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Structural insights into cardiolipin
replacement by phosphatidylglycerol in
a cardiolipin-lacking yeast respiratory
supercomplex

Corey F. Hryc1, Venkata K. P. S. Mallampalli2, Evgeniy I. Bovshik1,
Stavros Azinas 1, Guizhen Fan2, Irina I. Serysheva 2, Genevieve C. Sparagna3,
Matthew L. Baker 2 , Eugenia Mileykovskaya 1 & William Dowhan 4

Cardiolipin is a hallmark phospholipid of mitochondrial membranes. Despite
established significance of cardiolipin in supporting respiratory supercomplex
organization, a mechanistic understanding of this lipid-protein interaction is
still lacking. To address the essential role of cardiolipin in supercomplex
organization, we report cryo-EM structures of a wild type supercomplex
(IV1III2IV1) and a supercomplex (III2IV1) isolated from a cardiolipin-lacking
Saccharomyces cerevisiae mutant at 3.2-Å and 3.3-Å resolution, respectively,
and demonstrate that phosphatidylglycerol in III2IV1 occupies similar positions
as cardiolipin in IV1III2IV1. Lipid-protein interactions within these complexes
differ, which conceivably underlies the reduced level of IV1III2IV1 and high
levels of III2IV1 and free III2 and IV in mutant mitochondria. Here we show that
anionic phospholipids interact with positive amino acids and appear to
nucleate a phospholipid domain at the interface between the individual
complexes, which dampen charge repulsion and further stabilize interaction,
respectively, between individual complexes.

The anionic phospholipid cardiolipin (CL) is uniquely localized to
mitochondria, where it constitutes approximately 20% of the inner
mitochondrial membrane (IMM) phospholipid throughout nature. CL
is distinguished from other phospholipids by its unique dimeric
structure containing two phosphates, four fatty acids and a free
hydroxyl at the 2-position of the glycerol linking the two phosphatidyl
groups. This unique dimeric structure makes CL ideal for supporting
the organization of individual protein subunits into multi-subunit
complexes, as well as individual complexes into supercomplex (SC)
molecular machines, such as the mitochondrial respirasome. Crystal

structures of the individual respirasome complexes with CL integral to
the structures demonstrate its ability to link subunits within individual
complexes1.

The currentmodel of the Saccharomyces cerevisiaemitochondrial
respiratory chain involves the shuttling of electrons viamobile carriers
(coenzyme Q (CoQ) and cytochrome c (Cyt c)) between either indivi-
dual free respiratory complexes or individual complexes organized
into higher order SCs2–8. The S. cerevisiae respiratory SC is composed
of complexes III2 (CIII, dimer of cytochrome bc1) and IV (CIV, Cyt c
oxidase) with CIII flanked on each side by CIV in the core tetrameric SC
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(IV1III2IV1)
9–11. Although there is high sequence homology between

yeast andmammalian CIII and CIV, themammalian core respiratory SC
organization differs from yeast in that it contains complex I (CI,
NADH:ubiquinone oxidoreductase) and only one CIV12. This difference
in arrangement is due to asymmetry within CIII where only one of the
two monomers contains subunit Sub9. Sub9 in conjunction with
assembly factor SCAF1 stabilizes the interaction of CIV over that with
CI with one monomer of CIII. The lack of Sub9 in the other monomer
allows interaction with CI resulting in CI and CIV flanking CIII.

Our initial discovery of an in vivo requirement for CL for the for-
mation of the SC tetramer (III2IV2) in yeastmitochondria13,14, aswell as a
requirement for reconstituting the SC from individual complexes
in vitro15 is supported by several reports using cryo-electron micro-
scopy (cryo-EM). CL molecules are present at the interface between
CIII andCIV in yeast10,16,17 andmammalian systems18,19. CLmayprovide a
dynamic flexible link between individual complexes within SCs, which
allows association/dissociation of individual complexes into/from SC
structures that may be required to regulate energy production in
response to varying physiological conditions20,21 as noted below.
Reduced CL levels result in a broad range of pathological alterations in
mitochondrial function22 including lower levels of SCs with an increase
in free CIII and CIV as observed in neurodegenerative diseases23,
ischemia followed by reperfusion24,25, induction of apoptosis26–28, heart
failure29–31, cancer32, Barth Syndrome33, hypothyroidism34, obesity35,
and aging36. A presumed advantage in SC formation is bringing active
sites of CIII and CIV in close proximity to each other to facilitate Cyt c
shuttling of electrons17,21. In addition, Cyt c binding to the SC is envi-
sioned to restrict it to 2D diffusion between the above active sites
providing a presumed kinetic advantage21. In spite of the correlation
between the above disease states and reduced CL levels inmammalian
systems and compromised respiratory function in yeast mutants
lacking CL13,37,38, there is still considerable debate as to the precise role
or advantage SC formation has in cell function.

