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The yeast Oxal protein is involved in the biogenesis of the mitochondrial oxidative phosphorylation (OXPHOS) machinery.
The involvement of Oxal in the assembly of the cytochrome oxidase (COX) complex, where it facilitates the cotranslational
membrane insertion of mitochondrially encoded COX subunits, is well documented. In this study we have addressed the role
of Oxal, and its sequence-related protein Cox18/0Oxa2, in the biogenesis of the F,F -ATP synthase complex. We demonstrate
that Oxal, but not Cox18/Oxa2, directly supports the assembly of the membrane embedded F-sector of the ATP synthase. Oxal
was found to physically interact with newly synthesized mitochondrially encoded Atp9 protein in a posttranslational manner
and in a manner that is not dependent on the C-terminal, matrix-localized region of Oxal. The stable manner of the Atp9-Oxal
interaction is in contrast to the cotranslational and transient interaction previously observed for the mitochondrially encoded
COX subunits with Oxal. In the absence of Oxal, Atp9 was observed to assemble into an oligomeric complex containing
F,-subunits, but its further assembly with subunit 6 (Atp6) of the F -sector was perturbed. We propose that by directly
interacting with newly synthesized Atp9 in a posttranslational manner, Oxal is required to maintain the assembly competence

of the Atp9-F,-subcomplex for its association with Atp6.

INTRODUCTION

Oxal is a protein of the mitochondrial inner membrane that
is involved in the biogenesis of complexes of the oxidative
phosphorylation machinery (OXPHOS). Oxal is best char-
acterized for its role in the biogenesis of the cytochrome
oxidase complex (COX), as it was initially identified in the
yeast Saccharomyces cerevisiae as an assembly factor of this
complex (Oxidase assembly 1; Bauer ef al., 1994; Bonnefoy et
al., 1994). COX is the terminal electron acceptor complex and
thus a key component of the mitochondrial OXPHOS ma-
chinery. Analysis of oxal null mutant (Aoxal) mitochondria
indicated a complete loss of detectable COX complexes, and
hence oxal mutants display a respiratory deficient pheno-
type (Bauer et al., 1994; Bonnefoy et al., 1994). Further anal-
ysis of a temperature-sensitive oxal mutant, the pet ts1402
strain, indicated that the COX complex assembly defect
observed in the absence of Oxal function is attributed to a
failure of the mitochondrially encoded COX subunits, sub-
units 1 and 2 (Cox1 and Cox2, respectively), key subunits of
the COX complex, to become inserted into the membrane in
the absence of the Oxal protein (Hell et al., 1997, 1998, 2001).
A direct role for Oxal in facilitating the membrane insertion
process of these proteins was further indicated by the dem-
onstration that Oxal physically interacts in a cotranslational
manner with the mitochondrially encoded COX subunits,
i.e., as they were being synthesized on ribosomes within the
mitochondrial matrix and undergoing membrane insertion
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(Hell et al., 1998, 2001). In addition evidence for a direct
interaction of Oxal with the mitochondrial ribosomes,
which is supported through the matrix-localized C-terminal
region of Oxal, has also been presented (Jia et al., 2003,
Szyrach et al., 2003).

Closer examination of oxal null mutant mitochondria has
demonstrated that the function of Oxal is not limited to the
assembly of the COX complex, but that it is also involved in
the biogenesis of other OXPHOS complexes. Published re-
ports indicate the enzyme activities of the cytochrome bc,
and F,F_-ATP synthase complexes are significantly reduced
in the Aoxal mitochondria (Altamura ef al., 1996; Szyrach et
al., 2003). However, in contrast to the COX complex, which
is completely absent in Aoxal mitochondria, the cytochrome
bc; complex and F,F -ATP synthase complex activities, al-
though strongly reduced, are clearly still detectable in Aoxal
mitochondria (Altamura et al., 1996). Consistently, the inser-
tion of mitochondrially encoded subunits of these com-
plexes, cytochrome b and Atp6, respectively, was found to
be only partially impaired in mitochondria isolated from the
pet ts1402 oxal strain, in contrast to Cox1 and Cox2 subunits,
where the insertion process was almost completely blocked
(Hell et al., 2001). Thus the presence of measurable levels of
cytochrome bc, and ATP synthase enzymes in Aoxal mito-
chondria suggests that, in contrast to the COX complex,
Oxal does not play an essential role in the assembly of these
OXPHOS complexes. It is presently unknown whether the
translocase function of Oxal is required for the biogenesis of
the ATP synthase complex or whether Oxal may function in
some other capacity to assist in the assembly of this complex.

Oxal is a member of the conserved Oxal/YidC/Alb3
protein family, which is found throughout prokaryotes and
eukaryotes (Yen et al., 2001; Stuart, 2002; Kuhn ef al., 2003).
The bacterial members (YidC) of this family have been
shown to mediate the insertion of a number of membrane
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proteins including subunits of the cytochrome oxidase
(CyoA) and subunit ¢ (equivalent to mitochondrial Atp9) of
the F,F -ATP synthase complexes (van Bloois et al., 2004,
2006; van der Laan et al., 2004, 2005; Celebi et al., 2006; Kol et
al., 2006; du Plessis et al., 2006). The Alb3 protein members
are localized in the thylakoid membrane system of chloro-
plasts and the role of Alb3 in the insertion of a number of
photosynthetic membrane proteins has been documented
(Sundberg et al., 1997; Moore et al., 2000; Gerdes ef al., 2006).
Thus the Oxal/YidC/Alb3 family represents an evolution-
arily conserved group of proteins involved in facilitating
critical steps to ensure the integration of proteins into di-
verse biological membrane systems (Kuhn et al., 2003). Re-
cently the Oxa2/Cox18 protein was proposed to form a new
subfamily of the Oxal/YidC/Alb3 proteins. Members of
this group, represented by Cox18 in the yeast S. cerevisiae,
and Oxa2 in Neurospora crassa, have been shown to play a
critical role in the biogenesis of the COX complex (Souza et
al., 2000; Saracco and Fox, 2002; Funes et al., 2004; Preuss et
al., 2005). The Cox18 protein is required for the assembly of
the COX complex, as it has been reported to be involved in
facilitating the export of the C-terminal region of the Cox2
protein from the matrix across the inner membrane to the
intermembrane space (Saracco and Fox, 2002). Thus the role
of Cox18/0xa2 proteins in protein translocation has been
proposed to overlap with that of its sequence-related Oxal.
Oxal however has been proposed to play a pivotal role in
the cotranslational insertion of the mitochondrially encoded
COX subunits, whereas the Cox18/Oxa2 protein may be
functionally different, possibly by being limited to perform-
ing posttranslational insertion events (Preuss et al., 2005). In
this respect, it is noteworthy that the matrix-localized C-
terminal region of Oxal which supports the ribosome asso-
ciation is not conserved among the Cox18/Oxa2 protein
family members.

