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Background: Cardiolipin is required for in vivo respiratory supercomplex formation in Saccharomyces cerevisiae.

Results: Supercomplex III,IV, reconstitution from purified complexes III and IV was dependent on addition of cardiolipin over
their tightly bound amounts. Electron microscopy confirmed supercomplex organization.

Conclusion: Supercomplex III,IV, formation is absolutely contingent on cardiolipin presence in the membrane.
Significance: This minimal system provides understanding of lipid-dependent supercomplex dynamics in vivo.

Here, we report for the first time in vitro reconstitution of the
respiratory supercomplexes from individual complexes III and IV.
Complexes III and IV were purified from Saccharomyces cerevisiae
mitochondria. Complex III contained eight molecules of cardioli-
pin, and complex IV contained two molecules of cardiolipin, as
determined by electrospray ionization-mass spectrometry. Com-
plex IV also contained Rcflp. No supercomplexes were formed
upon mixing of the purified complexes, and low amounts of the
supercomplex trimer III,IV, were formed after reconstitution into
proteoliposomes containing only phosphatidylcholine and phos-
phatidylethanolamine. Further addition of cardiolipin to the pro-
teoliposome reconstitution mixture resulted in distinct formation
of both the III,IV, supercomplex trimer and III,IV, supercomplex
tetramer. No other anionic phospholipid was as effective as cardio-
lipin in supporting tetramer formation. Phospholipase treatment
of complex IV prevented trimer formation in the absence of cardio-
lipin. Both trimer and tetramer formations were restored by cardi-
olipin. Analysis of the reconstituted tetramer by single particle
electron microscopy confirmed native organization of individual
complexes within the supercomplex. In conclusion, although some
trimer formation occurred dependent only on tightlybound cardio-
lipin, tetramer formation required additional cardiolipin. This is
consistent with the high cardiolipin content in the native tetramer.
The dependence on cardiolipin for supercomplex formation sug-
gests that changes in cardiolipin levels resulting from changes in
physiological conditions may control the equilibrium between
individual respiratory complexes and supercomplexes in vivo.
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It is accepted that the mitochondrial respiratory chain in
mammalian cells is organized as a supramolecular structure
(“respirasome” (1)) composed of individual redox complexes.
Complexes I, 1I,° and IV (NADH:ubiquinone oxidoreduc-
tase, ubiquinol:cytochrome ¢ oxidoreductase (CIII),* and cyto-
chrome c oxidase (CIV), respectively) in different stoichiomet-
ric ratios form active supercomplexes, which after extraction
from the membrane by mild detergents can be separated and
detected by blue native-PAGE (BN-PAGE) (2—6). This is con-
sistent with the suggestion that the respirasome is a dynamic
assembly, the aggregation states of which can respond to vari-
ations in the demand for energy under different physiological
conditions (7, 8). Electron transfer in the respiratory chain
occurs either by direct substrate channeling of CoQ and cyto-
chrome ¢ between the respective individual complexes within a
supercomplex or less efficiently via diffusion and random colli-
sion of the two low molecular weight electron carriers with the
individual dissociated complexes (for review see Refs. 2, 3).

The Saccharomyces cerevisiae respiratory chain lacks the
energy-transducing transmembrane complex I (9). Instead S.
cerevisiae has several peripheral NADH dehydrogenases, which
funnel electrons into the respiratory chain. Solubilization of the
S. cerevisiae mitochondrial membrane with mild detergents
such as digitonin produces supercomplexes II1,IV,; and III,IV,
lacking the dehydrogenases as observed with BN-PAGE (4).

Supercomplex formation strongly depends on membrane
phospholipid composition being most dependent on cardioli-
pin (CL), which is uniquely found in mitochondrial and other
energy-transducing membranes (for review see Ref. 10). Re-
duced CL levels or alterations in the landscape of CL species

3 Complex Il in eukaryotes is a structural and functional dimer of two
ubigunol:cytochrome ¢ oxidoreductase multisubunit enzymes (cyto-
chrome bc, complex), and when in a supercomplex it is referred to as lll,.

“The abbreviations used are: Clll, complex lIl; CIV, complex IV; BN-PAGE, blue
native-PAGE; CL, cardiolipin; PE, phosphatidylethanolamine: PC, phos-
phatidylcholine: PG, phosphatidylglycerol; PA, phosphatidic acid; PI, phos-
phatidylinositol; PS, phosphatidylserine; cryo-EM, cryo-electron microscopy;
DDM, dodecylmaltoside.
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with respect to fatty acid composition (generally loss of CL spe-
cies with a high content of unsaturated fatty acids) results in
reduced formation of both individual complexes and super-
complexes in a number of pathological states as follows: aging
(11), neurodegenerative diseases (12), ischemia followed by
reperfusion, induction of apoptosis (13—15), heart failure (16 —
18), cancer (19), and Barth syndrome (male-inherited defect in
TAZI necessary for remodeling newly synthesized CL to its
highly unsaturated forms) (10, 12, 20-23). Oxidative stress
accompanied by lipid peroxidation particularly of CL occurs in
the above diseases resulting in reduced supercomplex forma-
tion (3, 12). The failure to couple respiratory complexes further
increases oxidative stress setting up a vicious cycle leading to
reduced energy production and cell death. Thus, the study of
the exact molecular mechanism by which CL supports super-
complex formation and stability will provide fundamental
information mandatory to understanding of pathological alter-
ations in mitochondrial metabolism.

