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Proteomic profiling of the mitochondrial
ribosome identifies Atp25 as a composite
mitochondrial precursor protein
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ABSTRACT Whereas the structure and function of cytosolic ribosomes are well characterized,
we only have a limited understanding of the mitochondrial translation apparatus. Using SILAC-
based proteomic profiling, we identified 13 proteins that cofractionated with the mitochondrial
ribosome, most of which play a role in translation or ribosomal biogenesis. One of these pro-
teins is a homologue of the bacterial ribosome-silencing factor (Rsf). This protein is generated
from the composite precursor protein Atp25 upon internal cleavage by the matrix processing
peptidase MPP, and in this respect, it differs from all other characterized mitochondrial pro-
teins of baker's yeast. We observed that cytosolic expression of Rsf, but not of noncleaved
Atp25 protein, is toxic. Our results suggest that eukaryotic cells face the challenge of avoiding
negative interference from the biogenesis of their two distinct translation machineries.
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INTRODUCTION

In their overall structure and function, mitochondrial ribosomes are
similar to cytosolic 80S and bacterial 70S ribosomes (Greber and
Ban, 2016; Ott et al., 2016). However, mitochondrial ribosomes
were remodeled considerably during eukaryotic evolution and show
significant differences compared with bacterial ribosomes (Smits
et al., 2007; Beckmann and Herrmann, 2015). A common feature of
all present-day eukaryotes is the highly reduced mitochondrial ge-
nome, which only encodes a small number of proteins, most of
which are hydrophobic membrane proteins (Gray et al., 1999). Pre-
sumably, this specialization in synthesizing a very small number of
hydrophobic membrane proteins explains the two major differences
between mitochondrial ribosomes and those of bacteria and the
eukaryotic cytosol:

1. Mitochondrial ribosomes of many organisms show tight physical
connection with the inner membrane, which was reported from

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E16-07-0513) on August 31, 2016.
*Address correspondence to: Johannes Herrmann (hannes.herrmann@biologie
.uni-kl.de).

Abbreviations used: MPP, mitochondrial processing peptidase; MTS, matrix-tar-
geting sequence; PK, proteinase K; Rsf, ribosome-silencing factor; SILAC, stable
isotope labeling by amino acids in cell culture.

© 2016 Woellhaf et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

Volume 27 October 15, 2016

both biochemical fractionation studies (Liu and Spremulli, 2000;
Jia et al., 2003; Szyrach et al., 2003) and in situ visualization by
microscopy (Watson, 1972; Pfeffer et al., 2015). Membrane bind-
ing is mediated by a protein of the large subunit, called Mba1 in
yeast and Mrpl45 in mammals, positioned adjacent to the poly-
peptide exit tunnel and directs nascent chains to the Oxa1 inser-
tion machinery of the inner membrane (Ott et al., 2006; Jia et al.,
2009; Greber et al., 2014b). The tight contact to the membrane
presumably explains the substantial remodeling of the region
around the exit tunnel of the mitochondrial ribosome (Sharma
et al., 2003; Brown et al., 2014; Greber et al., 2014b).

2. The strongly degenerate rRNA core structure is another common
feature of the mitochondrial ribosome (Amunts et al.,, 2014,
Brown et al., 2014; Greber et al., 2014a). It is most obvious in
animals (and some parasites), in which rRNA content of the ribo-
some is reduced close to what might be the minimum required
for catalytic activity. Here many structural rRNA regions were lost,
in some cases replaced by proteins (O'Brien, 2002). In fungi, re-
duction of the rRNA is less extreme, but its structure and base
pairing-mediated stability strongly degenerates (van der Sluis
etal., 2015).

In the past, the protein composition of high salt-treated,
gradient-purified ribosomes under stringent conditions was identi-
fied by proteomics (Graack et al., 1999; Koc et al., 2001a,b; Suzuki
et al., 2001). A recent study followed an interesting complemen-
tary approach to identify the proteome of mitochondrial ribo-
somes of Saccharomyces cerevisiae under very mild conditions
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(10 mM potassium acetate), using an affinity purification strategy
of an epitope-tagged ribosome (Kehrein et al., 2015). A surpris-
ingly large number of components copurified with mitochondrial
ribosomes, including many factors involved in mitochondrial gene
expression.

In this study, we used a third approach, relying on stable iso-
tope labeling by amino acids in cell culture (SILAC)-based isotope
labeling and comparative profiling of mitochondrial fractions con-
taining or lacking ribosomes to reduce the number of false-positive
interaction partners. We thereby identified 28 (85%) and 37 (84%)
of the previously described proteins of the small and large subunit,
respectively, plus 13 additional proteins, seven of which are essen-
tial for mitochondrial translation. We found that one of these ad-
ditional proteins, mitochondrial ribosome-silencing factor (Rsf),
was generated from a composite precursor protein of Atp25 (Zeng
et al., 2008). The Atp25 precursor consisted of a matrix-targeting
sequence (MTS), the Rsf domain, and a C-terminal region (M
domain).

