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Structure of dimeric mitochondrial ATP synthase:
Novel Fy bridging features and the structural
basis of mitochondrial cristae biogenesis
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The F1Fo—ATP synthase exists as a dimer in mitochondria, where it
is essential for the biogenesis of the inner membrane cristae. How
two ATP synthase complexes dimerize to promote cristae forma-
tion is unknown. Here we resolved the structure of the dimeric F1Fo
ATP synthase complex isolated from bovine heart mitochondria by
transmission electron microscopy. The structure of the ATP syn-
thase dimer has an overall conic appearance that is consistent with
the proposed role of the dimeric enzyme in mitochondrial cristae
biogenesis. The ATP synthase dimer interface is formed by contacts
on both the Fo and F; domains. A cross-bridging protein density
was resolved which connects the two Fy domains on the inter-
membrane space side of the membrane. On the matrix side of the
complex, the two F1 moieties are connected by a protein bridge,
which is attributable to the IF; inhibitor protein.
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he F1Fy ATP synthase is a ubiquitous rotary motor enzyme

that couples a transmembrane flow of protons through its Fy
channel to ATP synthesis taking place on its F; moiety (1). The
mechanism of energy coupling between the F; ATPase and the
Fy proton channel involves a rotating central stalk as well as a
peripheral stalk that is part of the stator. In the ATP synthase
of Escherichia coli (EcF,Fy), five different subunits of F;
(a3Bsyde) and three of Fy (abacip-12) form the core of the F,F,
motor structure. The mitochondrial enzyme, also called complex
V, is more complicated in that it contains the accessory proteins
IF;, e, A6GL, F6, d, e, f, and g in bovine heart. The enzyme of yeast
mitochondria contains additional supernumerary subunits
named i and k. With the exception of ¢ and IF;, which bind to
F{, most of the additional subunits are associated with the F
proton channel or the peripheral stalk. IF; is a small-molecular-
weight protein that controls the ATPase and ATP synthase
activities of the enzyme (2). The structure of soluble F;—ATPase
from bovine heart (MF,) reconstituted with IF; corresponds to
a Fi-F; dimer bridged by two IF; molecules (3, 4). Low-
resolution crystallographic studies of the whole F{F, complex
from yeast showed a ring of 10 rotary c-subunits, but the other
F subunits were not resolved (5). Remarkably, electron micros-
copy (EM) studies of EcF;F, (6) and the bovine heart complex
V (MF;Fy) (7) provided the unique view of the second stalk (8)
and the position of some of its subunits. EM was also used to
resolve the whole architecture of bovine MF;F in its typical
monomeric form with the F; and Fy parts connected by central
and peripheral stalks (9). In addition, an ATP synthasome
complex that contains monomeric F;F, associated to adenine
nucleotide translocator and Pi carriers has also been examined
by EM (10). This complex is assumed to improve the efficiency
of ATP synthesis by substrate—product channeling.

Recently it was shown by blue native gel electrophoresis
(BN/PAGE) that the mitochondrial ATP synthase of yeast can
exist as a dimer (11, 12) and that dimer formation depends on
the accessory subunits ¢ and g. Deletion of these subunits
abolishes ATP synthase dimerization, and, remarkably, mito-
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chondria of these yeast cells exhibit altered morphology, sug-
gesting that biogenesis of mitochondrial cristae depends on
formation of the F,Fy dimer (12, 13). Models in which F;F
dimers oligomerize to form arc-like assemblies and multimeric
ATP synthase chains that can induce membrane invaginations
and eventually cristae have been proposed (12, 14, 15). The
models are based on the existence of a dimeric F;Fy structure
that remains, until now, unresolved. In this work, we purified
dimeric F;Fop—ATP synthase from bovine heart mitochondria and
analyzed its structure by EM and single-particle image analysis.
The images show that the dimer interface is formed predomi-
nantly by the two Fy domains in such a way that the long axes of
the two ATP synthase monomers are arranged at an angle of
~40°. The results indicate that the angle between the ATP
synthase monomers determines the curvature observed in the
cristae of the inner mitochondrial membrane upon further F,F
polymerization.

Materials and Methods

Extraction of Dimeric FiFo—ATP Synthase. Mitochondria were iso-
lated from bovine heart as described before (16). Isolated
mitochondria were diluted to 10-15 mg/ml in solubilization
buffer (750 mM 6-aminohexanoic acid/50 mM Bis-Tris, pH 7.0)
and extracted with 2.5 mg/mg digitonin. Under these conditions,
solubilization of dimeric F;F, is favored (11). Afterward, the
samples were centrifuged at 186,000 X g for 45 min at 4°C, and
the soluble fraction was recovered. BN/PAGE was carried out
as described in ref. 11, and subsequent 2D SDS/PAGE was
carried out as described in ref. 16.

In-Gel ATPase Activity Staining. Mitochondrial extracts were sub-
jected to BN/PAGE. Lanes of interest were excised and incu-
bated overnight at room temperature with ATPase activity-
developing buffer (10 mM ATP/30 mM CaCl,/50 mM Hepes,
pH 8.0). Precipitated calcium phosphate was visualized as white
bands on a dark background by densitometric scanning.

