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Cardiolipin Affects the Supramolecular Organization of ATP Synthase
in Mitochondria
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ABSTRACT F4Fy ATP synthase forms dimers that tend to assemble into large supramolecular structures. We show that the
presence of cardiolipin is critical for the degree of oligomerization and the degree of order in these ATP synthase assembilies.
This conclusion was drawn from the statistical analysis of cryoelectron tomograms of cristae vesicles isolated from Drosophila
flight-muscle mitochondria, which are very rich in ATP synthase. Our study included a wild-type control, a cardiolipin synthase
mutant with nearly complete loss of cardiolipin, and a tafazzin mutant with reduced cardiolipin levels. In the wild-type, the high-
curvature edge of crista vesicles was densely populated with ATP synthase molecules that were typically organized in one or two
rows of dimers. In both mutants, the density of ATP synthase was reduced at the high-curvature zone despite unchanged
expression levels. Compared to the wild-type, dimer rows were less extended in the mutants and there was more scatter in
the orientation of dimers. These data suggest that cardiolipin promotes the ribbonlike assembly of ATP synthase dimers and

thus affects lateral organization and morphology of the crista membrane.

INTRODUCTION

In the mitochondrial inner membrane, a specific phospho-
lipid, cardiolipin, is thought to play a pivotal role in overall
membrane organization and dynamics (1-4). However, little
is known about the impact of cardiolipin on the organization
of mitochondrial membrane components, except for the fact
that this phospholipid has been shown to bind rather tightly
to certain protein surfaces. This has been demonstrated by
3P NMR of endogenous cardiolipin in purified preparations
of the mitochondrial ADP-ATP carrier (5) and the
mitochondrial ATP synthase (6), but it is probably true for
other mitochondrial proteins as well. Cardiolipin has also
been shown to affect protein conformation (7) and folding
(8), which suggests intriguing roles comparable to those
of molecular chaperones.

The Acrdl mutant of yeast, in which the final step of car-
diolipin biosynthesis is deleted, has been used extensively to
study the biological function of cardiolipin (9). In this
mutant, the assembly of components of the respiratory chain
into supercomplexes is diminished (10,11) as is the associ-
ation of respiratory supercomplexes with the ADP-ATP
carrier (12), suggesting that cardiolipin promotes the
clustering of protein complexes. An observed decrease in
the ADP/oxygen ratio and the respiratory control ratio in
mitochondria isolated from Acrdl yeast supports the idea
that cardiolipin enhances the overall efficiency of energy
transformation by promoting respiratory supercomplexes
(12,13).

In higher organisms, mitochondria may have special
features that enable them to cope with tissue-specific high-
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energy demands or metabolic activities. Such mitochondria
may be dependent on efficient energy transformation and
thus be even more sensitive to the lack of cardiolipin than
yeast mitochondria. For example, indirect flight muscle of
Drosophila is able to sustain wing beat frequencies of
over 100/s. Consequently, it has abundant mitochondria
and those mitochondria have a high concentration of tightly
packed cristae. We chose flight-muscle mitochondria to
investigate the role of cardiolipin in the organization of
the ATP synthase, an enzyme that is thought to have dual
functions in energy metabolism and crista structure. ATP
synthase has been shown to form dimers (14,15), as well
as higher oligomeric assemblies, i.e., dimer rows (16-18),
and the oligomeric arrangement of ATP synthase has been
implicated in shaping the cristae (18). Although cardiolipin
did not seem to be essential for dimerization per se (11), itis
not known whether cardiolipin has any effect on the long-
range supramolecular organization of the ATP synthase. In
this article, we employed cryoelectron tomography to
compare the structural organization of the ATP synthase
in flight-muscle mitochondria from wild-type and cardioli-
pin-synthase mutant flies with virtually complete loss of
cardiolipin. Our data reveal a novel function of cardiolipin,
what we believe is modulation of the long-range assembly
state of ATP synthase.