We previously demonstrated that yeast mutants (AcrdI)
lacking CL failed to display the native III,IV, supercomplex on
BN-PAGE after extraction of mitochondria by digitonin (24);
trace amounts of the IIL,IV, trimer form of the supercomplex
were present. Kinetic analysis of electron transfer from reduced
CoQ to O, is consistent with channeling of cytochrome ¢
between CIII and CIV in intact wild type yeast mitochondria
(25, 26). However, in mitochondria lacking CL, the kinetics of
electron transfer supports random collision between respira-
tory complexes and the low molecular weight carriers consist-
ent with a lack of supercomplex formation (26). Mutations in
the TAZ gene in yeast and somatic cells (Barth syndrome in
humans) result in a dramatic broadening in the spectrum of CL
species with respect to fatty acid composition accompanied by
reduction in supercomplex formation (21, 22). In Barth syn-
drome patients, the disruption in the interaction of CIII with
CIV is more pronounced than complex I with CIII (20). In S.
cerevisiae, site-directed mutagenesis demonstrated that CL
molecules tightly bound to a specific site on CIII were impor-
tant for stabilization of the interactions between CIII and CIV
in the supercomplex (27). Therefore, CL appears to play a cen-
tral role in supercomplex formation.

Recent structural studies of the purified mammalian and
yeast respiratory chain supercomplexes by single particle cryo-
electron microscopy (cryo-EM) (28, 29) and cryo-electron
tomography (30) resulted in three-dimensional density maps
and construction of pseudoatomic models for these structures
showing specific arrangements of the individual complexes in
the supercomplexes. One of the interesting features in the
arrangement of the individual complexes in the respirasomes
revealed in these studies is the presence of spaces between
transmembrane domains of individual complexes, which may
be filled with lipids. Consistent with these observations, about
200 CL molecules were estimated to be present in the purified
bovine respirasome (I, 11,1V, ) (28), and about 50 CL molecules
were determined in the IIL,IV, supercomplex from S. cerevisiae
(29). In each case, this level of CL is in great excess over the
amount of CL tightly associated and integrated into the struc-
ture of the individual purified complexes.
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In this study, we employed a minimal system composed of
purified CIII and CIV from S. cerevisiae mitochondria and lipo-
somes of different phospholipid composition to study the
dependence on CL for supercomplex formation. We demon-
strate for the first time the reconstitution of the supercom-
plexes III,IV, and IIL,IV, from individual CIII and CIV in pro-
teoliposomes and specific dependence of IIL,IV, formation on
liposomes containing CL in strong preference over other ani-
onic phospholipids. Using EM and single particle analysis, we
demonstrated the proper structural arrangement of CIII and
CIV within the III,IV, supercomplex reconstituted in and puri-
fied from the proteoliposomes. Thus, CL is essential for super-
complex formation in addition to its occurrence as an integral
part of individual CIII and CIV.

EXPERIMENTAL PROCEDURES

Reagents—The following synthetic phospholipids were pur-
chased from Avanti Polar Lipids (Alabaster, AL) and contained
oleic acid as the sole fatty acid: phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidic acid (PA), phosphati-
dylglycerol (PG), phosphatidylserine (PS),and CL.1,1",2,2'-Te-
tramyristoyl-CL (CL (14:0),) and 1,1',2,2'-tetraolyoyl-CL (CL
(18:1),) were also from Avanti Polar Lipids. L.-a-Phosphatidyl-
inositol (PI) from soybean, horse heart cytochrome ¢, bee
venom phospholipase A2, and diaminobenzidine were from
Sigma. Polyclonal antibody specific for Rfclp was a generous
gift of Rosemary Stuart (Marquette University). Pre-made gels
for BN-PAGE were purchased from Invitrogen. Bio-Safe Coo-
massie G-250 was from Bio-Rad. PVDF membranes were from
Millipore. Monoclonal antibody toward the Qcr7p subunit of
CIII was a generous gift from Bernard Trumpower, Dartmouth
University. A polyclonal antibody to CIII or CIV was obtained
from Cocalico Biologicals. Antibody recognizing the polyhisti-
dine tag (THE™) was obtained from Genscript.

Yeast Strains and Growth Conditions—For protein produc-
tion, an S. cerevisiae strain was engineered to express the Cox4p
subunit of CIV with a 10-residue His tag at its C terminus.
Genomic DNA from strain DL1 (31) was used as the polymer-
ase chain reaction template. The following primers were used
to obtain the upstream COX4 region: COX4 F1, 5'-AGC-
GATATCTCCCATCTTGG-3', and COX4 His R1, 5'-TTA-
ATGGTGATGGTGATGGTGATGGTGATGGTGGGTCA-
TCATTTGG-3'. The downstream DNA segment was obtained
using the primer COX4DS His F1 (5'-CATCACCATCACC-
ATCACCATTAATCTTATCATTCAAGTTGCCCTTC-3")
and COX4DS R1 (5'-TCAATTCAACTCCCTGTGCC-3'). To
make the complete product, the upstream and downstream
DNA fragments were purified from an agarose gel and com-
bined for a third polymerase chain reaction with primers COX4
F1 and COX4DS R1. The final polymerase chain reaction prod-
uct was transformed into WD1 (MATa, his3, leu2, ura3,
cox4::LEU?2) (31) and selected for its ability to grow in nonfer-
mentable medium (1% yeast extract, 2% peptone, 1% ethanol
(v/v) and 3% glycerol, pH 5.6) to isolate transformants in which
chromosomal cox4::LEU2 was replaced by COX4-His,,,.

Based on the crystal structure of bovine CIV containing the
subunit 5b homolog (32) of yeast Cox4p, the whole Cox4p,
including the C terminus, is exposed on the matrix surface of
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CIV with the C terminus far removed from the membrane sur-
face or the interface with CIII. Therefore, the tag should have
no influence on the interaction with CIII or CL. Indeed, the
strain containing COX4-His,, showed normal levels of the
supercomplexes with the same mobility on BN-PAGE as
the native supercomplexes.