The precise function of Oxal and its sequence-related
Cox18/0xa2 protein, in the assembly of the ATP synthase is
currently unknown and is the central theme of this study.
The F,F,-ATP synthase complex can be divided into two
functionally distinct parts, the hydrophilic F;-part, which
performs the ATP synthesis and hydrolysis events, and the
membrane-embedded F_-sector, which facilitates the pas-
sage of protons across the inner membrane. The F,-sector is
composed entirely of nuclear-encoded proteins, whereas the
F,-complex is assembled from both nuclear and mitochon-
drially encoded proteins. The mitochondrially encoded
Atp6, Atp8, and Atp9 are all subunits of the F -sector. The
Atp9 subunit spans the inner membrane twice in an N~
C, orientation and assembles to form a homo-oligomeric
ring structure composed of 9-12 subunits. The Atp9 oli-
gomer directly interacts and cooperates with Atp6 to medi-
ate the transport of protons across the membrane, the driv-
ing force for ATP synthesis by the coupled F,-sector (Stock et
al., 1999; Devenish et al., 2000; Velours and Arselin, 2000;
Capaldi and Aggeler, 2002). During the assembly of the ATP
synthase complex, the newly synthesized Atp9 has been
shown to oligomerize and form an F,-containing subcom-
plex before associating with the Atp6 protein (see Ackerman
and Tzagoloff, 2005 for recent review). The assembly of Atp6
with the F,-Atp9 subcomplex thus represents a late step in
the assembly pathway of the F,F_-complex. The inner mem-
brane protein Atpl0 has been shown to act as an Atp6-
specific chaperone and by directly interacting with the
newly synthesized Atp6 protein Atpl0 coordinates the as-
sembly of Atp6 with the F;-Atp9 subcomplex (Herrmann et
al., 1994; Tzagoloff et al., 2004).
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The involvement and possible overlapping functions of
Oxal and Cox18/0Oxa2 in the assembly of the yeast S. cer-
evisine ATP synthase therefore were directly analyzed in this
study. We present data here demonstrate that Oxal plays an
important, but nonessential, role in the assembly of the
F,-sector of the ATP synthase complex. Our data indicate
that Cox18/Oxa2, unlike Oxal, is not required for ATP
synthase assembly, however. In addition, our results shed
light on how Oxal may function to mediate the assembly of
the F_-sector. We demonstrate that Oxal can directly interact
with Atp9 after its translation in mitochondria and in a
manner that does not require the matrix-exposed C-terminal
region of Oxal. We propose that the interaction of Atp9 with
Oxal is necessary to ensure the efficient and correct assem-
bly of Atp9 oligomers and in such a manner that they are
competent to subsequently assemble together with Atp6 in
the membrane. In the absence of Oxal, Atp9 fails to correctly
assemble with Atp6 efficiently, and this has severe conse-
quences for the levels of enzymatically active F,F_-ATP syn-
thase complexes in oxal-deficient mutants. Finally, we show
here that Oxal can be purified with ATP synthase complex,
highlighting the affinity that Oxal has for this complex.

MATERIALS AND METHODS

Yeast Strains

Yeast strains used in this study were wild-type W303-1A (Mata, leu2, trpl,
ura3, his3, ade2), rho® W303-1A (Mata, leu2, trpl, ura3, his3, ade2), and the
oxal-null mutant, Aoxal (W303-1A, leu2, trpl, ura3, ade2, OXA1:KAN"),
whereby the complete OXA1 open reading frame (ORF) was replaced by the
kanamycin resistance gene (KAN") using homologous recombination (Wach et
al., 1994). Construction of the strains Acox18 and Aoxal, Acox18 was performed
by the introduction of the HIS3 gene into the COX18 locus of wild-type and
Aoxal:KAN" cells, resulting in the replacement of the entire COX18 ORF.
Correct homologous recombination of the HIS3 or KAN" gene at their respec-
tive gene locus was verified by PCR analysis (results not shown). Construc-
tion of the Aimp1 strain was performed by introduction of the LEU2 auxotro-
phic gene into the wild-type cells, resulting in the replacement of the ORF of
the IMP1 ORF (Cruciat et al., 2000). Strains expressing full-length Oxal and
Oxalyy;, from the galactose-inducible GAL10 promoter have been previously
described (Jia et al., 2003). Construction of the strain expressing histidine-
tagged C-terminally truncated Oxal (OxalA83,;,) was achieved as follows. A
DNA fragment encoding for a C-terminally truncated Oxal (codons 1-318)
followed by 12 histidine-encoding codons and a translational stop codon was
generated by PCR. This fragment was then cloned into a yeast-integrating
vector Yip351-GAL10 (LEU2) and downstream of the galactose-inducible
promoter GAL10. The resulting plasmid Yip351-GAL10-OXA1A83His was
cloned into the yeast genome of the oxal-null mutant at the LEU2 locus after
linearization with BstEIL

H,0, Treatment and Dispersal of Atp9 Oligomer to
Monomers

Mitochondria (200 ug) in 20 mM Tris-HCI, pH 8.0, buffer were mixed with
H,0,, final concentration 4% (vol/vol). The samples were shaken at 25°C for
10 min. SDS sample buffer (Laemmli, 1970) was added, and samples were
heated at 95°C for 5 min before loading the gel. This treatment with H,O,
resulted in an efficient dispersal of the SDS-resistant Atp9 oligomers into
monomeric subunits (results not shown).

Digitonin Solubilization of Mitochondria and Clear
Native Gel Electrophoresis

Clear native-PAGE (CN-PAGE) analysis of F,F,-ATP synthase complexes
after solubilization with digitonin was performed essentially as described
previously (Wittig and Schégger, 2005). Mitochondria (200 ug of protein)
were lysed with 36 ul of digitonin buffer (34 mM potassium acetate, 34 mM
HEPES-KOH, pH 7.4, 11.4% glycerol, 1 mM phenylmethylsulfonyl fluoride)
and digitonin (at concentrations indicated) for 30 min on ice and subjected to
a clarifying spin (JA-25.50 rotor, Beckman Avanti J-25 system (Fullerton, CA);
30 min, 30,000 X g). The supernatants were collected, and 2 ul of 50% glycerol
was added to the samples before electrophoresis. Samples were analyzed by
CN-PAGE using a 3.5-10% gradient gel.

In Gel Oligomycin-sensitive ATPase Activity Assay

F,F,-ATPase activity assay was performed after CN-PAGE, as previously
described (Wittig and Schagger, 2005). Native gels were incubated for 3 h in
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a buffer containing 270 mM glycine, 35 mM Tris-HCI, pH 8.4. In a parallel
assay, additional oligomycin (5 ug/ml) was supplemented in the buffer. The
ATP hydrolysis assay was carried out in 270 mM glycine, 35 mM Tris-HCl, 8
mM ATP, 14 mM MgSO,, 0.2% Pb(NOs),, pH 8.4, and stopped after 5-10 min
by a 30 min incubation in 50% methanol, 50% water, followed by a 30 min
incubation in water.

In Organello Labeling of Mitochondrial Translation
Products

In organello labeling of mitochondrial translation products was performed in
isolated mitochondria for 30 min at 25°C, essentially as described previously
(Hell et al., 2001). After translation and chase in the presence of cold methi-
onine and puromycin for 30 min, mitochondria were lysed in SDS-sample
buffer (Laemmli, 1970). Translation products were analyzed by SDS-PAGE
and autoradiography.

Ni-NTA Purification of Oxaly;, Complex

Mitochondria harboring the GAL10 expressed Oxalyy;, derivative (200 ug)
were solubilized in 200 ul of TNT buffer (1% Triton X-100, 300 mM NaCl, 60
mM Tris-HCI, pH 7.4) for 5 min on ice. After a clarifying spin (20,860 X g, 15
min at 4°C), the supernatants were incubated for 1 h at 4°C with the Ni-NTA
beads (equilibrated in the TNT buffer containing 30 mM imidazole). The
beads were washed with TNT-imidazole buffer, and purified proteins were
eluted with SDS sample buffer containing 5% (vol/vol) p-mercaptoethanol
and 0.5 M imidazole followed by SDS-PAGE analysis. When indicated, mi-
tochondria were initially solubilized with 0.1% SDS, and a buffer containing
0.1% SDS instead of Triton X-100 was used.

Gel Filtration Analysis

Mitochondria (200 ug protein) were solubilized in 200 ul of buffer containing
1% Triton X-100, 300 mM NaCl, and 60 mM Tris-HCI, pH 7.4, for 5 min on ice.
After a clarifying spin (100,000 X g, 15 min at 4°C), the supernatant was
loaded to the Superose 12 column. Samples were run with buffer containing
0.1% Triton X-100, 300 mM NaCl, and 60 mM Tris-HCI, pH 7.4, at the speed
of 0.1 ml/min, and 0.5-ml/fraction eluent was collected. Proteins were tri-
chloroacetic acid (TCA) precipitated from each fraction and analyzed by
SDS-PAGE. Immunoblotting was performed to analyze the presence of Atp9,
Atpé6, and Atpp.

Miscellaneous

Mitochondria were isolated from cultures grown at 30°C in YP-0.5% lactate,
2% galactose medium. Isolation of mitochondria was performed as described
previously (Jia et al., 2003).

