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The Peripheral Stalk Participates in the Yeast ATP Synthase Dimerization
Independently of e and g Suburits
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ABSTRACT. It is now clearly established that dimerization of thg=FATP synthase takes place in the
mitochondrial inner membrane. Interestingly, oligomerization of this enzyme seems to be involved in
cristae morphogenesis. As they were able to form homodimers, subunits 4, e, and g have been proposed
as potential ATP synthase dimerization subunits. In this paper, we provide evidence that subunit h, a
peripheral stalk component, is located either at or near the ATP synthase dimerization interface. Subunit
h homodimers were formed in mitochondria and were found to be associated to ATP synthase dimers.
Moreover, homodimerization of subunit h and of subunit i turned out to be independent of subunits e and
g, confirming the existence of an ATP synthase dimer in the mitochondrial inner membrane in the absence
of subunits e and g. For the first time, this dimer has been observed by BN-PAGE. Finally, from these
results we are now able to update our model for the supramolecular organization of the ATP synthase in
the membrane and propose a role for subunits e and g, which stabilize the ATP synthase dimers and are
involved in the oligomerization of the complex.

The RF, ATP synthase oSaccharomyces cerisiaeis a synthesis occurs only when the i bound to the fsector.
600 kDa enzymatic complex of the mitochondrial inner In addition, two stalks have also been described. The central
membrane. This reversible enzyme couples the use of thestalk is composed of subunifs 6, ande while subunits 4,
H* electrochemical gradient\@i+) generated by the respira-  f, h, d, and OSCP form the peripheral stalk. This topological
tory chain to ATP synthesis and can be described as aorganization has been described in several organisms from
molecular rotary motor in two parts, a rotor and a stator. bacteria to mammals. Whereas thgJFATP synthases of
The rotor, which is driven by the proton flux through the Escherichia coliand yeast share similar properties 4),
inner membrane, is composed of a 10 copy oligomer of the number of proteins constituting the bacterial stator is
subunit 9 and of subunitg, d, ande. The stator comprises  different. Indeed, yeast subunits 8, f, d, and h do not have
9 major subunitsg, 5, OSCP, 4, d, h, f, 8, and 6. Subunit any homologue in bacteria. E. coli, the peripheral stalk is
B holds the catalytic sites and is organized with subanit composed of only four proteins: two subunits b (homologue
in a soluble ¢f3)s; hexamer. A peripheral stalk comprising to yeast subunit 4) associated to subuhithomologue to
subunits 4, d, h, f, 8, and OSCP links this catalytic hexamer yeast subunit OSCP) and subunit a (homologue to yeast
to subunit 6 which, in interaction with the subunit 9 oligomer, subunit 6). In 1998, Spannagel et &) Ehowed that only
forms a specific proton pathway within the membrafie (  one subunit 4 is present per eukaryotic ATP synthase
According to the binding change mechanism mo@g| the complex. In yeast, the additional subunits, 8, f, d, and h,
affinity change for substrates and products at catalytic sitesmight compensate the absence of the second subunit b
is coupled to proton transport by the rotation of theubunit present in the bacterial peripheral staly. (Subunits e, g, i,
inside the §8); hexamer. Historically, the ATP synthase and k are supernumerary subunits of the complex; i.e., these
complex has been separated into two different parts: (i) the subunits are not essential for cellular growth on nonferment-
yeast lr water-soluble sector, which is composed of th8)g able sources7).
hexamery, 6, ande subunits, retains the ability to hydrolyze In 1998, Arnold et al. showed the presence of ATP
ATP in solution; (ii) the E sector, which is embedded in  synthase dimers in both Triton X-100 and digitonin extracts
the inner membrane, is composed of both membrane (9, 6,of wild-type yeast mitochondrial inner membranes using blue
4, 8, and f) and soluble (OSCP, h, and d) subunits. ATP native polyacrylamide gel electrophoresis (BN-PAGE).
The dimerization process was subsequently proposed to
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inner membraneX) and, very recently, in vivo by FRET  study also revealed proximities between subunit i and
(9). Since only one subunit 4 is present per ATP synthase, subunits d, and f, which are components of the peripheral
subunit 4 homodimerization has been proposed to involve stalk, and the supernumerary subuni2g)( Finally, subunit
two ATP synthase monomerS)( Since, in the absence of i, whose stoichiometry is 1 per complex, was shown to be
subunits e and g, the proximity between two subunits 4 still able to form a homodimer ¢ i) by chemical cross-linking.
exists, as shown either by chemical cross-linkih@) (r by This dimerization occurs only within the ATP synthase dimer
FRET (), it was suggested that two independent ATP (11, 24).
synthase dimerization interfaces might exist, i.e., e/g- |In this study, we confirm the ability of subunit h to form
mediated and 4-mediated interfaces. In this case, an oligo-a homodimer through disulfide bridge formation within the
meric arrangement of the ATP synthase involving these two ATP synthase dimer, indicating a close proximity of the
interfaces is conceivabld @, 11). Such an arrangement has  peripheral stalks in the dimer. Moreover, we found that
been visualized by BN-PAGE in digitonin extracts of yeast homodimerization of both subunit h and subunit i was
and mammalian mitochondrid @ 12). Interestingly ATP  independent of the presence of subunits e and g, providing
synthase oligomerization has been proposed to play a roledirect evidence of ATP synthase’s ability to dimerize in the
in the morphogenesis of the mitochondrial inner membrane gpsence of these subunits.
cristae (3, 14). Furthermore, correct supramolecular orga-
nization of the ATP synthase complexes is crucial for the EXPERIMENTAL PROCEDURES
genesis and/or the maintenance of the mitochondrial mor- ) ) L )
phology (L0, 11, 15). Materials. Trl_ton X-100 and digitonin were fror_n Sigma.

