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Background: The mitochondrial Oxa1 insertase binds ribosomes.
Results: Spacers separating the insertase and ribosome-binding domains of Oxa1 impair biogenesis of cytochrome c oxidase.
Conclusion: Tight ribosome binding of Oxa1 is dispensable for membrane insertion but is required for assembly of translation
products.
Significance: In addition to its role as an insertase, Oxa1 promotes the subsequent assembly of respiratory chain complexes.

The terminal enzyme of the respiratory chain, cytochrome c
oxidase, consists of a hydrophobic reaction center formed by
three mitochondrially encoded subunits with which 9–10
nuclear encoded subunits are associated. The three core sub-
units are synthesized on mitochondrial ribosomes and inserted
into the inner membrane in a co-translational reaction facili-
tated by the Oxa1 insertase. Oxa1 consists of an N-terminal
insertase domain and a C-terminal ribosome-binding region.
Mutants lacking the C-terminal region show specific defects in
co-translational insertion, suggesting that the close contact of
the ribosome with the insertase promotes co-translational
insertion of nascent chains. In this study, we inserted flexible
linkers of 100 or 200 amino acid residues between the insertase
domain and ribosome-binding region ofOxa1 of Saccharomyces
cerevisiae. In the absence of the ribosome receptor Mba1, these
linkers caused a length-dependent decrease in mitochondrial
respiratory activity caused by diminished levels of cytochrome c
oxidase. Interestingly, considerable amounts of mitochondrial
translation products were still integrated into the inner mem-
brane in these linker mutants. However, they showed severe
defects in later stages of the biogenesis process, presumably dur-
ing assembly into functional complexes. Our observations sug-
gest that the close proximity of Oxa1 to ribosomes is not only
used to improve membrane insertion but is also critical for the
productive assembly of the subunits of the cytochrome c oxi-
dase. This points to a role forOxa1 in the spatial coordination of
the ribosome with assembly factors that are critical for enzyme
biogenesis.

The biogenesis of proteins relies on the synthesis of polypep-
tides and the subsequent folding into their native structures.

Chaperones and assembly factors directly associate with ribo-
somes to couple synthesis and folding processes kinetically
and/or mechanistically (1–3). In the case of the bacterial ribo-
some, the region around the polypeptide exit tunnel serves as
binding platform for the trigger factor as well as for a deformy-
lating enzyme and an aminopeptidase. Similarly, in the eukary-
otic cytosol, dedicated chaperones of the Hsp70 family form a
ribosome-associated complex that contributes to co-transla-
tional protein folding (4, 5).
In addition, during the synthesis of hydrophobic membrane

proteins, ribosomes can associate with membrane-bound pro-
tein transport channels like the Sec61 translocon of the endo-
plasmic reticulum or the SecY complex of the bacterial inner
membrane. The direct binding to the translocon might have
several advantages: it might minimize the time that hydropho-
bic transmembrane domains are water-exposed, provide an
ion-tight seal during the translocation process, or energetically
drive the nascent chains across the lipid bilayer (ribosomal
pushing) (6, 7). It is experimentally difficult to assess the rele-
vance of translocon binding by the ribosome in particular
because the binding presumably relies on several low affinity
interactions that cannot be easily dissected (8).
The translation system of mitochondria differs from that of

the bacterial or prokaryotic ribosome in several respects: the
mitochondrial genome encodes only a handful of proteins,
which are almost exclusively hydrophobic membrane proteins.
In the yeast Saccharomyces cerevisiae, eight proteins are syn-
thesized in the mitochondrial matrix: cytochrome b of the bc1
complex; subunits 1–3 (Cox1, Cox2, and Cox3) of cytochrome
c oxidase; Atp6, Atp8, and Atp9 of the ATPase; and the ribo-
somal protein Var1. Presumably due to its specialization in the
synthesis of hydrophobic membrane proteins, the mitochon-
drial ribosome is tightly associated with the mitochondrial
innermembrane and, at least in yeast, can only be released upon
treatment with detergent or urea (9, 10). Moreover, mitochon-
drial ribosomes are physically bound to the protein insertion
machinery of the inner membrane (11–15). Membrane inser-
tion of nascent chains is facilitated by Oxa1, which integrates
both mitochondrial translation products and some nuclear
encoded proteins into the inner membrane (16–18). Oxa1
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comprises two domains: a membrane-embedded core region
that is closely related to the core domains of YidC and Alb3
insertases that are present in membranes of bacteria and plas-
tids, respectively (19), and a C-terminal ribosome-binding
domain that is absent in its bacterial homologs. This positively
charged stretch binds the large subunit of mitochondrial ribo-
somes in proximity to the polypeptide exit tunnel and is
required for the biogenesis of the mitochondrial respiratory
chain (15, 20). Oxa1 cooperates with Mba1, a peripheral mem-
brane protein that serves as membrane receptor of mitochon-
drial ribosomes (9, 21). Like Oxa1, Mba1 binds ribosomes in
proximity to the exit tunnel (22). Additional, so far uncharac-
terized membrane anchors apparently exist, as both ribosomal
subunits remainmembrane-bound even in the absence ofOxa1
and Mba1. It is conceivable that the binding of the mitochon-
drial insertion machinery to the proximity of the polypeptide
exit tunnel is used to thread nascent chains through the mem-
brane. Alternatively, the physical interaction of Oxa1 might
simply ensure that Oxa1 is present when new proteins are syn-
thesized without having any mechanistic relevance for the
translocation process per se.
In this study, we inserted flexible linkers of different lengths