In bacteria, Rsf was shown to block protein synthesis under star-
vation conditions (Hauser et al., 2012), but the function of its mito-
chondrial counterpart is largely unknown. Three recent studies on
the mammalian homologue indicate a function in biogenesis or
functional maintenance of the large subunit (Rorbach et al., 2012;
Wanschers et al., 2012; Fung et al., 2013). We observed that the
expression of Rsf in the yeast cytosol is toxic, whereas the expres-
sion of Rsf-M domain fusion, such as present in the Atp25 precursor,
was much better tolerated. Thus the unconventional organization
of Atp25 as a tandem protein may serve as a strategy to prevent
interference of the Rsf precursor with the cytosolic translation
machinery.

RESULTS

Proteomic analysis of the mitochondrial ribosome

To isolate mitochondria devoid of assembled ribosomes, we used
strains that lacked mitochondrial DNA (rho% and hence mitochon-
drial rRNA. In addition, we generated a strain in which the expression
of a central ribosomal protein (Mrp20, the homologue of bacterial
L23) was under control of the GALT0 promoter. Mrp20 is essential
for the assembly of the large ribosomal subunit (Fearon and Mason,
1992).

Mrp20 is also referred to as uL23m according to novel nomencla-
ture suggested by Ban et al. (2014). For compatibility with protein
names in published studies and the Saccharomyces genome data-
base, we use the yeast nomenclature in this study. To avoid confu-
sion with the nomenclature with protein names, we give a synonym
list in Supplemental Table S1.

By shifting the culture for 24 h to glucose-based medium, we
depleted Mrp20 (Figure 1A). Sucrose gradient centrifugation con-
firmed that Mrp20 depletion prevented assembly of the large (54S)
but not of the small subunit (37S) of the mitochondrial ribosome
(Figure 1B).

SILAC is a powerful technique for quantitatively assessing dif-
ferences in the protein composition of complex samples (Ong
et al., 2002). We designed a SILAC-based strategy to identify pro-
teins associated with mitochondrial ribosomes. To this end, we
grew two yeast cultures in parallel, one containing and one lacking
mitochondrial ribosomes, in the presence of “light” (12C4, "Ng-
arginine, 2Cg4, "“Ny-lysine) or “heavy” ('3Cq, ®Ng-arginine, 13Cq,
>N,-lysine) amino acids, respectively. Mitochondria were purified
from these cultures and lysed under low-salt conditions (50 mM
NH4Cl, 5 mM MgSQOy) before the extract was subjected to su-
crose gradient centrifugation (Figure 1C). Proteins of the total

3032 | M. W. Woellhaf et al.

mitochondrial extracts and the 73S fractions of the gradients were
mixed, digested with trypsin, and analyzed by mass spectrometry.
Because each tryptic peptide contains either one lysine or one ar-
ginine residue, the ratios of each peptide could be determined
accurately in the samples.

Next we compared the peptide ratios of the 73S fractions of
wild type to rho® with wild type to Mrp20-depleted cells (Figure 1D).
We identified 466 proteins in both samples (Supplemental Tables S1
and S2), many of which were enriched in the wild type relative to the
mutants. These proteins included ribosomal subunits but also many
components of the respiratory chain whose stable accumulation in
mitochondria depends on the function of the mitochondrial ribo-
some. However, when we removed all proteins that were not at least
threefold enriched in the 73S fraction relative to the total, the
remaining proteins fell into three categories (Figure 1, E-G). 1) Previ-
ously identified subunits of the mitochondrial ribosomes (Supple-
mental Table S2). We identified 28 (85%) and 37 (84%) of the
previously described proteins of the large and small subunit, respec-
tively. The few proteins we missed (Mrpl27, Mrpl37, Mrpl44, Mrp10,
Rsm19, Mrps12, and Mrps18) were predominantly very small and
positively charged, which explains why they did not provide enough
unambiguous peptides. Of interest, the proteins of the small
(Figure 1E, yellow) and large (Figure 1E, blue) subunit were clearly
distinct in the segregation pattern due to the specific depletion of
the large-subunit proteins in the Mrp20-depletion sample. 2) We
identified many proteins of the 80S ribosome that were coisolated
with the mitochondria. All of these proteins scattered around the
intersection of the axes and hence were not influenced by the ab-
sence or presence of mitochondrial ribosomes (Figure 1F). 3) As a
third group, we identified 13 additional proteins that exactly resem-
bled in their fractionation profile the subunits of the mitochondrial
ribosome (Figure 1G).