The requirement for CL in SC formation is generally recognized.
Digitonin extracts of wild type (WT) yeast mitochondria when dis-
played by Blue Native (BN)-PAGE reveals almost exclusively a tetra-
meric SC (III2IV2)

13,39. Digitonin extracts from mutants lacking CL
(CRD1Δ mutant) when displayed by BN-PAGE showed no higher order

SCs andmainly free CIII and CIV13,39. However, digitonin extracts of the
mutant mitochondria separated by Colorless Native (CN)-PAGE (lack-
ing the blue dye) displayed mostly the tetrameric SC39. Supplementa-
tion of digitonin extracts of CRD1Δmitochondria with CL restored the
display of the tetrameric SC. Therefore, the authors concluded that
the SC is present in the mutant mitochondria but is destabilized in the
presence of the blue dye used in BN-PAGE. A more recent report17

indicated that the tetrameric and trimeric (lacking one CIV) SCs are
present inWTandmutantmitochondria but the latter extracts showed
slightly higher content of the trimeric SC and increased levels of free
CIII and CIV. Although there is variability depending on the PAGE
system used, lack of CL appears to result in reduced amounts of the
tetrameric SCwith increased amounts of free CIII andCIV as well as the
trimeric SC. This is consistent with our earlier finding of a change in
kinetics for Cyt c transfer of electrons between CIII and CIV in mito-
chondria isolated from CRD1Δ cells indicating an increase in free CIII
and CIV14. This assaywas designed to distinguish between 2D diffusion
of Cyt c between CIII and CIV in a SC from 3D diffusion of Cyt c
between freely diffusing CIII and CIV.

Disruption of the interaction between CIII subunit Cor1 and CIV
subunit Cox5a prevented tetrameric and trimeric SC formation in both
WT andCRD1Δ yeastmitochondria17. Since therewas little dependence
on CL for SC formation, the result suggested that protein-protein
interactions are sufficient for SC formation. However, in the yeast
CRD1Δ cells anionic CL is replaced by a comparable amount of its
anionic precursor phosphatidylglycerol (PG)37, which contains only
one phosphate and two fatty acids. Individual complexes with struc-
turally required internal CLs are still functional14,39, suggesting that PG
now replaces CL in individual complexes and possibly in SC formation.
To date no high-resolution structural information has been presented
for individual respiratory complexes or SCs isolated from yeast
mutants lacking CL or from mammalian mitochondria under condi-
tions where CL levels are reduced with increased levels of PG40 to
determine if and where PG might substitute for CL in either individual
complexes or SCs.

In thiswork,we report the cryo-EMmaps andmolecularmodels of
theWTyeast SC (III2IV2) solved to 3.2Å resolution (Fig. 1 a1 andb1), and
the trimeric SC (III2IV1) isolated from a CRD1Δ mutant solved to 3.3 Å
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CIV CIV
n-side

p-side

Reference
-Side

Opposite
-Side

CRD1Δ
CIII CIII

CIV
n-side

p-side

a1
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Fig. 1 | Cryo-EMdensitymaps andmodels forWTSC (left) andCRD1ΔSC (right).
The segmented cryo-EM density maps for WT SC tetramer (a1) and CRD1Δ SC
trimer (a2) are shownwith colorsdistinguishingCIll (light blue),CIV (pink), ligands,
and cofactors (yellow). The grey regions of the density maps show low-threshold

density areas, which may be noise, detergent and/or potential structured regions,
albeit with flexibility. Models were generated (as discussed inmethods) for WT SC
tetramer (b1) and CRD1Δ SC trimer (b2). A ribbon representation of CIlI subunits is
displayed in shades of blue, and CIV subunits are displayed in shades of pink.
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resolution (Fig. 1 a2 and b2), wherein PG replaces CL as the major
mitochondrial anionic phospholipid. These two structures provide the
basis to study positioning of the anionic phospholipids CL and PG
within SCs and for amechanistic understanding of the requirement for
an anionic phospholipid in formation of respiratory SCs.