MATERIALS AND METHODS
Drosophila strains and physiologic assays

Strain w'''$; PBac{PB} CG4774°0]874/TM6B, Tb', with a transposon
insertion in the coding region of the last exon of the cardiolipin synthase
gene (ACLS), was obtained from the Bloomington Drosophila Stock
Center (No. 10741). The tafazzin mutant (ATAZ) was created in our
laboratory (19). Flies were grown in 3-inch culture vials on a standard
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cornmeal-sucrose-yeast medium. All physiologic assays were conducted in
age-synchronized fly populations at room temperature. Locomotor activity
of third instar larvae was measured on agar dishes placed on a grid. We
determined the number of 1/4-inch x 1/4-inch squares crossed within
5 min. The heart rate of early pupae was measured under a light microscope.
Climbing activity was determined in adult flies by measuring the distance
that flies climbed within a 12-s interval. Flies were collected at the bottom
of the tube and allowed to climb for 12 s. A picture was taken after
this interval, and the distribution of the fly population across the tube was
determined from the photograph. Data are presented in bar graphs as
means *+ SE. Kaplan-Meier analysis was used to determine longevity.

Electron microscopy of chemically fixed samples

Partially dissected fruit flies were conventionally fixed using glutaraldehyde
and osmium tetroxide. The fixed tissues were stained with uranyl acetate,
and the buffer was then gradually exchanged with ethanol, followed by
resin exchange and heat polymerization in epoxy resin. Sections
(50-100 nm) were cut and collected on EM grids, stained with uranyl
acetate and Sato Lead stains, and finally imaged with a CM12 electron
microscope. Tomography of flight-muscle mitochondria was performed
as described before (20).

Isolation of mitochondria from Drosophila flight
muscle

Mitochondria were isolated from fly thoraces, in which flight muscle is the
most abundant tissue. For each mitochondrial preparation, ~100 flies were
immobilized by cooling on ice. Thoraces were dissected under a microscope
and then placed in ice-cold isolation buffer (0.28 M sucrose, 0.01 M Tris,
and 0.25 mM EDTA, pH 7.3 at 4°C). All subsequent steps were also
performed in ice-cold medium. Thoraces were homogenized with a tight-
fitting Teflon-glass homogenizer, the volume was adjusted to 30 ml with
isolation medium, and the homogenate was spun at 750 g for 5 min. The
supernatant was collected, filtered through gauze, and then spun again at
750 g for 5 min. The supernatant was collected and filtered again. Next,
the supernatant was spun at 8000 g for 10 min to sediment mitochondria.
Mitochondria were resuspended in isolation medium using a loose-fitting
glass-glass homogenizer. Protein concentration of mitochondria was
determined by the method of Lowry (21). The protein yields typically
ranged from 0.5 to 1.0 mg. Mitochondria from whole flies were isolated
by the same method.

Cryoelectron tomography

Mitochondrial suspensions (protein concentration 5 mg/ml) were gently
sonicated using a 10-s burst delivered by a microtip. Sonicated mitochon-
dria were collected by centrifugation in a table-top centrifuge and aliquots
of the resuspended mitochondria were plunge-frozen on holey carbon EM
grids in liquid ethane cooled by liquid nitrogen. We imaged mitochondrial
fragments in vitreous ice over holes in a 300-kV Jeol electron microscope
equipped with an energy filter. Single tilt-axis images were collected from
-60° to +60° at 2° intervals with an estimated total dose of 60 e /A%
Sample features were used for cross-correlation by the FSU tomogram
reconstruction package (22). After tomograms were formed, we segmented
membranes and the characteristic globular F; domains of the ATP synthase
complexes.

Analysis of tomograms

We determined the spatial coordinates of the segmented F; domains and
used these coordinates for distance measurements and other statistical anal-
yses. Initially, we determined distances between F,-F; pairs by Pythagorean
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relations. This analysis included all possible F;-F; pairs for which the con-
necting line did not pass through the vesicle membrane. Next, we performed
near-neighbor analyses for each F; particle, starting with the closest
neighbor. In this step, we rejected prospective neighbors if the connecting
line crossed another closer neighbor, i.e., if the two connecting lines formed
an angle of 5° or less. In this fashion, we could assign to each particle a set
of neighbors ranked by their distance from that particle.