In this study, we focus on the possible role of subunits h All 0ther chemicals were of reagent grade quality.
and i in the ATP synthase dimerization/oligomerization _ Construction of Mutant Strainslhe S. cereisiae strain
process. Subunit h is a 10.4 kDa water-soluble ATP synthaseD273-10B/A/H/U MATa, met6 his3 ura3) was the control
subunit encoded by the nuclear gekEP14(16), exhibiting ~ Wild-type strain £5). For clarity, the yeast mutants were
a stoichiometry of 1 subunit h per ATP synthase complex Named as (mutated subunit)-(wild-type residue)(residue num-
(17) |nactivation Of theATP14 gene |eads to a |ack Of ber)(mutant residue), where the residues were named by their
oxidative phosphorylation and high instability of the mito- Single letter code. The label -H6 was added at the end of
chondrial DNA, thus suggesting that subunit h plays an the name when a C-terminal polyhistidine tag was added.
synthase. Complementation experimentsSin cereisiae obtained after compleme_:ntation of the disrupted yeast strain
showed that subunit h is the functional homologue of the JVY1-2 (MATo, met6 his3 ura3, atpl4:URAJ by the
mammalian F6 subunitl). Subunit h has been localized ~Monocopy vector pRS313 containing each different mutated
in the vicinity of subunitsx, 4, d, and f and was therefore ~atpl4gene. Lysine to cysteine residue replacement was done
assigned to the peripheral stalk of the enzyh®.(From Dy overlap extension using PCR€) with the wild-type
topological analyses, a structural model for the yeast subunitATP14 gene as template. The mutant h-K36C-H6 was
h was proposedl(?) and further confirmed by the NMR obtame_d by_ a_dqlltlon of flv_e h|st|d|r_1e res_|dues to the
structure determination of the bovine homologue Eg)(  C-terminal histidine present in subunit h using #itp14
This subunit is composed of two-helix domains separated K36C mutant gene as template. The straiisn11h-K36C
by a central loop, the C-terminal domain being unstructured ahdAtim11i-K51C were constructed from h-K36Q7) and
and flexible. Biotinylation of subunit h and electron micros- 1-K51C strains, respectively2@). The TIM11 gene was
copy analysis of ATP synthasevidin complexes suggested disrupted by th&an' gene using a PCR-based methad)(
that its C-terminus is located close to the point at which the Bacteria and yeast were respectively transformed by elec-
peripheral stalk emerges from the membra2@®.(Recently, ~ troporation and lithium chloride method28).
a model was proposed for the bovine ATP synthase Biochemical Procedure€ells were grown aerobically at
peripheral stalk in which subunit F6 (subunit h in yeast) is 28 °C in a complete liquid medium containing 2% lactate

fully extended along subunit 20). as carbon source and harvested in logarithmic growth phase
Although its arrangement and its exact positioning in the (8 x 10" cells/mL). Mitochondria were prepared as described
peripheral stalk have not clearly been defingd, (L9), this previously @9) and suspended in the isolation buffer (0.6