Results
SC purification
WT tetrameric SCs from yeast used for structural analysis have been
purified from several strains and by different methods. No previous
structure for the trimeric SC isolated from a yeast mutant lacking CL
has been reported. We employed sucrose gradient purification of the
WT SC9 and affinity chromatography of Cox4-His-tagged CRD1Δ SC
from the mutant CRD1Δ strain. Despite different purification methods
and straindifferences, ourWTstructure (asdiscussedbelow) is inclose
agreement with previously published structures, which were purified
by affinity chromatography of a Qcr7-Flag-tagged11,17 or Cox13-His-
tagged10,16 SC. More important the protein portion of our structure for
the CRD1Δ SC trimer is also in close agreementwith ourWT SC and the
published SCs purified using a tagged subunit of either CIII11,17 or
CIV10,16. These identities further validate our approach to comparing
the ligand locations between the two structures as we report below.

We verified previous reports that digitonin extracts of WT
mitochondria13 subjected to BN-PAGE displayed predominately the
tetrameric SCwith trace amounts of the trimeric SCor freeCIII andCIV
(See Supplementary Fig. 1). Extracts fromCRD1Δmitochondria showed
large amounts of the trimeric SC as well as free CIII and CIV with
significantly lesser amounts of the tetrameric SC confirming previous
results of differences in stability or assembly of the SC in the mutant
strain (See Supplementary Fig. 1). WT mitochondria (0.730 ±
0.052 µmoles O2/min/mg, three determinations) showed higher oxy-
gen consumption than theCRD1Δmitochondria (0.360 ± 0.047µmoles
O2/min/mg, three determinations) upon addition of NADH (See Sup-
plementary Fig. 2 and Supplementary Table 3). Previously we reported
that oxygen consumption was about the same for the WT and ΔCRD1
mitochondria (0.32-0.35 µmolesO2/min/mg) isolated from strainswith
a different genetic background14. The determination of oxygen con-
sumption for digitonin extracts of mitochondria is not a meaningful
comparison of coupled transfer of electrons within the tetrameric and
trimeric SCs. WT activity is a direct measure of coupled electron
transfer between CIII and CIV since the extracts contain almost
exclusively the tetramer. However, given the large amount of free CIII
and CIV in the mutant extract, the mutant activity is a composite of
electron transfer within the trimer and between freely diffusing CIII
and CIV. The purified WT SC supplemented with Cyt c and reduced
decylubiquinone (DQH2) also displayed similar activity (1.86 ±
0.07 µmoles O2/min/mg, three determinations) to that (1.0 µmoles O2/
min/mg) previously reported9 (See Supplementary Fig. 2 and Supple-
mentary Table 3). However, the purified trimeric CRD1Δ SC displayed
much lower activity (0.350 µmoles O2/min/mg, one determination)
consistent with low in-gel activity for CIII (See Supplementary Fig. 3).
The purified trimeric CRD1Δ SC lacked CIII subunit Qcr10 (see below),
which was also reported largely missing when CIII was purified for
crystallographic analysis41. CIII purified from a Qcr10-lacking strain
showed a 40% reduction in activity42, which, coupled with the lower
activity of ΔCRD1 mitochondria, most likely contributes to the low
activity for the purified ΔCRD1 SC.

Structure of the WT yeast III2IV2 SC
The cryo-EM map displayed a global resolution of 3.2 Å (for data col-
lection and image processing see Methods, Supplementary Tables 1
and 2, and Supplementary Figs. 4 and 5) and revealed CIII flanked by
CIV monomers on each side (Fig. 1 a1), which is in line with previously
published structures10,11,16,21. Local resolution of the final density map
shows that the central part of the map, which includes CIII, is better

resolved than the CIV monomers (Supplementary Fig. 5f), consistent
with the suggested dynamic character of CIV10,11,16,21. The reconstruc-
tion also revealed that one CIV was better resolved as previously
shown11. We denoted this side as the reference-side, with the weaker
resolved side being denoted as the opposite-side. Our subsequent
findings focus on the reference-side of the map, unless otherwise
noted. For construction of the WT SC tetramer model IV1III2IV1 (Fig. 1
b1; Supplementary Fig. 6), we used the previously reported structure
of the SC from S. cerevisiae (pdb: 6HU9)10. While the 6HU9 model
generally fit the density, additional rigid-body adjustments and local
refinements were necessary. The adjustedmodel was then refinedwith
ligand restraints in Phenix43. See the detailed description of the model
building in Methods.