Aim23, Atp25, Cbp2, Mhr1, Mss11, Mrx14, and Pth4 are
required for mitochondrial translation

With the exception of Tes1, all of the 13 proteins that cofractionated
with mitochondrial ribosomes were previously shown to be present
in mitochondria (Figure 2A). Tes1 is a peroxisomal acyl-CoA thioes-
terase involved in B-oxidation of oleate. We did not further follow
up whether Tes1 is dually localized to mitochondria, but there is an
increasing list of proteins found in both organelles, and the expres-
sion of TEST mRNA is very similarly regulated to that of several
mitochondrial proteins, including SDH8, OM14, OM45, PET10, and
SDH4 (Hibbs et al., 2007). Most of the other proteins identified are
either homologues of bacterial ribosomal proteins (Mnp1, Mrx14) or
were previously linked to mitochondrial gene expression and/or as-
sembly of the mitochondrial ribosome (Sato and Miyakawa, 2004;
Frazier et al., 2006; Richter et al., 2010; De Silva et al., 2013; Kehrein
et al.,, 2015; Kuzmenko et al., 2016). However, in several cases, a
physical interaction with mitochondrial ribosomes was not detected
before. We observed that seven of these mutants (Aaim23, Aatp25,
Acbp2, Amhr1, Amss11, Amrx14, and Apth4) showed no or strongly
diminished mitochondrial protein synthesis, which coincided in
most cases with the absence of mitochondrial DNA (Figure 2B and
Supplemental Figure S1). This is explained by the fact that the pres-
ence of mitochondrial ribosomes is essential for the maintenance of
the mitochondrial genome. Cells lacking the mitochondrial tRNA
hydrolase Pth1 did not synthesize mitochondrial proteins despite
the presence of mitochondrial DNA. In Aaim23, in which mitochon-
drial translation was not completely blocked, the mitochondrial
DNA remained stable. The deletion of MNP1 caused a selective
reduction of newly synthesized Cox1, which is indicative for mutants
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FIGURE 1: Identification of proteins cofractionating with mitochondrial ribosomes. (A) Proteins
of the large (Mrp20, Mrpl36) and small (Mrp10, Mrps51) ribosomal subunits, as well as of
aconitase (Aco1), were analyzed by Western blotting of mitochondrial extracts isolated from the
indicated strains. (B) Mitochondria were isolated from wild-type and Mrp20-depleted cells,
lysed, and separated on a linear sucrose gradient. Proteins of 16 fractions were analyzed by
Western blotting with Mrp10- and Mrpl3é-specific antibodies. The signals were quantified. The
graph shows their distribution in the gradient. (C) Schematic overview of the differential profiling
strategy. (D-G) For the SILAC analysis, wild-type cells were grown in the presence of “heavy”
(13Cs, "®*Ny-arginine, '3Cg, "®Ny-lysine) medium. The rho® cells and cells of the Mrp20-depleted
mutant were grown in “light” ('2C,, "“Ng-arginine, 2C, *N,-lysine) medium. Mitochondrial
extracts were separated on a linear sucrose gradient. The 73S-containing fractions were pooled
and their protein profiles analyzed by mass spectrometry. (D) Plot of the log;, ratios of all 466
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defective in the assembly of cytochrome
c oxidase (Perez-Martinez et al., 2003;
Barrientos et al., 2004).

The precursor of Atp25 gives rise to
two mature proteins

One of the proteins cofractionating with
mitochondrial ribosomes was Atp25, which
was identified as a factor critical for assem-
bly of the ATPase complex (Zeng et al.,
2008). The ATP25 gene codes for a protein
that consists of three different parts
(Figure 3A): an N-terminal MTS, a domain
related to the Rsf of bacteria (Hauser et al.,
2012; Li et al., 2015), and a domain previ-
ously shown to stabilize the ATP9 mRNA
(Zeng et al., 2008), which we will refer to as
the M domain. When we synthesized this
precursor protein in vitro in the presence
of [¥*S]methionine and incubated it with
isolated mitochondria, the protein was effi-
ciently imported and became protease
resistant (Figure 3B). Of interest, the precur-
sor protein, which had a calculated mass of
70 kDa but migrated at ~65 kDa, gave rise
to two mature fragments with apparent
masses of 30 and 35 kDa (Figure 3B, m1 and
m2). In addition, a very small amount of 62-
kDa form was observed transiently at early
time points (Figure 3B, m*). The my and m,
fragments were generated with comparable
kinetics, suggesting that they are formed
simultaneously rather than subsequently.
The efficiency by which both fragments
were generated was similar to that of the
maturation of the well-characterized model
substrate Su9-DHFR (Figure 3, B and C) and
depended on the mitochondrial membrane
potential (Figure 3D).