The native supercomplex was isolated from strain USYO0b
(MATq, ade2-1, his3-11-15, leu2-3-112, trpl-1, ura3-52,
canlR-100, atp2:LEU2,trpl:ATP2-Hisg) (29) that was culti-
vated in YP/lactate medium containing 1% yeast extract, 2%
peptone, and 3.7% of lactic acid, pH 5.6.

Protein Purification—Mitochondria were isolated from yeast
cells expressing the Cox4p-His,, subunit of CIV as described
previously (26) with slight modifications. Zymolase (3 mg per g
of wet weight cells) was used for spheroplast production. Mito-
chondria (80 mg of protein) were resuspended in 10 ml of lysis
buffer containing 2% dodecyl 3-p-maltoside (DDM, Anatrace),
50 mM potassium acetate, 10% glycerol, 1:50 volume of protease
inhibitor mixture for fungal and yeast cells (Sigma), 1.5 mm
phenylmethylsulfonyl fluoride, and 30 mm HEPES-KOH, pH
7.4, for 90 min at 4 °C. After centrifugation (145,000 X g, 20
min), the supernatant was loaded on a DEAE CL-6B column
(GE, 4 ml of resin) for CIII immobilization (33). The flow-
through was collected and saved for CIV purification (see
below). The column was washed with 50 mm MOPS, pH 6.9,
containing 150 mMm NaCl, and 0.015% DDM until null absorb-
ance at 280 nm. To exchange the detergent, the resin was fur-
ther washed with eight column volumes of the same buffer con-
taining 0.15% digitonin (Sigma) recrystallized according to Ref.
34 instead of DDM. For CIII elution, the salt concentration in
the elution buffer was raised to 500 mm NaCl. The CIII obtained
was stored at —80 °C in the presence of 10% glycerol.

For CIV purification the flow-through from the DEAE col-
umn was incubated in batch with 4 ml of Talon® His tag puri-
fication resin (Clontech) for 2 h. The resin was loaded into a
column and washed with 20 mm Tris-HCl, pH 7.2, containing
150 mm NaCl and 0.5% DDM until null absorbance at 280 nm.
The same buffer but containing 0.15% digitonin instead of
DDM was used for detergent replacement by washing with 8
column volumes. Adding 75 mm imidazole to the digitonin-
containing buffer eluted CIV. The purified CIV was stored at
—80 °C in the presence of 10% glycerol. Protein concentra-
tions were determined using the micro-BCA protein assay
kit (Thermo Scientific) according to the manufacturer’s
instructions.

Measurement of Ubiquinol-Cytochrome ¢ Reductase and
Cytochrome c Oxidase Activities—Purified CIII was assayed in
50 mMm potassium phosphate, pH 7.2, 0.25 M sucrose, 1 mm
KCN, 0.05% DDM, 50 um horse heart cytochrome ¢, and 40 um
decylubiquinol (Sigma) at room temperature for ubiquinol-de-
pendent cytochrome ¢ reductase activity. The reaction was
started by the addition of the enzyme at a final concentration of
5-15 nM. Prior to its use, decylubiquinol was freshly prepared
by reduction in the presence of a few grains of sodium borohy-
dride followed by the addition of 0.1 M HCl to quench unreacted
sodium borohydride. Reduction of cytochrome ¢ was moni-
tored at 550 nm, and the rate of reduction was calculated using
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an extinction coefficient of 21.5 mm~ ' cm™'. Antimycin A-in-

sensitive activities were subtracted from each sample.

CIV activity was measured according the cytochrome c oxi-
dase assay kit guidelines (Sigma). Purified CIV was assayed in 50
mM Tris-HCI, pH 7.0, 120 mm KCl, and 25 um ferrocytochrome
¢ for cytochrome ¢ oxidase activity. Cytochrome ¢ reduction
was done by incubation of a 1 mM solution in the presence of 2
mw dithiothreitol for 20 min. The ratio of absorbance at 550 nm
to 565 nm was measured, and the ferrocytochrome c solution
was only used if this value was between 10 and 20. The reaction
was started after addition of 5-15 nm CIV. Oxidation of ferro-
cytochrome ¢ was monitored by the decrease of absorbance at
550 nm. KCN-insensitive activities were subtracted from each
sample.

Turnover numbers are expressed as mole of cytochrome ¢
reduced or oxidized per mol of cytochrome bcl complex
monomer or CIV monomer, respectively, per s under steady-
state conditions.

Determination of CL in Purified CIII and CIV by Electrospray
Ionization-Mass Spectrometry (ESI-MS)—Phospholipids were
extracted from samples of CIII and CIV (quadruplicate samples
of 50 g of protein each) with a mixture of methanol, chloro-
form, 0.1 N HCI (containing 11 mM ammonium acetate) in a
proportion of 1:1:0.9 as described previously (18, 29). For quan-
tification of CL, 0.8 nmol of CL (14:0), was added as an internal
standard prior to extraction of lipids.

ESI-MS analysis of CL was performed as described previ-
ously (18). Samples for CL quantitation were injected into a
normal phase HPLC column (Luna 5-um silica 100 A, 2.0 X 150
mm column; Phenomenex) coupled to an API 3200 mass spec-
trometer running in negative ion mode. Negative ion ESI was
carried out at —4,000 V, with declustering potential of —100 V,
focusing potential of —350 V, and entrance potential of —10 V.
The solvent system consisted of hexane, isopropyl alcohol, 20
mM ammonium acetate in water, pH 5.5, in a ratio of 30:40:7
(v/v/v) for solvent A and hexane/isopropyl alcohol (30:40, v/v)
for solvent B. In separate runs, 0.34, 0.69, or 1.37 nmol of CL
(18:1), as a reference and 0.8 nmol of CL (14:0),) as an internal
standard were used to establish the standard curve. The nano-
moles of individual molecular species of CL in analyzed samples
were calculated by determining the ratio of the peak area of the
CL molecular species of interest to the internal standard CL
(14:0),. This ratio, along with the slope and intercept of the
standard curve made with CL (18:1),, was used to calculate
nanomoles of CL (23). Total CL was determined as the sum of
the most prevalent CL species, and values in nanomoles/mg of
the protein was calculated. The number of CL molecules per
mol of CIII or CIV was calculated using molecular masses of
560 or 240 kDa, respectively.