Although our model of the WT SC (Fig. 1 b1 and Supplementary
Fig. 6) is in close agreementwithpublishedmodels, examinationof our
map revealed differences with the published results. Specifically, a
difference map revealed discrete densities within CIII and at the
interface of CIII and CIV in our reconstruction thatwere not seen in the
previously published structure (pdb ID 6HU9)10. To model these
unknown densities, previously resolved respiratory SCs and CIII (pdb
ID: 6YMX17, 1KB944, 3CX545, 6Q9E18, 6GIQ11) were fit in the map. We
identified an extra density located at the UQ6 (ubiquinone) position of
6YMX (C406) (Qi-inside site; also known as QN negative site). Further
analysis of the difference map revealed strong excess density at the
location of SMA (stigmatelin) seen in 1KB9; however, our sample pre-
paration did not include this inhibitor. This density was observed on
both the reference-side and opposite-side of the complex. UQ6 (UQ6
606 J, UQ6606j)wasmodeled at those locations (Qo-outside sites, also
known as QP -positive sites). Since at the reference-side UQ6 (606 J)
lacked strong tail density, the model was truncated to match the
density. In total, four UQ6 ligands were placed into the map, two in
eachmonomer of CIII, (UQ6 603 J, UQ6 603j at Qi sites and UQ6 606 J,
UQ6 606j at Qo sites) with one UQ6 (606 J) having a large break in the
tail density (Fig. 2). All previously reported structures of the S. cerevi-
siae respiratory SC contained UQ6 bound in the Qi sites but empty Qo

sites10,11,21. Occupancy of both Qo sites is favored by reduced UQ6,
which may be due to a gentler method of purification as compared to
the chromatography methods used by others. Further studies of the
SC purified by sucrose gradient centrifugation and its reduction/oxi-
dation state are required to provide a detailed explanation of this
arrangement.

In our structure, UQ6 interacts with His181 of the head domain of
Rip1 (Rieske protein) in the Qo site of the opposite-side monomer of
CIII, which interacts with the more poorly resolved CIV monomer. The
Qo site on the reference-side of CIII, which interacts with the reference
CIV, lacks a strong UQ6 tail density, which might be an indication of
increased UQ6 flexibility at this site. The position of the Rip1 flexible
domain onboth sides is rather similar to its position in the 3CX5 crystal
structure of CIII (b position)45 than to positions of this domain in the
6HU9 or 6YMX SC structures (intermediate position, between b and c
positions10,17 Supplementary Fig. 7).

Finally, our density map at the 2-fold of CIII does not accom-
modate UQ6, which was modeled at this position in 6HU9. Various
attempts to fit this density weremade based on previously known SCs.
CN5 (CL) from 6YMX was the best fit for this density, thus, it was
modeled at this site (Supplementary Fig. 6). Subunit/chain names and
positions for theWT SC are summarized in Supplementary Table 4 and
Supplementary Fig. 8a, respectively.