between the membrane domain of Oxa1 and its ribosome-
binding region. In the absence of Mba1, these variants caused
defects in the biogenesis of respiratory chain complexes that
became more severe with increasing lengths of the linkers.
Interestingly, even upon insertion of the longest linkers of 200
amino acid residues, the intermembrane space (IMS)2 domain
of the Oxa1 substrate Cox2 was translocated across the mem-
brane, albeit with reduced efficiency. However, the synthesized
subunits were unable to assemble into functional cytochrome c
oxidase complexes. Our observations imply that, in addition to
its role in protein translocation, Oxa1 exhibits a crucial func-
tion in the assembly of cytochrome c oxidase that depends on
spatial orientation of the Oxa1-ribosome complex.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Media—All yeast strains used in
this study are derivatives of W303-1A (MAT a, ade2 ura3 leu2
his3 trp1). TheOXA1, MDM38, andMBA1 genes were deleted
by LEU2-, KanMX-, and HIS3-containing cassettes, respec-
tively. For construction of the Oxa1 linker mutants, the
sequences corresponding to the OXA1 promoter and amino
acids 1–317 and 318–402 were separately amplified by PCR
and cloned into the SacI and XhoI sites of a pRS424 vector. In
the resultingOxa1 sequence, the insertase domain (amino acids
1–317) and the ribosome-binding domain (amino acids 318–
402) were separated by restriction sites for BamHI and PstI.
These sites were opened to insert the Nsp1 linker fragment
sequences that were amplified from the pSF362-pQE80N plas-
mid; these sequences corresponded to residues 2–101 and
2–201 of the Nsp1FS mutant protein (23). The Oxa1 variants
expressed from the resulting constructs were named Oxa1100
and Oxa1200, respectively. These plasmids or a control plasmid

with the wild-type OXA1 gene was transformed into �oxa1
single mutants or �oxa1 �mba1 double mutants.
Yeast cultureswere grown at 30 °C in 1% yeast extract and 2%

peptone or in minimal synthetic medium supplemented with
2% glycerol, 2% galactose, or 2% glucose (24). Mitochondria
were isolated as described previously (24).
Analysis ofMitochondrial Translation Products—Mitochon-

drial translation products were radiolabeled in whole cells (in
vivo) or in isolated mitochondria (in organello) as described
previously (25). To assess the accessibility of cysteine residues,
mitochondria were incubated in 0.6 M sorbitol, 0.5 M NaCl, and
20 mM Tris (pH 7.4) in the presence of 1 mM mPEG-12 or
mPEG-24 for 15 min at 4 °C. Prolonged incubation at temper-
atures above 20 °C should be avoided to preventmodification of
cysteine residues in the matrix. Modification of cysteine resi-
dues was stopped by the addition of 2 mM DTT.
Immunoprecipitation and Co-immunoprecipitation—To

isolate the Cox20-containing protein complex, translation
products were radiolabeled in 120 �g of isolated mitochondria.
Mitochondria were washed and lysed in ice-cold lysis buffer
(1% digitonin, 20 mM Tris (pH 7.4), 150 mM NaCl, and 1 mM

EDTA). The extract (200 �l) was cleared by centrifugation (10
min, 16,000 � g, 4 °C) before protein A-Sepharose beads and 5
�l of anti-Cox20 serum were added. After incubation for 1 h at
4 °C, the beads were extensively washed and analyzed by SDS-
PAGE. For immunoprecipitation of Cox2, mitochondria were
lysed under denaturing conditions in 20 �l of 1% SDS that was
diluted 25-fold with 0.1% Triton X-100, 20 mM Tris (pH 7.4),
150 mM NaCl, 2 mM PMSF, and 5 mM EDTA.
Blue Native (BN) PAGE and Cytochrome c Oxidase Assembly

