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ABSTRACT: The involvement of the b-subunit, subunit 4 in yeast, a component of the peripheral stalk of
the ATP synthase, in the dimerization/oligomerization process of this enzyme was investigated. Increasing
deletions were introduced by site-directed mutagenesis in the loop located in the mitochondrial
intermembrane space and linking the two transmembrane (TM) segments of subunit 4. The resulting
strains were still able to grow on nonfermentable media, but defects were observed in ATP synthase
dimerization/oligomerization along with concomitant mitochondrial morphology alterations. Surprisingly,
such defects, already depicted in the absence of the so-called dimer-specific subunits e and g, were found
in a mutant harboring a full amount of subunit g associated to the monomeric form of the ATP synthase.
Deletion of the intermembrane space loop of subunit 4 modified the profile of cross-linking products
involving cysteine residues belonging to subunits 4, g, 6, and e. This suggests that this loop of subunit 4
participates in the organization of surrounding hydrophobic membranous components (including the two
TM domains of subunit 4) and thus is involved in the stability of supramolecular species of yeast ATP

synthase in the mitochondrial membrane.

The F,F,-ATP synthase is a molecular rotary motor that
is responsible for aerobic synthesis of ATP. It exhibits a
headpiece (catalytic sector), a base piece (membrane sector),
and two connecting stalks. The F; sector is a water-soluble
unit retaining the ability to hydrolyze ATP when in soluble
form. F, is embedded in the membrane and is mainly
composed of hydrophobic subunits forming a specific proton-
conducting pathway. When the F; and F, sectors are coupled,
the enzyme functions as a reversible H'-transporting ATPase
or ATP synthase (/-4). The two connecting stalks are
constituted of components from F, and F,. The central stalk
is a part of the rotor of the enzyme. The second stalk (also
called the peripheral stalk), which is part of the stator,
connects F; and hydrophobic membranous components of
the enzyme via a thin region which has been recently
crystallized (5). High-resolution X-ray crystallographic data
have led to solving the structure of F;, from different
species (6-9). In addition, Stock et al. (/0) reported the 3.9
A resolution X-ray diffraction structure of the Saccharomyces
cerevisiae F, associated with a c¢jo-ring oligomer.

As shown in detergent extracts, using native gels, for a
large range of species including yeast, mammalian, and
plants, mitochondrial F,F;-ATP synthases adopt oligomeric

 This work was supported by grants from the CNRS [ACI Biologie
cellulaire, moléculaire et structurale (BCMS) and UMRS5095], Univer-
sité Victor Segalen Bordeaux 2, and the Conseil Régional d’ Aquitaine.
T.W. held a research grant from the Ministere de la Recherche et la
Technologie.

* To whom correspondence should be addressed. Tel: 33 5 56999001.
Fax: 33 5 56999010. E-mail: jean.velours@ibgc.u-bordeaux2.fr.

* Present address: Laboratoire de Bioénergétique Fondamentale et
Appliquée, Université Joseph Fourier Grenoble 1, INSERM U-884, BP
53, 38041 Grenoble Cedex 9, France.

10.1021/bi702000g CCC: $40.75

structures (//—13). Moreover, low-resolution structural data
obtained from single particle electron microscopy analyses
are available for dimeric forms in detergent extracts (/4—16).
On the other hand, association of ATP synthase monomers
in the mitochondrial membrane has been reported on the
basis of chemical (/7, 18) and in vivo (19) cross-linking
experiments. Recently, atomic force microscopy experiments
have revealed the oligomeric state of the enzyme in the yeast
inner mitochondrial membrane (20).