RESULTS

The Assembly of the F,F -ATP Synthase Is Perturbed in
the Absence of Oxal, But Not Cox18

To investigate the requirement for Oxal and Cox18 in the
biogenesis of the ATP synthase enzyme, we analyzed both
the enzymatic activity and assembly state of ATP synthase
complexes in mitochondria isolated from S. cerevisiae yeast
mutants deficient in Oxal and/or Cox18 (Figure 1A). Mito-
chondria isolated from the single deletion strains Aoxal and
Acox18 and also from the double gene knockout strain Aoxal,
Acox18 were solubilized with the detergent digitonin, and
the resulting extracts were subjected to clear native PAGE
(CN-PAGE) analysis. The oligomycin-sensitive enzymatic
activity of the ATP synthase complexes was assayed after
CN-PAGE and using an in-gel ATP hydrolysis assay, in the
presence or absence of the F,F_-ATP synthase specific inhib-
itor oligomycin (Figure 1A). In parallel, mitochondria iso-
lated from the isogenic wild-type strain and an independent
cytochrome oxidase—deficient strain, the Aimp1 strain, were
also analyzed, as controls.

Under the digitonin lysis conditions used, the active and
oligomycin-sensitive F,F,-ATP synthase enzyme complex
from wild-type mitochondria was solubilized and resolved
on CN-PAGE as a combination of dimeric and monomeric
complexes, consistent with previously published observa-
tions (Arnold et al., 1998; Saddar and Stuart, 2005). The
observed monomeric F,F -ATP synthase complexes are
thought to be a result of a dissociation of some ATP synthase
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Figure 1. Characterization of assembly defects of ATP synthase in
Aoxal and Acox18 mutants. (A) Mitochondria from wild-type (WT),
Aoxal, Acox18, Aoxal, Acox18, and Aimpl strains were solubilized
with buffer containing 2% digitonin and subjected to CN-PAGE
followed by in-gel ATPase activity assay in the absence or presence
of oligomycin (5 ug/ml, + or — oligom, as indicated). The position
of the dimeric (Vg;,,) and monomeric (V,,,,) forms of the F,F_ -ATP
synthase are indicated. (B) Mitochondria from WT and Aoxal strains
were solubilized with either 1 or 2% digitonin as indicated subjected
to CN-PAGE, and Western blotted. ATP synthase complexes were
detected with an anti-F; antiserum. The presence of F,-containing
subcomplexes in the Aoxal mitochondria are indicated by an aster-
isk (*). (C) Mitochondria from rho®, WT, Aoxal, Acox18, Aimpl, and
Acox18, Aoxal strains were subjected to SDS-PAGE and Western
blotted using antisera against F; subunit g (Atpp), F, subunits Atp4,
Atp6, Atp9, and the inner membrane protein Tim23. For the analysis
of the Atp9 levels, mitochondria were treated with H,O, (see Ma-
terials and Methods) to disperse SDS-resistant Atp9 oligomers to
monomeric proteins, before the SDS-PAGE analysis.
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dimers by the increased detergent concentrations (Arnold et
al., 1998). Enzymatically active F,F,-ATPase complexes were
also detected in the Aoxal mitochondrial extract. However,
the levels of these complexes were strongly reduced when
compared with that in wild-type mitochondria (~20% of
wild-type levels; Figure 1A). Observation of both dimeric
and monomeric forms of the complex in the Aoxal mitochon-
dria indicated that the ATP synthase complexes could fully
assemble, albeit at reduced levels, in the absence of Oxal.
Importantly, the F,F_-ATP synthase complex in Aoxal mito-
chondria could also be inhibited through the addition of
oligomycin (Figure 1A). This inhibition is an indicator of the
correct and functional assembly of the coupled F,F -com-
plexes in the Aoxal mitochondria, because oligomycin acts
specifically on the F -sector, where it is thought to bind to
the region of Atp9 that interfaces with Atp6 (John and
Nagley, 1986; Nagley et al., 1986). Uncoupled F;-complexes
are not inhibited through the addition of oligomycin. In the
Aoxal mitochondria, a low level of smaller molecular weight
complexes displaying oligomycin-insensitive ATPase activ-
ity were also detected, indicating the possible presence of
partially assembled F;-intermediates in the absence of Oxal
(results not shown).

Enzymatically active F,F_,-ATP synthase complexes, which
were oligomycin sensitive, were clearly detected in the
Acox18 mutant at the levels that were only slightly reduced
when compared with the wild-type control mitochondria.
Indeed the levels of active ATP synthase complexes in the
Acox18 mitochondria were similar to those of an indepen-
dent COX assembly mutant, the Aimpl strain (Figure 1A).
Imp1 is a protease involved in the maturation of the Cox2
protein, and Aimpl mutants are deficient in COX complexes
(Nunnari et al., 1993). Subunits of the ATP synthase complex
do not undergo Imp1-specific proteolytic events; hence, the
assembly of this complex is not directly affected in the Aimp1
mutants. The slight reduction of ATP synthase levels in the
Acox18 and Aimpl mutants may therefore be due to an
indirect effect in response to the absence of the COX complex
activity (Figure 1A).

The activity levels of the ATP synthase complex, and its
sensitivity to oligomycin, in the Acox18, Aoxal mitochondrial
were comparable to those isolated from the Aoxal strain
(Figure 1A). Thus, despite sharing sequence homology, the
Cox18 and Oxal proteins do not appear to bear overlapping
functions with regards to the assembly of the ATP synthase
complex. Deletion of the COX18 gene did not abolish the
ability of a significant, albeit reduced, level of F,F -ATP
synthase complex to assemble in the absence of Oxal.

To demonstrate that the strongly reduced levels of enzy-
matically active ATP synthase complexes in the Aoxal mito-
chondria reflected an overall reduction in the protein levels
of the complex, rather than a lack or inhibition of its activity,
the protein levels of the assembled ATP synthase in Aoxal
mitochondria was further analyzed after CN-PAGE analysis
by Western blotting and immunedecoration with antisera
against the purified F,-complex (Figure 1B). Consistent with
the enzyme activity measurements, the level of the assem-
bled ATP synthase dimers and monomers were significantly
reduced, but remained detectable in the Aoxal mitochondria
(Figure 1B). Furthermore in the Aoxal mitochondria, lower
molecular weight F;-complexes, corresponding to partially
assembled F,-containing complexes were also observed, in-
dicating a defect in the assembly of the ATP synthase com-
plexes in the absence of Oxal. This level of partially assem-
bled F,-complexes was not observed in the wild-type control
mitochondria. A similar accumulation of partially assem-
bled F;-complexes was also observed in the Aoxal, Acox18
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double mutant, but not, however, in the Acox18 single null
mutant mitochondria (results not shown).

Taken together, the CN-PAGE results indicate a strong
reduction in both the protein and enzyme activity levels of
the assembled F,F_-ATP synthase complex in the absence of
Oxal, but not in the absence of Cox18. We conclude there-
fore that Oxal, unlike Cox18, plays an important role in the
biogenesis of the enzymatically active F,F -ATP synthase
complex.

F,-Sector Subunits Atp4 and Atp6, But Not Atp9, Are
Strongly Reduced in the Absence of Oxal

Given that Oxal has been described to be involved in facil-
itating the insertion of proteins into the inner membrane, we
analyzed directly the steady state levels of ATP synthase
subunits of the membrane embedded F,-sector in Aoxal
mitochondria. Mitochondria isolated from the single null
mutant strains, Aoxal and Acox18 and also from the double
knockout strain Acox18, Aoxal were analyzed by SDS-PAGE
and Western blotting. Wild-type, COX-deficient Aimpl and
rho® (contain no mtDNA) mitochondria were also analyzed
in parallel as controls. Immunedecoration was subsequently
performed to assess the steady state levels of the F_-sector
subunits Atp4, Atp6, and Atp9 and also the F,-sector sub-
unit, AtpB (Figure 1C). The level of Tim23, an inner mem-
brane protein and component of the TIM23 translocase, was
analyzed as a loading control for the mitochondria.

Consistent with the CN-PAGE results, the levels of Atp4,
Atp6, and Atp9 were not adversely affected in the Acox18
mitochondria, because they were similar to those observed
in the wild-type and Aimpl mitochondria. In the Aoxal mi-
tochondria, however, the steady state levels of Atp4 and
Atp6 were significantly reduced. Although reduced relative
to wild type, the levels of Atp9 in the mitochondria isolated
from the Aoxal strain were not so dramatically affected as
those of Atp6 or Atp4 proteins. The levels of Atp4, Atp6, and
Atp9 in the Acox18, Aoxal double mutant were similar to
those of the Aoxal single mutant, again supporting the con-
clusion that Cox18 does not contribute to the assembly or
stability of the ATP synthase in the absence of Oxal. Note
we were unable to assess the steady state levels of the other
mitochondrially encoded F,-ATP synthase subunit, Atp8,
because an antibody specific for the Atp8 protein was not
available. In contrast to the F_-subunits, the F,-sector sub-
unit Atpp was not so significantly reduced in the Aoxal
mitochondria. Thus it would appear that the reduction in
assembled F,F_-ATP synthase complexes in the absence of
Oxal reflects the limiting levels of F,-sector, rather than
F;-sector subunits.