Enrichment of Dimeric FiFo by Glycerol Gradient Centrifugation.
Mitochondrial digitonin extracts were loaded on a discontinuous
glycerol gradient (20-40% glycerol/20 mM Mes, pH 7.0/2 mM
EDTA/2 mM ADP/5 mM digitonin) and centrifuged at
54,000 X g for 16 h at 4°C. Afterward, 0.5-ml fractions were
collected from the gradient from top to bottom. Fractions
containing monomeric and dimeric F;Fo—ATP synthase were
identified by BN/PAGE followed by SDS/PAGE.
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Fig. 1. Gel analysis of dimeric ATP synthase. (a) Digitonin extracts of mito-
chondrial protein complexes were subjected to BN/PAGE and stained with
Coomassie blue (Left) or developed for ATPase activity (Right, containing
20-50 pg of extracted protein). (b) An excised lane from the BN/PAGE was
loaded as shown on top of a SDS/polyacrylamide gel together with an
enriched F1Fg standard (left lane). Major F; subunits (a« and B) and dimeric F1Fg
(Vg4im) are indicated. (c) Monomeric (V) and dimeric (Vgim) F1Fo were identified
by BN/PAGE in a mitochondrial digitonin extract (Left). The digitonin extract
was subsequently loaded on a glycerol density gradient, and fractions ob-
tained after centrifugation were analyzed by SDS/PAGE (Right). Dimeric F1Fq
(fraction 7) was resolved from the monomer (fractions 4 and 5). The lane
marked WS shows molecular mass standards. For details, see text.

EM. Samples of dimeric ATP synthase were diluted to 25 pg/ml
and applied to carbon-coated copper grids. Grids were washed
once with water and stained with 1% uranyl acetate. Grids were
examined in a FEI Tecnail2 transmission electron microscope
operating at 100 kV. Images were recorded on a 2,048 X 2,048
slow-scan charge-coupled device camera in low-dose mode with
an underfocus of 500 nm and an electron optical magnification
of 30,000, r)placing the first zero of the contrast transfer function
at ~0.05 A~L. Images were analyzed with the IMAGIC-5 package
of programs (17) on a dual processor Octane workstation
(Silicon Graphics, Mountain View, CA). A data set of 1,130
molecular images (140 X 140 pixels) was extracted interactively
from a total of 111 charge-coupled device frames. Images were
band-pass-filtered to eliminate unwanted spatial frequencies
(<0.008 A~! and >0.13 A~!) and normalized. Image analyses,
including alignment by classification, multivariate statistical

analysis, and multireference alignment were done as described in
refs. 6 and 8.

Results and Discussion

Dimeric ATP synthase was extracted from bovine heart mito-
chondria with digitonin and enriched by glycerol density gradient
centrifugation. Fig. la Left shows BN/PAGE of respiratory
chain complexes and dimers and monomers of the ATP synthase.
The presence of ATP synthase at the top and in the middle of
the native gel was confirmed by ATPase activity staining (Fig. la
Right) and 2D SDS/PAGE (Fig. 1b). To obtain dimeric ATP
synthase suitable for EM, the solubilized protein complexes were
separated by centrifugation on glycerol gradients. The gradients
were fractionated and analyzed by SDS/PAGE (Fig. 1c) where
two ATP synthase peaks were observed (fractions 5 and 7).
Analysis of the corresponding fractions by negative-stain EM
revealed that the fraction near the bottom of the gradient
(fraction 7) contained predominantly ATP synthase dimers (Fig.
2a). Representative images of the dimers are shown in Fig. 2b.

To determine the structure of the dimeric ATP synthase
complex, a data set of 1,130 single images was collected and
analyzed by computer-assisted single-particle image alignment
and classification. Fig. 2c shows the average of the total data set
calculated after the final alignment step. Fig. 2 d—h shows the
most characteristic averages of the data set after classification.
Note that in Fig. 2 c—h essentially all of the F,F, dimers are
oriented on the carbon film to produce the side view projection
in which the ATP synthase is seen perpendicular to the long axis
of the complex. Closer inspection of the averages revealed that
there are no image/mirror image pairs, suggesting that the two
ATP synthase monomers associate to form a dimer with a
twofold symmetry axis that passes through the dimer interface,
parallel to the long axis of the complex.