Ten different subunits compose the mitochondrial F, (117,
21-23) among which only three are present in the bacterial
and chloroplastic enzyme. Among the seven additional
subunits not present in bacterial and chloroplast ATP
synthases, two small hydrophobic proteins, subunits ¢ and
g, are not involved in ATP synthesis function but rather in
the dimerization/oligomerization of the mitochondrial ATP
synthase (17, 24). Indeed, the absence of subunits e and g
dramatically decreases the stability of ATP synthase as
shown by BN-PAGE experiments. Recent data based on
cross-linking studies and FRET experiments led to the
conclusion that subunits e and g stabilize the ATP syn-
thase dimers in detergent extracts and participate in the
enzyme oligomerization in association with components of
the peripheral stalk (25, 26). The evidence that two peripheral
stalks of dimeric ATP synthases are in close proximity was
also recently brought by electron microscopy experiments
and single particle analyses of ATP synthase dimers from
several sources (/4—16). It has been proposed that such a
proximity could drive the inhibitory activity of the peptide
IF;. Involvement of this peptide in dimerization process of
ATP synthases has been observed for the mammalian but
not for the yeast enzyme (27, 28).
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Early electron microscopy observations led to the proposal
of a role for ATP synthase oligomerization in the morpho-
genesis of the inner mitochondrial membrane (29, 30).
Surprisingly, yeast mitochondria devoid of either subunit e
or subunit g were found to harbor numerous digitations with
mitochondrial cristae appearing as elongated sheets and
“onion-like structures” (24, 31). Furthermore, in vivo cross-
linking of oligomeric ATP synthases using a subunit
y-DsRed fusion protein has led to a similar abnormal cristae
topology (/9). These observations, arguing for a physiologi-
cal role of ATP synthase oligomerization in the biogenesis
and/or maintenance of cristae morphology, are sustained by
structural analyses of dimeric ATP synthases. Indeed, in
detergent extracts, electron microscopy showed that the axes
of two monomers of dimeric species of ATP synthases form
an angle (/4-16). This relates these supramolecular structures
to the bending of the inner membrane in mitochondrial
cristae.

The present work is focused on the involvement of the
b-subunit (subunit 4 in yeast), which is a main component
of the peripheral stalk, in the dimerization/oligomerization
of the ATP synthase. Previous data have determined that in
a yeast strain devoid of the subunit 4 N-terminal part, which
contains the first transmembrane segment (TM1),' subunit
g is absent, and the ATP synthase is still functional but does
not dimerize or oligomerize (32). On the basis of the absence
of subunit g in this mutant and on cross-linking experiments,
it was hypothesized that the TM1 of the mitochondrial
b-subunit could interact with subunit g. The purpose of the
present paper was to introduce alterations in the vicinity of
TM1 to modify this interaction with subunit g. In the context
of increasing deletions in the loop linking the two membrane-
spanning segments of subunit 4 (b), we report a decrease in
the ATP synthase oligomer amount in detergent extracts
whereas subunit g was still associated to the enzyme and
modifications of the environment of some residues in
subunits 4, g, 6, and e. These defects are correlated with a
lamellarization of mitochondrial cristae.

EXPERIMENTAL PROCEDURES

Materials. Digitonin from Sigma was recrystallized as in
ref 33. Oligonucleotides were purchased from MWG-
BIOTECH. All other reagents were of reagent grade quality.

Yeast Strain Mutagenesis. The ATP4 gene cloned in the
low copy shuttle vector pRS313 was the target for a PCR-
based mutagenesis (34). When necessary, two rounds of
mutagenesis led to the twice mutated ATP4 gene, harboring
a deleted and substituted sequence. Mutations were verified
by sequencing. Plasmids were used to transform the S.
cerevisiae strain PVY10 (MATa, met6, ura3, his3, atp4::
URA3) derived from the D273-10B/A/H/U (MATa, met6,
ura3, his3) after deletion of the ATP4 gene (35). The control
PVY162 strain resulted from such a transformation using
pRS313 harboring the wild-type ATP4 gene. Mutant strains
were named after the deleted domain as illustrated in Figure
1. In the strain 4ATM1 the altered ATP4 gene was inserted
at its chromosomal locus (32).

! Abbreviations: CN-PAGE, clear-native polyacrylamide gel elec-
trophoresis; SDS—PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis; NEM, N-ethylmaleimide; PMSF, phenylmethanesulfo-
nyl fluoride; TM, transmembrane.
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FIGURE 1: Primary structures of wild-type and mutant subunits 4.
Only the sequences containing the two transmembrane segments
TM1 and TM2 (gray portions) flanking the intermembrane space
loop 47-55 of subunit 4 are shown. The numbering of amino acid
residues is that of the wild-type sequence of yeast (wt). Key: C,
cysteine residue substituting the asparagine 25 in some strains; *,
most conserved amino acid positions.

