochondria. The migration of ribosomal subunits (28S and 39S) and
mitoribosome (55S) was detected by immunoblotting with antibodies against MRPS35 and MRPL12. The profile of a given mt-RNA is calculated after qRT–PCR
analysis of individual fractions and corrected for its abundance in the cell according to results from Northern blot analysis. Results of individual experiments are
provided for 12S and 16S rRNA, and for mt-mRNAs, results of distribution from two independent experiments using probes against ATP6, COXIII, and ND5 were
combined. Bars represent mean � SD. Student’s t-test was used to determine the level of statistical difference (n = 3).

E Relative association of 12S rRNA, 16S rRNA, and mt-mRNAs with mitoribosomes (55S) in Clpp knockout mitochondria comparing to wild type. Bars represent
mean � SD. Student’s t-test was used to determine the level of statistical difference (12S and 16S n = 3; mRNA n = 6).

Source data are available online for this figure.
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Figure 5. Analysis of potential CLPP substrates involved in mitochondrial translation.

A Network analysis of 66 potential CLPP substrates using only high confidence interactions (> 0.7). Known ClpXP substrates are shown in boxes with a green frame.
Respiratory chain proteins and ribonucleoproteins are indicated in dark gray and orange, respectively.

B Western blot analysis and subsequent quantification of ERAL1 and EFG1 levels from Clpp knockout (Clpp�/�) heart mitochondria relative to wild type (Clpp+/+). Bars
represent mean � SD. Student’s t-test was used to determine the level of statistical difference (n = 4). The arrowhead indicates positions of EFG1.

C Expression levels of potential CLPP substrates from Clpp knockout (Clpp�/�) heart mitochondria relative to wild type (set to 1). Bars represent mean � SD. Student’s
t-test was used to determine the level of statistical difference (n = 4).

D Cycloheximide (CHX) chase assay to determine the stability of ERAL1 and EFG1. Proteins are visualized by Western blot with respective antibodies. Proteins are
isolated after 2, 4, 6, 8, 10, and 12 h after beginning of chase (0). The arrowhead indicates positions of ERAL1.

E Western blot analysis and subsequent quantification of protein levels in wild-type (C1, C2) and Clpp knockout (KO1, KO2) MEFs upon Clpx siRNA (Clpx) relative to
untreated (Ctrl) wild type. Bars represent mean � SD. Student’s t-test was used to determine the level of statistical difference (n = 6). The arrowhead indicates
positions of either CLPX or ERAL1, and stars indicate position of cross-reacting bands.

Source data are available online for this figure.
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Figure 6. Association of potential candidates with small ribosomal subunits.

A Sucrose density gradient sedimentation profile (“short gradients”) of ribosomal proteins and transcripts from control (Clpp+/+) and Clpp knockout (Clpp�/�) heart
mitochondria. The migration of ribosomal subunits (28S and 39S) and mitoribosome (55S) was detected by immunoblotting with antibodies against MRPS35 and
MRPL12. 12S rRNA was analyzed by Northern blot.

B Sedimentation profiles of ERAL1, MRPS28, EFG1, CLPP, CLPX, EFTU, and MTIF2 in heart mitochondria as in (A).
C Relative abundance of proteins bound to the 28S ribosomal subunit (fractions 3 and up). Bars represent mean � SD. Student’s t-test was used to determine the level

of statistical difference (ERAL1 n = 4; EFG1, CLPX, MTIF2 n = 3; EFTU n = 2).
D Sucrose density gradient sedimentation profile (“long gradients” as in Fig 4D) of ERAL1, MRPS35, MRPL37, CLPX, and EFG1 from control (Clpp+/+) and Clpp knockout
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Source data are available online for this figure.
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We also detected lower levels of MRPS28 associated with the 28S

ribosomal subunit (Fig 6B). MRPS28 is predicted to be a functional

and structural homolog of bacterial bS1 (Amunts et al, 2015) that

shares the same binding site as Era, a bacterial homolog of ERAL1,

on the bacterial 30S small ribosomal subunit. bS1 cannot be

recruited to finish the maturation of the 30S subunit before Era is

removed (Sharma et al, 2005). Our results demonstrate that

MRPS28 is less recruited to the 28S ribosome in the CLPP-deficient

mitochondria, likely because ERAL1 is still strongly bound to it

(Fig 6B). Furthermore, we provide first evidence that MRPS28

behaves more as a maturation factor, rather than a structural

component of the 28S ribosome, as shown for its bacterial homolog

(Komarova et al, 2002; Sharma et al, 2005).

The binding of CLPX to the 28S ribosome was also increased in

the absence of CLPP protease, possibly through interactions with its

substrate ERAL1 (Fig 6B–D). However, this interaction seems to be

transient as it varies in different isolation conditions, for example,

in ribosomal gradients from isolated heart mitochondria CLPX

seems to bind more to the ribosomal fractions (Fig 6B–D), while in

gradients from whole cell lysates, we did not observe this interac-

tion (Fig EV5C). Knockdown of Clpx failed to normalize the levels

of 28S and 55S ribosomes or decrease the high association of ERAL1

with different ribosomal intermediates (Fig EV5C). More impor-

tantly, knockdown of Clpx did not have an impact on the levels of

OXPHOS subunits in CLPP-deficient cells (Fig EV5D).