Phospholipase Treatment—CIV (48 ug) was incubated for 2 h
in the presence of 50 mm Tris-HCI, pH 7.2, 2 mm CacCl,, 0.15%
digitonin, 0.3 M NaCl, and 100 units/ml phospholipase A, in a
final volume of 300 ul. Adding EDTA to a final concentration of
10 mwm stopped the reaction. Phospholipase was removed using
a centrifugal filter with a 50-kDa molecular mass cutoff (Ami-
con, Millipore) and buffer containing 50 mm Tris-HCI, pH 7.2,
150 mm NaCl, and 0.15% digitonin.
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Preparation of Liposomes—Lipid mixtures in chloroform
were evaporated under nitrogen. The lipid film was solubilized
with 50 mm Tris-HCl, pH 7.2, containing 150 mm NaCl and
vortexed 20 min. The final volume of buffer used for lipid sol-
ubilization was calculated taking into account the final volume
of the protein mixture used in the proteoliposome reconstitu-
tion experiments (see below). The multilamellar vesicles were
dispersed by sonication for 15 min with an ultrasonic cleaner
from Avanti Polar Lipids or by probe sonication (Bronwill Bio-
sonik) for the preparation of small unilamellar vesicles. Lipid
amounts are expressed as mol % throughout.

Proteoliposome Reconstitution—Equimolar quantities of CIII
and CIV in 0.15% digitonin were mixed in the presence of small
unilamellar phospholipid vesicles (see above) at a lipid to pro-
tein weight ratio of 15:1. The lipid was dissolved in 2.5 times the
volume of the protein mixture to dilute the detergent while
adding the lipid. Proteoliposomes were formed as digitonin was
diluted below its critical micelle concentration (=~0.06%) by
incubation for 2 h at room temperature with gentle shaking.

Protein Extraction, Separation, and Band Quantification—
Proteoliposomes were sedimented by ultracentrifugation at
4°C at 90,000 X g for 15 min. The supernatant was discarded,
and the sediment was resuspended in 50 mMm Tris-HCI buffer,
pH 7.2, containing 150 mm NaCl and 3% digitonin and incu-
bated for 30 min. After a second centrifugation under the same
conditions, the supernatant containing the extracted proteins
was subjected to BN-PAGE in a 3-12% gradient gel. Typically
gels were run 14 h at an initial current of 12 mA. The gels were
stained for protein visualization using Bio-Safe Coomassie
G-250 and scanned. The images were analyzed using Image]
software (National Institutes of Health, imagej.nih.gov). The
bands identified on Western blots made from the above gels
(see below) as the supercomplexes (containing both CIII and
CIV) and for free CIII (representative of the protein that was
not integrated into the supercomplexes) were quantified and
normalized by the sum of the quantities obtained for all the
bands considered.

In-gel Enzyme Activity—For CIII activity, the extracted pro-
tein was subjected to colorless native-PAGE as described pre-
viously (35). The gel was then incubated in the presence of
0.05% (w/v) diaminobenzidine in 50 mM phosphate buffer, pH
7.2, for 2 h at room temperature. For CIV activity, the protein
was loaded onto a BN-polyacrylamide gel. After running, the
gel was incubated in the presence of 0.05% (w/v) cytochrome ¢
and 0.05% diaminobenzidine (w/v) in 50 mm phosphate buffer,
pH 7.2, for 1 h at room temperature (36).

Western Blot Analysis—Stained gels were transferred for
Western blot analysis to a PVDF membrane. For CIII visualiza-
tion, a monoclonal antibody or a polyclonal antibody specific
for the Qcr7p subunit was used. For CIV visualization, an anti-
body recognizing the His tag was used. Two different tech-
niques were used for the acquisition of the Western blot image.
When the signal was captured by a Fluor®-S Max multi-imager
(Bio-Rad), secondary anti-mouse or anti-rabbit (stabilized per-
oxidase conjugate, Thermo Scientific) antibody was used.
SuperSignal Western Femto Sensitivity kit (Thermo Scientific)
was used to develop the signal according the manufacturer’s
instructions. Alternatively, we used the Odyssey Infrared Imag-
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ing System (LI-COR Biosciences). In this case, the secondary
IRDye 680RD goat anti-rabbit and IRDye 800CW donkey anti-
guinea pig antibodies were used to detect CIII and CIV poly-
clonal antibodies or Rcflp and CIV polyclonal antibodies,
simultaneously. The guidelines suggested by the manufacturer
were used. SDS (0.1%) was included in the final wash of the
membrane. This step was mandatory not only to reduce the
background due to the use of the IRDye 680 secondary antibody
but also to wash the Coomassie R-250 stain out of the
membrane.