Biochemical Procedures. Cells were grown aerobically at
28 °C in a complete liquid medium containing 2% lactate
as carbon source (36). The generation of petite mutants in
cultures was measured on glycerol plates supplemented with
0.1% glucose. Mitochondria were prepared from protoplasts
as previously described (37). Protein amounts were deter-
mined according to Lowry et al. (38) in the presence of 5%
SDS using bovine serum albumin as standard. ATP/O ratios
were determined as in ref 39. The ATPase activity with and
without oligomycin was measured at pH 8.4 in the presence
of 0.375% Triton X-100 to remove the endogenous IF)
inhibitor (40). For cross-linking experiments with CuCl,,
mitochondria were washed twice in 0.1 M mannitol and 50
mM HEPES, pH 7.0, suspended in the same buffer at a
protein concentration of 5 mg/mL, and incubated in the
presence or absence of 1 mM CuCl, for 30 min at 4 °C. In
control experiments, mitochondrial suspensions were incu-
bated in the same conditions with 5 mM NEM. The disulfide
bond formation by CuCl, was stopped by the addition of 5
mM EDTA and 5 mM NEM.

Electrophoretic and Western Blot Analyses. SDS gel
electrophoreses were done as described (41, 42) using a T%
= 12 in both cases (where 7% is the total percentage of
acrylamide and bisacrylamide prior to polymerization reac-
tion). Western blot analyses were conducted using nitrocel-
lulose membranes (Membrane Protean BA83, 0.2 yum, from
Schleicher & Schuell), and polyclonal antibodies against
subunits 4, e, g, i, and 6 were used as described previously
(43). Antibodies against subunit k were a gift from Dr.
Rosemary Stuart, Department of Biological Sciences, Mar-
quette University, Milwaukee, WI 53233. When necessary,
stripping of primary and secondary antibodies was carried
out by incubation of the membrane in 2% SDS, 0.1 M
[B-mercaptoethanol, and 62.5 mM Tris-HCI, pH 6.7, for 30
min at 50 °C, followed by a classical antibody hybridization
protocol. Peroxidase activity of secondary antibodies was
visualized by incubating the membrane for 1 min in 0.4 mM
coumaric acid, 2.5 mM luminol, 0.0165% (v/v) H,O,, and
0.1 M Tris-HCI, pH 8.5. Subunit g content was determined
by densitometry using the Gnome program on images
acquired with a CCD-based camera (Syngen). CN-PAGE
experiments were done as described in ref 44. Mitochondria
(0.5 mg of protein) were incubated for 30 min at 4 °C with
50 uL of digitonin dissolved in 150 mM potassium acetate,
2 mM aminocaproic acid, 15% glycerol, 1 mM PMSF, and
30 mM HEPES, pH 7.4 (adapted from ref /7), at the



3558 Biochemistry, Vol. 47, No. 11, 2008

Table 1: Phenotypic Analyses of Yeast Mutants®

ATPase activity

doubling petite umol of P; min~! % oligomycin

mutant  time (min) mutants (%) (mg of protein)~! sensitivity
PVY162 204 17 440 + 047 77
4A(52-55) 230 16 3.76 £ 0.10 65
4A(51-55) 230 18 291 +0.07 53
4A(50-55) 244 17 3.64 +0.10 66
4A(49-55) 221 16 3.954+0.09 49
4NA(47-55) 424 35 3.07 £0.16 8
4ATM1® 208 31 5.00 £ 0.10 56

“The control strain was the PVY162 strain. It was obtained from the
PVY10 strain (35) deleted in the ATP4 gene and complemented with
the low copy shuttle vector pRS313 harboring the wild-type ATP4 gene.
The conversion into petite mutants in cultures was measured on glycerol
plates supplemented with 0.1% glucose. Mitochondria were prepared
from protoplasts. Data of time generation are from typical experiments.
ATPase activities and the sensitivity to the F, inhibitor oligomycin (6
ug/mL) were measured at pH 8.4 in the presence of 0.375% Triton
X-100 (w/v) to remove the IF, inhibitor. * From ref 32.

indicated digitonin to protein ratios. The extracts were
centrifuged at 4 °C for 30 min at 24000g, and aliquots
containing 150 ug of protein were loaded onto a 3-13%
polyacrylamide slab gel. After electrophoresis the gel was
incubated in 5 mM ATP, 5 mM MgCl,, 0.05% lead acetate,
and 50 mM glycine—NaOH, pH 8.4, to reveal the ATPase
activity (45, 46). The white precipitate resulting from ATP
hydrolysis was removed in acidic medium, and the gel was
stained by Coomassie Brilliant Blue.