In contrast, a lower level of binding was observed for EFTU, the

other mitochondrial translation elongation factor and MTIF2, the

initiation factor of mitochondrial protein synthesis (Fig 6B and C).

This was not the result of decreased steady-state levels of both

proteins, as they were unaffected by the loss of CLPP (Fig EV5E).

Normalization of ERAL1 levels partially rescues respiratory chain
deficiency in Clpp knockout mitochondria

As the primary defect observed in CLPP-deficient mitochondria

seems to be in the maturation of 28S ribosomal subunits, we have

turned our attention to ERAL1. First, we wanted to establish

whether ERAL1 interacts with the ClpXP protease. To this end, we

performed co-immunoprecipitation experiments with antibodies

raised against endogenous ERAL1 (Fig 7A). Our results show that,

although ERAL1 interacts poorly with either CLPX or CLPP in wild-

type cells, the interaction with CLPX is increased in the absence of

the protease subunit (Fig 7A). This was confirmed in the reciprocal

experiment where we have precipitated much higher levels of

ERAL1 with an antibody raised against CLPX in the Clpp knockout

background (Fig 7A). These data verify the direct interaction of the

proteins within mitochondria and suggest that in wild-type cells this

interaction is transient, while in the absence of CLPP, ERAL1 stays

more permanently bound to CLPX. Remarkably, ectopic expression

of ERAL1 in wild-type cells did not result in increased binding to

mitochondrial ribosomal subunits, likely due to intact ClpXP activity

that prevented increased and/or more permanent binding that might

be disadvantageous (Fig EV6A). Consistently, further overexpres-

sion of ERAL1 in CLPP-deficient cells proved to be deleterious for

cell growth and/or survival.

If ERAL1 upregulation due to the absence of CLPP leads to devel-

opment of the observed phenotypes, then normalization of ERAL1

levels should, at least in part, rescue the observed phenotypes. To

test this, we have moderately downregulated ERAL1 levels in CLPP-

deficient mitochondria to match the amount present in wild-type

cells (Fig EV6B and C). Regulation of ERAL1 levels resulted in a

decrease in the amount of 28S subunit in CLPP-deficient mitochon-

dria and a weaker binding of ERAL1 to the higher fractions (Fig 7B).

Normalization of ERAL1 levels in CLPP-deficient MEFs also

salvaged previously observed translation defect (Fig 7C), resulting

in a partial rescue of the steady-state levels of complex I and IV

subunits (Fig 7D and EV6B). The increase in the amount of individ-

ual subunits resulted in higher level of assembled complex I, but did

not affect the level of complex III (Fig EV6D). In contrast, ERAL1

knockdown in wild-type cells led to a decrease in the levels of the

same RC subunits (Fig 7D and EV6B), in agreement with previous

results showing that ERAL1 is needed for mitochondrial protein

synthesis (Uchiumi et al, 2010).

We proceeded to test whether normalization of ERAL1 levels in

CLPP-deficient cells can rescue the observed defect in the recovery

from doxycycline treatment. We monitored the recovery of mtDNA-

encoded COXI subunit and nDNA-encoded NDUFB6 upon 48 h of

doxycycline treatment followed by 24 h recovery (Fig 7E and F). In

line with previous results, we detected higher survival of cells and

the recovery of COXI was increased in CLPP-deficient cells (Fig 7F).

As shown for other nDNA-encoded RC subunits (Fig 7D and EV6B),

NDUFB6 levels were also increased by the ERAL1 knockdown,

although the recovery was not affected by the treatment (Fig 7F).

This result suggests that ERAL1 knockdown in CLPP-deficient cells

rescues the nDNA-encoded subunits by increasing the amount of

available mtDNA-encoded polypeptides needed for the assembly

of functional RC complexes, therefore decreasing the turnover of

unassembled subunits. The interdependence of nDNA-encoded RC

subunits on functional mitochondrial protein synthesis is well estab-

lished in multiple models and across different phyla (Park et al,

2007; Kwasniak et al, 2013; Dogan et al, 2014). In wild-type cells,

knockdown of ERAL1 led to a significant decrease in the recovery of

COXI levels (Fig 7F).

Remarkably, overexpression of wild-type CLPP reduced the

levels of ERAL1, bound to the 28S ribosome, and restored the

mitoribosomes (55S) (Fig EV6E). In contrast, ectopic expression of

catalytically inactive CLPP (CLPPS149A) reduced the overall levels of

ribosomal subunits, without restoring the mitoribosome assembly

(Fig EV6E). Moreover, catalytically inactive CLPP protein strongly

binds multiple ribosomal fractions and in its presence CLPX behaves

in the same way, suggesting an active role for ClpXP on the mito-

chondrial ribosomes. These data also strengthen the role of ClpXP

in the turnover of ERAL1 during ribosomal assembly.

Taken together, these results show that normalization of ERAL1

levels in CLPP-deficient mitochondria leads to increased mitochon-

drial protein synthesis, likely by allowing efficient maturation of

mitoribosomes. At the same time, increased availability of mtDNA-

encoded subunits allows more nDNA-encoded polypeptides to be

present in mitochondria and incorporated in RC complexes.