The role of mitochondrial processing
peptidase (MPP) in the proteolytic removal
of MTSs is well established, but in baker’s
yeast, examples in which MPP generates dif-
ferent mature proteins from one composite
precursor are not known. In the sequence of
the Atp25 precursor, we identified three po-
tential MPP cleavage sites that resemble the
previously published consensus (Vogtle
et al., 2009). Two of these sites (MPP2 and
MPP3) are positioned between the Rsf and
the M domains in a stretch that, according

identified proteins obtained in these two
experiments. (E, F) Proteins of the large
(blue) and small (yellow) subunits of
mitochondrial (E) and cytosolic (F) ribosomes.
(G) Proteins that cofractionated with
mitochondrial ribosomes. The proteins shown
were all enriched at least threefold in the 73S
fraction over the total extract of wild-type
mitochondria.
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A not further cleaved. If only the MPP2 site
Name Proposed Function Mt? Distribution Translation mtDNA : . MPP2
1 Mhr1 mtDNA recombination factor Yes Fungi Deficient ~ Absent was rﬁutager.wlzed, the reSUltmg Atp25A
2 Mrx14  Homolog of E. coli ribosomal protein L34 Yes Eukaryotes + Bact. Deficient ~ Absent protein was mternally cleaved into two ma-
3 Atp25  ATPase assembly factor Yes Eukaryotes + Bact. Deficient ~ Absent P . .
4 Mnp1 Homolog of E. coli ribosomal protein L7/L12 Yes Eukaryotes + Bact. Less Cytb Present tured species in the mitochondria. Here the
5 Mrx1 Pentatricopeptide repeat (PPR) protein Yes Fungi (+Plants?) Normal Present Rsf-containing fragment also included the
6 Pet127 mtRNA processing factor Yes Fungi Normal Present
7 Cbp2  COB and 21S rRNA splicing factor Yes Saccharomycetes Deficient  Absent stretch between the MPP2 and MPP3 cleav-
8 Tes1 Acyl-CoA thioesterase, fatty acid oxidation ? Eukaryotes + Bact. Normal Present age sites (Figure 4A, Rsf*). This proved that
9 Mss116 DEAD-box RNA helicase Yes Eukaryotes + Bact. Deficient  Absent both i | ¢l . din th
10 Mrh4  DEAD-box RNA helicase, ribosome assembly factor Yes Eukaryotes + Bact. Normal Present oth internal cleavage sites are used in the
11 Aim23  Translation initiation factor (mIF3 family member) ~ Yes Eukaryotes + Bact. Reduced  Present endogenous Atp25 precursor protein.
12 YIh47  Ribosome-associated potassium ion transporter Yes Eukaryotes + Bact. Deficient Present .
13 Pth4 Ribosome-associated tRNA hydrolase (yeast ICT1) Yes Eukaryotes + Bact. Deficient  Present When we generated truncated variants
that represented a version in which Atp25
© was split at the MPP2 site into two halves,
N = both species were efficiently imported into
~ . . .
B 5 é mitochondria (Figure 4B). Thus the stretch
<Q1 3 between the Rsf and M domain obviously

FIGURE 2: Mhr1, Mrx14, Atp25, Cbp2, Mss116, Aim23, and Pth4 are critical for mitochondrial
translation. (A) Overview of the proteins that cofractionated with mitochondrial ribosomes.
Mitochondrial localization (Mt?) was previously documented for all components except for Tes1.
Distribution of potential homologues identified by BLAST searches. Bact., bacteria. The
presence of mtDNA and the ability to synthesize mitochondrially encoded proteins was
analyzed as described in Figure 2B and Supplemental Figure S1. (B) Cells of the indicated strains
were grown in fermentative carbon source to logarithmic growth phase. Cytosolic translation
was blocked with cycloheximide before mitochondrial translation products were labeled by
addition of [¥*S]methionine for 20 min. The samples were analyzed by SDS-PAGE and
autoradiography, as well by Western blotting with antibodies against the mitochondrially
encoded protein Cox2 and the nuclear encoded proteins Mrpl40 and Sod1. The asterisk

indicates the Cox2 signal.

to the TargetP algorithm, forms an MTS-like structure (Figure 3E).
Indeed, inhibition of MPP prevented processing of Atp25 (Figure 3F).
Moreover, in vitro incubation of Atp25 with purified MPP resulted in
three fragments resembling the MTS, the Rsf, and the M domain
(Figure 3G,H). Deletion of the MPP2 and MPP3 sequences abol-
ished the internal cleavage by MPP. Thus we conclude that Atp25
represents a composite precursor protein from which two mature
fragments are generated by internal processing by MPP.

Atp25 contains an internal MTS

To identify the sequences that serve as targeting and processing
signals in Atp25, we constructed a series of deletion variants. First,
we synthesized a variant of Atp25 that lacked the region between
the Rsf and M domains containing the MPP2 and MPP3 processing
sites and incubated it with isolated mitochondria (Figure 3A). This
version was still imported into mitochondria, giving rise to a prote-
ase-protected mature form of ~60 kDa. MPP cleavage at MPP1 ob-
viously matured this precursor into an Rsf-M fusion protein that was

3034 | M. W.Woellhaf et al.

represents a functional MTS that can on its
own efficiently drive the translocation of
the M domain into mitochondria. In the ab-
sence of any matrix-targeting sequences,
the Rsf and the M domain were not im-
ported (Figure 4C).