Lipid analysis

Mitochondria were isolated from whole flies, using the same protocol as
described above. Lipids were extracted into chloroform/methanol (23)
from aliquots corresponding to 2 mg mitochondrial protein. Phospholipids
were separated by two-dimensional thin-layer chromatography and
digested by 70% perchloric acid, followed by colorimetric assay of phos-
phorus (24). Alternatively, lipids were separated on a Hypersil (Thermo,
Waltham, MA) silica high-performance liquid chromatography column
(100 x 4.6 mm) developed with acetonitrile-water containing 0.025%
ammonia. A gradient was run changing the water concentration from 1%
to 10% over 30 min (flow rate 1.0 ml/min). Acidic phospholipids (retention
times 5-10 min) were collected, dried under a stream of nitrogen, and
resuspended in 50 ul chloroform/methanol (1:1). Aliquots of these samples
were diluted 1:10 in 2-propanol-acetonitrile (3:2) to perform MALDI-TOF
mass spectrometry as described by Sun et al. (25), using 9-aminoacridine as
matrix. Spectra were recorded in negative ion mode with a MALDI micro
MX mass spectrometer from Waters (Wilmslow, UK). The instrument was
operated in reflectron mode, the pulse voltage was set to 2000 V, and the
detector voltage was set to 2400 V. Spectra were obtained by averaging
1000 laser shots (10 shots per subspectrum, 100 subspectra).

Two-dimensional blue-native/sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(2D-BN/SDS-PAGE)

Isolated Drosophila mitochondria (200 ug protein) were solubilized by
digitonin (6 g digitonin/l1 g protein) and subsequently separated by
BN-PAGE on a 4-13% acrylamide gradient gel (26). Gel strips were
excised, soaked in 1% SDS, and then embedded on top of the SDS-PAGE
gel for electrophoretic separation in the second dimension. Proteins were
transferred to PVDF membranes and Western blotting was performed
with a primary antibody to the a-subunit of ATP synthase (MitoSciences,
Eugene, OR) at a concentration of 1 ug/ml in Odyssey blocking buffer
(LI-COR Biosciences, Lincoln, NE). IRDye 680 (Li-Cor Biosciences)
was used as secondary antibody and the fluorescence patterns of the blots
were analyzed by a Li-Cor scanner. We also performed conventional
Western blotting with secondary horseradish-peroxidase-conjugated anti-
mouse antibody and SuperSignal peroxidase substrate from Pierce.

RESULTS

ATP synthase forms two parallel rows of dimers
at the high-curvature apex of mitochondrial crista
vesicles

Mitochondria were isolated from Drosophila thoraces, in
which flight muscle constitutes the bulk of the tissue
mass. The mitochondrial preparations showed excellent
ultrastructural preservation and the isolated organelles
maintained the high crista density that is characteristic of
flight-muscle mitochondria (19,27) (Fig. S1 in the Support-
ing Material). Mitochondria were disrupted by mild
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FIGURE 1 State of oligomerization of ATP syn-
thase. (A) 3-D model of a tomogram of a membrane
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sonication, plunge-frozen, and analyzed by cryo-electron
tomography, largely following the protocol of Strauss
et al. (18). Most of the mitochondrial fragments formed
round, disk-shaped vesicles with a diameter of
50-300 nm, reflecting the natural shape and size of cristae
in flight-muscle mitochondria in vivo (Fig. S2). Like Strauss
et al. (18), we found that the F; heads of ATP synthase
complexes were clearly visible as 9-nm densities on the
surfaces of vesicles derived from the inner membrane
(Fig. S3). We resolved the central stalk of the ATP synthase
in most complexes and the peripheral stalk in some
complexes. However, rather than focusing on the fine struc-
ture of the complex, we took advantage of the extraordinary
abundance of ATP synthase complexes in flight-muscle
mitochondria to study their supramolecular organization.
We were able to approach the problem of supramolecular
organization by statistical analysis of the spatial distribution
pattern of the F; particles (Fig. 1). For instance, the tomo-
gram model depicted in Fig. 1 A shows a total of 187 F,
particles on a single crista vesicle. To be unbiased, we
considered any F;-F; pair as a candidate for physical inter-
action unless it was blocked by a closer neighbor. To
analyze the spatial distribution pattern, we measured the
center coordinates of all F; domains and calculated a matrix
of F;-F, distances. The resulting distance histogram showed
two peaks, one at 15 nm and another at 23 nm (Fig. 1 B). We
then analyzed the distances to neighboring particles starting
with the closest neighbor, moving to the second closest
neighbor, and so on. First and second closest neighbors of
a particle had a similar distance within a narrow range of
15-18 nm, whereas the third, fourth, and fifth closest neigh-
bors were 20-30 nm away (Fig. 1 C). The distances to the
first and second closest neighbors were most conserved
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colors and the membrane surface is shown in gray.
F, particles are concentrated at the high-curvature
zone of the disc-shaped vesicle. (B) Distance histo-
gram of F;-F; pairs. The histogram includes all
F,-F; pairs for which the connecting line does
not intersect with another F; particle (see Methods
section for details). The distance population peaks
at 15 nm and at 23 nm (1 pixel = 8.83 A). (C) Sepa-
rate distance histograms are shown for the closest
= First neighbor (blue), the second closest neighbor
== Second (green), the third closest neighbor (yellow), the