Discussion

Our results demonstrate that the CLPP protease has an unforeseen

role in the regulation of ribosomal biogenesis and mitochondrial

translation. Mitochondrial translation is impaired in Clpp knockout
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Figure 7. Effect of ERAL1 knockdown on wild type (Clpp+/+) and Clpp knockout (Clpp�/�) MEFs.

A Coimmunoprecipitation analysis using antibodies raised against ERAL1 and CLPX proteins. Western blot analysis of input (I), control (C), and eluate (E) is shown.
Asterisk indicates the cross-reacting band.

B Sucrose density gradient migration profile: association of ERAL1 with the 28S ribosomal subunit (MRPS35) upon Eral1 siRNA. TOMM20 was used as a loading control.
C De novo synthesis of mitochondrial proteins in wild-type (Clpp+/+) and Clpp knockout (Clpp�/�) MEFs upon Eral1 siRNA. Proteins were isolated after labeling with

35S-methionine for 1 h from cells on control siRNA (Ctrl) or cells on Eral1 siRNA (Eral1). Positions of individual mitochondrial encoded proteins are indicated.
Coomassie blue staining was used to ensure equal loading.

D Quantification of Western blot analysis of respiratory chain subunits upon knockdown of Eral1. Levels relative to wild-type cells treated with control siRNA (set to 1)
are presented. Bars represent mean � SD. Student’s t-test was used to determine the level of statistical difference (COXI n = 4; ATP5A1 n = 2; the rest n = 6).
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E Western blot analysis of RC subunits upon Eral1 knockdown in MEFs. Cells (0) were treated with doxycycline for 48 h (T) and upon doxycycline removal allowed to
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F Quantification of the relative recovery of COXI and NDUFB6 upon Eral1 siRNA. The values are calculated as ratio between recovered (R) to doxycycline-untreated (0)
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Source data are available online for this figure.
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mitochondria because the two ribosomal subunits are not assem-

bled into a functional 55S mitoribosome. Consequently, respiratory

chain dysfunction seems to be the major effect of CLPP deficiency in

mammalian mitochondria, with complex I downregulation as a fore-

most consequence.

The respiratory deficiency caused by CLPP depletion is moderate,

and Clpp knockout mice represent a faithful model of Perrault

syndrome caused by CLPP deficiency in humans, primarily charac-

terized by sensorineural hearing loss and a premature ovarian fail-

ure (Gispert et al, 2013; Jenkinson et al, 2013). A spectrum of

additional clinical features, including cerebellar ataxia, peripheral

neuropathy, and muscle atrophy, has been described in some

affected individuals (Jenkinson et al, 2012; Morino et al, 2014).

Here we provide the first evidence that loss of CLPP leads to a defect

in mitochondrial translation that may be the primary cause of the

disease. In agreement, mutations in HARS2 (Pierce et al, 2011),

LARS2 (Pierce et al, 2013), and TWINKLE (Morino et al, 2014),

three out of four other genes causing Perrault syndrome also have a

direct effect on mitochondrial protein synthesis.

Our study identified many potential CLPP substrates involved in

various pathways including mitochondrial translation and transcript

processing, respiratory chain function, and multiple metabolic path-

ways. Some of the identified and partially characterized candidate

proteins, like EFG1 and PNPT1, have been already detected as CLPP

substrates in other organisms (Zybailov et al, 2009; Bhat et al,

2013; Feng et al, 2013). Remarkably, a recent study, using a

BioID-mass spectrometry method to identify ClpP-interacting part-

ners, provides a list of 49 possible ClpXP substrates and adaptors in

human cells (Cole et al, 2015). The list of candidates, however, only

partially overlaps with the one created by us and contains only nine

identical hits, most of them involved in either TCA cycle or fatty

acid metabolism (Cole et al, 2015). In addition, the list included a

number of proteins involved in mtDNA maintenance (TFAM,

MTSS1, POLG2), but not in mitochondrial translation (Cole et al,

2015). The obvious discrepancies between these two studies could

be attributed to differences in the experimental approach, as the

previous study selected proteins that equally interact with wild-type

and mutant CLPP, thus excluding many of the CLPP substrates, as

they would be instantly degraded in the wild-type background.

Further differences could be explained by the cell-type-specific inter-

actions (HEK293 T-Rex cells were used) and by the fact that cells

were treated with tetracycline/doxycycline that has a profound

effect on mitochondrial function, specifically on the maturation of

28S ribosomal subunit (LaPolla & Lambowitz, 1977; Moullan et al,

2015), and we showed here that this is especially detrimental in the

Clpp knockout background.

Our results strongly suggest that the role for CLPP in ribosomal

biogenesis could be explained by its regulation of ERAL1 levels. We

believe that the upregulation of other proteins involved in mito-

chondrial translation, like translation elongation factor EFG1 or

mitochondrial tRNA synthetases (VARS2 and IARS2) do not contri-

bute significantly to the translation defect. Further support for this

comes from a study in A. thaliana CLPP-deficient chloroplasts

showing that over-accumulation of both translation elongation

factors and aminoacyl-tRNA synthetases does not result in a signifi-

cant loss of translation (Zybailov et al, 2009).

