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The location of the endogenous inhibitor protein ;fIFn the rotor/stator architecture of

the bovine mitochondrial ATP synthase was studied by reversible cross-linking with dithio-
bis(succinimidylpropionate) in soluble;Fand intact FFyl complexes of submitochondrial parti-
cles. Reducing two-dimensional electrophoresis, Western blotting, and fluorescent cysteine labeling
showed formation of—IF;, IF;—IF;, y—IF;, ande—IF; cross-linkages in soluble;Fand in native

F1Fol complexes. Cross-linking blocked the release affiem its inhibitory site and therefore the
activation of kI and R Fol complexes in a dithiothreitol-sensitive process. These results show that the
endogenous IfFs ata distancec12 A to y ande subunits of the central rotor of the native mitochon-
drial ATP synthase. This finding strongly suggests that, without excluding the classical assumption
that IR, inhibits conformational changes of the catalygisubunits, the inhibitory mechanism of;IF

may involve the interference with rotation of the central stalk.
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INTRODUCTION the capacity to hydrolyze ATP. In the intact ATP synthase,
F1and ky are structurally and functionally coupled through

The RFy-ATP synthase is a rotational motor enzyme two stalks. The central stalk forms part of the rotor of the

that provides most of the ATP required in all species. Ex-
perimentally, the enzyme can be separated in solul)e (F
and membranal {} portions. |y works as a proton chan-
nel, and the solublejfis the catalytic moiety that preserves

Key to abbreviations: CAPS, 3-(ciclohexylamino)-1-propanesulfonic
acid; CPM, 7-diethylamino-3-(4maleimidylphenyl)-4-methylcouma-
rin; DCCD, dicyclohexylcarbodiimide; DSP, dithiobis (succinimidyl-
propionate); DTT, dithiothreitol; EDTA, ethylenediamine-tetraacetic
acid; R, the soluble F-ATPase; Iy, the membranal proton channel of
the ATP synthase;, the complex of soluble fATPase containing
the inhibitor protein; EFol, the native ATP synthase containing the
inhibitor protein; IF, the inhibitor protein of the mitochondrial ATP

synthase; FRET, fluorescence resonance energy transfer; mAb, mono-
clonal antibody; NMR, nuclear magnetic resonance; SDS-PAGE, de-
naturing sodium dodecyl sulphate polyacrylamide gel electrophoresis;

SMP, submitochondrial particles.
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enzyme, and the peripheral stalk is part of the stator that
anchors the catalytic sites of ko the membrane (for re-
centreviews, see Boyer, 2000; Capaldi and Aggeler, 2002;
Garaaet al,, in press; Noji and Yoshida, 2001).