From this, we conclude that the Atp25
precursor is a composite preprotein that
represents two fully functional mitochon-
drial precursors fused in tandem (Figure 4D).
During or directly after the import reaction,
the internal MTS is spliced out by MPP
cleavage at the MPP2 and MPP3 sites.

Rsf binds to mitochondrial ribosomes
We next asked whether both Atp25 do-
mains bind to ribosomes. For this, we im-
ported radiolabeled Atp25 precursor into
mitochondria, lysed the mitochondria, and
isolated a ribosome-containing pellet by
centrifugation through a sucrose cushion
(Figure 4E). Whereas the Rsf domain was ex-
clusively found in the ribosome pellet, the M
domain remained in the supernatant. The
cofractionation with ribosomes was even
more obvious when, subsequent to the im-
port reaction, the mitochondrial extract was
loaded onto a continuous sucrose gradient
(Figure 4F). Here all of the Rsf domain co-
fractionated with mitochondrial ribosomes (Figure 4F, asterisk)
whereas all of the M domain remained at the top of the gradient.
When Atp25 was imported into rho® mitochondria, which lack ribo-
somes, the Rsf domain also remained at the top, confirming that the
Rsf domain is pulled into the sucrose gradient due to its affinity to
ribosomes (Figure 5B, bottom).

Is the tandem organization of the Atp25 precursor relevant for
the ribosome binding of Rsf? To address this question, we ex-
pressed a variant that represented only the first half of the pro-
tein (comprising the MTS and Rsf). When cellular extracts were
analyzed on a sucrose gradient, the mature Rsf domain produced
from this version comigrated with ribosomes (Figure 5A), show-
ing that the tandem organization is not critical for binding of Rsf
to the mitochondrial ribosome. On expression of this MTS-Rsf
variant, but not of the normal Atp25 protein, we observed a con-
siderable accumulation of nonimported precursor, which might
suggest that this form is trapped in the cytosol (Figure 5A, pre).
This precursor species sedimented deep in the sucrose gradient

10|q uleisap Aydelboipelsoiny
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FIGURE 3: Atp25 is a composite precursor protein. (A) Structure of the Atp25 precursor. The
MTS and the Rsf and M domains are indicated. (B) Radiolabeled Atp25 and Su9-DHFR were
incubated with mitochondria for the times indicated. Mitochondria were incubated with
proteinase K (PK) to remove nonimported material and analyzed by SDS-PAGE and
autoradiography. Ten percent of the total (T) lysate used per import lane was loaded for control.
Positions of the precursor (pre) and matured (m) species are indicated. (C) The import of Atp25
was performed three times, as described. The signals were quantified. Mean values and SDs.
(D) Import experiment with radiolabeled Atp25 in the presence or absence of valinomycin,
which depletes the mitochondrial membrane potential. (E) Positions of the three sequences that
match the consensus for the MPP processing site. The primary sequence of the protein of
interest was truncated sequentially residue by residue from the N-terminus. The resulting
sequences were submitted to the TargetP server (Emanuelsson et al., 2000), and the mTP value
for each sequence was obtained and plotted along the residue number of the protein of
interest. (F) Mitochondria were preincubated with 20 mM EDTA and 2 mM o-phenanthroline to
inhibit MPP activity before radiolabeled Atp25 was imported for 20 min as described for C.

(G) Recombinant hexahistidine-tagged MPP (Luciano et al., 1997) was purified (E, eluate) from an
E. coli extract (1% shown for control) on Ni-NTA beads and analyzed by SDS-PAGE and
Coomassie staining. (H) Radiolabeled Atp25 precursor, an Atp25 variant lacking the linker
between the Rsf and M domains (i.e., the predicted MPP2 and MPP3 cleavage sites), and the
well-characterized protein Oxa1 were incubated with purified MPP in the absence or presence
of the MPP inhibitor EDTA. Positions of the different fragments generated.

and comigrated with cytosolic polysomes, suggesting that the
cytosolic Rsf associates with 80S ribosomes or other large cyto-