Third fourth closest neighbor (red), and the fifth closest
== Fourth neighbor (purple). The histogram data points are
= Fifth curve-fitted to enhance clarity. (D) 3-D model of
Fig. 1 A rendered in different colors. Dimers are
colored in alternating shades of red or blue,
revealing two parallel dimer rows on opposite sides
of the edge of the disc-shaped vesicle. The surface
of the vesicle is colored gray. F; particles on the flat
surface of the vesicle are colored white and F,;
particles that could not be assigned to any dimer
are colored yellow.
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FIGURE 2 Histograms showing (fop to bottom) the number of neighbors
per F; particle for wild-type flies (WT), cardiolipin synthase mutant flies
(ACLS), and tafazzin mutant flies (ATAZ). A particle was considered the
neighbor of another particle if their distance was within 27 nm and if there
was no other particle between the two.
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throughout the set and fell into the range of interdimer spac-
ings previously observed in mammals, Paramecium, yeast,
and Neurospora (16-18,28).

Next, we expanded our analysis to include more
membrane vesicles and so were able to collect the spatial
coordinates of 646 ATP synthase molecules. In this popula-
tion, we determined the number of neighbors per ATP
synthase molecule within a radius of 27 nm. This radius
was chosen because it included both peaks of our distance
histogram (Fig. 1 B), as well as the published F;-F; distance
within a dimer (17,18). Our analysis demonstrated the pres-
ence of 0-8 neighbors/F; monomer, with an average number
of 4 (Fig. 2, upper). We concluded that the average ATP
synthase molecule has four neighbors, two of them in close
proximity and two farther away. These data are compatible
with a ribbonlike assembly of ATP synthase dimers (dimer
row), but they are incompatible with a number of other theo-
retical structural arrangements (Fig. S4).

In conclusion, the statistical analysis is consistent with
extended ribbonlike assemblies of ATP synthase complexes
that approximate a row of dimers. The data also demonstrate
to what extent deviations from the ideal structure, e.g., the
presence of isolated monomers or multimeric ATP synthase
clusters, occur. Ribbons of ATP synthase dimers have been
described before in fragmented mitochondria from
mammals (18), Paramecium (16), Neurospora (28), and
yeast (17). More recently, they have been observed in intact
mitochondria from Polytomella (29) and Afcjl yeast
mutants (30). In Drosophila flight muscle, the ATP synthase
formed not only one but two rows of dimers, presumably to
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accommodate the high number of complex molecules. F,
particles corresponding to first and second dimer rows
were color coded for clarity and are shown in Fig. 1 D
and movie in the Supporting Material. Both dimer rows
run parallel at the high-curvature edge of the disc-shaped
crista vesicles. In contrast, the ATP synthases on the flat
surface of the vesicles were less organized.