Because the whole ATP synthase is a reversible mo-
tor, it can work as ATPase or ATP synthase. The enzyme
is controlled in physiological conditions by the so-called
inhibitor protein (IR) to prevent ATP hydrolysis. There-
fore, the functional form of the mitochondrial ATP syn-
thasdn vivois that containing its endogenous Jke., the
F1Fol complex (Vazquez-Contrerast al., 1995). Since
its first isolation in 1963 by Pullman and Monroy (1963),
several laboratories have studied the properties ph-
the intrinsic inhibitor of the ATPase activity of the en-
zyme. The binding stoichiometry of {ks 1 per ATP syn-
thase (Hashimotet al, 1981; Kleinet al., 1980). Most of
the available structural data show the cross-linking ef IF
With o (Mimuraet al,, 1993) and3 ( Beltranet al,, 1988;
Jackson and Harris, 1988; Kleét al, 1980, 1981) sub-
units of i ; however, cross-linking, activity, and assembly
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studies (Ganglet al.,, 2000; Ldpez-Mediavillet al,, 1993; from SMP by affinity chromatography with Sepharose-
Papeet al,, 2000) suggest interactions ofjlwith Fy sub- EAH (Pharmacia) as described elsewhere (Tuena de
units. The soluble Fcontaining I can be isolated as Gbémez-Puyou and @hez-Puyou, 1977). Solublglfwvas
the so-called H complex whose latent ATPase activity activated by incubation in media containing Tris-SO
is recovered after activation in conditions of high-ionic 50 mM; EDTA, 2 mM; KCI, 100 mM; and ATP, 10 mM
strength and pH (Kleiet al,, 1982; Pullman and Monroy,  (pH 8.0) at 40C for 90 min. ATPase activity was mea-
1963), i.e., conditions similar to those required for acti- sured spectrophotometrically as described before (@arc
vation of the whole Bl complex. Circular dichroism etal, 1995).
(Lebowitz and Pedersen, 1993, 1996; Van Heekall, Cross-linking of the ol complex in SMP and of
1993; Van Raaigt al, 1990), NMR (Gordon-Smitkt al,, soluble Rl with DSP. Cross-linking experiments were
2001), and crystallographic (Calmezét al, 2001) analy- carried out with DSP (Pierce), a DTT-reversible and
ses of recombinant rat liver and bovine solublgsiBhow homo-bifunctional reactant that forms highly spe-
a high content of-helix that decreases at acidic pH where cific cross-linkages between lysines that are at about
it exerts a stronger inhibition. Recently, it has been shown 12 A proximity. To form cross-linkages between neigh-
that these changes are associated to a shift in the aggregaboring subunits of the ATP synthase, SMP or soluhble F
tion state of soluble IFfrom a noninhibitory tetramer to  were incubated at concentrations of 1 or 4 mg or pro-
an inhibitory IR dimer (Cabean et al,, 2000a). Further-  tein/mL, respectively, with the indicated concentrations of
more, it has been also shown that the soluBleeBmplex DSP. For soluble f, the cross-linking buffer was 20 mM
containing the reconstituted (Calmezét al, 2000b) or KH,PQOy, pH 7.0, whereas for the SMP it also included
endogenous (Domguez-Ramezet al, 2001) IR exists 250 mM sucrose. The reaction was carried out for 30 min
preferentially in a dimerized form that is induced by for- at room temperature and arrested with 20 mHi¢sine.
mation of IR, dimers (Cabean et al.,, 2000b). Reducing 2D SDS-PAGE after nonreducing 1D SDS-
Several studies have shown intrinsic differences be- PAGE. First, K| subunits and their cross-linked pro-
tween the reconstituted and the endogenou§HEinstein ducts were separated in a nonreducing 1D (10-22%) SDS-
and Moundrianakis, 1984; Forneks al, 1998; Galante =~ PAGE (Laemmli, 1970). Afterwards, the lanes containing
et al, 1981; Krull and Schuster, 1981; Schwerzmann the samples of interest were excised from the gels as frag-
et al, 1982; Valds and Dreyfus, 1987). Therefore, we ments of the indicated range of molecular weights and
studied the location of the endogenous ifrthe soluble incubate 1 h with 20 MM DTT (Gibco) at room temper-
Filandin the intact ATP synthase. Chemical modification ature in 0.1% SDS (Biorad). Subsequently, the cut lanes
of F1l and Rl with dithiobis(succinimidylpropionate)  were washed three times with 0.1% SDS to remove resid-
(DSP) formed novel cross-linkages of;I®ith y ande ual DTT and re-electrophoresed in a 2D (10-22%) SDS-
subunits, i.e., components of the central rotor that controls PAGE. Lane fragments were horizontally layered on the
the conformational changes of the catalytj interfaces top of 2D gels; a stacking gel was polymerized between
(Aggeleret al,, 1997; Boyer, 2000; Capaldi and Aggeler, the excised lane and the separating gradient gel. Two spac-
2002; Duncaret al,, 1995; Garcaet al, in press; Gibbons  ers were included at the sides of the layered excised lane
et al, 2000; Kato-Yamadat al,, 1998; Nojiet al,, 1997; for appropriate standards.
Noji and Yoshida, 2001; Sabbeet al, 1996; Tsunoda Immunoprecipitation of fFol solubilized from SMP.
et al, 2001). Therefore, these findings strongly suggest The RFyl complex was immunoprecipitated from SMP
that I, may not only inhibit the conformational changes with a new monoclonal antibody named 12F4AD8 de-
of the catalyti8 subunits as it has been inferred from pre- scribed elsewhere (Aggelezt al, 2002). This anti-
vious cross-linking results (Be#tret al,, 1988; Jackson  body immunoprecipitates the whole, native, functional,

and Harris, 1988; Kleiet al., 1980; Mimuraet al., 1993); and oligomycin-sensitive /ol complex (Aggeleret al,,
IF; could also interfere with rotation of the central stalk 2002). SMP at 1.5 mg of protein/mL were first sol-
to inhibit ATP hydrolysis. ubilized in lauryl maltoside buffer (20 mM Mes-Tris

(pH 6.8), 150 mM sucrose, 1 mM ADP, and 2.25 mg/mL
lauryl maltoside). The mixtures were centrifuged for
MATERIALS AND METHODS 45 min at 45,000 rpm at°€. The soluble portion was
incubated with control Protein-G beads coupled to non-
Bovine heart mitochondria and “Mg-ATP” submi- specific antibodies (NSA) of preimmune mice antiserum
tochondrial particles (SMP) were prepared as describedfor 1 h atroom temperature. Afterwards, the beads were
before (Gar@ et al, 1995). Soluble FATPase and the  pelleted and the supernatant was incubated with the mono-
F1l complex containing the endogenous Iikere purified clonal antibody 12F4AD8 coupled to Protein-G beads for
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2 h at room temperature. At this point, the coupled beads RESULTS
were washed five times with 20 mM Mes-Tris (pH 6.8),
150 mM sucrose, 1 mM ADP, 0.05% lauryl maltoside. Fi-
nally, the immunoprecipitated; Fol complex was eluted
with glycine 100 mM, pH 2.5, and the pH was readjusted
to 7.5 with phosphate buffer.