We show that accumulation of ERAL1 results in much higher bind-

ing to the small ribosomal subunit that prevents full maturation and

assembly of 28S and 39S subunits into a functional mitoribosome.

This is reminiscent of the situation in prokaryotes where binding of

Era to the 30S small ribosomal subunit results in a conformation

change that is less favorable for association with the 50S large subunit

(Sharma et al, 2005). Furthermore, in an in vitro assay, 2.5-fold

increase in the amount of Era leads to a 50% decreased formation of

mature bacterial ribosomes, while a fivefold increase, almost comple-

tely prevents it (Sharma et al, 2005). Our results argue that the strong

binding of ERAL1 also prevents binding of other translation initiation

and elongation factors that are not substrates of ClpXP protease. It is

currently not known how ERAL1 is extracted from the 28S subunit

during the last steps of small subunit maturation, and our results

propose that ClpXP might play an active role in this process. This is

supported by our data showing that not only ERAL1 levels were

increased, but also the ratio of ribosome-bound to free ERAL1 is much

higher in Clpp knockout mitochondria, while MRPS28 association

with the 28S ribosome is diminished. This goes hand in hand with the

observation that CLPX is also much more present on the small riboso-

mal subunit and possibly bound to ERAL1 in the CLPP-deficient mito-

chondria, likely because protease activity and/or conformation

changes mediated by ClpXP are needed to release this interaction.

Interestingly, strong downregulation of ERAL1 levels also has detri-

mental effects on cell survival and mitoribosome assembly, even

though two published studies do not agree on which effect is more

pronounced (Dennerlein et al, 2010; Uchiumi et al, 2010). Taken

together, these data suggest that ERAL1 is essential for the 28S ribo-

some assembly, but needs to be timely removed to allow translation

initiation to proceed and 28S to interact with 39S to form functional

mitoribosome. Therefore, both increased and decreased levels of

ERAL1 would be unfavorable for the assembly of the mitoribosome

and the mitochondrial translation rate. It is possible to envision that

the changes of ClpXP levels under stress condition might provide a

way to rapidly downregulate mitochondrial translation, by regulating

ERAL1 and hence 28S levels, thus preventing further proteotoxic

burden to mitochondria.

In conclusion, our results provide clear evidence for the novel

role of CLPP in regulation of mitochondrial ribosome biogenesis

through its target-substrate ERAL1. The level and binding of ERAL1

to the 28S ribosomal subunit needs to be tightly regulated to allow

efficient formation of a mature mitoribosome, and we show that

ClpXP has an active role in this process. Our study also produced an

extensive list of other potential ClpXP substrates that need to be

evaluated. Further analyses are clearly necessary to determine their

role in mitochondrial physiology.

Materials and Methods

Generation and genotyping of Clpp knockout mice

Clpp gene targeting was carried out at Taconic Artemis, Germany,

in Art B6/3.5 embryonic stem cell line on a genetic background of

C57BL/6 NTac. LoxP sites flanked exons 3–5 of the Clpp gene. A

puromycin resistance selection marker was inserted into intron 5

and flanked by F3 sites. The targeted locus was transmitted

through germline that resulted in heterozygous Clpp+/PuroR�loxP

mice. Animals were bred with B6 Flp_deleter transgenic (TG) mice

to remove the puromycin selection marker. Finally, Clpp+/loxP
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mice were mated with mice expressing Cre recombinase under the

promoter of beta-actin resulting in deletion of exons 3–5. This

deletion resulted in loss of function of the Clpp gene, by removing

a part of the protease domain and generated a frameshift from

exon 2–6. Clpp+/� heterozygous mice were intercrossed to obtain

the Clpp�/� homozygous knockout mice. The genotyping primers

used are:

forward (50-TGTGCATTCTTACCATAGTCTGC-30);
reversewt (50-CCCAGACATGATTCCTAGCAC-30);
reverseko (50-CCCAGACATGATTCCTAGCAC-30).

Animal experiments were in accordance with guidelines for

humane treatment of animals and were reviewed and approved by

the Animal Ethics Committee of North-Rheine Westphalia, Germany.

Generation of MEF lines

Primary MEFs were isolated from E13.5 embryos obtained as a result

of intercrossed Clpp+/� animals as described previously (Trifunovic

et al, 2005). Immortalized cell lines were generated upon transfor-

mation with the SV40 T antigen (Richter-Dennerlein et al, 2014).

Protein turnover in MEFs

Cells were grown to 80–90% confluency in DMEM supplemented with

galactose (10 mM), pyruvate (100 lg/ml), and uridine (50 lg/ml).

After blockage of cytoplasmic protein synthesis by cycloheximide

treatment (100 lg/ml), cells were collected at indicated time points,

counted, and lysed with RIPA buffer, proportional to the number of

living cells. Western blot was used to analyze the obtained results.