Cardiolipin deficiency disrupts the long-range
assembly pattern of ATP synthase in
flight-muscle mitochondria

We studied the supramolecular organization of ATP syn-
thase in a Drosophila strain with a transposon insertion in
the gene encoding cardiolipin synthase (CLS, Drosophila
gene CG4774). As expected, this mutation (ACLS) resulted
in virtually complete loss of cardiolipin and compensatory
increase of phosphatidylglycerol as shown by MALDI-
TOF mass spectrometry (Fig. 3 A). No other changes in
phospholipid composition were noted. When concentrated
lipid extracts from mitochondria were analyzed by 2-D
thin-layer chromatography, a trace of cardiolipin remained
detectable, suggesting residual CLS activity. However,
quantitative analysis by phosphorus assay confirmed that
cardiolipin was almost completely replaced by phosphati-
dylglycerol and that the concentration of other mitochon-
drial phospholipids remained unaltered (Fig. 3 B).
Although this has been achieved before in cell cultures
(31-33), the ACLS Drosophila strain is the first animal
model with nearly complete loss of cardiolipin. The

A Pl B WT ACLS ' FIGURE 3 Lipid analysis ifl ACLS Drosophi?a.
—= .Cl- a (A) Lipids were extracted from wild-type flies
PG PG (WT) and from cardiolipin synthase mutant flies
> ‘ (ACLS) and then underwent HPLC separation.
‘@ 'PE PE The fractions containing acidic phospholipids
g wT were collected and analyzed by MALDI-TOF
= . PC . PC mass spectrometry in negative ion mode. Mutation
of CLS causes a decrease in cardiolipin and an
r—P‘E cL ’Pll = ! g pa  increase in phosphatidylglycerol. The principle
l J —— LPC LS peaks include (left to right) palmitoyl-palmito-
L 3“1 1 1 leoyl-PG (m/z = 719.5), palmitoleoyl-oleoyl-PG
700  pj m/f 1500 ‘[ I (m/z = 745.5), oleoyl-linoleoyl-PG (m/z =
PG 2 u 2 771.5), dipalmitoleoyl-PI (m/z = 805.5), palmito-
— - e leoyl-oleoyl-PI (m/z = 833.5), oleoyl-linoleoyl-PI
> [EETTR I vz = 859.5), (C16);-CI8-CL cluster (peak
% ACLS PE 47.647.1 50.342.2 at m/z = 1372), (C16),-(C18),-CL cluster (peak
pei = S e at m/z = 1398), C16-(C18);-CL cluster (peak at
m/z = 1422), (C18)4-CL cluster (peak at m/z =
PI+PS+LPC 25.949.2 19.9+5.7 1448). (B) Mitochondria were isolated from wild-
cL 3714 Tr type flies (WT) and from cardiolipin synthase
PG Tr 2 7401 mutar}t flies (ACLS). I.dipids were ext.racted fro.rn
an aliquot corresponding to 2 mg mitochondrial

700 m/j 1500 PA ND Tr

protein and separated by 2-D thin-layer chromatog-
raphy on silica gel 60 plates developed by chloro-

form-methanol-20% ammonia (65-30-5) in the first dimension (vertical) and chloroform-acetone-methanol-acetic acid-water (50-20-10-10-5) in the second
dimension (horizontal). Lipids were stained with iodine vapor and phospholipids were determined by colorimetric assay of phosphorus after ashing and
expressed as percent of total phospholipid. Mutation of cardiolipin synthase decreases cardiolipin in favor of phosphatidylglycerol. CL, cardiolipin; LPC,
lysophosphatidylcholine; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylino-