Immunodetection of cross-linked subuniSDS-
PAGE was carried out under nonreducing (without DTT)
and reducing £20 mM DTT) conditions. Afterwards,
proteins were transferde2 h to PVDF membranes at
100 mA in a buffer containing 100 mM CAPS, 10%
methanol (pH 11.0). For immunodetection of, JfnAb
raised against recombinant rat liver;IFGaraa et al,
2000) was used. The recombinant rat liver \ras over-
expressed irEscherichia coliand purified as described
elsewhere (Garg'et al, 2000; Lebowitz and Pedersen,
1993). Immunodetection of subupnitvas carried out with
another mAb as described before (Qaret al,, 2000). DSP cross-linking products in the solublglfeom-

A polyclonal antibody raised against bovipesubunit plex as detected by Coomassie blue staining of SDS-PAGE.
was also used and it was a generous gift of ProfessorsAfter cross-linking of soluble ff with 1 mg/mL DSP,

M. Tuena de ®Mmez-Puyou and A. @hez-Puyou. Re-  non-cross-linked and cross-linked|Rvere subjected to
active bands were immunodetected with secondary goatreducing and nonreducing SDS-PAGE. After Coomassie
anti-mouse or goat anti-rabbit IgGs conjugated to HRP staining, statistical densitometric analyses showed that the
and the chemiluminescent ECL-Plus kit of Amersham- intensities of Iif, y, ande subunits diminished upon cross-
Pharmacia. linking in a DTT-sensitive process (Fig. 1(A) and 1(B)).

Fluorescent labeling of accessible cysteinesxof Figure 1(A) shows a representative gel where these in-
y, and ¢ subunits with CPMLabeling with coumarin tensity changes can be observed by eye. Several DTT-
maleimide (CPM, Mol. Probes) was carried out for 2 min sensitive high-molecular products appeared akoead
at room temperature by using a concentration of 5 mg/mL 8 subunits (not shown), but their nature was not ex-
of F11 complex and 10tM of CPM in 25 mM potassium  plored. However, two DTT-sensitive faint bands of 36.0
phosphate at pH 7.0. The labeling reaction was arrestedand 43.0 kDa appeared reproducibly in the DSP cross-
by column centrifugation (Penefsky, 1979). Fluorescent linked F | betweenwe and g subunits (Fig. 1(A), second
CPM-labeled subunits were detected after 1D or 2D SDS- lane from left to right labeled with). The DTT-reversible
PAGE by exciting CPM in an UV transiluminator. A stan- decrease of IF(10 kDa),e (6 kDa), andy (30 kDa) in-
dard or digital photo camera stored the images. After CPM tensities suggested that the 36- and 43-kDa products cor-
labeling, DSP cross-linking was carried out as described responded tgo— andy—IF; cross-linkages, respectively.

The functional integrity of our preparation of sol-
uble Rl was determined by activation assays. The
basal ATPase activity of 2—-@mol/min/mg increased to
50-70umol/min/mg after il was activated as described
under Materials and Methods. By comparison, the basal
F1-ATPase activity of the soluble;Hacking IF, was also
50-70 umol/min/mg. We used 0.1-2.0 mg/mL of DSP
and looked for a DTT-reversible inhibition of {fFelease
(ATPase activation) to find an optimal DSP concentra-
tion to cross-link Ikr with neighboring subunits. In cor-
relation with parallel Western blotting analyses using the
mAb against Iff (not shown), we found maximal DTT
reversibility in ATPase activation and Western analyses at
1 mg/mL DSP. Therefore, this concentration of DSP was
used for all experiments shown with solubld.F

earlier.

Other methods and materialBhe amount of protein
in SMP, RFgl, and Rl preparations was measured with
the method of Lownet al. (1951). Densitometric analy-

Identification of thes—IF; cross-linked productin the
soluble kI complex and resolution of two moyecross-
linked products by 2D SDS-PAGID obtain a better res-
olution of the cross-linked subunits of thelFEomplex,