Ultrastructural Studies. Freezing and freeze substitution
of yeast cell pellets were carried out as previously described
(24). Grids were examined at 120 kV using a Philips Tecnai
12 Biotwin.

RESULTS

Mutant Cell Growth and ATPase Function. The topology
of subunit 4 (the bovine b-subunit) is conserved among the
mitochondrial b-subunits. It consists in a large matricial
C-terminal domain, two transmembrane domains (TM1 and
TM2) connected by a short loop in the intermembrane space,
and a small matricial N-terminal domain. The role of the
enlarged N-terminal domain, i.e., containing TM1, has been
studied previously (32). Here we focused on the loop linking
the two membrane-spanning segments of subunit 4. This loop
is predicted to stretch from residue 47 to residue 55 (using
TMpred server) and is localized in the intermembrane space
(47). Using site-directed mutagenesis, deletions of increasing
size were introduced to shorten the loop (Figure 1). Pheno-
typic analyses of yeast mutant strains and mitochondria are
presented in Table 1. 4A(47-55) was the only deletion for
which the generation time and the percentage of petite
mutants in liquid culture were significantly affected. The
generation of petite mutants is usually observed in strains
altered in ATP synthase subunits (48). The low oligomycin-
sensitive ATPase activity of 4A(47-55) mitochondria indi-
cates a strong alteration of the interaction between F; and
F, and/or of the oligomycin binding site. On the other hand,
shorter deletions did not significantly alter either the genera-
tion time or the mitochondrial ATPase activity. Indeed, the
ATP synthase activity of the strain 4A(49-55) was identical
to that of the wild type with ATP/O ratios of 0.96 and 0.97
for the wild-type and 4A(49-55) mitochondria, respectively.
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FIGURE 2: Behavior of subunits 4 and mitochondrial content in ATP
synthase subunit g in mutant mitochondria. Forty micrograms of
mitochondrial proteins of PVY162, 4A(52-55), 4A(51-55), 4A-
(50-55), 4A(49-55), and 4A(47-55) strains were dissociated and
submitted to electrophoresis according to Schigger and von Jagow
(42) (A and C) or Laemmli (4/) (B). The slab gels were transferred
to nitrocellulose, and the blots were incubated with polyclonal
antibodies raised against subunits 4 (A and B) and i and g (C).
PVY162 was the control strain. The percentage (%) of remaining
subunit g was corrected with the respective amounts of subunit i
in PVY162 and mutant mitochondria. sem: standard error of the
mean for four independent experiments.

As a control experiment strain 4ATM]1 harboring a subunit
4 devoid of its first 43 amino acid residues displayed a
generation time similar to that of the control strain and an
oligomycin-sensitive ATPase activity similar to that of the
deletion mutants but the 4A(47-55) strain.

Alteration of Subunit 4 and the Presence of the g-Subunit.
Two distinct SDS—PAGE systems were used to analyze
mutant subunits 4 in Western blot experiments (Figure 2).
The five shortened subunits 4 ran faster than the wild-type
subunit 4, to a similar relative molecular mass when using
Schédgger and von Jagow’s electrophoretic system (42)
(Figure 2A). In Laemmli’s SDS gel system (47) the relative
molecular masses of the mutated subunits 4 were clearly not
dependent on the length of the deletion since the subunit 4
harboring the smallest deletion [4A(52-55)] ran faster than
the subunit 4A(49-55) (Figure 2B). Most probably secondary
and/or tertiary structures of mutant subunits 4 were still
present and not abolished in Laemmli’s electrophoretic
system, which resulted in an alteration of their migration.
This intriguing point has not been further investigated. Since
an interaction has been proposed between subunits 4 and g,
Western blot analyses of solubilized mitochondria were
performed to look for the presence of subunit g (Figure 2C).
Using subunit i as reference, we measured a 50% decrease
in the amount of subunit g in 4A(47-55) mitochondria
whereas 4A(49-55) mitochondria did not display such a
decrease. We have previously reported that #ATM1 mito-
chondria, which harbor a subunit 4 devoid of its first 43
amino acid residues, are nearly fully devoid of subunit g
(32).