sitol; PS, phosphatidylserine; T, trace; ND, not detected.
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FIGURE 4 Mutation of cardiolipin synthase affects Drosophila physi-
ology at all developmental stages. Physiologic variables were determined
in the wild-type strain (WT) and in the mutant strain (ACLS). (A) Locomotor
activities of larvae were measured by the number of squares (0.25 x
0.25 in%) crossed within 5 min (N = 9 in each group). (B) Pupal heart rates
were determined under a light microscope (N = 8 in each group).
(C) Longevities of adult flies were compared in a Kaplan-Meier graph
(N = 50 in each group). (D) Climbing activities of adult flies (10 days
old) were determined by the distance flies climbed within 12 seconds.
The graphs show distributions of fly populations over the distance (ex-
pressed in 0.5-in units) they climbed within 12 s (triplicate measurements,
each performed with 40 flies). (E) Respiratory activities of Drosophila
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respiratory activity of isolated ACLS mitochondria was
diminished in comparison to wild-type mitochondria and
the loss of cardiolipin had profound effects on fly physi-
ology at all developmental stages, such as reduced loco-
motor activity at the larval stage, a lower heart rate at the
pupal stage, and a shortened life span and reduced climbing
activity at the adult stage (Fig. 4). In short, the lack of car-
diolipin caused mitochondrial dysfunction, which led to
cardiac insufficiency, motor weakness, and early death.
The physiologic decline was accompanied by alterations
in mitochondrial ultrastructure and by re-organization of
ATP synthase complexes. Many mitochondria in flight
muscle and heart muscle showed abnormal morphology
(Fig. S5) and this was also observed in isolated mitochondria
(Fig. S1). As reported before (20), aggregation of inner
membranes was the most common structural abnormality
(Fig. S1 and Fig. S5). However, ACLS mitochondria with
normal morphology were present as well (Fig. S1 L) and
we were able to derive fragments with normal overall shape
to analyze the spatial distribution of ATP synthase particles
(Table 1). The effect of cardiolipin deficiency on the
structural organization of ATP synthase can be readily appre-
ciated by visual inspection of the 3-D graphs in Fig. 5. In
these graphs, F; particles are presented as nodes intercon-
nected by line segments. These line segments identify
F,-F; pairs closer than 27 nm. The graphs show reduced
pairings in the mutant and Fig. 2 confirms that the average
number of neighbors dropped from 4 in the wild-type to
2-3 in the mutant. Furthermore, we investigated the oligo-
merization of ATP synthase by 2D-BN/SDS-PAGE
(Fig. 6). Whereas in wild-type mitochondria more ATP syn-
thase was recovered as dimer than as monomer, in ACLS,
mitochondria ATP synthase migrated mostly, although not
exclusively, as monomer. The low number of dimers in
2D-BN/SDS-PAGE of ACLS (Fig. 6) seemed to contradict
the tomography data that suggested there were 2-3 neigh-
bors/F; particle (Fig. 2). However, cryoelectron tomography
analyzed isolated crista vesicles that were released by mild
sonication, whereas 2D-BN/SDS-PAGE analyzed the entire
mitochondrial preparation, including aggregated membranes
and other abnormal structures (Fig. S1). In that sense, tomog-
raphy probably indicated subtle changes induced by cardio-
lipin deficiency in cristae that retained their normal shape,
whereas 2D-BN/SDS-PAGE indicated global changes in all
mitochondrial membranes. Since a previous study in yeast
did not show any effect of cardiolipin on ATP synthase

mitochondria (WT, wild-type; ACLS, cardiolipin synthase mutant; ATAZ,
tafazzin mutant) were measured with the BD Oxygen Biosensor System
(BD Biosciences, Franklin Lakes, NJ) according to the specifications of
the manufacturer. Mitochondria were incubated at a concentration of
1 mg protein/ml in a medium containing 250 mM sucrose, 15 mM KCl,
1 mM EGTA, 5 mM MgCl,, 30 mM KH,PO,4, 7 mM succinate, and
2 mM ADP, pH 7.4. Data are the means of two independent experiments.
Cardiolipin deficiency is associated with low respiratory activity in
ATAZ and ACLS. F, female; M, male.
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TABLE 1
of different Drosophila strains
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Characteristics of ATP synthase distribution in mitochondrial membrane vesicles derived from flight muscles

Number of Range of vesicle =~ Range of vesicle

Number of F,

Density of F; particles at

Percentage of F; particles at high-curvature zone

Strain vesicles analyzed diameters(nm) thickness(nm) particles analyzed high-curvature zone (/1000 nm?)

WT 9 50-250 40-80 646 90 + 3 3.07 = 0.38
ACLS 9 50-160 50-80 386 82 £ 3 1.70 = 0.29
ATAZ 5 80-250 80-90 462 77 =3 1.81 = 0.27

Data are represented as the mean = SE. Differences between mutant and wild-type are statistically significant (P < 0.05).

dimerization (11), the response to cardiolipin deficiency may
be cell-specific and may perhaps be related to the extent of
membrane disintegration. In any event, we concluded that
the lack of cardiolipin reduced the degree of oligomerization
of ATP synthase, which was supported by both 2D-BN/SDS-
PAGE (Fig. 6) and cryoelectron tomography (Figs. 2 and 5).