Oxal Associates Specifically with Newly Synthesized Atp9

We investigated next whether Oxal directly plays a role in
the assembly of the ATP synthase complex by physically
interacting with mitochondrially encoded subunits of the
F,-sector of the ATP synthase complex in a posttranslational
manner and before their assembly into the F,F-ATP syn-
thase complex. Three of the F,-sector subunits are encoded
by the mitochondrial DNA: Atp6, Atp8, and Atp9. To ad-
dress a possible association between Oxal and these sub-
units of the F_-sector, we performed an in organello trans-
lation in the presence of [**Smethionine using mitochondria
isolated from the wild-type strain or from strains expressing
authentic Oxal or the Oxaly;,-tagged derivatives (Figure
2A). The pattern of protein translation products was similar
between the different mitochondrial types with the excep-
tion of a number of higher molecular mass radiolabeled
bands (range 55-75 kDa), which correspond to SDS-resistant
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Figure 2. Oxal associates specifically with newly synthesized
Atp9. (A) In organello translation was performed in the presence of
[3°S]methionine for 30 min at 25°C in mitochondria isolated from
the wild-type (WT) yeast strain, a strain overexpressing Oxal (GAL-
Oxal) and from a strain expressing histidine-tagged Oxal (GAL-
Oxaly;,). Incorporation of [**S]methionine was stopped by addition
of excess unlabeled methionine, and the mitochondria were solubi-
lized in SDS buffer and subjected to SDS-PAGE. The bands marked
with an asterisk (*) indicated the complex formed by Oxal and a
translation product. The positions of the molecular mass standards
and mitochondria-encoded proteins, Varl, Cox1, Cox2, cytochrome
b (Cytb), Cox3, Atp6, Atp8, and Atp9, are indicated. (B) In organello
translation was performed in mitochondrial harboring overex-
pressed Oxal or Oxalyy, as described in A. The complex formed
between Oxalyy;, and the radiolabeled translation product(s) were
purified by Ni-NTA chromatography and either loaded directly on
the gel (—TCA) or after TCA precipitation (+TCA). The mobility of
the SDS-resistant Oxaly;-Atp9 complex and the monomeric Atp9
protein after release by TCA precipitation are indicated.
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forms of the mitochondrially synthesized proteins. Two prom-
inent bands (70 and 72 kDa) were observed in the mitochon-
dria harboring the overexpressed Oxal and Oxaly;, proteins,
respectively. A weaker 70-kDa band was observed in the
wild-type mitochondria. The shift in the electrophoretic mo-
bility of this band in the mitochondria harboring the His-
tagged derivative of Oxal suggested that these additional
radiolabeled bands represent an SDS-resistant complex be-
tween a mitochondrially encoded protein and Oxal. The
mobility difference between the two forms of this band
(between the Oxal and Oxalyy;, mitochondria) are ac-
counted for by the presence of the additional 12 histidine
residues (1.7 kDa in mass) of the Oxal,y;, derivative.

To further verify that this radiolabeled band represents an
Oxal-containing complex and to ascertain the identity of the
radiolabeled associating protein, we took advantage of its
SDS-stability and the formation of the complex in mitochon-
dria harboring the His-tagged version of Oxal. In organello
translation was performed in mitochondria bearing the
Oxalyy;, protein, and after translation mitochondria were
lysed in an SDS-containing buffer, and the solubilized pro-
teins were subjected to Ni-NTA chromatography. Mitochon-
dria containing overexpressed wild-type Oxal, i.e., non-
tagged Oxal, were analyzed in parallel as a control. The
Ni-NTA purified proteins were analyzed either directly by
SDS-PAGE or after a TCA-precipitation step. The TCA pre-
cipitation step has been previously described to disperse
SDS-resistant complexes of mitochondrial translation prod-
ucts (Herrmann ef al., 1994; Tzagoloff et al., 2004). The SDS-
resistant radiolabeled complex was recovered on the Ni-
NTA beads, when translation was performed in the
mitochondria bearing the His-tagged Oxal derivative, but
not when translation was performed in the control mito-
chondria bearing the expressed nontagged version of Oxal
(Figure 2B). This result confirms that the radiolabeled com-
plex was indeed an Oxalgy;,-containing complex. TCA pre-
cipitation of this purified material resulted in the release of
one radiolabeled species, which from its electrophoretic be-
havior was determined to be Atp9, using a gel system that
resolves the Atp9 protein from the closely migrating Atp8
protein. In addition, using this gel system, the affinity-puri-
fied radiolabeled Atp9 protein was shown to comigrate with
endogenous Atp9 protein, which was recognized by Atp9-
specific antibodies (results not shown, and also see Figure 6).
No evidence to suggest that this complex contained Atp6 (or
the other mitochondrially encoded proteins), in addition to
Atp9, was obtained. Thus we conclude that after translation in
mitochondria, newly synthesized Atp9, remains in association
with Oxal, where it can form an SDS-resistant complex.

Assembly of Atp9 Oligomer Is Affected in Absence of
Oxal

Given that Oxal associates with newly synthesized Atp9 in
a posttranslational manner, we next addressed if Oxal is
involved in the assembly of Atp9 into the F,F_-ATP synthase
complex. During its assembly pathway, Atp9 forms a homo-
oligomeric complex, which then associates with F,;-sector
subunits (Herrmann et al., 1994; Tzagoloff et al., 2004). We
term this F,-containing Atp9-assembly intermediate here the
Atp9-F, subcomplex. Formation of the Atp9-F, subcomplex
has been shown to precede the Atpl0-dependent step of
coassembly of Atp9 with Atp6 (Herrmann et al., 1994;
Tzagoloff et al., 2004). As reported earlier, the steady state
levels of Atp9, in contrast to other F_-subunits, appear not to
be drastically reduced in the absence of Oxal. We hypoth-
esized therefore that Atp9 can assemble to an intermediate
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Figure 3. Atp9 assembles into an F;-containing subcomplex in the
absence of Oxal. Mitochondria from wild-type (WT; A), Aoxal (B),
Aatp10 (C), and rho® (D) strains were solubilized with 1% Triton
X-100 containing buffer and subjected to size exclusion chromatog-
raphy on Superose 12 column. Fractions (11-27) eluted from the
column were TCA precipitated and subjected to SDS-PAGE fol-
lowed by Western blotting with antisera against F, subunit Atp
and F, subunits Atp6 and Atp9. The elution profile of the molecular
mass standards 443, 200, 150, 66, and 29 kDa are indicated in the
wild-type panel. Note the exposure time for Atp6 in the Aoxal and
Aatp10 mitochondria was significantly longer than that for the wild-
type control, because of the strongly decreased levels of Atp6 in
these mutant mitochondria.

stage and be at least partially stabilized in the absence of
Oxal.

We therefore addressed the assembly state of the endog-
enous Atp9 in the Aoxal mitochondria and compared it to
that of Atp9 accumulated in the Aatp10 mitochondria (Figure
3). Wild-type and rho® mitochondria were also analyzed in
parallel as controls. Mitochondria were lysed using Triton
X-100, a detergent that maintains the stability of the mono-
meric form (but not the dimeric form) of the F,F_-ATP
synthase, and the assembly state of the Atp9 subunit was
analyzed by size exclusion chromatography (Figure 3). In
wild-type mitochondria, the majority of Atp9 was present in
the monomeric ATP synthase complex, because it coeluted
from the column together with Atp6 and Atpf3, in fractions
15-18, corresponding to a complex of ~550 kDa. Some Atp9
eluted in later fractions together with a low level of Atpf
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(fractions 19 and 20), with a molecular mass of ~300 kDa, and
most likely corresponds to the previously described Atp9-F;
subcomplex. Atp6 was found exclusively with the fully assem-
bled ATP synthase complex, however (Figure 3A).