Assay—To follow assembly of cytochrome c oxidase, radiola-
beled precursor proteins were imported into mitochondria.
Cox5a and Cox13 were synthesized in the presence of [35S]me-
thionine in reticulocyte lysate (26). Import into isolated yeast
mitochondriawas performed in import buffer (250mM sucrose,
10mMMOPS/KOH (pH 7.2), 80 mMKCl, 2 mMKH2PO4, 5 mM

MgCl2, 5 mM methionine, 3% BSA, 2 mM NADH, 2 mM ATP, 5
mM creatine phosphate, and 0.1 mg/ml creatine kinase) at
25 °C. Importwas stopped by the addition of a 1%mixture of 2.5
mMantimycinA, 0.25mMvalinomycin, and 5mMoligomycin in
ethanol. After in vitro import, mitochondria were washed with
250mM sucrose, 20mMMOPS/KOH (pH7.2), and 1mMEDTA
and processed for SDS- or BN-PAGE analysis, followed by
detection of radiolabeled proteins by digital autoradiography.
For BN-PAGE, mitochondria were solubilized in 1% digito-

nin, 20 mM Tris-HCl (pH 7.4), 5 mM EDTA, 100 mMNaCl, 10%
(w/v) glycerol, and 2 mM PMSF for 30 min at 4 °C. The lysate
was cleared at 20,000 � g for 15 min at 4 °C. After the addition
of 10� loading dye (5% Coomassie G-250, 500 mM 6-amino-
hexanoic acid, and 100 mM BisTris (pH 7.0)), the supernatant
was separated on a 4–13% polyacrylamide gradient gel.

RESULTS

Insertion of Linkers Causes Growth Defects on Non-ferment-
able Carbon Sources—Oxa1 shares a hydrophobic core region
with bacterial YidC proteins that comprises five transmem-
brane regions. In contrast to its bacterial homologs, Oxa1 con-
tains a C-terminal stretch region of �100 amino acid residues

2 The abbreviations used are: IMS, intermembrane space; BN, blue native;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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that protrudes into the matrix. This region is of �-helical
amphipathic structure and is rich in positively charged residues
(11–15). It was speculated that the C-terminal region of Oxa1
tethers the ribosome to the insertion complex so that nascent
chains are threaded efficiently across the membrane. To char-
acterize the relevance of the ribosome-binding domain of Oxa1
for membrane biogenesis in mitochondria, we constructed
Oxa1 expression plasmids in which we introduced a pair of
restriction sites into the OXA1 sequence after codon 317 (Fig.
1A). These sites were used to construct Oxa1 variants into
which spacers of 100 and 200 residues were inserted directly
C-terminal of the fifth transmembrane domain (Oxa1100 and
Oxa1200). For these linker regions, we chose sequences corre-
sponding to positions 2–101 and 2–201, respectively, of the
Phe-to-Ser variant of the nucleofilament Nsp1 (23). In the cor-
responding Nsp1 sequence, phenylalanine residues were
exchanged for serine residues resulting in an intrinsically
unstructured nature of this sequence. The reasoning for using
the Phe-to-Ser variant of the Nsp1 sequence was to physically

separate the membrane domain from the ribosome-binding
region ofOxa1without adding a novel structured domain to the
Oxa1 protein.
These Oxa1 variants were introduced into yeast strains lack-

ing either the endogenous OXA1 gene or lacking both OXA1
andMBA1. When mitochondria were isolated from the result-
ing mutants, the Oxa1 variants could be detected by Western
blotting at the expected sizes and at levels thatwere comparable
with the Oxa1 levels in wild-type mitochondria (Fig. 1B).
To test the functionality of these variants, we spotted cul-

tures of these strains onplates containing fermentable (glucose)
or non-fermentable (glycerol) carbon sources (Fig. 1C).
Whereas all strains grew well on glucose, they differed consid-
erably in their ability to grow under respiratory conditions: All
Oxa1 variants complemented the �oxa1 mutant, indicating
that, in the presence of Mba1, the spacers did not compromise
mitochondrial protein biogenesis. In contrast, in the mutants
lacking Mba1, the spacers in Oxa1 caused a strong growth
defect that correlated with the lengths of the insertion: growth