ses of Coomassie-stained bands in SDS-PAGE gels werereducing 2D SDS-PAGE was carried out after overload-
carried out with the digital camera and imaging software ing and overrunning a nonreducing 1D SDS-PAGE with
“ALPHADIGIDOC" of Alpha Innotech Corporation ac-  300ug of protein per lane. Each lane was excised as afrag-
cording to the manufacture’s instructions. In each gel the ment expanding the 25—-70-kDa range before reducing it
molecular weights of cross-linking products were calcu- with DTT and loading it into a minigel. As control, cross-
lated from interpolation by using the appropriate stan- linked F-ATPase lacking I was also analyzed under
dards. The intensities of subunits were measured by peakidentical conditions. Cross-linked subunits can be identi-
integration after densitometry analyses relative to con- fied as vertically aligned spots under the diagonal formed
trols nontreated with DSP. Coupling enzymes and sub- by non-cross-linked subunits and residual cross-linking
strates for ATPase activity were obtained from Sigma. products. The identity of cross-linked subunits was deter-
Reactants for SDS-PAGE were obtained from Biorad mined by the vertical position of the spots relative to a
laboratories. non-cross-linked f standard. In soluble Ffwo y spots
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Fig. 1. DSP cross-linking of theff complex forms DTT-sensitive cross-
linkages between subunitsilfe, andy as shown by Coomassie-stained
SDS-PAGE. (A) ifl was cross-linked with 1 mg/mL of DSP as described
under Materials and Methods. Afterwards, 66 of control and cross-
linked samples were loaded in each lane of a 10-22% SDS-PAGE with
and without 20 mM DTT. DSP induced the formation of two products
of about 36 and 43 kDa that are not observed after DTT reductijon (
Satistical densitometric analyses of three different experiments gnd F
preparations (B) showed that subunitgliFs ande are diminished in

the cross-linked sample (without DTT), and their intensity is recovered
after DTT reduction. One hundred percent corresponds to the intensity
of the respective band in the non-cross-linked §tandard. Statisti-

cal significance of the differences between samples with and without
DTT was calculated with th&) values of the nonparametric Meann
Withney method. These values wergs = 0.513,y = 0.05,6 = 0.275,

IF1 = 0.05,¢ = 0.05; therefore, statistically significant differences were
observed for subunitg, IF1, ande (labeled with*).

were vertically aligned te andé, respectively; the latter
was too weak to appear in Fig. 2(A), but it was detected
by densitometry analysis (not shown). In contrast, in the
cross-linked Il complex an additiona) spot appeared
between those observed in fFig. 2(B)). This spot was
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vertically aligned to Ilr. A second I spot at the left
side of the gel aligned vertically te subunit. Western
blot of 2D gels loaded with lower amounts of cross-linked
F1l, indicated that I aligned vertically under two cross-
linked IF; products of 66 and 43 kDa (Fig. 2(C)). Taken
together, the results showed that the product of 36 kDa
is ay—e cross-link, that of 43 kDa ig—IF;, and that of

66 kDa isa—IF;.

To confirm the identity of these cross-linked sub-
units, the accessible cysteinegnt, anda subunits were
fluorescently labeled with CPM. Subunigs §, and IR
lack cysteines, and therefore, they are not CPM-labeled.
F.l was first labeled with CPM and afterwards cross-
linked with 1 mg/mL of DSP. Two-dimensional SDS-
PAGE loaded with 30@.g of protein showed a fluorescent
smearing along the diagonal duest@ndy subunits and
residual cross-linking products. Under this diagonal, the
three fluorescent spots were observed together with the
fluorescent spot aligned in the paosition of the-¢ prod-
uct (Fig. 2(D)). As expected from their lack of cysteines,
no fluorescence was detected in the dRds spots under
the other twoy spots.

To resolve smaller f cross-linking products, the
nonreducing first dimension lane containing 400 of
cross-linked k1 was excised as a fragment from about
100 kDa to the bottom front. This excised lane was sub-
jectedtoreducing 2D SDS-PAGE inalarge gel. The result-
ing 2D gel showed several aligned spots clearly defined
under the diagonal ofFsubunits (Fig. 3). Threg spots
were vertically aligned te, IF;, and 8 subunits, from
right to left in order of ascending molecular weights. The
y spot aligned t@ (Fig. 2) was not resolved, presumably
because the first dimension gel was not overrun. Four IF
spots were vertically aligned tg none,y, anda subunits.
These results confirmed the identity of the 43- and 66-kDa
cross-linked products ag—IF; and a—IF;, respectively.
They also show formation of the previously observed
y—e cross-linkage (Joshi and Burrows, 1990, and Fig. 2).
Of significant relevance was the presences-elff; and
IF1—IF; cross-linkages clearly observed in the lower right
part under the diagonal (Fig. 3). Similar analyses carried
out with a control non-cross-linked; Fshowed, as ex-
pected, no spots under the diagonal ef §ubunits (not
shown). Taken together, these results confirm unequivo-
cally the formation of cross-linkages ofl®ith the rotor
subunitsy ande, together with other products, i.e+1F,
y—B, and IR—IF;.

Immuno-identification ofy—IF; and «—IF; cross-
linked products formed by DSP in solublelFcom-
plex. After cross-linking of soluble # with 1 mg/mL of
DSP, Western blotting revealed with the mAb against IF
showed formation of four If cross-linked products of
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approximately 16, 20, 43, and 66 kDa that were reduced
with DTT (Fig. 4, left). The band of about 66 kDa corre-
sponds to the—IF; cross-linked product (Fig. 3), whereas
that of 43-kDa results from thg—IF; cross-linkage. The
20-kDa IR product is the cross-linked {Flimer (Fig. 3),
whereas the product of 16 kDa corresponds tostH&;
cross-linkage (Fig. 3).