Trapping of CLPP substrates in mouse embryonic fibroblasts

Plasmids containing genes encoding the murine wild-type (Clppwt)

and proteolytically inactive CLPP (ClppS149A) fused to the double

FLAG tag were transiently overexpressed for 48 h under the control

of CMV promoter in Clpp knockout cells. As a negative control, cells

transfected with the empty plasmid (pcDNA3.1, Invitrogene) were

used. Mitochondria were isolated as described below, lysed in a

buffer containing 25 mM Tris, 150 M NaCl, 1 mM EDTA, 1% NP-

40, 5% glycerol, protease inhibitor cocktail, pH 7.4, and cleared by

1-h centrifugation at 20,000 × g. Anti-FLAG M2 antibody (Sigma)

was immobilized on the AminoLink Plus resin (Thermo) according

to the manufacturer’s instructions. Lysates were precleared with the

Control Agarose Resin (Thermo) and incubated with immobilized

beads overnight at 4°C. Beads were washed five times with the lysis

buffer followed by the elution of the immobilized protein complexes

with the low pH elution buffer (100 mM glycine; pH 2.8). Immuno-

precipitated proteins were subjected to SDS–PAGE and stained by

Coomassie colloidal blue staining. Protein containing gel slices were

trypsinized, separated by the HPLC, and subjected to LC-ESI-MS/MS

analysis. In total, we identified 286 proteins assigned to the mito-

chondria and a fraction of 143 proteins were equally detected in

samples from CLPP-deficient cells containing either empty vector or

FLAG-tagged CLPPWT or CLPPS149A protein.

Assembly of the CLPPWT/CLPPS149A-2xFLAG containing protease

complexes for a substrate-trapping experiment was monitored by

BN-PAGE on crude mitochondria solubilized in the 4% digitonin

PBS buffer or using whole cells lysed in the 1% Triton X-100 PBS

buffer. BN-PAGE resolved protein complexes were blotted on a

PVDF membrane and immunodecorated with indicated antibodies.

For ectopic CLPPWT/CLPPS149A expression, cells were transfected

with NucleofectorTM electroporation technology (Lonza) according

to the manufacturer’s instructions.

Antibiotics treatment

The recovery of RC subunits from defects caused by treatments with

antibiotics that inhibit mitochondrial translation were followed in

wild-type and Clpp knockout MEFs incubated in full DMEM with

high glucose content (4.5 g/l). Cells in the exponential growth

phase (50–70% confluence) were supplemented with the inhibitors

of mitochondrial translation (doxycycline 15 lg/ml; chlorampheni-

col 200 lg/ml; actinonin 150 lM) and incubated up to 48 h. After

that, cells were transferred to the antibiotics-free medium for the

next 48 h. At indicated time points, cells were collected and lysed

with a RIPA buffer and subsequent Western blotting was used to

monitor the recovery of respiratory chain subunits. For the analysis

of recovery of RC subunits upon ERAL1 depletion, cells were trans-

fected with Eral1 siRNA 48 h prior to the start of the assay and

retransfected 24 h into the assay.

Southern, Northern, and Western blot analysis

DNA isolation and Southern blot analysis were performed as

described previously (Hance et al, 2005). RNA was extracted from

tissues with Trizol reagent (Invitrogen), and Northern blot analysis

was performed with a-32P-dCTP-labeled DNA probes or a-32P-dATP-
labeled oligonucleotide probes for mt-mRNAs and mt-tRNAs,

respectively (Park et al, 2007).

Protein lysates were obtained from either homogenized tissue

or isolated mitochondria and subsequently subjected to Western

blot analysis as described previously (Hance et al, 2005). MEFs

were lysed with the RIPA buffer followed by sonication and lysate

clearance. Western blot analysis was performed using the follow-

ing primary antibodies at indicated concentrations: MTIF2 and

MTIF3, 1:1,000 (a kind gift from Prof. A. Filipovska, University of

Western Australia); MRPS15, 1:300; LRPPRC, 1:1,000 (a kind gift

from Prof. N.-G. Larsson, MPI for Biology of Aging Cologne);

EFTU, 1:1,000 (a kind gift from Assistant Prof. Nono Tomita-

Takeuchi); MTCO2, 1:1,000 (a kind gift from Prof. T. Langer,

CECAD Cologne). All other antibodies were used in dilutions

recommended by the manufacturers: CLPP, CLPX, MRPL37,

b-actin, a-tubulin (Sigma); ERAL1, PNPT1, MRPS35, NDUFV2

(Proteintech); EFG1, MRPL12, NDUFS2 (Abcam); MRPP1 (Aviva

Systems Biology); P32/C1QBP (Millipore); SDHA, NDUFA9,

UQCRC1, MTCO1, COX4A (Invitrogen), VDAC (Cell Signaling),

NDUFS3, NDUFB6, ATP5A1, UQCRFS1 (MitoSciences); TOMM20,

CYTB (Santa Cruz Biotechnology).

Real-time quantitative PCR

Isolated heart RNA was treated with DNase (DNA-free Kit, Ambion)

and subsequently reverse transcribed with the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems). Gene expression
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levels were determined with qPCR technique using the TaqMan Assay

Kit (Applied Biosystems) or Brilliant III Ultra-Fast SYBR Green QPCR

Master Mix (Agilent Technologies). Samples were adjusted for total

RNA content by TATA box binding protein (Tbp) or hypoxanthine-

guanine phosphoribosyltransferase (Hprt). Clpp (Mm00489940_m1),

Clpx (Mm00488586_m1), Eftu (Mm01136248_m1), Hrpt

(Mm00446968_m1), and Tbp1 (Mm00446973_m1) probes were

obtained from TaqMan Assay-on-Demand kits (Applied Biosystems).