FIGURE 1. In the Oxa1 linker mutants, the ribosome-binding and insertase domains of Oxa1 are separated. A, structure of the Oxa1 linker mutants. The
mitochondrial targeting sequence (MTS) and the five transmembrane domains are shown as boxes. Flexible regions derived from residues 2–101 or 2–201 of
an Nsp1FS mutant (23) were inserted between the membrane-embedded insertase domain and the ribosome-binding domain of Oxa1. B, the linker mutants
of Oxa1 are expressed to similar levels as wild-type Oxa1. Oxa1 and the mitochondrial protein MrpL36 were detected by Western blotting in mitochondria
isolated from the wild-type and mutant strains. C and D, cells of the mutants indicated were grown overnight to log phase. Serial dilutions (10-fold) were
spotted on 1% yeast extract and 2% peptone plates containing glucose or galactose as the carbon source and incubated at 30 °C for 2 and 3 days, respectively.
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of the Oxa1100 mutant was �10-fold reduced, and the Oxa1200
mutant was even more severely affected (Fig. 1C).
Mdm38 is an inner membrane protein that, in addition to

Oxa1 and Mba1, binds to mitochondrial ribosomes (51, 52).
Expression of Oxa1 in �oxa1 �mdm38 double mutants par-
tially repressed the phenotype of the double mutant, confirm-
ing earlier studies demonstrating that �mdm38 cells show
reduced respiratory activity. In this case, as in the �oxa1 single
mutant, the spacer variants did not further reduce the ability to
grow on glycerol. This points to a rather specific cooperative
role for Mba1 and the C-terminal region of Oxa1 in mitochon-
drial membrane protein biogenesis.
Insertion of Linkers into Oxa1 Leads to Reduced Levels of Res-

piratory Chain Complexes—The reduced growth of the linker-
containing strains pointed to a defect in respiratory activity. To
test this more directly, the different strains were grown on
galactose medium. Mitochondrial fractions were then isolated,
and the oxygen consumption was measured using a Clark elec-
trode (Fig. 2A). The results correlated well with the growth
phenotype, showing decreased oxygen consumption with
increasing lengths of the linker segments. Oxa1 plays a crucial
role in the biogenesis of cytochrome c oxidase, and directmeas-
urements of the cytochrome c oxidase activity indeed revealed
strong defects in the mutants. In the �mba1 mutants express-
ingOxa1, the cytochrome c oxidase activity levels were reduced
to�50%, which correlated well with previous results published
for �mba1 strains (21). In the presence of the linker stretches,
the cytochrome c oxidase was further reduced and dropped to
�28% in the Oxa1200 strain.

Next, we analyzed the steady-state levels of cytochrome c
oxidase subunits by Western blotting (Fig. 2, C and D). The
insertion mutants showed considerably reduced levels of Cox1
and, to a slightly lesser degree, Cox2, whereas nuclear encoded
proteins of the inner membrane (Cox4, Coa1, Coa3, and Atp5)
or the matrix (Aco1) were not affected. It should be noted that
the Cox2 protein accumulated in the mature form, whereas in
�oxa1mutants, thematuration of Cox2 is blocked (16, 17). Due
to the proteolytic instability of the precursor form, noCox2was
detectable in �oxa1 �mba1mitochondria (Fig. 2C). From this,
we conclude that the insertion of a flexible linker between the
membrane domain and the ribosome-binding domain of Oxa1
strongly interferes with the biogenesis or stability of cyto-
chrome c oxidase.
Insertion of Linkers into Oxa1 Does Not Impair Processing of

Cox2—TheOxa1 insertase was shown to be required for mem-
brane insertion of Cox2 (16). In yeast, Cox2 is synthesized with
an N-terminal leader peptide that is removed by the Imp1 pro-
tease after translocation of theN terminus into the IMS (27, 28).
Mutants lacking Oxa1 fail to insert Cox2 into the inner mem-
brane, which therefore accumulates in the matrix in its precur-
sor form and is rapidly degraded (16, 29). To follow the matu-
ration of newly synthesized Cox2, we labeled mitochondrial
translation products with [35S]methionine in whole yeast cells
(in vivo) after blocking cytosolic translationwith cycloheximide
(Fig. 3A). In cells lacking Oxa1, the levels of Cox1, Cox2, and
Cox3 and, to some degree, also those of other translation prod-
ucts, were strongly diminished (Fig. 3A). The small amounts of
Cox2 that were synthesized in �oxa1 cells were present in the