subunit occupies a central position in the peripheral stalk M mannitol, 2 mM EGTA, 10 mM Tris-maleate, pH 6.8).
that may confer an important role in the physical coupling Protein concentration was determined according to the Lowry
between Fand F and in peripheral stalk structure stability. method 80) in the presence of 5% (w/v) SDS with bovine
In a previous work, we have suggested that subunit h could serum albumin as standard protein.
dimerize through disulfide bridge formation and may be  Disulfide Bridge Formation Experiment$/itochondria
located at the dimerization interface between twB, ATP were washed twice and resuspended in 0.6 M mannitol and
synthases1(7). 50 mM HEPES, pH 7.4, at a protein concentration of 5 mg/
Subunit i is encoded by the nuclear gekieP18and is an mL. This suspension was incubated in the same buffer in
integral membrane subunit of the ATP synthaf®)( the absence or in the presence of 1 or 2 mM Gukactions
Although it displays a proton leak at the ATP synthase level, were stopped after 30 min incubation at@ by addition of
the null mutantAatp18is able to grow on nonfermentable 5 mM EDTA and 5 mM NEM. Measurement of the ATPase
media, thus indicating that the protein is not essenfid).( activity in mitochondria from the strains used in this work,
Study of the subunit i environment showed a proximity treated or not with CuGJ had shown that such a treatment
between the unique membrane spanning segment of subunihad almost no effect since only a slight decrease in
i and the first transmembranehelix of subunit 6 23). This oligomycin sensitivity of about 5% was observed in treated
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mitochondria as compared to untreated mitochondria (data A B s
not shown). ]
Protein Extracts The mitochondrial Triton X-100 extracts 5
were prepared as in Paumard et &3)( The digitonin 5kp2- . ar i
extracts were prepared at a digitonin to protein ratio of 0.75 £ N
g/g to 2 g/g in 30 mM HEPES pH 7.4, 150 mM potassium 3.5 kpa- e : s
acetate, 2 mM 6-aminohexanoic acid, 10% (m/v) glycerol, e e
and proteases inhibitors with or without 1 mM EDTA.
Electrophoretic and Western Blot Analys&®S-PAGE
was performed on Tristricine 15% polyacrylamide slab gels
according to Scfgger and von Jagow3(). Silver nitrate
staining was performed as describ&®,(33). BN-PAGE &
experiments were carried out as described by §gba@4,
35). The mitochondrial digitonin extracts were centrifugated
at 4 °C for 15 min at 40000. The supernatant was
immediately loaded onto the top of a33% polyacrylamide
slab gel. After electrophoresis the gel was incubated in a
solution of 5 mM ATP, 5 mM MgCJ, 0.05% (w/v) lead
acetate, and 50 mM glycirdNaOH, pH 8.6, to detect
ATPase activity 86). The bands were cut, incubated in 2%
(w/v) SDS for 1 h, and analyzed in a second dimension by
SDS-PAGE 31). Western blot analyses have been described

previously (6). Evaluation of the apparent molecular mass ) ) ) ,
of cross-linked products was done using molecular massed /6URE 1: Homodimer formation of subunit h confirmed by mass

. : : -~ ~“spectrometry analysis. Mitochondria from the subunit h-K36Gs-His
of prestained protein ladder from Invitrogen Corp. Proteins  tant were incubated with CuCto promote disulfide bridge
were electrotransferred onto nitrocellulose membranes (Mem-formation. The Histagged protein and adduct were purified by
brane Protean BA83, Schleicher and Shuell). Primary Ni-NTA affinity chromatography after membrane solubilization in
antibodies were polyclonal rabbit antibodies. Secondary 1% (w/v) SDS as described in Experimental Procedures. The

: ; : ) : 5 : _purified fraction was analyzed by silver-stained SEFAGE (A).
antibodies were peroxidase-conjugated goat anti-rabbit an The same sample was also separated by capillary liquid chroma-

tibodies (Jackson Immuno Research Laboratories, Inc.).iography coupled to mass spectrometry. The mass spectrum of the
Western blot analyses were done using the Enhanced Chemi@5 kDa product was established (B), making it possible to determine
Luminescence method (Amersham Pharmacia Biotech). its exact mass (C).
Anti-Subunit h Antibody PurificationAnti-h serum was .
prepared by rabbit immunization with subunit h purified by We then proposed that the 24 kDa cross-linked product was
HPLC as described previouslg§). Polyclonal anti-subunit @ Q|mer of sub_unlts h Ilnked_ by a disulfide bridge. To cor_lﬂrm
h antibodies were purified by affinity FPLC as described this hypothesis, the subunit h-K36C-H6 mutant cross-linked
previously 7). product was purified by Ni-NTA affinity chromatography,
Ni-NTA Purification of Cross-Linked ProductBurifica- separated by SDSPAGE, and analyzed by mass spectrom-

tion of H6-tagged proteins was done in denaturing conditions er:ry alfltgr ‘in gel;’ Lrypsin .céigestion. This ﬁnalysis Ish(?wgdd
[0.6 M mannitol, 0.1% (w/v) SDS, 50 mM HEPESNaOH, ; ata b“t t_""ﬁ of the peptides %feseptént T e
pH 7.0] as in Valiyaveetil and Fillingame). rom subunit h (17). As two unidentified peptides were also

Nanospray LC-MS AnalysesProtein samples were ana- detected, it was not possible, with this method, to absolutely

. . . confirm the existence of the subunit h dimer. Therefore, the
lyzed by on-line capillary chromatography (LC Packings, exact mass of the Ni-NTA purified proteins was measured
Amsterdam, The Netherlands) coupled to a nanospray LCQby nanoES| mass spectrometry coupled to microHPLC
ion trap mass spectrometer (Therquinnige_m, San Jose, CA)"separation. After CuGloxidation of h-K36C-H6 mitochon-
Erftgfg g:;iﬂznggﬁ;[fndn o(rng gg‘clL?r?gsr d,:?nmset}(te?gan%ns The dria and Ni-NTA purification, only two bands of 12.5 and
Netherlands). The flow rate was set to 260 nL/min Prc;teins 25 kDa} apparent mass were revealed on Wes_tern blqt§ by
were eluted in 30 min using a-50% linear gradi'ent of the anti-subunit h antibodies (not shown) or by silver staining