Primers were as follows:

FWD 50–30 REV 50–30

Eral1 GGACCGTATCCTTGGATTTTCTC GAGGACCCGTGGATTCTCAG

P32/
C1qbp

AAGATCCAGAAACACAAGTCCCT CCTCCTCACCATCAAATGTTGG

Pnpt1 AATCGGGCACTCAGCTATTTG CAGGTCTACAGTCACCGCTC

Mrpp1 TGTCCTCCAAAGCACCTTCTT TGAATGCTCGACTTCATTGTAGC

Mrpl12 GCCACCGAAGGAGTGAAGC GGAGCGTAAGGCTGGCAAT

Mrpl37 AACCCTGCTACATCTTCCACC TGGTCTTAGTAAGCCAGAGAGC

Mrpl48 TGGGTGTGTGGACCAATACTG CTTTGTCTTGTAGTGCCGACT

Mrps15 AAGTAGCGCCAGTCTGCTC GAGGGTGGTTCATCGTCCT

Mrps35 GGCCCAGTGTTTACCCCAC GTGCCTTTTAATTGCCACAGG

Ndufv2 GGCTACCTATCTCCGCTATGA TCCCAACTGGCTTTCGATTATAC

Ndufs2 TCGTGCTGGAACTGAGTGGA GGCCTGTTCATTACACATCATGG

Ndufa9 GGCCAGCTTACCTTTCTGGAA GCCCAATAAGATTGATGACCACG

Ndufb6 TGGAAGAACATGGTCTTTAAGGC TTCGAGCTAACAATGGTGTATGG

Ndufs3 CTGTGGCAGCACGTAAGAAG GCTTGTGGGTCACATCACTCC

Sdha TCCTACCCGATCACATACTGTT GCTCTGTCATGTAATGGATGGCA

Ndufab1 ATGGCGTCTCGTGTCCTCT GCGGCACAAATGTGTGACT

Uqcrc1 ACGCAAGTGCTACTTCGCA CAGCGTCAATCCACACTCCC

Hprt GCCCCAAAATGGTTAAGGTT TTGCGCTCATCTTAGGCTTT

Tbp1 GGGAGAATCATGGACCAGAA TTGCTGCTGCTGTCTTTGTT

Analysis of de novo transcription and translation in
isolated mitochondria

In organello transcription assay and translation assays were performed

as previously described (Dogan et al, 2014).

tRNA aminoacylation assay

For analysis of the tRNA aminoacylation, total RNA was isolated

with TRIzol reagent (Invitrogen) according to the manufacturer’s

protocol. Total RNA was resuspended in 0.3 M NaOAc (pH 5.0) and

1 mM EDTA. Aminoacylation status was determined by acid–urea

PAGE, using 6.5% (19:1) polyacrylamide, 8 M urea gels in 0.1 M

NaOAc (pH 5.0) buffer. Gels were run for 48 h at 4°C with regular

buffer changes. tRNAs were detected using specific c-32P-dATP-
labeled oligonucleotide probes:

MT-TL1: 50-AAG TCT TAC GCA ATT TCC TGG CTC TG-30

MT-TF: 50-CAT TTT CAG TGC TTT GCT TTG TTA TTA-30

MT-TV: 50-TGG TCA TGA AAT CTT CTG GGT GTA GG-30

MT-TK: 50-TCA CTA TGG AGA TTT TAA GGT C-30

Isolation of mitochondria

For majority of experiments, including all Western blot and BN-

PAGE analysis, mitochondria were isolated from the heart, liver,

or skeletal muscle as previously reported (Edgar et al, 2009). For

isokinetic sucrose gradient and co-immunoprecipitation (coIP)

experiments, mitochondria were isolated as follows: Organs were

homogenized in a mitochondria isolation buffer (320 mM

sucrose, 10 mM Tris–HCl pH 7.5, protease inhibitor cocktail w/o

EDTA) with a rotating Teflon potter (Potter S, Sartorius) at

1,200 rpm followed by differential centrifugation. To obtain mito-

chondria from MEFs, cells were grown at standard conditions,

collected, washed with PBS, and resuspended in a homogeniza-

tion buffer [20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM

sucrose, 1 mM EDTA, protease inhibitor cocktail (Sigma)]. Cell

suspension was homogenized with a rotating Teflon potter

(Potter S, Sartorius) at 1,000 rpm followed by differential

centrifugation.

BN-PAGE and in-gel activity

BN-PAGE was carried out using the NativePAGE Novex Bis-Tris

Mini Gel system (Invitrogen) according to the manufacturer’s speci-

fications. Proteins were transferred onto a PVDF (polyvinylidene flu-

oride) membrane, and immunodetection of mitochondrial OXPHOS

complexes was performed (CI: NDUFA9; CII: SDHA; CIII: UQCRC1;

CIV: COXI; CV: ATP5A1). In-gel activity assays for complex I and

complex IV were performed as previously described (Dogan et al,

2014).