To confirm the identity of the subunits cross-linked
with IFy in the 43- and 66-kDa products, Western blotting
of control and cross-linked;Fcomplexes was carried out
using polyclonal and mAbs directed agaipsanda sub-
units, respectively. The two cross-linking products of 43
and 66 kDa revealed with (Fig. 4, center) and (Fig. 4,
right) antibodies, respectively, aligned horizontally with
the corresponding Hproducts (Fig. 4, left). These prod-
ucts were completely reduced with DTT, except fordhe
IF; product which was reduced partially (Fig. 4, left and
right). Other cross-linking products ¢f anda subunits
were observed, including a product of 36 kDa corre-
sponding to ther— cross-linkage (Figs. 2 and 3). Larger
products containing the subunit were also observed
(Fig. 4, right), but these were not further analyzed.

Cross-linking of the native #~ol-ATP synthase with
DSP in SMPWe also studied if the endogenous Bross-
links with rotor subunits of the whole intact, Ipl-ATP
synthase. For this purpose, SMP were incubated with
5-500 ng/mL DSP and cross-linking products contain-
ing IF, were detected by Western blotting with the mAb
against IFf after 1D nonreducing SDS-PAGE (Fig. 5(A)).
At low DSP concentrations (5—-30g/mL, Fig. 5(A)), the
a-IF; (66 kDa) and/—IF; (43 kDa) were the predominant
cross-linking products formed in the nativeHgl complex
of SMP. At higher DSP concentrations (50-500 mg/mL),

Fig. 2. Identification of subunits cross-linked by DSP ifi By 2D SDS-
PAGE. Reducing 2D (10-22%) SDS-PAGE after a nonreducing ID was
carried out with 300ug of F1(A) and FI(B) previously cross-linked
with 1 mg/mL DSP as described under Materials and Methods. In both
cases, the lane of interest was excised from the first dimension as a frag-
ment from about 70-25 kDa that was loaded into the second dimension
after DTT reduction. In [, two y spots appeared under the diagonal.
The larger spot was vertically alinged (cross-linked3 {@rrow). In the

F1l complex, a thirdy product appeared, which was vertically aligned to
IF;1. The identification of Ilr located under the third spot was corrobo-
rated by immunoblotting with an lFmonoclonal antibody (C) where the
products with IFf can be detected (arrows). The standard left lane was
loaded with 1.Qug of purified rat liver I, (D) After CPM modification

and DSP cross-linking (see Materials and Methods),300f F;| was
processed for reducing 2D SDS-PAGE showing the threpots. Only

thee subunit was labeled and aligned under the firspot (from right to

left), sinces and IF lack cysteines. The fluorescence along the diagonal
is due to overloading and labeling af y, and residual non-reduced
cross-linking products.
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Fig. 3. Reducing 2D SDS-PAGE of DSP cross-linked Eomplex after a first nonreducing SDS-PAGE. Soluble

F1l complex was cross-linked with 1 mg/mL DSP. Subsequently, 4@®f cross-linked [ was loaded in a

single lane of a nonreducing 10-22% gel. Afterwards, the lane was excised as a fragment from about 100 kDa to
the bottom and incubated with DTT before loading it horizontally in a large 2D (10-22%) SDS-PAGE gel. The
right lane was loaded with control solublglfas standard, and the left lane with molecular weight standards.
The gel was stained with Coomassie blue.

IF, i o

DSP DSP DSP
C DSP DIT C DSP DIT C DSP DIT

s |F g .g ..
81 — ’ i
w“ alaa "

a +~— vIF,

.."'

40.3
31.6 _

15.3 -

.-
—_
-
-
7 | —

Fig. 4. Immuno-identification ofy—IF; anda—IF; cross-linking products in soluble;F For
immunodetection of IE y, anda subunits, 1, 20, and 0.&g of control, cross-linked, and
cross-linked with DTT k| were loaded as indicated in a linear 12% ID SDS-PAGE. Afterwards,
Western blotting was carried out as described under Materials and Methods using subunit specific
monoclonal (i, ) and polyclonal ¢) antibodies as indicated.
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Fig. 5. Formation of I cross-linking products by DSP correlates with
DTT-reversible inhibition of Iif release from native 9| complex in
SMP. (A) SMP were cross-linked with the DSP concentrations shown as
described under Materials and Methods. After arresting the cross-linking
with L-lysine, 301.g samples were loaded in each lane of a 10-22% SDS-
PAGE. The cross-liked products were identified by immunoblotting with
the mAb againstIE (B) After cross-linking of EFglin SMP at 1 mg/mL,
samples were diluted 10-fold in activation medium wiij) @nd without