Purification of the Reconstituted and Native Supercomplexes—
Proteoliposomes containing the reconstituted supercomplex
were sedimented by ultracentrifugation at 4 °C at 90,000 X g for
15 min. The supernatant was discarded, and the sediment was
resuspended in 50 mMm Tris-HCI buffer, pH 7.2, containing 150
mM NaCl and 3% digitonin and incubated for 30 min. After a
second centrifugation, the supernatant (0.1 ml) containing the
extracted proteins was loaded onto a 2-ml sucrose gradient
(0.75-1.5 M sucrose in 15 mm Tris-HCI, pH 7.2, 20 mm KCl, and
0.4% digitonin) and centrifuged at 4 °C for 20 h at 30,000 rpm
(TLS-55 swinging bucket rotor). Fractions (60 — 80 wl) from the
gradient were analyzed by BN-PAGE and Western blotting.
Fractions enriched in III,IV, supercomplex were analyzed by
single particle negative stain EM. Purification of natural super-
complexes from strain USY00b was performed as described
previously (29).

Negative Stain Imaging by EM—A continuous thin carbon
support film was prepared by depositing carbon onto a freshly
cleaved mica sheet from a graphite rod using a Denton Vacuum
DU-502A Evaporator. The carbon support film was floated
onto a water surface and to a Quantifoil carbon grid (Quantifoil
R2/2 holey carbon film on 400 mesh copper grids. West Ches-
ter, PA). The carbon-coated grid was glow discharged for 2 min
prior to sample application. The negative stain grids were pre-
pared using a droplet method. A 5-ul drop of natural super-
complex or reconstituted supercomplex was placed on the
holey carbon grid. After 1 min, the excess sample was removed
by using a filter paper followed by placement of a 5-ul drop of
2% ammonium molybdate (Aldrich) on the grid. After 1 min,
the excess stain was removed using a filter paper. The stain
deposition was repeated once. After 30 s, the grid was blotted
with filter paper and air-dried. Samples were imaged at liquid
nitrogen temperature using a Polara 300-kV electron micro-
scope (FEI Co.) equipped with a 4 X 4K CCD camera (TVIPS
GmbH, Gauting, Germany). Images were recorded at low dose
conditions at 0.5 to 3 wm underfocus and a X39,000 nominal
magnification.

Particle picking and image processing were performed using
SPARX software package (37). All the micrographs contain-
ing particles were manually selected and windowed using
e2boxer.py (29). For reconstituted supercomplex, a total of
8,578 particles were selected from 529 micrographs. For natural
supercomplex, a total of 3,579 particles was selected from 150
micrographs. EMAN?2 software program was used for generat-
ing reference free class averages (e2refine2d) (38) from the sin-
gle particle projection data sets of the reconstituted supercom-
plex and the natural supercomplex.
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FIGURE 1. CL species and content in the purified Clll and CIV determined
by ESI-MS. Total CL was determined as the sum of the five prevalent CL
species (1344 (16:1),; 1372 (16:1)5(18:1),; 1400 (18:1),(16:1),; 1428 (18:1)5(16:
1),, and 1456 (18:1),) from values of singly ionized CL. Data represent the
average of four independent runs, and the bars indicate standard deviations.

RESULTS

Analysis of Purified CIII and CIV—Purified CIII and CIV dis-
played activities of about 40 and 600 s, respectively, which is
comparable with published results (33, 39, 40). Even though the
purification of the complexes utilized detergents, tightly bound
lipids were previously found associated with highly purified
preparations (41). For instance, yeast CIII (as the ubiquinol:
cytochrome ¢ oxidoreductase dimer) contains 14 structural lip-
ids in the crystal structure (42), of which four are CL, two are PI,
six are PE, and two are PC molecules. In the case of the bovine
CIV (as the cytochrome ¢ oxidase monomer), the crystal struc-
ture revealed the presence of 13 lipids, including two CL, one
PC, three PE, four PG, and three triacylglycerol molecules (43).
Furthermore, CL was shown to be essential for the optimum
activity of both CIII and CIV (27, 44—46). We confirmed the
presence of tightly bound CL molecules by ESI-MS and esti-
mated about eight (8.4 = 0.1) or two (1.8 = 0.1) per purified CIII
(560 kDa) or CIV (240 kDa), respectively, using the CL amounts
shown in Fig. 1. Interestingly, CL bound both to CIII and CIV
showed the same proportion among the five major CL species
(Fig. 1) as in the mitochondrial inner membrane (29). The
higher amount of CL in CIII than was determined in the crystal
structure is a result of the less delipidation of this enzyme
because only one step of the purification procedure was used
instead of the two steps as described previously (33). We chose
not to use the second step, which resulted in the loss of subunit
Qcr10p. The amount of CL in the purified CIV is the same as
was determined in the crystal structure of bovine CIV (43).

Reconstitution of CIII and CIV in Proteoliposomes—DPurified
CIII and CIV were mixed with accompanying dilutions of dig-
itonin below its critical micelle concentration. BN-PAGE and
Western blot analyses only showed the individual complexes
with no evidence of higher order association of CIII and CIV
into a supercomplex. (Fig. 24, lanes 3 are a mixture of individ-
ual complexes shown in [anes 1 and 2). A low level of CIV dimer
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was present in the purified CIV, which is consistent with pub-
lished results for bovine CIV (47). Therefore, the lipids tightly
bound to purified CIII and CIV were not sufficient to generate
supercomplex formation from these individual complexes.
Thus, we decided to perform reconstitution of CIII and CIV
into proteoliposome containing the major phospholipids of the
mitochondrial membrane, PC, PE, and CL. When the two com-
plexes were mixed together in the presence of an equimolar
concentration of PC and PE plus 20% CL and analyzed after
digitonin solubilization of the sedimented proteoliposomes by
BN-PAGE, clear formation of higher order structures was
observed (Fig. 2B). Two distinct bands with lower mobility than
CII and CIV dimer (CIV,) appeared (Fig. 2B, lane 1 in the
polyacrylamide gel). Formation of supercomplexes composed
of CIII and CIV was confirmed by recognition by individual
polyclonal antibodies directed at CIII and CIV. Both slow
migrating bands cross-reacted with polyclonal antibodies to the
individual CIII and CIV (Fig. 2B, lanes 1, in Western blots).
Molecular weight standards in BN-PAGE do not reflect actual
molecular weights of the supramolecular aggregates and were
used to correlate relative mobility of sample bands between
gels. To evaluate CIII-CIV supercomplexes formed in PC/
PE/CL liposomes, we used a mixture of the purified natural
supercomplex LIV, (supercomplex trimer) and II,IV,
(supercomplex tetramer) as a standard (Fig. 2B, lanes 2). As
seen in Fig. 2B, one of reconstituted supercomplexes corre-
sponds to the natural trimer and another one to the natural
tetramer. From hereon, we refer to these two higher order com-
plexes as the reconstituted supercomplex trimer (III,IV;) and
reconstituted supercomplex tetramer (III,IV,).