S ... of the gel (Figure 1A). Mass spectrometry analysis showed
solvent B (solvent A was 0.1% formic acid in 5% acetonitrile,

and solvent B was 0.1% formic acid in 80% acetonitrile). that the major proteic entity present in solution had a mass

The mass spectrometer was operated in positive ion modeOf 22136+ 2 Da (Figure 1C). This mass corresponded

at a 2 kVneedle voltage and a 46 V capillary voltage. Full exactly to the mass of two subunits h-K36C-He linked by a

disulfide bridge. A second component was detected with a
scan MS were collected over the ramgé 50-2000. mass of 11073 5 Da (data not shown) and corresponded

RESULTS to the Sl_Jbunit h-K36Q-H6 monomer (e_xpected mass 11068
Da). This result confirmed the formation by oxidation of
Subunit h Dimer Formation by Oxidatioin a previous subunit h dimers in mitochondria. As subunit h stoichiometry
work (17), we showed that when several subunit h cysteine is 1 per ATP synthase complek?), the dimerization of this
mutant mitochondria (h-K12C, h-K29C, h-K36C, h-K51C, subunit should involve two monomers of ATP synthase.
and h-K65C) were incubated with CuCk 24 kDa band Spannagel et al5f and Paumard et al1Q) have shown,
revealed by the anti-h antibodies appeared on Western blotsusing subunit 4 cysteine mutants, that subunit 4 dimer
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A 2 852 898 showed that an R+ h homodimer could be formed from
¥ 8 M ¥ 8 X each introduced cysteine residue and that the i dimers
= = = = = = oy . .
could be solubilized by mild detergents. It was then possible
fHEE % HF T % W% to verify that subunit h dimerization is linked to ATP
2 kDa- e ™ iRt synthase dimerization. After CuCbxidation of subunit
h-K36C mutant mitochondria, membrane complexes were
24kDa- e iy  Triton X-100 0.375% extracted by digitonin and immediately separated by-¥ris
2 tricine BN-PAGE. ATPase activity was revealed in the gel
24 kDa- --‘-* Digitonin 1% as described in Experimental Procedures. At a digitonin to
siiddil . Dighionki 3% prote?n ra’;io of 2 g/g, wild-type extracts contained essentially
the dimeric form of ATP synthase and to a lesser extent the
monomeric form and the;sector (0). Similar results were
B lx=c C hKI6C obtained with the h-K36C mutant extracted in the same
-+ cucy _ condition (Figure 2B). The bands corresponding to mono-
. v cuc, - F T meric or dimeric forms of ATP synthase were cut out and
1 24 kDa - B submitted to a second dimension SBIRAGE separation,

and proteins were transferred onto nitrocellulose. As shown

-M o - p X i
W« Vlonomer 12K | S on Figure 2C, the K- h homodimer band was mainly present

M D M D in the dimeric form of the ATP synthase when the complexes
——— - F, were extracted wit 2 g ofdigitonin/g of protein. When lower
concentrations of digitonin were used (i.e., 1 g/g), the subunit
dig/prot.: 2 gfg h dimer was visible only in the ATP synthase dimer (not

Ficure 2: Subunit h dimerization and ATP synthase dimerization shown). The low amount of subunit h dimer present in the
are linked. (A) Mitochondria from yeast mutants h-K12C, h-K15C, ATP synthase monomer (Figure 2C) might be due to the
h-K29C, h-K36C, h-K51C, and h-K65C were incubated with 1 mM -y gigitonin concentration that could destabilize the ATP
CuCl, for 30 min at 4°C. Triton X-100 and digitonin extractions . . .

were performed as described in Experimental Proceduregg50 ~ Synthase dimer. In the absence of Cy1@0 subunit h dimers

of mitochondrial protein extracts was separated by SPAGE were detected (Figure 2C). These results demonstrate that h
and analyzed by Western blot. Blots were probed with anti-h + h homodimer formation occurs in the ATP synthase dimer.
purified polyclonal antibody (dilution 1:500). For clarity, only the Subunit h Homodimerization Is Independent of the Pres-

24 kDa band is displayed. In the absence of Gu@lis band is . .
absent in mitochondria and protein extracts of all the mutants. When ence of Subunits e and iy has been shown that subunits e

mitochondria from the wild-type strain were used, the 24 kDa bands @nd g are highly involved in the ATP synthase dimerization

were not detectable either in the absence or in the presence of CuCl process. Arnold et al. showed these two subunits to be
(B) Mitochondria from the h-K36C mutant strain, incubated or not essential for observing the dimeric form of the ATP synthase
with CuCh, were solubilized at a digitonin to protein ratio of 2 5ftar detergent extraction and BN-PAGE separatignTo

g/ngd ;2,% Tvg?g r;r?;%zlecéovra%e;}e:;ﬂv;geai%pggﬁg ngeB;\l‘ 't';'gGE’ determine whether subunit h dimerization was dependent or