Sucrose gradient fractionation of mitochondrial ribosomes

Protein and RNA analysis with long isokinetic sucrose gradient

fractionation of the mitoribosomes was performed as described

previously (Ruzzenente et al, 2012). In the control experiments,

mitoribosomes were cleared out with RNase treatment (4,800 U/ml,

AppliChem) following the lysis of mitochondria.

Short isokinetic sucrose gradients: Mitochondria obtained from

single organs or whole cultured cells were resuspended in a lysis

buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%

Triton X-100, 10 mM MgCl2, protease inhibitor cocktail, RNAse

inhibitor), lysed for 30 min, and clarified by centrifugation at

12,000 × g at 4°C. 0.6–0.9 mg of supernatant was loaded onto a

linear sucrose gradient (10–30% [vol/vol], 1 ml) in a gradient

forming buffer (50 mM Tris–HCl, pH 7.2, 10 mM MgAc, 40 mM

NH4Cl, 100 mM KCl, 50 lg/ml chloramphenicol, protease inhibitor

cocktail, RNase inhibitor) and centrifuged for 2 h 15 min at

100,000 × g at 4°C. Fractions of 100 ll were collected and

analyzed by Western blotting or subjected to the Northern blot

analysis or qRT–PCR estimation of the RNA loading. The RNA pro-

files obtained from isokinetic sucrose gradient fractionation were

determined with qRT–PCR technique using the TaqMan probes

(Applied Biosystems): 16S rRNA (Mm03975671_s1), Atp6

(Mm03649417_g1), Cox3 (Mm04225261_g1), Cytb (Mm04225271_

g1), Nd6/Nd5 (Mm04225315_s1). The 12S rRNA probe was kindly

provided by Prof. N.-G. Larsson, MPI for Biology of Aging

Cologne.
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Eral1 and Clpp overexpression

Transfections for sucrose density gradient sedimentations were

carried out using the 4D-Nulceofector System (Lonza) according to

the manufacturer protocol. Plasmids used for Clpp overexpression

correspond to the plasmids used in the substrate-trapping screen. M.

musculus Eral1 was expressed for 3 days from the pRT[Exp] plas-

mid under the CAG promoter, which was obtained from Vector-

Builder (Cyagen).

Oxygen consumption measurements and respiratory chain
enzyme activities

The measurements of respiratory chain enzyme complex activities

and citrate synthase activity were performed as previously described

(Wibom et al, 2002). Oxygen consumption rates were determined

with Oxygraph-2k (Oroboros Instruments) following the substrate–

uncoupler–inhibitor–titration (SUIT) protocol. Briefly, mitochondria

were isolated as described above and the state 3 was determined in

the presence of CI substrates (pyruvate, malate, glutamate). Then,

the state 3 for CI + CII was estimated after addition of CII substrate,

succinate. Next, to evaluate mitochondrial coupling, oligomycin-

mediated inhibition of ATP synthase was performed (state 4)

followed by a multiple-step FCCP titration in order to determine the

maximum respiration through the CI + CII (uncoupled).

Eral1 and Clpx siRNA-mediated knockdown

Mouse embryonic fibroblast lines were transfected with siRNA

oligonucleotide duplexes (ERAL1 siRNA: CCCAAGUGAUUCUG-

CUUGA; CLPX siRNA: GCUUCGCUGUCCUAAAUGU) (Eurogentec),

using the lipofectamin reagent RNAi Max (Invitrogen) following the

reverse transfection protocol provided by the manufacturer. The

efficiency of downregulation was assessed by Western blot analysis.

Co-immunoprecipitation analysis

For ERAL1 co-immunoprecipitation, 1 mg of mitochondria was

lysed in a solubilization buffer (1.5% w/v digitonin, 150 mM KAc,

30 mM Tris–HCl pH 7.4, complete protease inhibitor cocktail) and

cleared by centrifugation at 16,000 × g. Lysates were incubated with

2 lg of respective antibodies (ERAL1 (Proteintech) or anti-rabbit

IgG (Sigma)) overnight at 4°C followed by 2 h incubation with

Protein-A Sepharose CL-4b beads. Beads were washed five times

with a buffer containing 0.5% digitonin, 150 mM KAc, 30 mM Tris–

HCl pH 7.4, and protease inhibitor cocktail. Protein complexes were

eluted with Laemmli buffer and subjected to SDS–PAGE followed by

Western blot analysis.

For CLPX co-immunoprecipitation experiments, 15 lg of CLPX

antibody (Sigma) was immobilized on the AminoLink Plus resin

(Thermo Fisher Scientific) according to the manufacturer’s instruc-

tions. 1 mg of mitochondria was lysed in a solubilization buffer

(1.5% w/v digitonin, 150 mM KAc, 30 mM Tris–HCl pH 7.4,

complete protease inhibitor cocktail) and cleared by centrifugation

at 16,000 × g. Lysates were incubated overnight with immobilized

beads at 4°C followed by five times washing in a buffer containing

0.5% digitonin, 150 mM KAc, 30 mM Tris–HCl pH 7.4, and

complete protease inhibitor cocktail. Protein complexes were eluted

with low pH buffer (100 mM glycine pH 2.8) and subjected to SDS–

PAGE followed by Western blotting.