In the Aoxal mitochondria, the majority of Atp9 eluted
from the column with some of the Atpf protein, in fractions
19 and 20, which correspond to the ~300-kDa Atp9-F, sub-
complex. Only a minor fraction of Atp9 eluted from the
column in the fractions (fractions 15-18) corresponding to
fully assembled F,F_-ATP synthase, as indicated by the coe-
lution of Atp6 and Atpp (Figure 3B). The observed low level
of fully assembled F,F,-ATP synthase complexes in the
Aoxal strain is consistent with the previous CN-PAGE re-
sults (Figure 1). Hence only a small fraction of the total Atp
subunit was present in the fractions corresponding to the
fully assembled F,F_-ATP synthase complex; the majority of
Atpp eluted from the column either with Atp9-F, subcom-
plex (fractions 19 and 20) or later in F,-complex of ~150 kDa
(fractions 21-23). The latter F,;-complex was similar in mass
as an AtpB-containing assembly intermediate that could be
observed in the rho® mitochondria, which lack all of the
mtDNA-encoded F_-sector subunits, Atp9, Atp8, and Atp6
(Figure 3D). We conclude from these results that in the
Aoxal mitochondria, the Atp9 protein, which does not as-
semble into the complete F,F_-ATP synthase complex, accu-
mulates in an Atp9-F, subcomplex. The behavior of the Atp9
in the Aoxal mitochondria was similar to that in the Aatp10
mutant mitochondria, where the Atp9 protein also accumu-
lated in a 300-kDa complex (Figure 3C). As mentioned ear-
lier, assembly of Atp9 into its homo-oligomer, followed by
its association with F,-subunits, occurs in an Atp10-indepen-
dent manner; but further assembly of this oligomer with
Atp6 does not occur in the absence of Atp10, thus prevent-
ing the complete assembly of the F,F -ATP synthase com-
plex. The similarity of the behavior of Atp9 in Aoxal and the
Aatp10 mitochondria, i.e., competence to assemble in a stable
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Figure 4. Assembly of the ATP synthase complex is impaired in
Aoxal mitochondria. Mitochondrial from wild type (A and B) and
Aoxal (B) strains were subjected to translation and radiolabeled for
30 min at 25°C followed by a chase period in the presence of excess
cold methionine, an ATP-regenerating system and in the absence or
presence of oligomycin, as indicated. Mitochondria were reisolated,
lysed and subjected to SDS-PAGE, Western blotting, and autora-
diography. The positions of the 54-kDa SDS-resistant complex be-
tween Atp9 and Atp6, and the 48-kDa Atp9-oligomer, are indicated,
by 54k and 48k, respectively. (B) The levels of both the 54-kDa (dark
gray bars) and 48-kDa (light gray bars) complexes were quantified
by Phosphorimaging and are each expressed as a percentage of the
total, i.e., the sum of the 54- and 48-kDa signals.
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Figure 5. The ATP synthase complex can be copurified together
with Oxal. (A) Mitochondria isolated from strains expressing
Oxalyy, or Oxal were solubilized with buffer containing either 1%
Triton X-100 (TX-100) or 0.1% SDS as indicated and incubated with
Ni-NTA beads as described in Materials and Methods. Twenty per-
cent of the unbound material (U) and the Ni-NTA beads purified
material (indicated by B) were analyzed by SDS-PAGE and silver-
staining. (B) Mitochondria isolated from strains expressing Oxalyy,
or Oxal (GAL-Oxal and GAL-Oxalyy,, respectively) were solubi-
lized with buffer containing 1% Triton X-100, as indicated, and were
incubated with Ni-NTA beads. The Ni-NTA-purified material was
analyzed by SDS-PAGE and Western blotting with antisera against
ATP synthase subunits AtpB, Atp4, Atp5, Atp6, Su d, Su j, Su f,
Atp9, and Oxal as indicated. (C) Mitochondria harboring expressed
Oxal or Oxalyy, proteins were lysed in Triton X-100 containing
buffer and were subjected to Ni-NTA purification. The purified mate-
rial (indicated by B) and 10% of the unbound material (U) were
subjected to SDS-PAGE, Western blotting, and immunedecoration
with Oxal and Atp5 antisera as indicated. (D) Mitochondria harboring
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manner in an Atp9-F; subcomplex, would suggest that fur-
ther assembly of the ATP synthase in the absence of Oxal is
limited by the step of coassembly of the Atp9 oligomer with
the Atp6 protein.

Newly Synthesized Atp9 Can Oligomerize in the Absence
of Oxal, But Assembly with Atp6 Is Perturbed

In a second independent approach we tested the ability of
newly synthesized Atp9 to assemble in the absence of Oxal,
by analyzing its ability to form SDS-resistant oligomers in
Aoxal mitochondria after its synthesis (Figure 4). When
[3°S]methionine-labeling of mitochondrial translation prod-
ucts is performed in isolated wild-type mitochondria, in
addition to the eight mitochondrially encoded proteins, two
additional slower migrating radiolabeled bands, with elec-
trophoretic mobilities corresponding to the masses of 48-
and 54-kDa products, are observed (Figure 4A), as has been
previously reported (Herrmann et al., 1994; Tzagoloff et al.,
2004). These 48- and 54-kDa products correspond to oli-
gomers of F_-subunits that are released from fully or par-
tially assembled F,F_-ATP synthase complexes, but fail to be
completely depolymerized by the SDS, due to the very hy-
drophobic nature of the Atp9-Atp9 interactions in the F_-
oligomer. These SDS-resistant Atp9 complexes can be dis-
persed into individual monomeric polypeptides through
TCA precipitation (Herrmann et al., 1994; Tzagoloff et al.,
2004), where it has been established that the 48-kDa product
is composed of Atp9 proteins, whereas the 54-kDa product
is generated from a later stage assembly intermediate as it
contains Atp6, in addition to Atp9 (Tzagoloff ef al., 2004). In
wild-type mitochondria the level of the 54-kDa oligomer
was observed to be greater than that of the 48-kDa complex,
indicating efficient assembly of Atp9 with the Atp6 protein
in the presence of Oxal (Figure 4B). The level of the 54-kDa
complex observed, but of not the 48-kDa oligomer, was
partially affected in the presence of oligomyecin, indicating
the binding of the ATP synthase-specific inhibitor may ad-
versely affect the formation of the Atp9-Atp6 complex (Fig-
ure 4B). Assembly of the 48-kDa Atp9-containing complex
was observed in the Aoxal mitochondria, indicating the
ability of Atp9 to oligomerize in the absence of Oxal, a result
consistent with the previously described gel filtration anal-
ysis. In contrast however, to the wild-type control mitochon-
dria, formation of the 54-kDa complex was perturbed in the
absence of Oxal, because a significant decrease in the
amount of the 54-kDa product relative to the 48-kDa com-
plex was observed (Figure 4B).

In summary these data support the conclusion that the
oligomerization of newly synthesized Atp9 protein may oc-

expressed Oxaly;, (200 pg protein) or histidine-tagged Atpf
(AtpBiyie 50 ng protein) were solubilized with buffer containing 1%
Triton X-100 as indicated and incubated with Ni-NTA beads. The
Ni-NTA-purified material was analyzed by SDS-PAGE and silver
staining. (E) Mitochondria harboring Oxaly;, were solubilized with
buffer containing 1% Triton X-100 in the absence or presence of
oligomycin (10 pug/ml) as indicated. Samples were further analyzed
as described in A. (F) In organello translation was performed in
Oxaly;, containing mitochondria in the presence of CCCP (100 uM),
oligomycin (10 ug/ml +oligo), valinomycin (0.5 uM, +Val), or eth-
anol (+EtOH) as a control, for 30 min at 25°C. After the addition of cold
methionine, mitochondria were reisolated and subjected to SDS-PAGE
and autoradiography. The position of the radiolabeled Atp9-Oxalyy,
SDS-resistant complex is indicated. The asterisks (** and *) in A, C, and
D indicate the positions of Oxaly;, and a C-terminal degradation
product of Oxalyy,, respectively.
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cur in the absence of Oxal, but its further assembly into a
F,-sector, a step that involves its interaction with the Atp6
protein, is perturbed in the Aoxal mitochondria.