ATPase activity. The figure is the negative of the original gels. NOton the presence of subunits e and g,Atien11h-K36C
(C) The bands corresponding to the monomeric and dimeric forms strain was constructed. Note that, in the absence of subunit

of ATP synthase from the gel displayed in (B) were cut out, and e, subunit g cannot be assembled in the complex and is
the proteins they contained were separated by SPWGE,  gagraded 10). As expected, subunits e and g were not
analyzed by Western blot, and revealed by purified anti-h antibodies detected imtim11h-K36C (Fi, 3A and not sh Aft
(dilution 1:500). M= monomer; D= dimer. T - gure 5A and not s own). er
CuCl, oxidation of mitochondria isolated from this strain,
homodimers could be formed in the mitochondrial mem- the 24 kDa band corresponding to thethh homodimer
brane, indicating that subunit 4 may represent one dimer-was still present in thAtim11h-K36C mitochondria despite
ization interface of the ATP synthase and may participate the absence of subunits e and g (Figure 3A). Note that the
in the formation of oligomerslQ). However, this hypothesis  proportion of the subunit h involved in the dimer is higher
could not be confirmed since subunit 4 dimers are resistantin the absence of subunits e and g than in their presence.
to extraction by detergents such as Triton X-100 or digitonin ~ Subunit h Homodimerization Stabilizes ATP Synthase
that are otherwise able to solubilize ATP synthase oligomers Dimers in the Absence of Subunits e andrg.determine
and dimers 10). whether the h+ h homodimer was associated to ATP
For each subunit h cysteine mutant, the sensitivity of the synthase complexes, mitochondria from #tén11h-K36C
subunit h dimer band (24 kDa) to the detergent extraction strain were incubated or not with CyCand the complexes
was studied by Western blot. After CyGbxidation per- from the inner membrane were extracted by digitonin (1 g/g
formed on isolated mitochondria, the mitochondrial proteins of protein or 2 g/g of protein) and separated by BN-PAGE.
were extracted with either Triton X-100 or digitonin, The presence of the ATP synthase complexes was revealed
separated by SDSPAGE, and transferred onto nitrocellulose by their ATPase activity as described in Experimental
membrane. When this experiment was performed on wild- Procedures. In the absence of C1i@b ATP synthase dimers
type mitochondria or in the absence of CpGhe 24 kDa were detected ihtim11h-K36C mitochondria (Figure 3B).
band was absent (not shown). After Cu@kidation and In some experiments, a very faint band corresponding to the
extraction with either digitonin (1 g/g protein and 2 g/g ATP synthase dimer could be observed, eftimll
protein) or Triton X-100 (0.375 g/g protein), the 24 kDa band mitochondria (not shown). This faint band corresponds to a
was detected on Western blot, with the anti-h antibodies, very low amount of ATP synthase dimer since it was not
for all of the cysteine mutants (Figure 2A). These results stained by Coomassie Brilliant blue. Very low levels of ATP
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— Ficure 4: Dimerization of subunit i occurs in the absence of
i I M subunits e and g. (A) Mitochondria from the i-K51C aAtim11
24 kDa - [t — i-K51C mutant strains were incubated or not with 1 mM Cu&d
0 : described in Experimental Procedures. Samplesu@®f mito-
2% dig
chondrial proteins) were separated by SEFAGE, analyzed by
o = Western blot, and revealed by anti-i antibodies (dilution 1:10000).
B - (B) Mitochondria from theAtim11 i-K51C mutant strain were
M M D incubated or not with Cuglnd solubilized at a digitonin to protein

ratio of 2 g/g. After centrifugation, the mitochondrial complexes
were separated by BN-PAGE, and gels were incubated with-ATP
Mg?" and PB" to reveal the ATPase activity. The figure is the
negative of the original gels. (C) The bands corresponding to the
monomeric and dimeric forms of the ATP synthase from the BN-
PAGE displayed in (B) were excised, separated in a second
dimension by SDSPAGE, analyzed by Western blot, and revealed
by anti-i antibodies (1:10000). M= monomer; D= dimer.