Localization of CL in the WT SC structure
Non-protein densities in our WT SC structure were all observed at the
locations of CL (Fig. 3a, CDL =CL) in the previously solved cryo-EM
structures of the yeast SC10,11,16,21. Thus, we assigned these densities to
CLmolecules (seeMethods). The hydrophilic headgroups of these CLs
interactwith amino acid side chains throughhydrogenbonding and/or
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salt bridges (Fig. 3b). Two CL molecules (CDL601K/k and CDL302C/c)
at each CIII/CIV interface and one CL (CDL501J/j) within each of the
monomers of CIII were fit into these densities (Fig. 3a) allowing us to
assign possible interactions of the CLs with the SC proteins and other
phospholipids. One phosphate residue of CDL501J (Fig. 3b and Sup-
plementary Fig. 9a) is in close proximity to Arg4 of Cob and His345 of
Cor1 within CIII. Only CDL601K (Fig. 3b and Supplementary Fig. 10b)
appears to interact with both CIII and CIV through phosphatemoieties
and Lys35 of Qcr8 in CIII and Lys487 of Cox1 in CIV, respectively.
CDL302C (Fig. 3b) is in close proximity to CDL601K, and its phos-
phates appear to interactwith Lys44 and Lys51 of Rip1 on the surfaceof
CIII at the interface with CIV (Supplementary Fig. 10a). A density for
CDL402L (Fig. 3a and b) in which one phosphate is in close association
with Lys288 of Cyt1 and Tyr28 of Cob in CIII was also observed (Sup-
plementary Fig. 11a). CDL601H (Supplementary Fig. 11b) fit a density
also in associationwith CIII inwhichone phosphate appears to interact
with His85 in Qcr7, and the other phosphate appears to interact with
Arg8 of Qcr8. Interestingly, CDL302C is in close proximity to both
CDL601K and CDL402L with the latter in close proximity to CDL601H
(Supplementary Figs. 10 and 11. These CLs appear to form a hydro-
phobic domain that may enhance binding between CIII and CIV by
stabilizing CL at the interface. CDL402L like CN3 (CL), previously
identified by X-ray crystallography1,44, lies in a groove of CIII and neu-
tralizes positively charged residues of subunit Cyt1 near CDL402L.
Although this area of theCIII surfacewhereCDL402L andCDL601H are

located is near the CIII/CIV interface, it does not directly face the sur-
face of CIV.

Structure of the III2IV1 trimeric SC isolated from the CRD1Δ
mutant
To address whether PG substitutes for CL in SC formation, we per-
formed single-particle cryo-EM analysis of the trimeric SCpurified from
CRD1Δ cells. Using mass spectral analysis (Supplementary Fig. 12 and
Supplementary Table 5), we confirmed that the mitoplasts (and there-
fore the IMM) isolated from the CRD1Δmutant contains the immediate
precursor of CL, phosphatidylglycerol (PG) and lacks CL as previously
reported for whole yeast based on radiochemical labeling37,38. In PGS1Δ
mutants that lackCL andPG, themitochondrially encoded components
of CIII (Cob) and CIV (Cox1, Cox2 and Cox3) are no longer
synthesized46. Therefore, no definitive structural requirement for PG in
place of CL can be concluded from genetic manipulation. To date, the
possible replacement of CLwith PG in individual respiratory complexes
andSCs has been suggestedbut not documented. Grid preparation and
cryo-EM data collection were the same as for the WT. Due to the pre-
ferred orientation, additional images were collected at 30° tilt. Image
processing and final refinement using a tight mask around the SC
resulted in 3.3 Å density map (Fig. 1 b2). For details see Methods, Sup-
plementary Tables 1 and 2, and Supplementary Figs. 13 and 14.

To construct amodel of theCRD1Δ SCoptimized protein subunits
from CIII and CIV were extracted from the WT model and fitted

603J 606j

603j606J

Reference
side

n-side

p-sideOpposite
side

a

b

Side 
View

Top 
View

Fig. 2 | Gallery of UQ6 ligands for theWT SC. a The model is shown with isolated
density for each of the four UQ6s identified in the density map. The truncated UQ6
606 J is on the p-side of the reference side of CIll, which interacts with the reference

side of CIV. b UQ6 (shown in green atom representation) position is highlighted
with respect to CIlI (grey). In addition to FeS (gold) and Hemes bH and bL (yellow)
are shown.
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independently into the CRD1Δ trimeric SC 3.3Å density map with
Chimera, followed by refinement in Phenix and COOT. There was no
density in the region of the CRD1Δ density map corresponding to the
position of the Qcr10 subunit of CIII in the WT SC density map; we
assume that this subunitwas lostduringpurification. All other subunits
of CIII and CIV in the mutant showed a similar organization and loca-
tion as in the WT structure (Supplementary Figs. 8b, 15 and 16). Den-
sities for UQ6 were found only at Qi sites (Supplementary Fig. 15). The
Qo sites were empty, which may be due to use of chromatography for
purification resulting in the oxidation of UQ6. Analysis of the cryo-EM
density for Rip1 subunit of CIII showed that both the hinge region and
the head domain displayed weaker or less ordered density when
compared to the WT. This variation in density may indicate that the
head domain of Rip1 in the CRD1Δ CIII is flexible and exists in a larger
conformation space. This is consistent with the finding that this
ectodomain is stochasticwhenQo site is empty47. In addition, therewas
no density at the position similar to CN5 (CL) in the WT structure.
Importantly, themutual orientation of the individual CIII and CIV from
the CRD1Δ mutant was the same as in the WT SC (Fig. 1 b2 and a2,

Figs. 4a and 3a). This allowed us to make a comparative analysis of the
lipid positions in the mutant and WT structure and focus on areas
which in the WT SC were occupied by CL, including the interface
between CIII and CIV. Subunit/chain names and positions for the
CRD1Δ SC are summarized in Supplementary Table 6 and Supple-
mentary Fig. 8b, respectively.