Oxal Copurifies with Components of the F,F,-ATP
Synthase

Given that Oxal associates with newly synthesized Atp9 in
a posttranslational manner, we investigated whether the
Oxal complex was also associated with the pre-existing
assembled ATP synthase complex in mitochondria (Figure
5). To do so, we used the derivative of Oxal bearing a
C-terminal histidine tag (Oxalyy,) expressed in the Aoxal
strain and performed affinity purification of the Oxalyy;, and
its associating proteins, using metal chelating chromatogra-
phy. Mitochondria harboring the Oxaly;, derivative were
lysed with Triton X-100, and the Oxaly;, protein was puri-
fied on Ni-NTA agarose beads. Oxalyy;, and copurifying
proteins were analyzed by SDS-PAGE followed by silver
staining (Figure 5A). In addition to Oxaly;, (38 kDa), a
number of other polypeptides were observed to copurify
with Oxalyy;,. We verified the identity of these Oxal-associ-
ating proteins as subunits of the ATP synthase complex by
either MALDI-TOF analysis (Atpa and Atpf subunits) or
through Western blot analysis using subunit specific anti-
sera (Atpa, AtpB, Atp4, Atp5, Atp6, and Atp9 and subunits
f, j, and d; Figure 5B, Su f, Su j and Su d). The recovery of
these ATP synthase subunits on the Ni-NTA agarose beads
was specific for the presence of the His-tagged version of the
protein, because they were not recovered when mitochon-
dria bearing the nontagged version of Oxal were used as a
control (Figure 5B). Furthermore, the recovery of the ATP
synthase subunits on the beads appeared to be due to their
specific association with Oxaly;,, because when mitochon-
drial lysis and purification was performed using the more
stringent detergent SDS, only Oxalyy;, was recovered on the
beads (Figure 5A).

Western blotting of both the Ni-NTA purified and un-
bound material indicated that the recovery of Oxaly;, on the
beads was complete (Figure 5C). Approximately 5% of the
Atp5 protein was recovered with Oxaly;, on the Ni-NTA
beads, thus giving an indication of the level of ATP synthase
complexes that can be found in association with Oxal under
these purification conditions (Figure 5C). Our findings here
suggest that the ATP synthase complex purified together
with Oxaly;, may represent an assembled F,F -complex.
Analysis of the electrophoretic profile of the subunits, which
copurified with Oxaly;,, was similar to that of the ATP
synthase complex purified in parallel under the same Triton
X-100 lysis conditions by using the His-tagged version of the
B-subunit of the F,-sector (Mueller et al., 2004; Figure 5D),
suggesting that an intact or very late assembly intermediate
of the ATP synthase complex was associated with Oxal.

The recovery of the ATP synthase components with the
Oxalyy;, was affected by the presence of the F,F -ATP syn-
thase specific inhibitor, oligomycin. When mitochondria
harboring the Oxaly;, derivative were incubated with oli-
gomycin before lysis and Ni-NTA agarose chromatography,
the ATP synthase subunits failed to copurify with the
Oxalyy, protein (Figure 5E). The recovery of the Oxalyy,
protein itself on the Ni-NTA beads was not affected by the
oligomycin (Figure 5E). As mentioned earlier, oligomycin
binds to a hydrophobic region of Atp9 that interfaces with
Atp6 and by doing so blocks the transfer of H* ions between
these proteins. Thus the binding of oligomycin may interfere
with the ability of Atp9 to bind in a stable manner with the
Oxal protein. As shown previously (Figure 4B), oligomycin
also appears to affect the ability of newly synthesized Atp9
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and Atp6 proteins to assemble together in a stable manner.
Pretreatment of mitochondria with carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP) before detergent lysis and Ni-
NTA purification, did not adversely affect the ability of the
Oxal protein to remain in association with the ATP synthase
complex (results not shown). CCCP is a potent dissipater of
the proton motive force and hence indirectly inhibits the
F,F,-ATP synthase, because of the lack of an available pH
gradient to drive the forward ATP synthesis reaction. We
therefore consider it likely that the ATP synthase—specific
inhibitor oligomycin interferes with the F_-sector-Oxal in-
terface directly, rather than indirectly through an inhibition
of the ATP synthesis activity of the F,F_ -complex. In support
of this conclusion, formation of the previously described
SDS-resistant complex between Oxal and newly synthe-
sized radiolabeled Atp9 was also adversely affected when
the in organello translation reaction was performed in the
presence of oligomycin (Figure 5F). Formation of the Atp9-
Oxal complex was not affected when translation was per-
formed in the presence of CCCP or valinomycin (dissipates
the Ay aspect of proton motive force; Figure 5F). These
results support the conclusion that oligomycin acts directly
on the Atp9-Oxal interface to disrupt this interaction and is
not acting indirectly through modulation of the electrochem-
ical gradient and hence the activity of the ATP synthase
enzyme.

In summary, we demonstrate that Oxal can physically
interact with the assembled ATP synthase complex in a
specific manner. Furthermore, association of Oxal with the
ATP synthase appears to involve binding at the Atp9 inter-
face because, like the newly synthesized Atp9-Oxal interac-
tion, it is perturbed by the presence of oligomycin. It is
important to note that there are multiple copies of Atp9
subunit and only one Atp6 subunit per F_-sector. It is there-
fore conceivable that in a given F_-sector Atp9-Oxal and
Atp9-Atp6 interactions may occur, and this may explain
why Atpé6 is copurified with the other ATP synthase sub-
units bound to the Oxaly;, protein

Association of Oxal with Newly Synthesized Atp9 Can
Occur before It Assembles into an F,F,-ATP Synthase
Complex

Given that Oxal can associate with the assembled ATP
synthase complex, we next addressed whether the observed
association between the newly synthesized Atp9 and the
Oxal protein was possibly due to its prior assembly into an
assembled F,F_-ATP synthase complex or whether Atp9’s
association with Oxal occurs before the complete assembly
of Atp9. We therefore compared the amount of newly syn-
thesized Atp9, which can be found in association with
Oxalyy; with that associated with the F;-ATP synthase com-
plex, using mitochondria harboring the Atppy;, derivative
(Figure 6). Association of radiolabeled Atp9 with the
AtpByy;, protein would be observed if the in organello syn-
thesized Atp9 protein can assemble with the F,-sector after
synthesis in isolated mitochondria.

In organello translation in the presence of [**SJmethionine
was performed in mitochondria bearing the Oxaly;, protein
or AtpByy;, protein and after translation, mitochondria were
lysed in buffer containing Triton X-100 (detergent conditions
that maintain the assembled F,F-ATP synthase complex
intact) and the solubilized proteins were subjected to Ni-
NTA chromatography. When translation was performed in
the mitochondria bearing the Oxalyy;, derivative, both the
SDS-resistant Oxalyy;-Atp9 72-kDa complex and mono-
meric Atp9 were recovered on the Ni-NTA beads, as previ-
ously described (Figure 6, right panels). The level of newly
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Figure 6. Oxal interacts with Atp9 before its assembly into an
F,F,-ATP synthase complex. In organello translation in the presence
of [¥S]methionine was performed in mitochondria bearing overex-
pressed Oxal or Oxaly;, (Oxal or Oxaly) or in mitochondria
harboring a histidine-tagged AtpB subunit (AtpByy;,), as indicated.
After a chase reaction as described in Figure 2, the mitochondria
were reisolated and lysed in Triton X-100 containing buffer and
subjected to Ni-NTA chromatography, as described in Figure 5D.
The Ni-NTA bound material (indicated by B) and a sample corre-
sponding to 10% of the total material applied to the Ni-NTA beads
were analyzed by SDS-PAGE, Western blotting, and autoradiogra-
phy (right panels, indicated by *°S), followed by immunedecoration
with Atp9 and Atp6 specific antisera (a-Atp9 and a-Atp6, respec-
tively; left panel). The electrophoretic positions of Atp6, Atp8, and
monomeric Atp9 are indicated. The position of the 72-kDa Oxal-
Atp9 SDS-resistant oligomer is indicated by an asterisk (*).