precursor form. In cells carrying the linker-containing variants
of Oxa1, no changes in the expression patterns were found,
showing that even the longer linker does not prevent matura-
tion and hence insertion of Cox2.
Next, we analyzed mitochondrial protein synthesis in the

strains lacking Mba1. �mba1 mutants have been shown to
exhibit insertion defects for Cox2, although here still consider-
able amounts of Cox2 are mature (21). As shown in Fig. 3B,
mutants lacking Oxa1 andMba1 did not process newly synthe-
sized Cox2. However, the expression of linker-containingOxa1
variants strongly relieved this block, and about half of the pro-
duced Cox2 protein was found in the mature form. Interest-
ingly, the block in Cox2 processing was similar for all three
Oxa1 variants. From this, we conclude that the defect in the
biogenesis of cytochrome c oxidase in the linker-containing
Oxa1 mutants is not due to defects in processing of the Cox2
precursor.

FIGURE 2. Insertion of linkers into Oxa1 leads to reduced levels of respi-
ratory chain complexes. A, mitochondria (10 �g) from the indicated strains
were incubated in the presence of 7 mM NADH. The oxygen consumption per
time was measured in three independent measurements. B, the activity of
cytochrome c oxidase was analyzed in 500 �g of mitochondria after lysis with
Triton X-100. C, steady-state levels of mitochondrial proteins were assessed
by Western blotting. The positions of molecular mass markers are indicated.
D, quantification of Cox1 and Cox2 levels in �oxa1 �mba1 strains expressing
the indicated proteins from plasmids.
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Next, we asked whether insertion of the linkers into Oxa1
renders the insertion of Cox2 more dependent on the mem-
brane potential. To test this, we incubated mitochondria iso-
lated from different yeast mutants in the presence of increasing
concentrations of valinomycin, which dissipates the proton
gradient across the inner membrane. We added [35S]methio-
nine to radiolabel translation products (“in organello transla-
tion”). This again showed that about half of the produced Cox2
proteins accumulated in the precursor form in the �mba1
mutants expressing the Oxa1 variants (Fig. 3C). The degree of
Cox2 processing was not further diminished upon the addition
of valinomycin. In summary, these data indicate that, in the
presence of Mba1, even the 200-residue spacer did not impair
the insertion of theN terminus of Cox2 byOxa1. In the absence
of Mba1, some of the Cox2 protein accumulated in the precur-
sor form; however, this species was not considerably increased
in the presence of the linker mutants of Oxa1. This suggests
that the defect in the biogenesis of cytochrome c oxidase is not
caused by impaired processing of newly synthesized Cox2.
Insertion of Linkers into Oxa1Does Not Prevent Protein Inser-

tion into the InnerMembrane—The observedmaturation of the
Cox2 precursor is a good indication that the insertion of the N
terminus of Cox2 is not impaired in the Oxa1 linker mutants.
However, this does not rule out defects in the translocation of
the large C-terminal IMS domain of Cox2. In earlier studies,
protein translocation was assessed by protease accessibility
assays, which can be problematic due to the inherent ineffi-
ciency to rupture the outer membrane of respiratory-deficient

mutants by hypotonic swelling.We therefore set out to develop
a swelling-independent assay to monitor inner membrane pro-
tein topology. In bacteria, a topology assay has been established
that uses the modification of cysteine residues by membrane-
impermeable alkylating reagents (30, 31). To assess the acces-
sibility of protein thiols inmitochondria, we employed the alky-
latingmaleimide derivatives mPEG-12 andmPEG-24 (Fig. 4A),
which bind irreversibly and specifically to cysteine residues,
thereby addingmolecularmasses of 0.6 and 1.2 kDa permoiety,
respectively. Both molecules are not membrane-permeable.
Therefore, we testedwhether they are able to enter the IMS, e.g.
through the pores of �-barrel proteins in the outer membrane
that facilitate the diffusion ofmolecules of up to 3–5 kDa.Mito-
chondriawere incubatedwithmPEG-12 andmPEG-24, and the
migration of cysteine-containing proteins was analyzed by
Western blotting (Fig. 4B). Although we did not observe size
shifts for matrix proteins (Yah1 andMdj1), proteins of the IMS
(Cmc1) or inner membrane proteins containing IMS-exposed
domains (Cox2) shifted after exposure to these alkylating
reagents. With this, we could show that mPEG-12 and
mPEG-24 are able to pass the outer mitochondria membrane
but cannot cross the inner membrane. Hence, these alkylating
reactions specifically modify regions of mitochondrial proteins
that are exposed to the IMS.
We next radiolabeled translation products in isolated mito-

chondria before we added mPEG-12 and mPEG-24 (Fig. 4C).
Incubation with the alkylating maleimide compounds reduced
the mobility of translation products except for the matrix pro-