CN-PAGE Analyses of ATP Synthase Oligomerization.
CN-PAGE was performed to analyze supramolecular species
of wild-type and mutant ATP synthases (Figure 3). Oligo-



The Intermembrane Space Loop of the b-Subunit

VB D D D S
44@ é»e @,e @b qe & of?
ST W W [\

digitonin/

protein (g/g)

- F1Fo
oligomer

= F1Fo
dimer

= F1Fo
monomer

121212121212

- F1Fo
oligomer

= Fi1Fo
dimer

= Fi1Fo
monomer

FIGURE 3: Destabilization of the oligomeric forms of the ATP
synthase by alteration of subunit 4 loop 47-55 located in the
intermembrane space. Mitochondria (0.5 mg of protein) from the
indicated strains were incubated with 50 uL of a digitonin solution
at the indicated digitonin to protein ratios. After centrifugation,
aliquots of the each supernatant containing 150 ug of proteins were
loaded onto a 3-13% polyacrylamide slab gel. After CN-PAGE
analysis, the bands were revealed by ATPase activity assay (top
panel) and Coomassie Blue staining (lower panel). PVY162 was
the control strain.

meric and dimeric species of ATP synthase were observed
upon solubilization of yeast mitochondria with digitonin at
a detergent/protein ratio of 1 (g/g). When the ratio was
increased to 2 (g/g), the enzyme was dimeric and monomeric.
When analyzing ATP synthases altered in the subunit 4
intermembrane space loop, the larger the deletion was, the
less oligomeric and dimeric forms were observed in
the native gel (Figure 3). As estimated by the CN-PAGE,
the ATPase activity associated to intact ATP synthase was
reduced for the 4A(47-55) mitochondria. Such a decrease
was not found in the standard activity test (Table 1). This
discrepancy is interpreted by the different assay conditions
(in gel activity over hours after digitonin solubilization or
activity measurement over minutes in the presence of Triton
X-100) and the presence of altered F,F,-ATP synthase in
4A(47-55) mitochondria.

In CN-PAGE experiments, using detergent/protein ratios
of 2 (g/g), ATP synthase extracted from 4A(50-55),
4A(49-55), and 4A(47-55) mitochondria ran as exclusively
as monomers. This phenotype has been observed in the
mutated yeast strains Ag, Ae, and 4ATM1 and strains altered
in the GxxxG dimerization motifs of e- and g-subunits (11, 32,
49-51). In these mutant cells subunit g is recurrently absent
of mitochondria. We focused on the deletion 4A(49-55)
because it did not perturb the amount of subunit g whereas
the mutated ATP synthase was no more dimeric in native
gel experiments. Arnold et al. (/7) have shown that subunits
e, g, and k were specifically associated with the dimeric forms
of the F,F;-ATP synthase. To examine the behavior of these
subunits in the absence of ATP synthase dimerization, CN-
PAGE followed by SDS—PAGE analyses were carried out
on wild-type and 4A(49-55) mitochondrial digitonin extracts
(Figure 4). The blots were probed with antibodies raised
against subunits i, g, e, and k. We confirmed that subunits e,
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FIGURE 4: Subunits g, e, and k remain associated to the monomeric
form of the ATP synthase in the 4A(49-55) mutant. Mitochondria
(0.5 mg of protein) from wild type (A and C) or the 4A(49-55)
mutant (B and D) were incubated with 50 uL of a digitonin solution
at the detergent to protein ratio of 2 g/g. After centrifugation,
aliquots of the supernatant containing 150 ug of proteins were
analyzed by CN-PAGE. A lane was cut, incubated with SDS,
submitted to an SDS—PAGE, and analyzed by Western blot.
Polyclonal antibodies against subunits i and g were used to probe
the blots (A and B). In a second step, the blots were stripped and
probed again with antibodies against subunits 7, e, and k (C and
D).

g, and k were absent from the monomeric form of the wild-
type ATP synthase (Figure 4A,C) and showed that these
subunits were associated with the monomeric form of the
mutant enzyme in digitonin extracts (Figure 4B,D). A similar
experiment with a BN-PAGE as the first dimension showed
a partial dissociation of subunits g and e from the monomeric
mutant ATP synthase, running in the front of the native gel
(not shown). This observation reminds the destabilizing effect
of the Coomassie Brilliant Blue G250 on oligomeric ATP
synthases (/2). We conclude that mutating the loop of subunit
4 promotes a lack of dimerization of the ATP synthase that
is not linked to the absence of subunit g, nor to the release
of subunits e, g, or k from the complex after solubilization
by the detergent.