Label-free quantification of mitochondrial proteome

Crude mitochondria isolated from heart as described above were

resuspended in 0.6 M sucrose, layered on a 1–1.5 M sucrose gradi-

ent, and spun at 71,000 g for 30 min at 4°C. After ultracentrifuga-

tion, mitochondria were collected from the interface between two

sucrose phases and washed with 10 mM Tris–HCl, pH 7.5; 5 mM

EDTA. Mitochondrial pellets were subjected to FASP digestion

followed by LC-MS/MS analysis.

FASP digestion

Mitochondrial pellets were lysed with 8 M Urea and applied to the

10 kDA Amplicon Filter. FASP digestion was performed as described

previously (Wisniewski et al, 2010). In brief, proteins were washed

several times with 8 M Urea, reduced using 10 mM DTT (Dithio-

threitol) for 30 min, and alkylated with 55 mM IAA (Iodoacetamide)

for 40 min in the dark. Then, conditions were set for digestion using

10 mM Tris–HCl pH = 7.5 for several washing steps. Trypsin was

added in 1:100 enzyme to protein ratio and incubated at 37°C over-

night. Peptides were eluted from the filter with water and acidified

using TFA (Trifluoroacetic acid) to a final concentration of 1%.

Liquid chromatography and mass spectrometry

Generated peptides were desalted prior to liquid chromatography–

tandem mass spectrometry (LC-MS/MS) analysis using STAGE tip

technique2 (Rappsilber et al, 2003). The eluate was concentrated in

a speed vac to complete dryness and resuspended in 10 ll acidified
water (Buffer A: 0.1% acetic acid). LC-MS/MS instrumentation

consisted out of an EASY nano-LC (Proxeon, now Thermo Scien-

tific) coupled via a nano-electrospray ionization source (Thermo

Scientific) to an ion-trap-based LTQ Discovery instrument (Thermo

Scientific). 4 ll of peptide mixture was loaded onto an in-house

packed 15-cm column (3-lm C18 beads, Dr. Maisch). Peptides were

separated by a binary buffer system: (A) 0.1% acetic acid and (B)

0.1% acetic acid in acetonitrile and the following gradient was

applied: within 220 min, buffer B content was raised in a linear

shape from 7% to 20% and further increased within 60 min to

40%. Then, 95% B was used to wash the column and held there for

20 min. The flow rate was constant at 200 nl/min over the complete

gradient. After each run, a blank run (5% B = const.) was

performed to re-equilibrate the column.

Eluting peptides from the column were ionized by an applied volt-

age of 1.8 kV. The capillary voltage was set to 44 V, and Multipole

RF Amplifier (Vp-p) was set to 400. For MS1 scans, a resolution of

30,000 (400 m/z), a maximal injection time of 500 ms, and an

AGC (Automatic gain control) target of 2e5 were used. In a data-

dependent Top10 mode, the 10 most intense peaks were selected for

MS2 level scans in the ion trap. A resolution of 7,500 (400 m/z), an

AGC target of 1E54, an isolation window of 3.0 Th, and a maximal

injection time of 200 ms were used. The normalized collision energy

for CID scans was 35, and the activation time for MS2 scans was

30 ms. For both scan types, the injection waveform setting was

enabled.

All raw files were processed by MaxQuant 1.5.1.0 3, and the

implemented Andromeda search engine 4. MS/MS spectra were
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correlated against the mouse Uniprot database (downloaded Feb.

2015) including a list of common contaminants. Search parameters

were set as following: minimal peptide length: 7 amino acids; mass

tolerance for MS/MS ITMS spectra: 0.5 Dalton. The FDR was

estimated by the implemented decoy algorithm utilizing the revert

database on the peptide–spectrum match (PSM) and protein level

to 1%. The label-free quantification, match between runs, and

requantification of algorithms were enabled using default settings.

Acetylation at the protein N-term and oxidation of methionine resi-

dues were defined as variable modification, and carbamidomethyla-

tion at cysteine residues was set as a fixed modification. LFQ

intensities were log2 transformed and tested for differential expression

using a two-sided t-test. To correct against multiple testing errors, the

FDR was calculated by a permutation-based algorithm using a FDR

cutoff of 5% and fudge factor s0 of 0.1. To identify significant

enriched GO terms, we utilized the 1D enrichment tool in Perseus 5.

Data visualization was done in the statistical environment R.

String network

Protein Uniprot IDs from Table EV3 were entered in String

webtool (Snel et al, 2000), and the confidence level was set to 0.7

(“high confidence”). Active predictive models were as follows:

Co-expression, Experiments, and Database. This network was

imported into Cytoscape for visualization (Shannon et al, 2003).

Proteins not showing any connectivity were added to the network

separately.

Data accessibility

Proteomics raw data have been uploaded to the PRIDE repository

under the Accession Code:

Project Name: Mouse heart mitochondria LC-MS/MS

Project accession: PXD002935

Project DOI: Not applicable

Statistical analysis

Student’s t-test was used to determine statistical significance.

Error bars represent standard deviation (SD). Unless otherwise

indicated, all experiments were performed on six biological

replicates.

Expanded View for this article is available online.
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