solic protein complexes.
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We therefore tested whether cytosolic
expression of the Rsf domain had an effect
on cell growth (Figure 5, B and C). Whereas
cytosolic expression of Rsf strongly reduced
cell growth on plates as well as in liquid cul-
tures, expression of the Rsf-M tandem vari-
ant was much better tolerated. This growth
inhibition was observed only upon overex-
pression of Rsf, but it points to a toxic effect
of the protein that is not observed when Rsf
is part of the Rsf-M fusion. To test whether
the Rsf domain has the potential to interfere
with the cytosolic translation system, we
analyzed the number of 80S ribosomes in
extracts of these cells (Figure 5D). Expres-
sion of Rsf in the cytosol strongly reduced
the number of monosomes and cytosols
observed on sucrose gradients, whereas
cytosolic expression of the Rsf-M fusion had
a much smaller effect. This was consistent
with the efficiency of cytosolic protein syn-
thesis in these cells, which was analyzed by
incubating cells with [3*S]methionine: the
expression of Rsf considerably inhibited
cytosolic translation (Figure 5, E and F),
which explains the strong growth defect of
this strain. To test whether the strong effect
of Rsf on translation in directly or indirectly
caused, we purified the Rsf domain after
bacterial expression in inclusion bodies,
refolded the protein, and added it to an in
vitro translation system (Figure 5G). The
addition of Rsf, but not that of bovine serum
albumin, strongly inhibited the translation
reaction, suggesting that Rsf interferes not
only with bacterial but also with eukaryotic
translation. In summary, we observe that the
mitochondrial Rsf, when present in the cyto-
sol, is highly toxic because it interferes with
80S ribosomes and blocks protein synthesis.
The Rsf-M fusion protein was much better
tolerated, suggesting that the complex
structure of the precursor makes it much
better tolerated in the cytosol. Thus the
organization of Atp25 as a composite
precursor might be used by eukaryotic
cells to avoid the interference of the Rsf
domain with the cytosolic translation sys-
tem (Figure 5H).

DISCUSSION

In this study, we present a differential pro-
teomics approach to identify components
that associated with ribosomes in a highly
specific manner but with lower affinity. Most
of these components represented RNA-
processing factors and helicases, translation
enzymes, or homologues of constituents of
the bacterial ribosome. Several of these

proteins were also identified in a recent, less-stringent proteomic
study that proposed that at least 196 proteins are loosely associ-

ated with the mitochondrial ribosome in a large structure referred
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cushion. Western blot signals for nonribosomal protein Mia40 and ribosomal protein Mrp10 are
shown for control. (F) Cofractionation experiment as described for E; however, here a linear
sucrose gradient (10-34% sucrose) was used. Bottom, Atp25 was imported in rho® mitochondria,
which lack rRNA and, hence, assembled ribosomes.

consistent with our findings. The differential
proteomic profiling that we used here will
serve as a very good starting point to
address the dynamic association of factors
with ribosomes during their assembly
process.

One of the factors that we found to be
associated with mitochondrial ribosomes
was the Rsf part of the Atp25 preprotein.
Because we detected only the Rsf domain
and not the M domain with isolated ribo-
somes, we realized that the Atp25 precursor
gives rise to two distinct mature proteins.
This composite organization was already
suggested in the initial study on Atp25
based on the small mass that was observed
with an epitope-tagged Atp25 version
(Zeng et al., 2008). We identified MPP as the
processing protease for the internal Atp25
cleavages. To our knowledge, this is the first
example of a mitochondrial protein in bak-
er's yeast with such a tandem organization,
but similar mitochondrial tandem precursors
were described in  Neurospora crassa,
Schizosaccharomyces pombe, and plants
(Gessert et al., 1994; Oshima et al., 2005;
Abdelnoor et al., 2006; Khalimonchuk et al.,
2006). Intriguingly, most of these tandem
precursors give rise to proteins of the mito-
chondrial ribosome.

We identified MPP as the processing
peptidase that separates Rsf and the M do-
main. The consensus sequence for MPP
cleavage was comprehensively analyzed by
a proteome-wide analysis (Vogtle et al.,
2009). The internal MPP cleavage sites that
we identified in Atp25 matched this consen-
sus [RIAFRIFLYILAKLS][HSTQ], a sequence
that can be found also internally in other mi-
tochondrial proteins, such as Nam2 (after
residue 742), Mrp7 (after residue 367), and
Nca2 (after residue 277). Because many
MPP substrates deviate from this consensus
(Vogtle et al., 2009), there might be even
more tandem precursors encoded in the
yeast genome.

It is not clear why proteins form tandem
precursors. This may just be by chance, for
example, as the result of a genome rear-
rangement that caused the in-frame fusion
of two sequences coding for mitochondrial