Next, we examined the specificity for the CL requirement in
reconstitution of the trimeric and tetrameric supercomplexes.
We compared reconstitution of the supercomplexes in proteo-
liposomes containing CL with their reconstitution in proteoli-
posomes containing equimolar amounts of PE and PC without
or with a series of anionic phospholipids in place of CL. When
the two complexes were mixed together in the presence of
PC/PE and analyzed after digitonin solubilization of the sedi-
mented proteoliposomes by BN-PAGE, there was formation of
low and diffuse staining in the region of the trimer (Fig. 2, C and
D, lanes 1), but no tetramer was observed. Formation of trimer
was confirmed by recognition by individual polyclonal antibod-
ies directed at CIII and CIV as indicated by the change of the
band from green or bright orange to a pale yellow-orange color
in Fig. 2, C and D. Overall, any formation of higher order tri-
meric complexes was poorly defined and variable with only
PC/PE in the liposomes (see high level of deviation in Fig. 2E). A
marked difference with clear formation of both trimer and
tetramer in PC/PE liposomes containing 20% CL was observed
(Fig. 2, Cand D, lanes 2). Interestingly, in the presence of CL, all
bands were retarded in mobility relative to samples without CL
(Fig. 2, C and D), which may be due to an increase in lipid
content due to specific affinity of the complexes for CL. There
was also material running slower than the tetramer, which,
based on immune reactivity with only antibody to CIV (Fig. 2B,
far right panel, and Fig. 2, Cand D, lanes 2 of immunoblot), may
be a higher order self-association of CIV.
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FIGURE 2. Reconstitution of the supercomplexes from individual Clll and CIV in the presence of different lipid mixtures. A, BN-PAGE stained with
Coomassie R-250 (left panel) and Western blot (right panel) with red or green fluorescent-tagged secondary antibodies detecting Clll or CIV, respectively, are
shown. Samples were Clll (lanes 1), CIV (lanes 2), and Clll and CIV together (/anes 3), all in the absence of added phospholipid. B, BN-PAGE stained with Coomassie
R-250 (left panel) and Western blot (2nd panel from left) with red or green fluorescent-tagged polyclonal antibodies directed against Clil or CIV, respectively,
Western blot with polyclonal antibody against Clll (2nd panel from right), and Western blot with polyclonal antibody against CIV (right panel) are shown.
Samples were Clll and CIV reconstituted in proteoliposomes containing an equimolar mixture of PC and PE supplemented with 20% CL (/lanes 1) or native
purified supercomplexes (lanes 2). The composition of the various bands is noted based on antibody cross-reactivity and mobility relative to the native trimer
and tetramer. SC denotes supercomplex. C, BN-PAGE and Western blots as in B of Clll and CIV reconstituted together in liposomes containing an equimolar
mixture of PCand PE (lanes 1) supplemented with 20% CL (lanes 2), PA 1% (lanes 3), PG 1% (lanes 4), P 15% (lanes 5), and PS 2% (lanes 6) of the total phospholipid.
D, same asin C, exceptall anionic phospholipids were supplemented to 20% of the total phospholipid. E, quantification of the different species visualized in the
BN-PAGE after Coomassie R-250 staining (mean value of at least four different experiments with bars indicating standard deviation). In white is Clll; in light gray
is the supercomplex trimer, and in dark gray is the supercomplex tetramer.

The summary quantification of several experiments is shown appearance when probed by antibodies. Tetramer formation
in Fig. 2E. For PC/PE liposomes, the level of Coomassie R-250  was definite upon addition of CL with the formation of distinct
staining in the region of the tetramer was near background and  trimer bands in all cases. Specificity for CL among other anionic
showed a wide variation for the trimer region with a diffuse lipids (PA, PG, PI, and PS) for tetramer formation was con-
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FIGURE 3. CL concentration dependence for supercomplex formation in
proteoliposomes. Quantification of the amount of tetramer (A) and trimer
(B) obtained after reconstitution in the presence of an equimolar mixture of
PC and PE containing variable amounts of CL. The results shown are the aver-
age of four different experiments, and the bars indicate standard deviation.

firmed either at the low levels of lipids found in mitochondria
(Fig. 2C, lanes 3—6) or at 20% (Fig. 2D, lanes 3—6). Addition of
anionic phospholipids other than CL did not result in a slower
mobility for the trimer, but there was a distinct sharpening of
the trimer band. Fig. 2E shows the summary of several experi-
ments, which confirms little or no tetramer formation in the
absence of CL, variable trimer formation without anionic phos-
pholipids, and distinct trimer formation with the addition of
anionic phospholipids.