Cysteines 4N25C, gC75, 6C23, and eC28 as Targets of
Disulfide Bridge Formation. In a previous work we have
shown the proximity of subunits 4 and g since, after insertion
of a unique cysteine in subunit 4, it was possible to perform
a cross-link between the unique cysteine residue of subunit
g (C75) and either 4K7C or 4K14C by using N,N'-(1,2-
phenylene)dimaleimide (32). We show here that such a
heterodimerization also occurred by oxidation between
4N25C and gC75, thus confirming the proximity between
the two subunits. We took advantage of this result to
determine the neighboring of mutant subunits 4 (Figure 5).
Mitochondria (top panel) and Triton X-100 mitochondrial
extracts (lower panel) of strains bearing a cysteine residue
in position 25 of subunit 4 and deleted or not in the loop
47-55 were submitted to oxidation and analyzed by Western
blot. The 4 + g heterodimerization was clearly dramatically
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FIGURE 5: Loss of heterodimerization between subunits 4 and g
upon deletion in loop 47-55 of subunit 4. Mitochondria (top panel)
and mitochondrial Triton X-100 extracts (lower panel) of 4N25C,
4A(52-55)-N25C,4A(51-55)-N25C,4A(50-55)-N25C, and 4A(49-55)-
N25C strains (lanes 1, 2, 3, 4, and 5, respectively) were incubated
or not with 1 mM CuCl, at 4 °C for 30 min. The reaction was
stopped by addition of 5 mM EDTA and 5 mM NEM. Samples
(40 ug of protein) were dissociated with SDS, separated in
SDS—PAGE according to Schédgger and von Jagow (42), and
analyzed by Western blot. The blots were incubated with polyclonal
antibodies raised against either subunit 4 or subunit g. *, noniden-
tified cross-linked products.

decreased in mutant mitochondria, hence indicating an altered
face-to-face pairing between gC75 and 4N25C when the
intermembrane space loop of subunit 4 is altered. Additional
cross-links were observed. Among them, the oxidation-
dependent dimerization of subunit 4 in mitochondrial mem-
branes has been already depicted (24). More surprising was
the presence of a cross-linked product (4 + X) in Triton
X-100 mitochondrial extracts of all mutant strains. This
adduct was identified by two means as a 4 + 6 heterodimer.
First, the antibody raised against subunit 6 recognized a
cross-linked product that was strictly dependent on the
cysteine residue introduced in position 25 of subunit 4
(Figure 6A). Second, the same experiment was repeated, and
the gel slice was incubated with -mercaptoethanol to cleave
the disulfide bond generated by oxidation. The proteins were
separated in a second dimension and analyzed by Western
blot, with anti-4 and anti-6 antibodies (Figure 6B). The
experiment showed that spots corresponding to subunits 4
and 6 migrated from the same initial spot in the first
dimension, thus confirming the existence of a 4 + 6 cross-
link. In oxidized 4A(49-55)-N25C Triton X-100 extracts,
besides this 6 + 4 heterodimer, another cross-link product
involving subunit 6 was also revealed by anti-e antibody
(Figure 7). This e + 6 heterodimer involves the unique
cysteine residue of subunit 6 (6C23) and the unique residue
of subunit e (eC28), both located on the outer side of the
inner mitochondrial membrane. It indicates that the two
cysteine residues are closer in the 4A(49-55) Triton X-100
extract than in the wild type. Altogether, these data show
that deleting loop 47-55 modified the neighborhood of
residues 4N25C, gC75, 6C23, and e¢C28 (at least in the
detergent extract).