synthesized Atp9 found in association with the AtpBiy;,
protein, however, was significantly lower than that observed
together with the Oxaly;, protein (Figure 6, right panels),
indicating that the majority of the radiolabeled Atp9 puri-
fied with Oxal;y;, had not been assembled into an F,F_-ATP
synthase complex. On the other hand, immunedecoration
with Atp9-specific antiserum showed that significantly more
of the endogenous (i.e., pre-existing/assembled) Atp9 was
recovered with the purified AtpByy;, protein, than with the
Oxalyy;, protein (Figure 6, left panel). A similar observation
was made also for the preexisting Atp6 protein (Figure 6, left
panel). The recovery of the Atp9 and Atp6 proteins with the
AtpByy;s protein further confirms the ability of this protein to
affinity-purify the assembled ATP synthase complex, as was
previously indicated in Figure 5D. It is important also to
note here that the radiolabeled Atp9 protein affinity-purified
with AtpByy;, and Oxaly;, comigrated with the immuned-
ecorated endogenous Atp9 protein using a gel system where
Atp9 can be resolved from Atp8, thus providing further
verification for the identity of the radiolabeled Atp9 protein
associated with Oxal. Finally, the recovery of both newly
synthesized and pre-existing Atp9 on the Ni-NTA beads
was specific for the presence of the histidine-tagged Oxal or
Atpp derivatives, because no Atp9 was recovered on the
beads when control mitochondria bearing nontagged ver-
sions of these proteins was analyzed in parallel (Figure 6).
Thus comparing the efficiencies of recovery of the radiola-
beled versus endogenous Atp9 proteins with the Oxalyy;, and
AtpPyy;, proteins, we conclude that the majority of the radio-

Vol. 18, May 2007

Oxal Facilitates the Assembly of Atp9

oy 05
. S . &
SN P N
F o S P S
JAtp8
35g R ‘““.Atpg
B Total
&
B . 0
’b\ '2;\% \V
o oF
“ FOxalye

e | Oxa 1483,

. A5

o | AtDB

«Atp9

Figure 7. The C-terminal region of Oxal is not required for the
Atp9-Oxal interaction. (A and B) Mitochondria were isolated from
yeast strains expressing Oxal, Oxaly;,, or OxalA83yy;, derivatives
under control of the GAL10 promoter. (A) In organello translation
in the presence of [**S]methionine was performed in the mitochon-
dria, and samples were further analyzed as described in Figure 6.
(B) Immunoblotting of Atp5 was performed, in addition to Atp6 and
Atp9, and the presence of Oxaly;, and OxalA83y;, on the Ni-NTA
beads were detected using an Oxal antibody specific for the N-
terminal region of Oxal.

labeled Atp9 protein associated with Oxaly;, is not assembled
in to a F,F,-ATP synthase complex. Rather, a significant frac-
tion of the purified radiolabeled Atp9 protein represents an
intermediate on the assembly pathway, which accumulates
with Oxal after synthesis in isolated mitochondria.

Newly Synthesized Atp9 Can Associate with
C-Terminally Truncated Oxal

Finally, we investigated whether the C-terminal matrix lo-
cated region of Oxal is required for the interaction of Oxal
with newly synthesized Atp9 or with the endogenous ATP
synthase subunits. In organello translation was performed
in mitochondria carrying expressed C-terminally His-tagged
83 amino acids truncated Oxal (OxalA83;,). After transla-
tion, the mitochondria were solubilized by Triton X-100
containing buffer and subjected to Ni-NTA affinity purifica-
tion (Figure 7). Both newly synthesized and endogenous
Atp9 could be purified on the Ni-NTA beads together with
OxalA83,y;, (Figure 7, A and B). In addition, immunedeco-
ration with Atp5 and Atp6 antisera indicated the ability of
other ATP synthase subunits to copurify with the OxalA83y;
protein. Thus, as was observed with the full-length Oxalj;,
derivative, the ATP synthase can be purified together with
the C-terminally truncated OxalA83,y;, derivative. The effi-
ciency of purification of ATP synthase subunits appeared to
be lower with the OxalA83,;,, derivative than with the full-
length Oxalyy;, protein. However, immunedecoration of the
Ni-NTA purified material with an N-terminal specific Oxal
antiserum indicated that the levels of OxalA83,;;, recovered
on the beads was drastically lower than that of the full-length
Oxaly;, protein (Figure 7B). Immunedecoration of total mito-
chondrial protein with the N-terminal Oxal antiserum indi-
cated that the overall steady state levels of OxalA83;, were
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strongly reduced relative to Oxaly;, and this accounts for the
reduced level of OxalA83,y;,, which was recovered quantita-
tively, on the Ni-NTA beads (results not shown). Thus we
conclude the reduced level of radiolabeled and assembled
Atp9 recovered with the OxalA83,y;, derivative reflects the
lowered levels of OxalA83y;, present in the mitochondria,
rather than an impaired affinity of the C-terminally trun-
cated Oxal for the Atp9 protein. It would appear therefore
that the addition of the C-terminal histidine tag affected the
stability of the OxalA83;, derivative, because previous
studies have shown that the levels of the OxalA83 protein,
i.e.,, nontagged, can be comparable to the authentic Oxal
protein (Jia et al., 2003; Szyrach et al., 2003).

Taken together, we conclude that the C-terminal region of
Oxal is not required for the observed association between
Oxal and the newly synthesized Atp9 or the endogenous
ATP synthase components.

DISCUSSION

We report here that Oxal associates with and supports the
assembly of the F,F_,-ATP synthase complex in yeast mito-
chondria. In the absence of Oxal, a strong decrease in the
levels of F,F,-ATPase enzyme activity was observed, and
this decrease corresponds to a reduction in the overall pro-
tein levels of the assembled F,F_-ATP synthase complex.
The severely reduced levels of F,F -ATP synthase complex
observed in the Aoxal mitochondria appear to be directly
due to the absence of Oxal and are not due to an indirect
consequence of the absence of the assembled COX complex
in these mitochondria.

It is important to note, however, that although strongly
reduced in levels, assembled and enzymatically functional
ATP synthase complexes can still be detected in the Aoxal
mitochondria, suggesting that a low level of Oxal-indepen-
dent ATP synthase assembly can occur. This is in contrast to
the COX complex where an essential role for Oxal in facil-
itating the insertion of mitochondrially encoded subunits,
Cox1 and Cox2, is well documented. Our findings here,
however, do not support a role for the Oxal-related protein,
Cox18, in the assembly of the ATP synthase complex, even
in the absence of Oxal. We conclude therefore that although
the presence of Oxal is important for the biogenesis of the
F,F,-ATP synthase complex, it is clearly not essential and
that level of Oxal-, Cox18-independent assembly of this
complex can occur. Cox18 has been proposed to play a role
in the posttranslational insertion of the C-terminal region of
Cox2, which becomes inserted into the membrane with two
transmembrane segments (TMs) to attain a N,-C,,,, orien-
tation. Translocation of the C-terminal domain of Cox2
(~150 residues) to the intermembrane space ensues in a
posttranslational manner. Atp9 also contains two TM seg-
ments and attains a N,,,,,-C,,,, membrane topology similar to
that of Cox2 (but does not contain an extended hydrophilic
intermembrane space exposed C-terminal tail) but clearly
does not depend on Cox18 for its insertion of assembly
events. We conclude therefore that Cox18 does not represent
a common posttranslational translocase for all mitochondri-
ally encoded proteins.

We demonstrate here that Oxal can directly associate with
the newly synthesized Atp9 protein before its assembly into
an intact F,F -ATP synthase complex. Furthermore, the ob-
served interaction of Atp9 with Oxal does not require the
matrix-localized C-terminal, basic tail of Oxal, a region of
the protein that is limited to the Oxal-family members, i.e.,
not conserved among the Cox18/Oxa2 proteins. Thus the
presence of the C-terminal tail region of Oxal does not
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account for the reason that Oxal, but not Cox18, is required
for the assembly of Atp9 into the ATP synthase complex, but
rather may reflect some sequence specific differences in their
transmembrane segments or N-terminal regions. It is impor-
tant to note that the observed physical association of Oxal
with newly synthesized Atp9 in a posttranslational manner
is in marked contrast to that previously observed for Oxal
and its COX subunit substrates, the Cox1, Cox2, and Cox3
subunits, which transiently interact with Oxal and only in a
cotranslational manner. After completion of synthesis, the
full-length, membrane-inserted COX subunits do not remain
in association with Oxal. It has been previously suggested
that proteins that coordinate events downstream of mem-
brane insertion, i.e., the subsequent assembly of membrane-
inserted polypeptides, are more likely to bind to these pro-
teins in a posttranslational and stable manner (Tzagoloff et
al., 2004). Binding of assembly proteins or chaperones to
substrate proteins in this manner is argued to maintain the
competence of their substrates for subsequent assembly
events. We propose therefore that the observed posttransla-
tional and stable association between Atp9 and Oxal indi-
cates a postmembrane insertion role for Oxal in the assem-
bly of Atp9 into the F-sector.