(W) DTT and incubated at 4C for 90 min. Afterwards, the ATPase
activity was measured spectrophotometrically. The 100% of activated
ATPase activities with and without DTT were in the range of 10-12
pmol/min/mg, and the basal activities before activation were 0.8-1.2
pmol/min/mg. The plot also shows the yield@fIF; andy—IF; cross-
linkages relative to the maximal intensity integrated by densitometry
analysis at their respective positions of 66 and 43 kDa from the Western
blot (A). These intensities were saturated at aboyt§0nL (B).

a smear of Iir bands indicated nonspecific cross-linking.
In this gel, the smaller IfFproducts (Ik—IF; and IR—¢)
were stacked with the main {fband, but they were re-
solved after immunoprecipitation of the gl complex
(Fig. 6(B)). It is relevant to point out that at low DSP
concentrations (5-30g/mL) the yield ofa—IF; andy—
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cross-linkages (Kandpal and Boyer, 1987), this indicates
that formation ofy—IF; anda—IF; cross-linkages occurs
in a functional fraction of enzymes where Ifelease, i.e.,
ATPase activation, is restored by reduction with DTT. The
overall inhibition of ATPase activity can be also associ-
ated with other cross-linkages not involving ISee, for
example, Joshi and Burrows, 1990, and Fig. 6(C)). This
is more evident at higher DSP concentrations where the
reversibility by DTT declines (Fig. 5(B)) and formation
of nonspecific cross-linkages increases (Fig. 5(A)). Satu-
ration of the Western-blot signal (Fig. 5(B)) might under-
estimate the calculated yield af-IF;, andy—IF; at con-
centrations of DSB- 50 M, which actually increases in
the immunoprecipitated enzyme (Fig. 6(B)). This would
shift the curves of cross-linking yield to the right, therefore
improving the correlation with activation assays.
Detection of DSP cross-linked products containing
IF4 in the immunoprecipitated =gl complex According
to the previous data, cross-linking was carried out in SMP
with 25 and 10Q.g/mL of DSP. Afterwards, the fully func-
tional R Fol-ATP synthase (Aggelest al, 2002) was solu-
bilized and immunoprecipitated as explained under Mate-
rials and Methods. Coomassie staining of the SDS-PAGE
showed a clean preparation of control and cross-linked
F1Fol complexes (Fig. 6(A)). Reducing and nonreducing
SDS-PAGE of the DSP cross-linked samples showed a
DTT-sensitive Coomassie-stained band of about 36 kDa
(Fig. 6(A)) that corresponded to the— cross-linkage
found in RI (Figs. 2 and 3). High-molecular weight and
DTT-sensitive cross-linked bands were also present (see
Fig. 6(A), abovexr and g subunits). As with soluble
the nature of these products was not ascertained.
Western blotting with the monoclonal against; IF
(Fig. 6(B)) confirmed the presence of thelF; (43 kDa)
cross-linked product that was observed in soluhllednd
in whole SMP (Fig. 5). It was important to show that the
43-kDa y—IF; band disappeared almost completely af-
ter DTT reduction (Fig. 6(B)). In contrast, although the
e—IF; (16 kDa), IR—IF; (20 kDa), andx—IF; (66 kDa)
products were also observed inimmunoprecipitatde -
(Fig. 6(B)), their reversibility by DTT was lower than in
soluble kI and they were also present in the non-cross-
linked enzyme. This may result from insolublg l&ggre-
gates that are also obseved in the purified recombinant IF
(Fig. 6(D)). The extent of cross-linking increased with
100 ng/mL of DSP. In this case, smearing was not ob-
served, as was the case for SMP (Fig. 5). Presumably the

IF; cross-linkages increased progressively whereas thenonspecific Iif products formed in SMP were eliminated

DTT reversibility of the inhibition of ATPase activation by

DSP was higher than 80% (Fig. 5(B)). Because the DTT-
reversible inhibition of the ATPase activity by DSP has
been previously associated with intra- or intermolecular

after solubilization and immunoprecipition. Further 2D
SDS-PAGE carried out before (Fig. 6(A)) and after West-
ern blotting against If (Fig. 6(B)) confirmed the pres-
ence of then—IF; (66 kDa), y—IF; (43 kDa), andy—¢
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A +DTT B +DTT
DSP DSP DSP DSP DSP DSP DSP DSP
C 25 100 25 100 C 25 100 C 25 100
200
200
97
68 97
68
43
43
29
29
18
14 18
14
F,F,I- DSP
IF,