Localization of phosphatidylglycerol (PG/PGT) in the CRD1Δ SC
As described in Methods, the CRD1Δ map was masked using the pro-
tein model to reveal unmodelled densities for cofactors and lipids.
Hemes, appropriate ligands (PEF (PE), PCF (PC)) and cofactors were
then extracted from the WT map and rigid body fit to the unmodeled
parts of the CRD1Δ density map. Importantly, the positions corre-
sponding to the CDL locations in the WT SC did have densities indi-
cating the presence of ligands. The density at these positions revealed
two tails with one strong headgroup as opposed to the four tails and
two strong headgroups for CDL (Fig. 4a, b). This correlated with
positioning of the anionic phospholipid PGT (PG), which fit into the
CDL positions. To further test and confirm the fitting of PGT to these

CDL402LCDL601K CDL501J CDL601h CDL302c

CDL601H CDL501j CDL402l CDL601kCDL302C

a

b

CDL402L (Cyt1)

LYS289LYS288

Cyt1 Qcr7

HIS85

TYR281

CDL601K (Cox1)

LYS35

LYS487

TYR470

ASN406Cox1

Cox8

PHE54
Cox5a

Qcr8

Rip1

CDL302C (Rip1) Rip1

LYS51

LYS44

PHE58

MET59

LYS97

Cox5a

CDL601H (Qcr8)

Qcr8
ARG51

GLN55

PHE52

CoB

TRP29

HIS85
Qcr7 LYS349 HIS345

ARG4
HIS222

MET454

ARG456

MET455

QCR10

CoB

Cor1

CDL501J (CoB)

K CL H J

CIV CIII

TRP28
6

TYR28

CoB

Qcr8

TYR103

MET91

TYR28

TYR55

Fig. 3 | Gallery of CDL (CL) ligands in theWT SC structure. a Themodel is shown
with isolated density for each of the CDL ligands identified in the density map. A
zone equivalent to the resolution (3.2 Å) was used to isolate the density map cor-
responding to themodel.bCDLpotential interactionswithneighboring subunits of
the SC tetramer. The five CDLs are shown on the reference-side of the WT SC

tetramer. Side chains within 4 Å of the focused CDL are displayed, with specific
interactions being highlighted with bold side chain labels and a magenta dashed
line. CDLs are labeled according to the chain/subunit names, see Supplementary
Table 4.
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densities, PEF, PCF, and CDL were all fit into the suggested PGT loca-
tions. One iteration of refinement was completed with the ligands in
the PGT density. Next, a calculated density map was computed for
each of the ligand groups and the threshold was set to be equivalent
for each ligand group. Finally, the cross-correlation score was com-
puted for the six sites. PGT resulted in the highest average correlation
(Supplementary Table 7).

PGT501J/j (Supplementary Fig. 9b) appears to replace the internal
CLs in each monomer of CIII surprisingly resulting in little noticeable
structural changes for CIII. The one phosphate of this PG is near Arg4
of Cob as seen for CDL in this position. The remaining PGTs also
interactwith similar regions of the SC asCDLs butwith fewer orweaker
interactions. The headgroup of PGT302C (Supplementary Fig. 10c) lies
near Lys44of Rip1 (as doesCDL302C) andmay interactwith a hydroxyl
of its glycerol headgroup rather than through the phosphate. How-
ever, there is no interactionwith Lys51 of Rip1 since PGT lacks a second
phosphate. PGT601K (Supplementary Fig. 10d) appears to only inter-
act with CIV unlike CDL601K which interacts with both CIII and CIV.
Rather than stronger potential ionic interactions as observed for
CDL601K, only weaker interactions between a hydroxyl of the glycerol