Consistently, the results presented here demonstrate the
ability of Atp9 to assemble into its oligomeric form and to
associate with F;-sector subunits in the absence of Oxal.
Indeed the size exclusion chromatography experiments
demonstrate that the Atp9-F;-subcomplex present in the
Aoxal mitochondria is similar to those in the Aatp10 strain, a
mutant reported to be defective in the step of integration of
the Atp6 protein into late Atp9-F,-assembly intermediates
(Tzagoloff et al., 2004). Taken together these data support a
model where the activity of Oxal is required downstream of
the translation and membrane insertion events for the mito-
chondrially encoded Atp9 subunit. The involvement of Oxal
in the assembly of the mitochondrial F,F -ATP synthase
complex may differ therefore from that reported for the
YidC (the prokaryotic homolog of Oxal) and the bacterial
ATP synthase complex. Current evidence supports a role of
YidC in the membrane insertion step of ATP synthase sub-
unit ¢ (the prokaryotic equivalent of Atp9; van Bloois ef al.,
2004; van der Laan et al., 2005; Kol et al., 2006). On the basis
of the demonstrated posttranslational interaction between
newly synthesized Atp9 and Oxal and the ability of Atp9 to
assemble into the Atp9-F, subcomplex in the absence of
Oxal, we propose that the mitochondrial Oxal acts in a
postmembrane insertion step for Atp9. Furthermore, from
the data presented it appears that the assembly of Atp6 into the
accumulated Atp9-F,-subcomplex represents the step that is
adversely affected in the Aoxal mitochondria.

By interacting with the newly synthesized Atp9 oligomer
in a posttranslational manner, Oxal may serve to maintain
the Atp9 oligomer in a “competent state” to coassemble with
the Atp10-chaperoned Atp6 protein. Thus in the absence of
either Oxal or AtplQ, the efficient assembly of the Atp6-
Atp9 containing F,F -sector, would be hindered, due to a
lack of Atp9- or Atp6-specific chaperones, respectively. Al-
ternatively, it is possible that in the absence of Oxal, the
problem may lie at the level of the newly synthesized Atp6
protein, for example, that it fails to become efficiently in-
serted into the inner membrane and hence does not associ-
ated with, an otherwise competent Atp9 oligomer. Available
data, however, would favor that insertion of Atp6 is not
severely blocked when the translocase activity of Oxal is
compromised. The insertion of newly synthesized Atp6 was
only partially affected (decreased by ~35%, relative to wild
type) in the pet ts1402 oxal mutant mitochondria, conditions
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where the translocase activity of Oxal was severely affected,
as judged by inhibition of Cox2 insertion (which was ~95%
inhibited; Hell et al., 2001). For these reason we favor a role
for Oxal in the assembly of the F_-sector of the ATP syn-
thase is related to its ability to associate with Atp9 in a
posttranslational manner. We propose that features of Oxal
distinct from those required for its translocation activity of
the COX subunits, are necessary to chaperone the newly
synthesized Atp9 protein and by doing so support its coas-
sembly with Atp6.

A dichotomy in Oxal’s functions therefore appears to
exist, whereby the translocase activity of Oxal required for
the COX subunits, is distinct from another function of Oxal
that is required in the assembly of Atp9 into the F,F_-ATP
synthase complex. In support of this proposal, an oxal mu-
tant, bearing a mutation in the first TM region of Oxal has
been reported to significantly affect cytochrome oxidase for-
mation, whereas the assembly of the ATP synthase complex
was relatively unaffected (Lemaire ef al., 2004). Indeed other
oxal mutants, which bear mutations within the intermem-
brane space exposed loop region between the second and
third transmembrane segments of the Oxal protein, also
display a strong reduction in COX levels and yet have
normal assembly levels of the F,F_-ATP synthase complex
(Bushman and Stuart, unpublished results). Taking this to-
gether with the data reported here, we argue that the trans-
locase activity of Oxal is not directly required for the F_-
sector subunits of the mitochondrial ATP synthase complex.

We report here also that a subpopulation of the ATP
synthase complex can be copurified with a C-terminal His-
tagged Oxal protein. The subunit profile of the ATP syn-
thase complex which was found in association with Oxaly;,
was very similar to that affinity purified directly using a
His-tagged AtpB subunit. These findings suggest that an
almost- or completely assembled ATP synthase complex can
exist in physical association with the Oxal protein. The
binding of Oxal to the ATP synthase complex most likely
involves the F_-sector and more specifically occurs at the
Atp9 interface, because the copurification of these com-
plexes was sensitive to pretreatment of the mitochondria
with oligomycin before the detergent lysis step. The ob-
served coassociation of ATP synthase with the Oxalyy,,
however, was not artificially caused by the elevated levels of
the Oxal derivative in these mitochondria (expressed under
the control of GAL10 promoter and hence levels of Oxal
were ~50 times greater than endogenous levels; results not
shown). A similar copurification of F,F -subunits was also
observed when the Oxaly;, derivative was expressed at
endogenous levels under control to Oxal’s own promoter
region. Under these conditions, significantly lower levels of
ATP synthase subunits were, however, recovered with
Oxalyy; on the Ni-NTA beads, but these levels paralleled the
lower content of the Oxaly;, protein in the sample (result
not shown).

Why does Oxal associate with the ATP synthase complex
and does this interaction have any bearing on the role of
Oxal in the biogenesis of the ATP synthase complex? The
ability of Oxal to bind to the assembled ATP synthase
complex, most likely reflects the innate ability of Oxal to
interact with the Atp9 protein. Common features of the
newly synthesized Atp9 protein and the oligomeric Atp9
assembled in the F,F_-ATP synthase, appears to support the
observed Oxal associations, because both interactions are
sensitive to the pretreatment with oligomycin. The ability of
the ATP synthase to physically interact with another inner
membrane protein complex is not unique to Oxal. It has
been previously described that the F,F_-ATP synthase com-
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plex can be found with the Mdll protein, an ATP-binding
cassette transporter (ABC) protein, involved in peptide ex-
port across the inner membrane (Galluhn and Langer, 2004).
We did not observe association of Mdll with the Oxaly;,
protein under the lysis conditions used in this study (results
not shown).

It is presently unclear from our studies whether the ob-
served association between these complexes is for the benefit
of Oxal or of the ATP synthase complex (or possibly even
for their mutual benefit). The Oxal-ATP synthase associa-
tion may be to support the activity of Oxal, either directly in
a bioenergetic manner or indirectly to regulate the activity of
Oxal as a translocase for the COX subunits, possibly to
maintain a balance between the biogenesis levels of COX
and ATP synthase complexes. It is equally plausible that the
Oxal-ATP synthase association serves to benefit the ATP
synthase complex during its final steps of assembly. The
association of Oxal with the Atp9 may interfere with the H*
pumping activity of the complex, because the oligomycin
sensitivity of binding may indicate that Oxal binds at the
interface of the Atp6/Atp9 proteins. The stable association
of Oxal with the F_-sector in this manner may ensure that
the ATP synthase complex remains inactive (i.e., not leaky to
H™* transfer, which may dissipate of the membrane poten-
tial) until the complete assembly of a tightly coupled F,F,-
ATP synthase complex is achieved. At any given time there-
fore, a small percentage of mitochondrial ATP synthase
complexes, completing their assembly may be found in as-
sociation with Oxal, their assembly chaperone.

In summary, we demonstrate here an important role for
Oxal, but not Cox18, in the assembly of the F,F_-ATP syn-
thase complex. Oxal directly interacts with Atp9 after its
translation in mitochondria, and we propose that this inter-
action with Oxal is necessary to chaperone Atp9 and ensure
the efficient and correct assembly into an active and coupled
F,F,-ATP synthase complex. Further experiments to inves-
tigate the molecular basis for the physiological relevance of
the observed Oxal-ATP synthase association are currently
underway in our laboratory.
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