A
\4

F,I F,FI DSP MWS

- 206
128

81

32

~15

Q,-IFI 'Y-IFI (IFl)z S-IFI IF1

Fig. 6. Detection ofy—IFy, e—IF1, anda—IF; cross-linking products in the native Iyl complex by 1D and 2D SDS-PAGE, and Western blotting.
SMP were incubated with 2ag and 100wg/mL of DSP as described before, angdFfl was solubilized and immunoprecipitated as described under
Materials and Methods. (A) Coomassie staining of@fflane of control (“C") and ol cross-linked with 25 and 10@g/mL DSP (named “25” and
“100"). Lanes 1-3 without DTT, and lanes 4—6 previously reduced with 10 mM DTT. (B) Immunoblotting.gfd immunoprecipitated enzyme per
lane with the Iif mAb. Where indicated, 20 mM DTT was added to the samples 20 min before loading the gels. (C) Reducing 2D SDS-PAGIg of 300
of immunoprecipitated f-gl previously cross-linked with 2 g/mL DSP in SMP. The gel was stained with silver. Twapots were vertically aligned

with ¢ andy (dashed circles). Other cross-linked subunits also appeared corresponding to the second stalk proteins. Those products were not further
analyzed. The left standard is purifiegdl Eomplex. Thes subunit was not stained very well in the standard with silver, but it was strongly stained
with Coomassie (not shown). (D) The entire lane of nonreducing first dimension containjng @0cross-linked ol was excised and subjected

to reducing 2D SDS-PAGE to detect the Iproducts of low-molecular weight. Western blotting with the mAb againststfowed that Il aligned
vertically under residuat—IF, y—IF1, IF-IF;, ande—IF; cross-linking products. An apparent|product appeared in the diagonal betweel; and

(IF1)2 that was an artifact formed by gel fracture before the transfer. Note the residusddFegate of approximately 66 kDa that appears in the left
standard lane loaded with pure recombinant [Fhis band comigrates with the-1F; product of 66 kDa.

(36 kDa) products in the immunoprecipitategHjl com- ing second stalk subunits were also observed in the region
plex. In the 2D gel stained with silver (Fig. 6(A)), the- of 15-30 kDa after silver staining (Fig. 6(C)). Since some
IF; product was not evident because it was notincluded in of them have been observed before (Joshi and Burrows,
the lane fragment of the 1D gel, or because it was present1990), these were not further analyzed. Taken together,
as a low-yield product. However, other products contain- these experiments confirm that the-IF;, e—IF;, and
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a—IF; cross-linked products are not exclusive of the sol-
uble RI complex, and they are also formed in the native
F1Fol complex of the inner mitochondrial membrane.

DISCUSSION

This work shows the closest distance found so far
(<12 A) between Ik and subunitgy and ¢ of the mi-
tochondrial ATP synthase rotor. Because {hdF; and
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it could be shorter if DSP rotates and bends its bonds to
cross-link lysines that are closer than Ao each other.
Therefore, thez—IF; andy — cross-linkages that we found
(Figs. 1-3 and 6) provide the most conclusive structural
evidence described so far showing that 1§ located at

a distance short enough to interfere with rotation of the
central stalk. Becausg ande subunits interact closely

to each other in the central stalk (Gibbaetsal., 2000),

the detection of/—IF; ande—IF; cross-linkages comple-
ment each other to confirm the close proximity of I

¢—IF; cross-linkages were obtained with the endogenous the central rotor at a dlstaneel2A Although the lysine

IF1 in the soluble k1 and in the native Bl complex, the
biological relevance of these results is reinforced. Most

residues involved in these cross-linkages were not deter-
mined, a possible docking site of the inhibitory N-terminal

of the previous studies have been made with isolated orregion of IR in the R-ATPase can be inferred from the

reconstitued Iin the soluble kI complex.

The most important implication of these results is
that according to previous proposals (Calezt'al., 2001;
Garqgaet al, in press; Lai-Zhangt al,, 1999) IR could
interfere with the angular movement of the central stalk.
For a long time, and on the basis of cross-linking stud-
ies (Beltenet al, 1988; Jackson and Harris, 1988; Klein
etal, 1980; Mimureet al,, 1993), it has been assumed that
IF, exerts its inhibitory action by blocking conformational
changes of theg8 subunits. Therefore, our results show-
ing that IR cross-links with statora) and rotor ¢, )

current structural data available. As mentioned, accord-
ing to cross-linking (Jackson and Harris, 1988) and FRET
(Baraccaet al., 2002) experiments the functionally in-
hibitory N-terminal portion of Il (Harris, 1997; Lebowitz
and Pedersen, 1996; Pagiaal, 1996; Van Heeket al,,
1993; Van-Raaigt al,, 1990) s closerto thge-DELSEED
region than to the othe$ subunits. According to FRET
analyses, K24 of this inhibitory domain of JKs closer
than the other lysines to the subunit (Baraccat al.,
2002). Furthermore, K24 is the only lysine of;lEhat
becomes less accessible to chemical modification upon

subunits strongly suggest that the primary mechanism of binding to i (Jackson and Harris, 1986). Thus, K24 is