Ficure 3: Dimerization of subunit h occurs in the absence of
subunits e and g. (A) Mitochondria from the h-K36&jm11, and
Atim11 h-K36C mutant strains were incubated or not with 1 mM
CuCl, as described in Experimental Procedures. Sample$@50
of mitochondrial proteins) were separated by SIPAGE, analyzed

by Western blot, and revealed by purified anti-h antibodies (dilution
1:500) and anti-e polyclonal serum (dilution 1:10000). (B) Mito-
chondria from theAtim11 h-K36C mutant strain were incubated
or not with CuC} and solubilized at a digitonin to protein ratio of ) ) o ] ]
2 glg. After centrifugation, the mitochondrial complexes were Synthase dimer. At higher digitonin to protein ratio (2 g/g
separated by BN-PAGE, and gels were incubated with AVIg?* of protein), the h+ h homodimer was present in both the

of the original gels. (C) The bands corresponding to the monomeric i . ; ;
and dimeric forms of ATP synthase from BN-PAGE obtained from these conditions, it is possible that the ATP synthase dimer

extracts done at a digitonin to protein ratio of 1 g/g or 2 g/g were Where two subunits h are linked by a disulfide bridge is
cut out, and the proteins they contained were separated by Tris-unstable and dissociated into monomers, one of them
Tricine SDS-PAGE, analyzed by Western blot, and revealed by containing the i+ h cross-linked homodimer. In any case,
gi“mr'gfd anti-h antibodies (dilution 1:500). M- monomer; D= for the first time, ATP synthase subunit e/g independent
: dimers could be stabilized and clearly visualized by BN-

synthase dimer have been observed by BN-PAGE in strainsPAGE.

lacking subunit g & 11). When CuC} oxidation was ATP Synthase Dimer Stabilizatioria Subunit i Ho-
performed on these mitochondria before digitonin extraction, modimerization in the Absence of Subunits e and 002,

a band corresponding to a significant amount of ATP Paumard et al. showed the presence of subunit i dimers in
synthase dimer was detected either by ATP activity staining the mitochondrial inner membrane and provided evidence
(Figure 3B) or by Coomassie blue staining (not shown). The of the link between this dimerization and theFF ATP
bands corresponding to the ATP synthase monomer andsynthase dimerizatiori(). To determine whether the dimer-
dimer were excised, and the ATP synthase subunits wereization of subunit i in mitochondria depends on the presence
separated in a second dimension by SIPAGE, transferred  of subunits e and g, thatim11 i-K51C strain was con-
onto nitrocellulose membrane, and probed with anti-subunit structed. Mitochondria isolated from either i-K51C/Atim11

h antibodies. When the extraction was performed at a low i-K51C strains were submitted or not to copper oxidation.
detergent to protein ratio (1 g/g of protein), thethh Western blot analyses were performed and confirmed that
homodimer was detectable only in the ATP synthase dimer subunits e and g were absentitim11i-K51C mitochondria
and there was no subunit h monomer in the ATP synthase(not shown). As already describe2¥f and shown in Figure
monomer band (Figure 3C). Thus, the ATP synthase dimer 4A, after CuC} incubation of i-K51C mitochondria, 12 and
observed by BN-PAGE was the sole subunit h-mediated ATP 29 kDa oxidation products were obtained. They corresponded



6720 Biochemistry, Vol. 45, No. 21, 2006

to an i+ i homodimer and to an # 6 heterodimer (via
Cys23 of subunit 6), respectively. Upon CyGkidation of
the Atim11i-K51C mitochondria, the # i homodimer and
i + 6 heterodimer were still observed (Figure 4A). Neverthe-

Fronzes et al.

maintain in solution the monomeric, dimeric, and oligomeric
forms of the entire complexlQ). The constraints imposed
on two K, sectors chemically linked by two subunits 4 most
likely do not allow the solubilization of such a dimer. On

less, in comparison to the wild-type context, the absence of the other hand, Gavin et aB); using coexpression of GFP-

subunits e and g produced a weaker signal férij while

and BFP-tagged subunit 4 and FRET measurements, have

the i + 6 signal was enhanced. The relationship between demonstrated the proximity between two subunits 4 in the

the i+ i dimer observed in mitochondria lacking subunits e
and g and the dimerization ofilk, ATP synthase was
analyzed. BN-PAGE was performed on digitonin extracts
from Atim11 i-K51C mitochondria, incubated or not with
CuChk. When digitonin solubilization was performed on
nonoxidizedAtim11i-K51C mitochondria, a very faint band

mitochondrial membrane. However, due to the low resolution
of FRET experiments (106200 A), these results could not
indicate a direct interaction between two subunits 4. In
contrast to what was observed with subunit 4, homodimers
of subunits h and i could be extracted by digitonin. Moreover,
they were found associated to the dimeric form of ATP

of ATP synthase dimer was detected and revealed only bysynthase (Figures 2 and 4 and r24), providing clear

its ATPase activity (Figure 4B). This was also the case for
nonoxidizedAtim11 h-K36C (Figure 3B) and foAtim11
mitochondria £0). When the oxidation step preceded digi-
tonin extraction, a significant amount of ATP synthase dimer
was revealed, not only by its ATPase activity (Figure 4C)

evidence that the subunits h and i are located near or
participate in the dimerization interface. Since it is now
clearly established that subunit h belongs to the peripheral
stalk (L7, 20), this result is the first direct, biochemical
evidence for a close proximity between two peripheral stalks

but also by Coomassie blue staining (not shown). Slices of within the dimer and thus suggests a possible role of this

gel containing monomeric and dimerigH; ATP synthase
were submitted to SDSPAGE, and Western blots with anti-i

stalk in the dimerization process.
ATP Synthase Dimers in the Absence of Subunits e and g.

antibodies were performed (Figure 4C). Whereas monomericlt has been clearly established that subunits e and g are

subunit i and H 6 heterodimers were found in the monomer
of ATP synthase, the+ i homodimer was exclusively found
in the dimeric form of the enzyme. This specificity proved
that, in mitochondria devoid of the subunits e and g, the
dimerization of subunit i reflects a dimeric organization of
the ATP synthase.