Next, we measured the density of ATP synthase at the high-
curvature rim of the vesicles (Table 1). Lack of cardiolipin
reduced the density of F; particles at the high-curvature rim
of vesicles by almost half. The reduced density of F, particles
was observed not only in disc-shaped vesicles but also in
tubular ones (Fig. S6), suggesting that it affected all mem-
brane areas with high intrinsic curvature. However, the overall
abundance of ATP synthase relative to other mitochondrial
proteins, measured by quantitative Western blotting, was
unchanged (Fig. S7). We concluded that the reduced ATP
synthase density at high-curvature zones was caused by a
redistribution of the enzyme into other membrane zones,
such as flat membrane segments and aggregated membranes.

We also studied another Drosophila strain, in which
cardiolipin deficiency was caused by mutation of TAZ.

F. - F1 neighbors F, domains

This mutant had ~80% reduction in the cardiolipin concen-
tration and a change in the molecular composition of cardio-
lipin (19). In contrast to the ACLS mutation, which increased
phosphatidylglycerol, the ATAZ mutation resulted in an
increase in monolysocardiolipin (20). Nevertheless, both
the ATAZ mutation and the ACLS mutation had similar
effects on mitochondrial morphology (Fig. S1 and Fig. S5)
and on the supramolecular organization of ATP synthase
(Figs.2 and 5). Asin ACLS, the total amount of ATP synthase
was not affected in ATAZ (Fig. S7), but the monomer-dimer
distribution in ATAZ was between those of wild-type and
ACLS (Fig. 6). The fact that the tomographic data were
similar in ACLS and ATAZ, whereas the 2D-BN/SDS-
PAGE data were not, confirms that the two techniques study
different populations of molecules. We suggest that 2D-BN/
SDS-PAGE analyzed the entire pool of ATP synthase present
in the mitochondrial preparation, whereas cryoelectron
tomography analyzed ATP synthase selectively in nondegen-
erated, presumably functional mitochondrial membranes. In
conclusion, analysis of two independent cardiolipin deple-
tion mutants (ACLS and ATAZ) demonstrated that the

FIGURE 5 Disarray in the supramolecular
assembly of ATP synthase in Drosophila mutants
with cardiolipin deficiency. (Upper) 3-D models
of membrane vesicles from flight-muscle mito-
chondria of wild-type flies (WT), cardiolipin
synthase mutant flies (ACLS), and tafazzin mutant
flies (ATAZ). The lower panel shows corresponding
3-D models, in which neighbors are connected by
lines. A particle is considered the neighbor of
another particle if their distance from each other
is within 27 nm and if there is no other particle
in between the two. The models show less connec-
tivity in the supramolecular structure of ATP
synthase in the cardiolipin mutants.
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FIGURE 6 2D-BN/SDS-PAGE analysis of ATP synthase in Drosophila
mitochondria including wild-type (WT), cardiolipin synthase mutant
(ACLS), and tafazzin mutant (ATAZ). (A) BN-PAGE molecular weight
markers. The molecular mass of markers is given in kDa. (B) 2D-BN/
SDS-PAGE analysis of the a-subunit of ATP synthase using fluorescing
secondary antibody from Li-Cor. In the WT, most of ATP synthase was
recovered as dimer (D); in ATAZ about equal proportions of ATP synthase
were recovered as dimer and as monomer (M); and in ACLS most of ATP
synthase was recovered as monomer. (C) 2D-BN/SDS-PAGE analysis of
the a-subunit of ATP synthase using horseradish peroxidase-conjugated
secondary antibody. Some dimers remain present in the ACLS mutant.

WT

ACLS

presence of cardiolipin is critical for the supramolecular
organization of ATP synthase.

DISCUSSION

It has been proposed that the oligomeric state of ATP
synthase plays a role in crista formation and morphology
(15,34). Specifically, it is now widely accepted that dimer-
ization of ATP synthase induces bending of the inner
mitochondrial membrane and that further oligomerization
of the dimers can provide structural support to extended
high-curvature membrane folds (15). Although a number
of protein candidates have been identified (35), the molec-
ular mechanism of ATP synthase oligomerization is still
not completely understood. Our findings suggest that the
lipid composition, specifically the presence of cardiolipin,
is also important for oligomerization.