Mitochondrial Morphology. The involvement of ATP
synthase oligomerization in the mitochondrial morphology
has been largely documented (79, 24, 31, 32, 50-52). Using
transmission electron microscopy, mitochondria of wild-type
cells appear mainly as ovoid objects of 400—600 nm in
diameter. Mitochondria in 4A(52-55) (Figure 8A) and in
4A(51-55) strains (not shown) are identical to those of wild-
type cells. In these organelles, cristae are mainly found in
the vicinity of the peripheral inner mitochondrial membrane

Weimann et al.
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FIGURE 6: Involvement of 4N25C and 6C23 in a cross-link between
subunits 4 and 6. Mitochondrial Triton X-100 extracts of
4A(49-55) (lanes 1) and 4A(49-55)-N25C (lanes 2) strains were
incubated or not with 1 mM CuCl, as in Figure 5. Samples were
separated in SDS—PAGE according to Schigger and von Jagow
(42) and analyzed by Western blot with antibodies raised against
either subunit 4 or subunit 6 (A). A lane of the SDS slab gel
corresponding to the same experiment with A(49-55)-N25C
mitochondria after CuCl, oxidation was cut (first dimension),
incubated with -mercaptoethanol, and submitted to a second
dimension. The slab gel was transferred to nitrocellulose, and
the blot was incubated simultaneously with antibodies raised
against subunit 4 and against subunit 6 (B). The arrows indicate
the positions of subunits 4 and 6.
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FIGURE 7: Appearance of an e + 6 heterodimer upon deletion in
loop 47-55 of subunit 4. Mitochondrial Triton X-100 extracts of
4N25C (lanes 1) and A(49-55)-N25C (lanes 2) strains were
incubated or not with 1 mM CuCl,, and the Western blot experiment
was done as in Figure 5, with antibodies raised against either subunit
6 (left panel) or subunit e (right panel). *, nonidentified cross-linked
products.

and are heavily packed with a narrow intermembrane space
(Figure 8A). Transmission electron microscopy experiments
conducted on 4A(47-55) cells revealed a majority of
mitochondria with “onion-like” structure (Figure 8D). Oc-
currence of these structures may be correlated with the 50%
decrease in the amount of subunit g in 4A(47-55) mito-
chondria (Figure 2C), as previously reported (37). The
4A(49-55) and 4A(50-55) mutants were less affected but
displayed long inner membrane structures traversing elon-
gated organelles. In addition, the cristae were frequently
pinched (arrows in Figure 8B,C), and the intermembrane
space appeared larger than that of wild-type cristae.
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FIGURE 8: Transmission electron microscopy of yeast mutant cells:
4A(52-55) (A), 4A(50-55) (B), 4A(49-55) (C), and 4A(47-55)
(D). The bars indicate 200 nm. m = mitochondria. The black arrows
indicate spots where membranes of cristae are joined.

DISCUSSION

A recurrent point emerging from published data is that
the presence of both subunits e and g in mitochondria is
required to maintain the association of ATP synthases in
detergent extracts and is necessary for the maintenance of
the mitochondrial morphology (71, 24-26, 31). Subunit e is
indispensable for the correct assembly of subunit g in
mitochondria, and the rate of subunit g degradation is
increased in mutants lacking the coiled-coil domains of
subunit e (52). Similarly, in the strain 4ATM1 where the
whole N-terminal domain of subunit 4 (containing TM1) is
deleted, subunit g is nearly absent of mitochondria (32). On
the other hand, in Ag and 4ATM1 strains, subunit e is present
in normal amount (32, 53). These subunits seem to interact
with one another at the dimerization interface level of ATP
synthases since heterodimers e + g or g + 4 have been
obtained after cross-linking experiments (32, 49, 50). While
apparently present at the dimerization interface, subunit & is
not indispensable for dimer stability (/7). How these subunits
are arranged and participate in the dimerization interface is
a key issue for understanding the oligomerization phenom-
enon. Whereas previous studies reported an instability of
yeast ATP synthase oligomers associated with the loss
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of subunit g in mitochondria, here we show a full loss of
supramolecular structures of the ATP synthase occurring
while subunit g content in mitochondria is unaffected. While
the deletion through amino acid residues 49 and 55 has little
effect on ATP synthase function, the association between
monomers is dramatically altered at least in detergent
extracts, as shown by native gel electrophoresis. The instabil-
ity observed in detergent extract is not due to the release of
subunits g, e, or k from the F,F;-ATP synthase, as shown
by their association with monomeric ATP synthase in two-
dimensionnal CN/SDS—PAGE experiments. However, BN-
PAGE experiments show partial dissociation of subunits g,
e, or k when the 4-subunit loop is deleted (not shown). The
same behavior has been observed for subunit e when mutated
in its GxxxG motif (51).