FIGURE 3. Insertion of linkers into Oxa1 does not impair processing of Cox2. A, mitochondrial translation products were radiolabeled with [35S]methionine
in yeast cells of the indicated strains after inhibition of cytosolic protein synthesis with cycloheximide. The inset shows the topology of Cox2. The arrowhead
depicts the low levels of Cox2 precursor that accumulate in �oxa1 mutants. B, translation products were radiolabeled as described for A in Mba1-deficient
strains. Note that the levels of mature Cox2 are similar between the linkerless and linker-containing Oxa1 variants. C, mitochondria were isolated from the
indicated strains and incubated in the presence of different concentrations of valinomycin and [35S]methionine. After incubation for 15 min at 30 °C, radiola-
beling was stopped by the addition of unlabeled methionine, and the samples were analyzed by SDS-PAGE and autoradiography. Cyt b, cytochrome b.
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tein Var1 (which contains one cysteine residue), consistent
with the inaccessibility of matrix proteins. The observed size
shifts of most hydrophobic translation products indicated that
they expose cysteine residues to the IMS. We tested the acces-
sibility of newly synthesized translation products in the differ-
ent Oxa1 mutants (Fig. 4D). To identify the nature of the dif-
ferent shifted bands, we performed immunoprecipitation
experiments with antibodies against Cox2. Cox2 is the transla-
tion product that comprises the largest IMS domains; it con-
tains four cysteine residues, two of which are directly adjacent
to the transmembrane domains (Fig. 4D, inset). In wild-type
mitochondria, mPEG-24 treatment caused a significant shift of
Cox2 from 34 to 39 kDa (Fig. 4, C and D, lanes 3 and 4), con-
sistent with a modification of all four cysteine residues. A size

shift was also observed with endogenous Cox2 as detected by
Western blotting (Fig. 4B). The same fully modified Cox2 spe-
cies was observed in the �mba1 strains, regardless which Oxa1
variant was present (Fig. 4D, lanes 8, 12, and 16). In addition,
lower migrating bands appeared that presumably were derived
from the precursor form of Cox2, in which only one or two
cysteine residues were alkylated (indicated by asterisks). From
this, we conclude that the Oxa1100- and Oxa1200-expressing
strains contain fractions of Cox2 in which both IMS domains
are translocated across the inner membrane, confirming that a
defect in membrane insertion is not the cause of the cyto-
chrome c oxidase deficiency of these strains. Moreover, also
Cox1 is alkylated in mitochondria of all four strains, indicating
that also this protein is inserted into the inner membrane.

FIGURE 4. Insertion of linkers into Oxa1 does not prevent protein insertion into the inner membrane. A, structure of the maleimide derivatives mPEG-12
and mPEG-24. B, wild-type mitochondria were incubated in the presence of 1 mM mPEG-12 or mPEG-24 or mock-treated. After quenching the alkylating
reagents by the addition of 2 mM DTT, mitochondria were reisolated, washed, and analyzed by Western blotting. The total numbers of cysteine residues in the
proteins are indicated. The mPEG-24-treated sample was loaded twice to see the migration differences more clearly. C, mitochondrial translation products
were radiolabeled in isolated mitochondria before mitochondria were incubated with mPEG-12 and mPEG-24 as described for B. D, following translation and
treatment with mPEG-24, mitochondria were lysed and either directly applied to the gel (10% total, T) or used for immunoprecipitation (IP) with Cox2-specific
antibodies. As shown in the inset, completely inserted Cox2 exposes four cysteine residues to the IMS. Fully or partially modified Cox2 species are indicated by
one or two asterisks, respectively. Cyt b, cytochrome b.
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Insertion of Linkers into Oxa1 Does Not Prevent Binding of
Cox2 to Cox20—Because the reduced levels of cytochrome c
oxidase were apparently not caused by defects in the synthesis
or membrane insertion of their subunits, we asked whether
steps farther downstream in their biogenesis were affected in
these mutants. In the biogenesis pathway of Cox2, membrane
insertion of the protein is followed by binding to the Cox2-
specific chaperone Cox20 (32, 33). To assess the binding of
newly synthesized Cox2 to Cox20, we radiolabeled translation
products in mitochondria of the different strains, lysed the
mitochondria, and performed co-immunoprecipitation exper-
iments with Cox20-specific antibodies or preimmune serum as
a control (Fig. 5). In extracts of wild-type mitochondria, the
newly synthesized Cox2 and, to a lesser degree, Cox3 were co-
isolated with anti-Cox20 antibodies. Similarly, the mature
forms of Cox2 and Cox3 were pulled down with Cox20 from
extracts of the linker mutants (Fig. 5, arrows). From this, we
conclude that insertion of the linkers into the Oxa1 sequence
does not block the interaction of Cox2 and Cox3 with Cox20,
pointing to a role for Oxa1 in a later step of cytochrome c oxi-
dase assembly.
Insertion of Linkers into Oxa1 Impairs Assembly of the Cyto-