to as MIOREX complex (Kehrein et al., 2015). The number of inter-
actors identified in our study is much smaller, despite similarly mild
lysis conditions (Supplemental Tables S1 and S2). This is most likely
explained in part by the fact that we filtered out components that
were not enriched in the 73S fraction to reduce the number of false-
positive hits. However, this might also have removed those ribo-
somal interactors that have a considerable nonribosomal fraction.
One of the factors we identified, Aim23, is a homologue of the
bacterial initiation factor IF3, which was shown very recently to be
ribosome associated and relevant, although not essential, for
mitochondrial protein synthesis (Kuzmenko et al., 2016), which is
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precursors. In the case of Atp25, this possibility appears to be less
likely, given the strong conservation of the tandem organization
among organisms that harbor the subunit 9 of the ATPase on the
mitochondrial genome and therefore express an M domain (Supple-
mental Figure S2). Gene fusions are frequently observed in genomes,
and those that are fixed during evolution often link two proteins that
cooperate functionally or need to be expressed at equal levels (Yanai
et al., 2002; Leonard and Richards, 2012). This is not obvious for
most of the mitochondrial composite precursors identified so far,
which often fuse proteins of very different function. However, in many
cases, one partner is a protein of the mitochondrial ribosome. Our
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FIGURE 5: Expression of Rsf, but not of Rsf-M, in the cytosol reduces cellular fitness. (A) Rsf-HA
(corresponding to residues 1-278 of Atp25) was expressed in yeast cells. A cell extract was
loaded onto a linear 10-34% sucrose gradient. The gradient was harvested by pumping it
through a photometer recording the distribution of ribosomes at 260 nm. Proteins from 14
fractions were precipitated and analyzed by Western blotting. (B) Tenfold serial dilutions were
dropped either on glucose (noninducing) or galactose (inducing) plates. The plates were
incubated at 35°C. Expression of Rsf but not of Rsf-M interfered with cell growth. (C) Growth
curves of the same strains as in B in glucose- and galactose-containing media. Expression of Rsf
retarded cell growth (arrowhead). Mean values of four replicates. SDs are plotted as gray bars.
(D) Extracts from the stains used in B were loaded onto linear 10-34% sucrose gradients. The
distribution of ribosomes was analyzed spectroscopically. Relative area volumes of the
monosome peaks. (E, F) Yeast cells expressing Rsf-M, Rsf, or M in the cytosol were grown to log
phase, and [**S]methionine was added for the times indicated. Cells were harvested and lysed.
Proteins were resolved either by SDS-PAGE or dot blot analysis and visualized by
autoradiography. (G) A C-terminally hexahistidine-tagged version of Rsf (residues 43-292) was
expressed in E. coli, purified from inclusion bodies, refolded, and added to reticulocyte lysate
(Promega) for an in vitro translation reaction. Bovine serum albumin (BSA) was used for control.
Addition of Rsf prevented protein synthesis of this cytosolic translation system. (H) Model for the
import and processing of Atp25. In mitochondria, Rsf associates with the mitochondrial ribosome
in the matrix. Our observations suggest that Rsf can interfere with the cytosolic translation
machinery, which is prevented by its synthesis as a composite Atp25 precursor protein.

results presented here suggest that these ribosomal proteins might
negatively interfere with the cytosolic translation machinery in some
way. Their insertion into a larger composite precursor might reduce
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the risk of their misincorporation into the
80S ribosome. The assembly of two distinct
ribosomes might be a critical challenge for
eukaryotic cells that has not been studied so
far. This might have considerable conse-
quences for the evolution of eukaryotic cells
and might even explain why the assembly of
the 80S ribosome was relocated from the
cytosol into the nucleus or why many mito-
chondrial genomes still contain genes for ri-
bosomal subunits. It will be interesting in the
future to analyze in more detail the strate-
gies by which eukaryotic cells ensure the im-
maculate assembly of their two ribosomal
particles.

MATERIALS AND METHODS

Cell culture, strains, and preparation
of mitochondria

For SILAC experiments, the strain YPH499
ARG4::URA3 with or without mitochondrial
genome (rho? was used (Sikorski and Hieter,
1989). To regulate Mrp20 levels, a GAL pro-
moter was integrated in front of the chromo-
somal MRP20 gene. See the Supplemental
Materials for details on the construction of
Atp25 variants and mutants. Cells were
grown in minimal medium supplemented
with 2% glucose or galactose at 30°C (Peleh
et al., 2016). Isolation of mitochondria, in
vitro import experiments with radiolabeled
proteins, detection of mitochondrial protein
synthesis, SILAC labeling, and mass spec-
trometry were performed as described
(Bode et al., 2015; Peleh et al., 2016).

Construction of Atp25 variants

The Atp25-coding region or a fragment of it
was amplified by PCR and cloned into
pGEM4 (Promega, Madison, WI) using the
EcoRI and Hindlll restriction sites. For con-
struction of the Atp25AMPP2 AMPP3 yersion,
the sequence encoding for amino acid resi-
dues 279-293 were deleted and replaced
by the restriction sites of Xbal and Sall.
These sites were used to insert a linker to
restore the MPP3 deletion site, giving rise to
the Atp25AMPP2 variant. For expression of
Rsf-HA in yeast cells, the sequence corre-
sponding to residues 1-278 was cloned into
the expression plasmid pYX143 under con-
trol of a GAL10 promoter fused to the se-
quence of a hemagglutinin (HA) tag. For
expression of Rsf and Rsf-M, pYX223 vectors
were used; for these constructs, sequences
were used corresponding to residues 43—
292 and 43-612 of Atp25, respectively. The
protein variants used consisted of the fol-
lowing residues of Atp25: Atp25 (1-612);

Atp25AMPP2 AMPPS (1278 VDGSR, 294-612); Atp25AMPF2 (1-278,
VDNTPQQNKTQQRRRYSTSR, 294-612); Rsf (1-278); +M (M, 272-
612); -Rsf+ (M, 43-292); and M (M, 312-612).
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Growth curves

The growth curves were obtained by an ELx808 absorbance micro-
plate reader (BioTek, Winooski, VT). Precultures of 100 pl were
inoculated at an OD of 0.1 in microtiter plates and sealed with an
air-permeable membrane (Breathe-Easy; Sigma-Aldrich, St. Louis,
MO). Growth was determined at maximum shaking for 35 h at 35°C.