To get further molecular details at the dimerization
interface, cross-linking experiments were conducted using
endogenous and/or inserted unique cysteine residues in
subunits 4, g, e, and 6. All of these components are
transmembranous proteins, located in the F, domain of ATP
synthase. In the wild-type enzyme, the concerned cysteine
residues are located close to or at the water—membrane
interface, in the mitochondrial matrix (residues 4N25C and
gC75) or in the intermembrane space (residues ¢C28 and
6C23) (22, 47, 50). We focused on the 4A(49-55) strain,
for which dimerization of ATP synthase is dramatically
altered while subunit g content in mitochondria is normal.
In this strain, modifications of the cross-linking profile were
observed: lack of cross-linking between positions 4N25C and
gC75, appearance of a cross-linking product between 4N25C
and 6C23, and another one involving 6C23 and eC28. The
4 + 6 heterodimer was only observed in detergent extracts
of mutant ATP synthases. This was striking because such
an adduct must involve one cysteine residue located in the
matrix space (4N25C) and the other one in the intermem-
brane space (6C23). The shortening of loop 47-55 presum-
ably leads to a knocking over of the subunit 4 N-terminal
domain (including the first membrane-spanning segment) on
the opposite side of the F; domain, but only in the digitonin
extract. This should explain the loss of supramolecular
species of the ATP synthase in native PAGE experiments.
Altogether, these results illustrate the importance of hydro-
philic loop 47-55 of subunit 4 for positioning its own
flanking TM domains (i.e., domains 4TM1 and/or 4TM2)
and/or other polypeptidic chains belonging to the F, domain.
The major contact site between two monomers in dimeric
ATP synthases from different species has been recurrently
identified as the F, part of the complex (/4—16). Furthermore,
the contribution of subunits e and g to the dimeric interface
relies on the conserved GxxxG motif found inside their TM
domain (49-51). We propose that the hydrophilic intermem-
brane space loop of subunit 4 is an indispensable motif for
the formation of a strong dimerization interface in the
hydrophobic core of the ATP synthase. In a previous paper
we have hypothesized that the first transmembrane segment
of subunit 4, TM1, could hold the interaction with subunit g
(32). In fact, large deletions inside TM1 [4A(25-30),
4A(31-36), and 4A(38-44)] did not fully destabilize the
supramolecular structures of the ATP synthase (unpublished
data). Compared with the full loss of dimeric ATP synthase
when deletions are introduced in the more hydrophilic loop,
this result indicates that TM1 is less important for the dimeric
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interface than the adjacent loop. This conclusion correlates
with the fact that the most conserved residues among the
b-subunits from different species are located in the hydro-
philic loop at positions 47, 51, and 55 [numbering of yeast
subunit 4 (Figure 1)] but not in the hydrophobic TM1.

Deletions in the intermembrane space loop of subunit 4
alters the mitochondrial morphology despite the presence of
subunits g and e. Interestingly, mitochondria of 4A(50-55)
and 4A(49-55) mutant strains display cristae morphologies
resembling those observed when subunits e or g are partially
depleted from mitochondria (37). They correspond to an
intermediary step between “normal” and onion-like mito-
chondria. As revealed by electron tomography, normal yeast
cristac consist of a rather curved membrane (54). The
reorganized cristae in onion-like structures appear as long
flat pairs of two membranes separated by a constant distance
(24). The transition from normal to onion-like topology is
interpreted as a lamellarization of the inner membrane.
Furthermore, the intracristal space width is apparently
increased concomitant with such a deformation. This phe-
notype results either from the loss of supramolecular forms
of the ATP synthase (24) or from cross-links between
adjacent ATP synthases (/9), pointing out that a correct
arrangement and/or the dynamics of oligomeric ATP syn-
thase seem to be important for cristae morphology. The yeast
mutants described here show an inverse correlation between
the decreasing stability of supramolecular forms of the ATP
synthase in native PAGE (Figure 3) and the lamellarization
of the inner membrane (Figure 8). Our data favor the idea
that the strength of cohesion of oligomeric ATP synthases
could drive the bending of the membrane. Loop 47-55 of
subunit 4 is actively involved in such a process.
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