IF; may also involve the interference with rotation. These
results also suggest that,lfay interact with thex/8
interfaces, thus lfFcould interfere with the closure of cat-
alytic /8 interfaces, i.e., resembling the inhibition by
aurovertin (Van Raaigt al,, 1996). Conversely, the cross-
linking of IF; with « and 8 subunits suggests that these
interactions could stabilize its association with the stator
toresistthe drag exerted by the rotor to inhibit ATP hydrol-
ysis. Furthermore, formation of the jHF; cross-linking
with endogenous Ifin soluble i and whole kgl com-
plex (Figs. 3 and 6) confirms thatlFhay existin a dimer-

the best candidate to be in cross-linking distancg,te,
and probably thge-DELSEED region. However, the ly-
sine residues of lfFactually cross-linked withy ande
will be determined by the angular position of the rotor
relative to IR. This relative angular position may also de-
termine the low cross-linking yield observed (Figs. 1-3
and 6) since only thosg ande subunits properly ori-
ented would cross-link with Iz In this line, we used Ras-
mol 2.6 to accommodate thejlfragment 19—47 derived
from the crystal structure of IFH49K (Cabeph et al,,
2001) into theBe/ag interface of the crystal structure of

ized form in the native enzyme, as suggested by studiesF; interface of the crystal structure of©CCD (Gibbons

with isolated and reconstituted recombinant(Eabeph
et al, 2000a,b).

et al, 2000) (not shown). We used the orientation of IF
suggested by Baraced al. (2002), and we added the re-

Previous studies of phosphorescence decay (Solainistriction of about 12 cross- linking distance between,lF
etal, 1997) and of fluorescence resonance energy transferandy or ¢ subunits. The IF 19-47 fragment fitted very

(FRET) (Baraccat al,, 2002) indicated that lfis prox-
imal to ¢ andy subunits. FRET studies showed that the
N-terminal inhibitory region of I is closer than its C ter-
minus to the so-calle@e-DELSEED region (Abrahams
etal, 1994; Baraccatal, 2002). However, the closest dis-
tance found in solubesFbetweeny and reconstituted i+
fragments was 50-6a (Baraccaet al, 2002), a distance
4-5 times larger than the upper limit of fdndicated by
our cross-linking data. The 1R cross- -linking distance of

well in a cleft formed betweef=-DELSEED and the cen-
tral stalk, with K24 in cross-linking distance o ande
subunits. In this or another similar positiong lwould in-
terfere with rotation of the central stalk and it also will
interact with thexg/Be interface. The position of Hin
this or another/g interface is in concordance with pre-
vious reports (Cabexi et al, 2001; Stoutet al,, 1993)
suggesting that the inhibitory domain of;IEould substi-
tute an homologoug-DELSEED domain by interacting

DSP is calculated from its extended structure, therefore with y at this “catch” position (Abrahamst al, 1994),
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therefore interfering with rotation and possibly with the
a/ B inter-subunit communication. This or a similar posi-
tion of IF; will also allow changes ir-helical content of
the N-terminal and C-terminal regions ofjlEhat are im-
portant for the inhibitory action of F{Lebowitz and Ped-
ersen, 1993, 1996), including formation of a C-terminal
antiparallel coiled-coil with another |H{Cabeph et al,,
2000a,b) to form H dimers (Cabean et al, 2000a,b;
Dominguez-Ranrezet al, 2001). The mechanism of in-
hibition of IF; could be therefore similar to that efsub-
unit of theE. coliF1Fy complex. The latter subunit works
as a ratchet that inhibits rotation only in the ATPase di-
rection by extending its two C-terminathelices toward
the DELSEED region of @ subunit (Haraet al., 2001,
Tsunodat al,, 2001). Because bovineqiEross-links with
the B-DELSEED region (Jackson and Harris, 1988) and
with y and e subunits (Figs. 1 and 2) the overall data
suggest that IFcould also control rotation of the central
stalk by a mechanism similar to that efin the E. coli
ATP synthase. Furthermore, the proton motive force is
an important factor since it prevents the productive asso-
ciation of IF, with the ATP synthase, therefore favoring
the ATP synthase activity of the enzymedi@éz-Puyou
et al, 1979; Harriset al, 1979; Schwersmann and
Pedersen, 1981; Van De Stadtal., 1973).

In summary, this work shows the closest proxim-
ity reported between the endogenousg Hnd the rotor
of the soluble kI complex. To date, his work provides
the more conclusive structural evidence supporting the
proposal (Cabexi et al, 2001; Garc et al, in press;
Lai-Zhanget al, 1999) that the inhibitory mechanism of
IF; may involve the blockade of the angular movement
of the rotor in addition to its possible interference with
the conformational changes of apig catalytic interface.
In the whole kRl complex, IR may be associated to
other subunits of the stator and probably gtéresist the
rotational drag, therefore adding more stability to the pro-
ductive binding of Iif (Garaaet al.,, 2000, in press; Papa
et al, 2000). It will be important to determine the effect
of IF1 on the rotational movement of the central stalk, and
the possible conformational changes that éperience
in the whole ATP synthase to inhibit ATP hydrolysis and
favor ATP synthesié situ.
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