chrome c Oxidase Complex—The strong defect in the biogene-
sis of cytochrome c oxidase in the Oxa1 spacer mutants is
apparently not caused by a block of protein insertion.We there-
fore asked whether these mutants show defect in later stages of
cytochrome c oxidase biogenesis, in particular in the complex
assembly. The enzymes of the respiratory chain are associated
with large supercomplexes presumably to increase the effi-
ciency of channeling electrons from one complex to the next
(34). These supercomplexes can be separated by BN-PAGE. To
follow the assembly of cytochrome coxidase experimentally, we
radiolabeled the nuclear encoded subunits Cox5a and Cox13 in
vitro and followed the assembly after import into isolatedmito-
chondria by BN-PAGE. Cox5a (Fig. 6A) and Cox13 (Fig. 6B)
were efficiently imported into the Oxa1 mutant mitochondria,
but their assembly into the supercomplexes of the respiratory
chain occurred only with considerable reduced kinetics and
efficiency. This indicates that the insertion of linker regions
into the Oxa1 sequence caused a defect in complex assembly.
The strongly reduced levels of these supercomplexes were con-
firmed byWestern blotting of isolatedmitochondria. As shown

in Fig. 7A, mitochondria lacking Oxa1 and Mba1 contained
almost no detectable supercomplexes. Upon expression of
wild-type Oxa1, considerable levels of the different supercom-
plexes III2, III2/IV, III2/IV2, and V2 were present. Whereas the
III2 andV2 supercomplexes, which contain two cytochrome bc1
complexes or two ATPase complexes, respectively, were also
present in the Oxa1100 and Oxa1200 strains, the levels of the
supercomplexes containing cytochrome c oxidase were
severely diminished. Thus, spatial separation of the insertion
domain and the ribosome-binding region ofOxa1 did not inter-
fere with the insertion of mitochondrial translation products
into the inner membrane but rather with a much later stage in

FIGURE 5. Insertion of linkers into Oxa1 does not prevent binding of Cox2
to Cox20. Translation products were radiolabeled in isolated mitochondria.
Mitochondria were lysed with Triton X-100 and used for co-immunoprecipi-
tation with serum against Cox20 (�Cox20) or with preimmune (pi) serum as a
control. The total lanes (T) show 10% of the material used for the co-immuno-
precipitations. Arrows depict the Cox2 and Cox3 proteins that were co-immu-
noprecipitated with anti-Cox20 antibodies. Cyt b, cytochrome b.

FIGURE 6. Insertion of linkers into Oxa1 impairs the assembly of the cyto-
chrome c oxidase complex. 35S-Labeled precursor forms of Cox5a (A) and
Cox13 (B) were imported into isolated mitochondria for the indicated times.
Non-imported material was removed by treatment with proteinase K. Mito-
chondria were lysed with digitonin before protein complexes were separated
by BN-PAGE (upper panels) or SDS-PAGE (lower panels). pre, precursor; m,
mature.
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the biogenesis of cytochrome coxidase, indicating that the ribo-
some binding to Oxa1 has a critical function in coordinating
cytochrome c oxidase assembly in the inner membrane of
mitochondria.

DISCUSSION

The biogenesis of the enzymes of the respiratory chain is a
complicated process that is mastered by a plethora of special-
ized proteins. Only for cytochrome c oxidase, �30 assembly
factors were identified, which are involved in translational reg-
ulation, membrane integration, heme insertion, copper bind-
ing, and the assembly of different subunits (35–39). Although
biochemical studies or genetic epistasis analyses attributed spe-
cific steps in the biogenesis pathway to most of these factors,
the molecular function of most of these components is
unknown. This is due in part to the fact that, in contrast to the
biogenesis of the ATPase complex (40–42), no reconstituted
systems could be developed to follow the complete assembly