Dependence of supercomplex formation on the level of CL
showed a similar result. For the tetramer (Fig. 34), there was
little if any formation without CL and increasing amounts of
tetramer at increasing CL levels that maximized at 20% CL and
above. In PC/PE liposomes, there was a broad variability in
trimer formation (Fig. 3B) but low variability and constant
amounts at CL levels of 5% and above.

Tightly Bound CL in CIV Is Required for Trimer Formation—
To assess if the lipids co-purifying with CIV were required
for trimer formation, CIV was treated with phospholipase A,.
This treatment resulted in the loss of ~40% of the original CIV
activity. When compared with untreated CIV, phospholipase
treatment reduced trimer formation to undetectable levels
when reconstituted with untreated CIII in the presence of
PC/PE alone (Fig. 4A). However, addition of CL restored both
trimer and tetramer levels to those observed without phospho-
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FIGURE 4. Reconstitution of supercomplexes after phospholipase treat-
ment of CIV. A, BN-PAGE stained with Coomassie R-250 and Western blot
with Clll and CIV polyclonal antibodies of Clll and CIV with (+) or without (—)
phospholipase treatment followed by reconstitution in either PC/PE lipo-
somes (A) or PC/PE/CL liposomes (B). SC denotes supercomplex.

lipase treatment (Fig. 4B). This result indicates that lipids co-
purifying with CIV are necessary for trimer formation in the
absence of added CL. Again, CL addition resulted in the most
dramatic effect with its addition being absolutely required for
restoration of both trimer and tetramer formation. A similar
experiment was attempted with CIII. The phospholipase-
treated CIII, showing 70% of the original activity, was poorly
incorporated into proteoliposomes, and the formation of CIII
and CIV containing oligomers was not visualized (data not
shown). This was most likely due to irreversible damage to the
organization of CIII subunits.

Reconstituted Supercomplexes Are Formed by Active CIII and
CIV—To further characterize the reconstituted supercom-
plexes formed in the presence of CL, the reconstituted material
was subjected to colorless native PAGE and BN-PAGE to assess
the in-gel CIII and CIV activity, respectively. As shown in Fig. 5,
the reconstituted material remains active, indicating that the
interaction between CIII and CIV does not preclude the activity
of either of the individual complexes, as was described for the
native supercomplex (26, 29, 48). Interestingly, in-gel CIII
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antibody against CllII (A) or CIV (B) was used. SC denotes supercomplex.
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activity of the band containing individual CIII is significantly
lower than activity of the bands represented by tetramer or
trimer (Fig. 5). This may mean that CIII was stabilized and/or
activated by interaction with CIV and suggests an important
physiological role for supercomplex formation. A similar stabi-
lization of complex I by CIII in mammals (49) was observed.

Structural Organization of Reconstituted Tetramer—Both
activity and Western blots (Fig. 5) showed low but variable lev-
els of species larger than the tetrameric supercomplex. Such
species were observed in some reconstitution experiments. As
noted earlier, the trimer also showed a diffuse band pattern in
the absence of CL. Therefore, we decided to analyze the struc-
tural organization of the tetramer by EM to determine whether
a native organization of individual complexes was achieved.
The purified S. cerevisiae supercomplex was previously studied
by using negative stain EM (50). Analysis of two-dimensional
class averages resulted in a proposed three-dimensional
arrangement of the individual complexes in which CIII is
flanked on each side by a monomer of CIV (supercomplex IV, -
IIL,-1V,). The most important information was extracted from
the projection map of the side view of the supercomplex. Later,
our detailed studies of the three-dimensional structure of this
supercomplex by single particle cryo-EM confirmed this
arrangement (29). Thus, we concluded that the two-dimensional
class averages of the side view of the reconstituted supercomplex
tetramer obtained by negative stain EM could be used as a fast and
convenient method for identification and confirmation of the
native structure of the reconstituted supercomplex.

The reconstituted material extracted from proteoliposomes
by digitonin was subjected to sucrose gradient ultracentrifuga-
tion (Fig. 6A), similar to that described for the purification of
mitochondrial supercomplexes (29). Fractions 2 and 3, contain-
ing a mixture of the trimer and tetramer and enriched in the
latter, were used for negative stain grid preparation in the pres-
ence of ammonium molybdate. A total of 529 micrographs were
obtained, and 8,578 single particles were selected and subjected
for further analysis. Some of the obtained class averages repre-
senting a side view of the reconstituted supercomplex tetramer
(classified as in Ref. 50) are shown in Fig. 6B. These projection
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FIGURE 6. Single particle EM of reconstituted supercomplex and native
HLL,IV,. After reconstitution of Clll and CIV in PC/PE/CL (CL 20%) liposomes,
thelll,IV, supercomplex was purified by sucrose gradient centrifugation after
solubilization with digitonin. BN-PAGE (A) of aliquots taken from the lower
half of the sucrose gradient is shown. Fractions 2 and 3 near the bottom of the
sucrose gradient were enriched in Ill,IV, supercomplex and were used for the
single particle EM analysis. Projection maps of the side view of the isolated
reconstituted supercomplex tetramer stained with ammonium molybdate
(B) and the purified natural supercomplex stained with ammonium molyb-
date (C) are shown. The number of particles used for each average is indicated
on the top of each projection. Scale bar, 10 nm. SC denotes supercomplex.

averages were compared with the projection averages repre-
senting the corresponding view of the natural purified super-
complex (Fig. 6C). The supercomplex tetramer obtained from
yeast mitochondria has a distinctive, symmetrical organization
(Fig. 6C) and (50). The CIII, recognizable by its large mitochon-
drial matrix domain, is located in the center of the hetero-
oligomer and is flanked by the two CIV monomers. The class
averages projections obtained for the reconstituted supercom-
plex side view (Fig. 6B) closely resemble the side view projec-
tions obtained for the natural supercomplex (Fig. 6C and Ref.
50). Importantly, there were no side view projections of the
reconstituted supercomplex tetramer displaying a different
organization than in the natural supercomplex. Specifically,
because CIV can form a dimer, one might expect supercomplex
tetramer organized of CIII with a dimer of CIV rather than CIV
monomers flanking CIIL