Sucrose gradient analysis of mitochondrial ribosomal proteins
Isolated mitochondria (3 mg) were incubated with translation buffer
for 10 min at 30°C. Translation was stopped by addition of 10 pg/ml
chloramphenicol. Mitochondria were pelleted and resuspended in
250 pl of 1% Triton X-100, 50 mM NHyCl, 5 mM MgSQ,, 1x com-
plete protease inhibitor (Roche, Basel, Switzerland), and 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4.
After a clarifying spin for 10 min at 25,000 x g, 4°C, the lysate was
loaded onto a linear sucrose gradient (12 ml; 10-34% sucrose, 0.1%
Triton X-100, 50 mM NHyCl, 5 mM MgSQO,, 1x complete protease
inhibitor (Roche), 20 mM HEPES, pH 7.4) and centrifuged in an SW41
rotor (Beckman, Brea, CA) at 33,000 rpm for 5.5 h at 4°C. The gradi-
ent was fractionated, and the containing proteins were precipitated
with trichloroacetic acid. For SILAC analysis fractions 11 of 16 of the
different samples were mixed 1:1 before proteins were precipitated.

MPP in vitro cleavage assay

The in vitro cleavage reactions were performed in 150 mM NaCl,
10% glycerol, 100 uM MnCly, and 50 mM Tris, pH 7.4, in the pres-
ence of 250 pg of purified MPP and 5% reticulocyte lysate contain-
ing the substrate. If not otherwise stated, the incubation time was
1 h at 30°C. To inhibit MPP, the same reaction was performed in the
presence of 2.5 mM EDTA.

Purification and refolding of Rsf

Escherichia coli cells harboring the pET19b-MTS-RsfHis7 plasmid
were grown to an ODggg of 0.8 at 37°C and 1 mM isopropyl-B-b-
thiogalactoside (IPTG) was added. After incubation for 16 h, 50 ml of
the culture was harvested. The cells were resuspended in phosphate-
buffered saline analyzed in three freeze-thaw cycles and 15 cycles of
sonification for 1 s at 60% duty level, and then the lysate was cleared
at 16,000 x g for 15 min at 4°C. The pellet was resuspended in dena-
turing buffer (2 M urea, 500 mM NaCl, 2% Triton X-100, 20 mM Tris-
HCI, pH 8), sonified 15 times, and centrifuged (16,000 x g for 10 min
at 20°C). The obtained pellet was resuspended in resolving buf-
fer (6 M guanidine hydrochloride, 500 mM NaCl, 1 mM -
mercaptoethanol, 20 mM Tris-HCl, pH 8) and tumbled for 1 h at
25°C. After a clarifying spin (10 min, 25,000 x g, 25°C), the superna-
tant was passed through a 0.45-um filter and loaded on a 1-ml
Ni-nitriloacetic acid (NTA) column (Qiagen, Venlo, Netherlands)
equilibrated with resolving buffer. The column was washed with five
column volumes of resolving buffer followed by seven column vol-
umes of refolding buffer A (6 M urea, 500 mM NaCl, 1 mM B-
mercaptoethanol, 20 mM imidazole, 20 mM Tris-HCI, pH 8). The
bound protein was then refolded on the column using five column
volumes of refolding buffer B (like refolding buffer A without urea).
Subsequently the protein was eluted in increasing amounts of imid-
azole in the elution buffer (500 mM NaCl, 1 mM B-mercaptoethanol,
20 mM Tris-HCl, pH 8) starting from 20 mM imidazole to final 500 mM
imidazole. The purified protein was soluble in the aqueous solution,
and no denatured protein was detected by dynamic light scattering.

MPP purification
The E. coli strain expressing histidine-tagged MPP plasmid was a
kindly provided by Vincent Géli. The cells were grown at 37°C to an
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ODgqp of 0.7 and induced with 1 mM IPTG for 4 h at 37°C. The bac-
teria were harvested and resuspended in buffer A (150 mM NaCl,
10 mM imidazole, 2 mM B-mercaptoethanol, 0.2% Nonidet NP-40,
50 mM Tris-HCI, pH 7.4) and then sonified 15 times for 1 s at 60%
duty level. The cleared lysate was loaded on buffer A—equilibrated
Ni-NTA Sepharose resin (Aminitra; Expedeon, San Diego, CA) and
washed with buffer A without detergent. A second wash was per-
formed with buffer A adjusted to 1 M NaCl. The enzyme was eluted
in buffer C (150 mM NaCl, 300 mM imidazole, 10% glycerol, 50 mM
Tris-HCI, pH 7.4).
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