pathway of cytochrome c oxidase in vitro or in isolated
mitochondria.
Oxa1 plays a very early role in cytochrome c oxidase biogen-

esis, as it catalyzes the membrane integration of its mitochon-
drially encoded subunits. In this study, we characterized Oxa1
variants in which we inserted flexible linker regions of 100 or
200 residues. In the absence of the ribosome receptor Mba1,
these mutants showed defects in the levels of cytochrome c
oxidase, which were particularly severe in the Oxa1200 mutant.
These defects included reduced growth on non-fermentative
carbon sources, reduced respiratory activity of mitochondria,
reduced activity of cytochrome c oxidase, reduced steady-state
levels of Cox1, and reduced levels of cytochrome c oxidase-
containing supercomplexes. However, membrane insertion of
mitochondrial translation products, in particular insertion of
the Oxa1 substrate Cox2, still occurred in the Oxa1200 mutant
with similar efficiency as in the Oxa1 variant that lacked the
linker region. Thus, the defects observed in the linker mutants
are obviously not caused by a block in membrane insertion but
rather by defects farther downstream in the assembly process of
cytochrome c oxidase.
How do the linker regions interfere with the assembly of

cytochrome c oxidase? The results shown in this study suggest
that the spatial proximity of ribosomes to the insertion site in
the inner membrane is important for cytochrome c oxidase
biogenesis, potentially because this helps to orchestrate the
activities of additional assembly factors required for biogenesis
of cytochrome c oxidase (Fig. 7B). Loosening the tight contact
of ribosomes with the membrane in �mba1 Oxa1100 and
�mba1 Oxa1200 strains may impair the function of assembly
factors, for some of which binding to mitochondrial ribosomes
was shown previously. 1) Cox11, the component that inserts
copper ions into the newly synthesizedCox1 protein, copurifies
with mitochondrial ribosomes (43, 44). 2) Mss51 serves as a
chaperone that binds directly to newly synthesized Cox1 and to
the assembly factors Cox14, Coa1, Coa3, and Shy1 (45–48). In
addition, Mss51 interacts with mitochondrial ribosomes and
initiates Cox1 synthesis (49, 50). 3) The inner membrane pro-
tein Mdm38 cooperates with Mba1 in ribosome binding and
plays a regulatory role in the synthesis and assembly of mito-
chondrial translation products (51, 52). Thus, the mitochon-
drial ribosome apparently serves as a complex binding platform
for a multitude of assembly factors. The specialization of the
mitochondrial translation system in the synthesis of a small
number of respiratory chain subunits presumably made a role
for the ribosome in the assembly of respiratory chain com-
plexes possible. All proteins synthesized in mitochondria are
subunits of complex protein structures. It is not clearwhymito-
chondrial DNA was maintained in evolution at all. The best
accepted hypothesis is that mitochondrial translation is impor-
tant to regulate synthesis and assembly of proteins in a timely
and spatially controlled manner (48, 53). Over the last years,
studies in yeast identified a number of regulatory feedback
loops that make sure that mitochondrial translation products
are synthesized only when they can be productively assembled
(49, 50, 54–56). This is achieved by a crosstalk of assembly and
translation factors on mitochondrial ribosomes. Our results
here suggest that the ribosome-binding region ofOxa1 contrib-

FIGURE 7. Oxa1 linker mutants contain reduced levels of cytochrome c
oxidase-containing supercomplexes. A, digitonin extracts of mitochondria
were analyzed by BN-PAGE and Western blotting with antibodies against
subunits of the cytochrome c oxidase complex (Cox1, Cox2, and Cox4), the
cytochrome bc1 complex (Rip1), or the ATPase (Atp5). B, model of mitochon-
drial ribosomes serving as a binding platform for assembly factors. The model
proposes that the close contact of mitochondrial ribosomes with the inner
membrane allows the binding of assembly factors to the sites at which newly
synthesized proteins are inserted into the membrane. Accordingly, spatial
separation of the membrane-embedded insertase region and the ribosome-
binding region of Oxa1 interferes with the coordination of assembly factors
and therefore reduces the efficiency of cytochrome c oxidase assembly.
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utes to the coordination of the assembly process. This region
might have been added during evolution not only to improve
co-translational insertion ofmembrane proteins (a process that
is mastered in bacteria that lack a ribosome-binding domain on
YidC) but particularly to position the ribosome on the site of
protein insertion to improve its function as an interaction plat-
form for assembly factors. It will be exciting to explore the
structure and function of thesemitochondrial ribosome assem-
bly complexes in more detail.
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