Rcflp Presence—Rcflp is a small protein that was recently
proposed to act as a bridge between CIII and CIV to support
supercomplex organization (51-53). To test the presence of
this protein in our reconstituted supercomplexes, we employed
Western blot analysis with Rcflp-specific antibody. Purified
CIV reconstituted with CIII in either PC/PE without (Fig. 7,
lanes 1) or with CL (Fig. 7, lanes 2) contained Rcflp-positive
material in individual CIV as well as in the trimer and tetramer.
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FIGURE 7. Presence of Rcf1p in the reconstituted supercomplexes. BN-PAGE
stained with Coomassie R-250 and Western blots using CIV or Rcf1p polyclonal
antibodies (as indicated) of the digitonin extracts containing supercomplexes
reconstituted from Cllland CIV in the presence of PCand PE (lanes 1) or PC, PE,and
CL (20% CL) (lanes 2) are shown. SC denotes supercomplex.

Because in the absence of CL no tetramer was detected, the
presence of Rcflp was not sufficient for the tetramer formation.
However, CL was absolutely required.

DISCUSSION

The trimeric and tetrameric structures observed after recon-
stitution dependent on incorporation into liposomes retain
enzymatic activity, and in the case of CIII reconstitution may
further stimulate the CIII activity. Single particle EM analysis of
the reconstituted tetramer showed a strikingly similar IV;-III,-
IV, organization of the reconstituted supercomplex when com-
pared with the native supercomplex. Here, we present for the
first time the reconstitution of yeast respiratory chain super-
complexes from individual complexes in the presence of spe-
cific phospholipids. Exposure of individual complexes to phos-
pholipids was required for higher order complex formation,
and the reconstitution of the tetrameric form was absolutely
dependent on the addition of CL. No other anionic phospho-
lipid was as effective as CL in tetramer formation. In addition,
we established that CL is directly required for formation of the
tetramer and not just as an integral component of CIII and CIV.
As shown in vivo using a Acrd mutant (24, 26, 45), the presence
of CL in the membrane is essential for the formation and stabi-
lization of these supercomplexes. In the mutant, PG levels are
elevated to the level of CL and presumably substitute for CL in
stabilizing the individual complexes as shown for the mamma-
lian complexes (44). However, both in vivo and in vitro, the
presence of PG is not sufficient to support formation of the
stable tetramer organization of the respiratory chain compo-
nents. Results presented here with several anionic phospholip-
ids and results from the Acrd mutant (54) where PG levels are
elevated indicate that some stabilization of the trimer may be
supported by anionic phospholipids either present in the indi-
vidual complexes or supplied in excess over this amount.

Recent structural studies of the mammalian and yeast respi-
ratory supercomplexes by single particle cryo-EM demon-
strated that individual complexes have few contact points,
which are located at the lipid-water interface, and larger spaces
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between the membrane-embedded surfaces of these complexes
(28-30). This implies that individual complexes are held
together by phospholipids that fill the gaps between complexes
and are in excess over the integral phospholipids observed in
the crystal structures of these complexes. We previously iden-
tified (29) about 50 molecules of CL in the purified IIL,IV, nat-
ural supercomplex, which is quite in excess of the eight CL
molecules suggested from crystal structures. It is tempting to
speculate that the additional CL molecules fill these gaps in the
reconstituted and native II1,IV, supercomplexes in addition to
the tightly bound CL molecules that are important for forma-
tion and stabilization of the supercomplex tetramer.

Some trimer was formed even in the absence of added CL and
only required the incorporation of the purified CIII and CIV
into liposomes containing PE and PC. As discussed above, the
crystal structures for both of these complexes contain structur-
ally important lipids, including CL, for stabilization. However,
phospholipase treatment of CIV abolished trimer formation
and required addition of CL to restore trimer formation.
Whether CL alone is sufficient to restore trimer formation was
difficult to determine because CL alone did not form suitable
liposomes. However, in our experiments, the addition of extra
CL was required for the formation of the tetrameric structure,
indicating that the lipids present in the isolated complexes, and
specifically tightly bound CL molecules were not sufficient to
support formation of IIL,IV, species.

In the case of the trimer, our experiments show that CL
tightly bound to CIV is important for association of CIV and
CIII into a trimer. However, according to our cryo-three-di-
mensional structure of the yeast tetramer II1,IV,, the surface of
CIV, which contains tightly bound CL, does not face CIII (29).
This implies that CL tightly bound to CIV does not interact
directly with CIIIL Therefore, the CLs tightly bound to CIV may be
important for the correct conformation of CIV required for higher
order assembly. This is consistent with a strong decrease in CIV
activity after phospholipase treatment. It also might allow CIV to
interact with some additional proteins, for example Rcflp, which
may be involved in supercomplex formation. Another interesting
possibility is that in the trimer III,IV,, CIII and CIV have a differ-
ent orientation with respect to each other than in the tetramer
thereby interacting with each other through different surfaces
than in the tetramer. The difference in the III-IV arrangement in
the tetramer and trimer could stem from the fact that these super-
complexes interact in the mitochondrial membrane with different
dehydrogenases and are formed under different growth condi-
tions and might be sensitive to CL levels in the membrane. To test
these possibilities, future experiments will include EM single par-
ticle analyses of the trimers reconstituted in the absence of CL and
in the presence of CL, as well as of the natural trimers obtained
under various growth conditions.
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