The association of the two ATP synthase monomers occurs at
the level of both Fy and F; subunits (Fig. 2 c-h). Associated F
portions show very close packing in the membrane interface of
the dimer, whereas the two F; parts are more distant. This
arrangement produces an angle of ~40° between the long axes
of the two F1Fy monomers (see the black lines in the Fy domains,
Fig. 2c¢). The two F; parts of the dimer are connected by a
bridge-like structure of low density (see arrowheads in Fig. 2
e—g). Among several subunits of Fy, it is likely that this F;—F,
bridge corresponds to the inhibitor protein (IF;). Although IF;
is not essential for F,F, dimerization, as shown by gene disrup-
tion experiments in yeast (18) and by physical removal of IF; in

: /}\\

Fig.2. EM and image analysis of ATP synthase dimer. Dimeric F1Fo enriched as described in the text and in Fig. 1 was used for EM analysis. (a) Area of a typical

electron micrograph used for collecting single images. (Scale bar: 50 nm.) The ATP synthase dimers are indicated by boxes. (b) Representative images of the F1Fg
dimer. (c) Total average of a data set of 1,130 ATP synthase dimers after the final alignment step. (d-h) Averages of the aligned data set after sorting by
multivariate statistical analysis. Between 100 and 150 individual images were averaged to produce the images shown. (i) Current working model of the dimeric
F1Fo ATP synthase complex. We propose that the association of the two Fo domains involves subunits e and g, which have been shown to be essential for dimer
formation. The subunit arrangement is drawn according to cross-linking (16, 23) and EM data (7-10). F; association might result from IF, bridging in a similar
way as seen in the crystal structure of the dimer of soluble F1—-ATPase (3). The proposed twofold symmetry axis is indicated by the dotted line. For details, see
text.
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bovine heart submitochondrial particles (19), the inhibitor pro-
tein does induce dimerization of the soluble F; portion (3, 4, 20)
by forming an IF; bridge connecting the two F; monomers (3, 4).
Furthermore, when IF; is overexpressed or reconstituted, the
ratio of dimeric to monomeric FiFo—-ATP synthase is signifi-
cantly increased in digitonin extracts of rat liver mitochondria
(JJ.G., unpublished data). Therefore, it is likely that the ATP
synthase dimer can be formed in the absence of IF; because the
essential and closest contacts for F1F, dimerization take place at
the Fy level (refs. 11-13 and Fig. 2); however, the binding of IF,
could stabilize this ATP synthase dimer by forming the observed
F,-F; bridge.

A salient feature of the images in Fig. 2 is that a novel bridging
protein density was observed in the intermembrane space side of
the complex; this is right underneath the interacting Fy parts (see
arrows in Fig. 2 ¢—f). This protein density, which is not seen in
the monomeric mitochondrial ATP synthase (7, 9), forms a
hanging bridge-like structure connecting the two Fy domains of
the dimer. The identity of the bridging protein(s) is not clear at
this point, but in all likelihood it is formed by some of the
dimer-specific accessory proteins of mitochondrial ATP syn-
thase. The hanging bridge-like structure probably contains part
of subunit e, which is known to be essential for dimer formation
(18, 21). Subunit e contains a transmembrane GxxxG dimeriza-
tion motif and a coiled-coil forming region in the C-terminal
domain, which is predicted to protrude into the intermembrane
space (21-23). Another subunit that was predicted to be bound
on the intermembrane space of the yeast enzyme is subunit k
(11). However, it remains to be established if a homologous
protein exists in the ATP synthase complex from bovine heart
mitochondria. It is also noted that MFF, also forms an ATP
synthasome complex containing complex V and adenine nucle-
otide translocator and Pi carriers (10); therefore, it is possible
that other proteins contribute in the formation of the Fy-F,
bridge.

It should be pointed out that the second stalk of the F{F,
complex has been previously resolved by EM of the bacterial (6)
and mitochondrial (11, 12) enzymes. Our data do not show the
peripheral stalk; it is possible that this is occluded in the dimer
interface. Fig. 2i shows our current working model of the
FFo—ATP synthase dimer. We have depicted the dimer-forming
subunits (e and g) in the Fo—F interface close to subunits 6 and
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8 on the base of the second stalk according to cross-linking
studies (23). The F, bridging protein seems to reinforce the
F¢-F interface, thereby stabilizing the dimeric arrangement of
the ATP synthase.

The most striking feature of the ATP synthase dimer is the
conic geometry with which the two ATP synthase monomers are
arranged. This conic shape of the dimer is consistent with the
current models of cristae biogenesis, in that the inner mitochon-
drial membrane adopts a curvature comparable to the 40° angle
formed by the tilting of the F;Fy monomers. As put forth by Allen
(14), polymerization of conic F;Fy dimers could induce budding
of the inner mitochondrial membrane, which would ultimately
result in the observed tubular structure of the membrane cristae.
Other authors have made similar proposals on the basis of
genetic disruption of the dimer forming ATP synthase subunits
e, g, and k (12, 13, 15, 21). The F,F, polymer should also add
stability to the monomeric F1F, and resistance to the rotational
drag of the central rotor to carry out ATP synthesis more
efficiently.

In conclusion, the EM images of the mitochondrial F;Fy—ATP
synthase dimer here presented reveal the geometric arrangement
of the two monomers of the complex. The data show that the two
ATP synthase monomers are joined by protein bridges on both
the intermembrane space and matrix sides of the complex. The
tilting of the two monomers indicates that the formation of F,F,
polymers could be a central issue in the formation of mitochon-
drial cristae, which are membrane structures designed to in-
crease the overall surface available for oxidative phosphoryla-
tion. Further studies will be required to define the identity of the
bridging subunits of the ATP synthase dimer and to confirm the
role of this dimer in cristae biogenesis.
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