How does cardiolipin promote the ribbonlike assembly of
ATP synthase dimers? The effect of cardiolipin could either
result from direct interaction with the enzyme or from
physical constraints associated with membrane curvature.
Cardiolipin is known to partition into high-curvature
membrane segments due to its molecular shape (36) and it
is thought to adopt a specific orientation with respect to
the intrinsic curvature due to its inherent anisotropy (37).
We propose that cardiolipin and ATP synthase act in concert
to reduce the free energy imposed by membrane curvature,
together stabilizing these high-curvature folds.
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To quantify the effect of cardiolipin on the structural
order in ATP synthase assemblies, we performed a statistical
analysis of dimer orientation using the von Mises model
(38). Fig. 7 A depicts possible states of a population of
dimers in a membrane segment, ranging from random distri-
bution to an ideal dimer row (left to right). For each state,
the orientation of dimers yields a population of angles, 8,
by which dimers deviate from the mean direction. If the
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FIGURE 7 Structural order in ATP synthase oligomers. (A) Cartoon de-
picting the orientation of ATP synthase dimers in the membrane plane. The
three scenarios include random distribution of isolated dimers (left),
nonideal dimer row (middle), and ideal dimer row (right). § is the angle
by which the dimer orientation deviates from the mean direction. (B)
Tomographic models of dimer rows in wild-type (WT) and cardiolipin syn-
thase mutant (ACLS). (C) Probability density functions. Dimer orientations
were measured in tomographic models from WT (n = 75) and ACLS (n =
34), yielding a set of angles (6, 6,,..., 8,). The sets were used to estimate
the concentration parameters using Eq. 2. The concentration parameters
were k = 6.1 for WT and x = 2.4 for ACLS. The, probability density func-
tions were calculated from the concentration parameters using Eq. 1.



Cardiolipin and ATP Synthase

distribution of the population is normal, the probability
density function takes the form (Eq.1):

kcost

e

F(0,x) = 2mly(k)’ M
where k is the concentration parameter of the von Mises
distribution, and I, and I; stand for the modified Bessel
functions of the first kind, orders O and 1, respectively
(38). The concentration parameter k can be estimated by
solving Eq. 2:

2 2

o) = D cost | +[ > sin6 ). (@
0

i=1 i=1

We determined relative dimer orientations in tomo-
graphic models from wild-type and ACLS mitochondria.
Visual inspection already shows that neighboring dimers
were much better aligned in the wild-type (Fig. 7 B). The
calculated probability density functions confirmed that the
dimers in the wild-type were distributed over a much
narrower range of angles than in ACLS (Fig. 7 C). These
calculations demonstrate that the presence of cardiolipin
in the mitochondrial membrane not only increases the
degree of oligomerization of ATP synthase, but also reduces
the degree of disorder within the ATP synthase assemblies,
promoting the formation of extended dimer rows.

In summary, we demonstrated that cardiolipin molecules
play a role in the supramolecular organization of ATP syn-
thase, which is likely to affect crista morphology (15,34)
and energy efficiency (18). When comparing ACLS and
ATAZ, we found a correlation between the concentration of
cardiolipin and the severity of the phenotype (compare
Fig. 4 with data from Schlame and colleagues (19,20), as
well as the degree of dimerization of ATP synthase (Fig. 6).
On the other hand, ACLS and ATAZ mutations had a similar
effect on the spatial distribution of ATP synthase in
membrane vesicles (Figs. 2 and 5 and Table 1). These obser-
vations are consistent with the following two-stage model of
molecular pathology in cardiolipin mutants: Initially, the lack
of cardiolipin creates subtle disturbances in the lateral organi-
zation of the membrane in both ACLS and ATAZ, specifically
affecting oligomerization and supramolecular order of the
ATP synthase. Then, this process sets the stage for membrane
failure, i.e., loss of function and subsequent aggregation of
inner membranes, which appears to be more pronounced in
ACLS, where cardiolipin deficiency is more severe.

SUPPORTING MATERIAL

Seven figures and a movie are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(11)00379-1.
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