DISCUSSION

Proximity of the Peripheral Stalks in the ATP Synthase
Dimer. In a previous work, using lysine to cysteine replace-
ment and either chemical cross-linking or disulfide bridge
formation, we suggested that the subunit h of the ATP
synthase could form homodimerk7j. Direct measurement

directly involved in the dimeric organization of the ATP
synthase in the inner mitochondrial membranelQ). These
two subunits were shown to be associated to the dimeric
and oligomeric forms of the ATP synthase. The absence of
either subunit g alone or both subunits e and,dLQ, 11) or
the introduction of deletions or mutations especially in the
GXXXG motif present in their transmembrane dom&8-¢
417) results in the destabilization of the dimerization interface
since, in all of these conditions, almost all of the ATP
synthases were found monomeric after digitonin extraction
and BN-PAGE. From these observations, subunits e and g
were proposed as dimerization subunits.

The results presented in this paper showed that ho-

of the mass of the subunit h cross-linked product confirmed modimerization of subunit h and subunit i could be obtained

this hypothesis. The formation of thethh homodimer could

in a Atim11 context. Thus ATP synthase dimers are still

be obtained from several mutants in which a cysteine residuepresent in the inner mitochondrial membrane despite the

was introduced in different positions in the primary structure.
As this subunit stoichiometry is 1 perfiz complex (7),

absence of subunits e and g. This confirms the results
obtained by Gavin et al., who observed FRET between

these results indicate that subunit h is located at the peripherysubunit 4-GFP and subunit-4BFP fusions in cells lacking
of the enzyme and near a second subunit h. This is consistensubunit e §). Moreover, chemical cross-linking between

with the proposed topology of subunit h within the peripheral
stalk (17).

subunits h or subunits i belonging to two monomers allowed
extraction by digitonin and visualization by BN-PAGE of

Thus subunit h belongs to a class of ATP synthase subunitsATP synthase dimers devoid of subunits e and g. These

that are able to form homodimers by chemical cross-linking,
including subunit 4 %), subunit i (refs11l and24 and this
work), subunit e 88, 39), and subunit g40, 41). The last
two subunits have been shown to be involved in the
dimerization process of the;, ATP synthase®, 10). As
subunits 4, h, and i have a stoichiometry of 1 per ATP
synthase complex5( 17, 23), their ability to form ho-

observations suggest that subunits e and g are involved in
the stabilization of the ATP synthase dimers and may not
be necessary for their formation. In the absence of these two
subunits, the dimerization interface is most likely less
resistant to detergent extraction. The very thin band of
dimeric form detected by ATPase activity in BN-PAGE
obtained fromAtim11digitonin extracts may correspond to

modimers strongly suggests the presence of ATP synthasea few dimers that were not dissociated by the detergent.

dimers within the inner mitochondrial membrane and could
indicate a close proximity of these subunits in the dimer.

Recently, Rexroth et al4@) have shown that a dimeric form
of the chloroplastic ATP synthase fro@hlamydomonas

Unfortunately, the involvement of subunit 4 in the enzyme reinhardtii could be visualized in BN-PAGE. These authors

dimerization could only be studied in intact mitochondria suggested that dimerization may be a general feature of all
preparations X0) or in vivo (9). So far, it has not been  H™-ATP synthase complexes and may involve the peripheral
possible to perform further biochemical studies since the stalk. It should be noted that no homologues of subunits e
4-D54C 4+ 4 homodimer cannot be solubilized by mild and g have been found in the chloroplast although the
detergents, such as digitonin, which is able to extract and presence of unidentified counterparts cannot be excluded.
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A Cuaicheod " B g The subunit h, which is located in the matrix, may also be
I/ -9\\-. : involved in or be located in close proximity to the dimer-
"\‘:"‘,"'/’ ization interface. In the membrane, subunits e and g interact

mes S | with each other and with other subunits to stabilize the dimer

”@ (Figure 5A). In the absence of subunit e and/or subunit g,
a \"'| ' the dimerization interface may still exist but is more sensitive

W / to detergents. Oligomerization may result from interactions

] . / between these two subunits located at the periphery of the
Diner Dtz dimers (Figure 5B). Such a model defines two interfaces:

Ficure 5: A model for the supramolecular organization of the ATP the first one for the dimerization and the second one for the

synthase. (A) organization of the dimerization interface in the oligomerization. In contrast to the previous mod@l 10),

membrane seen from the intermembrane space perpendicular to th . . . .
main axis of the ATP synthase. The area in gray represents the‘fhese two interfaces are not independent since subunits e and

cross section of the subunit 9 oligomer and of thelémain. The g stabilize the first one and are directly involved in the second
F1 sector is represented as a dashed line. The dimerization interfaceone. Note that adjacent dimers must be tilted one from the
involves a large part of the Fsector and may also extend to  other in order to avoid physical contact between the F
components localized in the matrix, such as subunit h (dot line). gactors. An angle of at least 2May be sufficient to avoid
Subunits e and g are localized at the periphery of the dimerization : o . .

such a contact. Such an organization will result in a curvature

interface and stabilize it. In the dimer, subunits e and g are in close . . . -
contact on each side of the dimer. (B) Oligomerization of ATP Of the membrane that may be involved in the mitochondrial

synthase may occur by interaction between the g interfaces. inner membrane morphology.
) ] N Recent studies using electron microscopy and single
Noticeably, the amounts of dimer stabilized bythh or particle analysis were performed on ATP synthase dimers

i + i homodimers detected in BN-PAGE (Figures 3B and sojated from beef heart mitochondri43j and from mito-
4B) are lower than one could expect from the proportion of chondria of the alg®olytomella(44). Both studies showed
subunit h or subunit i involved in the cross-linking (Figures  that, in solubilized dimers, two monomers are linked at least
3A and 4A). This might be due to the fact that dimers linked by the K, domain and are clearly separated by an angle of
by a disulfide brigde are partially resistant to digitonin 4¢e for the beef ATP synthase and°7@r PolytomellaATP
solubilization or less stable in detergent solution than native synthase. In the beef enzyme, the twalBmains are in close
dimers. proximity and are connected by protein bridges that might
An Impraved Model for Supramolecular Organization of  nyolve the peripheral stalk at the matrix side ancs&bunits
the ATP Synthase in the Mitochondrial Inner Membrade. at the intermembrane space sid@)( In the ATP synthase
the basis of the early work of Allen1g 14) and the  dimer fromPolytomella the peripheral stalk is clearly visible
observation that the absence of subunits e and g destabilizegetyween the two monomerd4). Our results are consistent
the supramolecular organization of the ATP synthase andyjith these observations since disulfide bridges could be
dramatically altered the mitochondrial morphology, Paumard gptained between two,Flomain subunits i, belonging to
et al. (1) have proposed a model for the dimerization/ two monomers (Figure 4). Moreover, our results suggest that
oligomerization of the ATP synthase. This model defines the dimerization interface contains not only thed®main
two distinct dimerization interfaces, one mediated by subunits hyt may extend to the peripheral stalk since subunit h is able
e and g and the other by subunit 4. Homodimerization and to form homodimers within the membrane (Figures 2 and
heterodimerization of subunits e and g were recently shown 3). The dimeric form of the yeast enzyme may be organized
by cross-linking using endogenous and/or introduced cysteinegs the beef enzyme, in which the proximity between
residues §8—41). The e+ g heterodimer is specific to the  peripheral stalks and the angle between the monond&js (
dimeric form of the ATP synthase, and thetee and g+ are consistent with our data and our model (Figure 5).
g homodimers are specific to the oligomeric form (probably |, conclusion, results presented in this study provide direct

tetrameric) 8, 40). Moreover, cross-linking of & e or g evidence of a close proximity between two peripheral stalks

+|. 9 hom?dlmersftt?]efc';r_lgpdetetrr?enttﬁxttractlon %tab'l'zestinthe ATP synthase dimer. They also demonstrate that ATP
oligomeric forms of the synthase that remained presen synthase dimers are present in the mitochondrial inner

at high digiFonin to protein ratio3g, 40). Thesg data suggest membrane even in the absence of subunits e and g and
that _subunl_ts e and g may also play a r_ole n the format!on suggest that subunits from the peripheral stalk may participate
of oligomeric forms of the ATP synthase in the mitochondrial in the dimerization interface. However, since the formation
membrane. of a disulfide bridge between two subunits indicates that they

Figure ﬁ repreisenés an't:m dpfovfl‘?' model tha(; tﬁ‘kes finto are in close proximity but is not a proof of a physical specific
account the results described In this paper and those oMo 4 ction, the direct participation of subunits h and i in the

the studies on subunit e and g dimerizati@8,(40). Data  gimerization process, which our results might suggest,

presgnted in this paper suggest that subunits e and g are nQly5ins to be established. Work is in progress in order to
required for the formation of dimers but rather are necessary payor define the dimerization interface(s) at the molecular

for their stabilization in the membrane and in detergent |o\e and the role of the different subunits in the dimerization
extracts. Thus, these two subunits may be located at theprocess.

periphery of the dimerization interface. Two ATP synthase
monomers may be in interaction via their peripheral stalk AckNOWLEDGMENT
through a large dimerization interface.
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