headgroup andLys408 inCox1of CIV and the carbonyl of the sn−1 fatty
acid of PGT and Lys97 in Cox5a of CIV were observed. The one phos-
phate of PGT402L (Supplementary Fig. 11c) is in close association with
Lys296 of Cyt1 and Tyr28 of Cob in CIII. PGT601H (Supplementary
Fig. 11d) is in close association with Arg51 of Qcr8 in CIII but lacking a
second phosphate does not interact with His85 in Qcr7 of CIII.
PGT601H and PGT402L like PGT302C and PGT601K are near each
other, but unlike in the case of CL, PGT302C and PGT402L are close
(Fig. 4a) but appear to be further apart than CLs at this site (Supple-
mentary Figs. 10 and 11).

Discussion
Theprimarygoalof thisworkwas to understand the role of lipids in the
organization of respiratory SCs. SCs fromyeast have been purified by a
variety of methods from different strains yet the reported structures,
including our structures, are remarkably similar. Although the pur-
ification methods used to obtain the WT and CRD1Δ SCs were differ-
ent, the structures were very similar except for the lipid and UQ6
components, which supports the validity of comparing structural
results with respect to the non-protein ligands. Our structural
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PGT501jPGT601HPGT302C
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Fig. 4 | Gallery of PGT (PG ligands in the CRD1Δ SC structure. a The model is
shown with isolated density for each of the PGT ligands identified in the density
map.A zoneequivalent to the resolution (3.3 Å)wasused to isolate thedensitymap
corresponding to the model. b PGT potential interactions with neighboring sub-
units of the CRD1Δ SC. The five PGT ligands are shown on reference-side of the

CRD1Δ SC. Side chains within 4 Å of the focused PGT are displayed, with specific
interactions being highlighted with bold side chain labels and a magenta dashed
line. PGT are labeled according to the subunit/chain names (see Supplementary
Table 6).
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determination of the trimeric SC from CRD1Δ cells shows the presence
of the anionic phospholipid PG at all CL positions found in the WT SC
(Fig. 4), which has been postulated but never demonstrated. However,
therewere significant differences as towhich amino acids interactwith
PG and none of the PGs formed interactions that bridge CIII and CIV.
These differences in the interaction of the individual complexes with
the two anionic phospholipids may explain the reduced detection of
the tetrameric SC and the presence of the trimeric SC and individual
CIII and CIV when analyzed by BN-PAGE. The presence of significant
amounts of free CIV and CIII in the absence of CL in vivo is sufficient to
explain alterations in the kinetics of Cyt c transfer of electrons between
CIII/CIV as we previously demonstrated when comparing mitochon-
dria isolated from WT and CRD1Δ cells14.

An additional lipid stabilizing factor for SC formation appears to
be anionic lipid nucleation of lipid domains at the interface of CIII/CIV.
The fatty acid hydrophobic tails of all the CLs are near side chains of
hydrophobic amino acids and other phospholipids (PE and PC), which
further stabilizes these interactions. Although CDL402L and CDL601H
appear not to lie within the interface between CIV and CIII, the former
is near CDL302C (Supplementary Figs. 10d and 11c), which in turn is in
close proximity to CDL601K (Supplementary Fig. 10c, d). CDL601K is
the only CL that interacts with both CIII and CIV. Furthermore, addi-
tional phospholipids (PE and PC) (Fig. 5a, b, left) are resolved in close
association with the above CLs at or close to the interface. Additional
phospholipids most likely fill the empty spaces between CIII and CIV
but might be too flexible to be resolved in the structure. Given that
reconstitution of the tetrameric SC from individual complexes in vitro
only occurs when CL is present15 strongly suggests that CL nucleates a
domain of phospholipids at the CIII/CIV interface dependent on spe-
cific interactions of CL with SC protein components, thus further sta-
bilizing SC formation. As with CLs, the fatty acid hydrophobic tails of
all the PGs are near side chains of hydrophobic amino acids and other
phospholipids (PE and PC) (Fig. 5a, b, right), which may also form a
hydrophobic domain that further stabilizes the trimeric SC. However,
the hydrophobic space occupiedby PG is considerably less than that of
CL, which in turn lowers its potential to stabilize hydrophobic inter-
actions. As shown in the electrostatic potential map (Fig. 6) of the WT

tetrameric and CRD1Δ trimeric SCs, the negatively charged head-
groups of CL and PG, respectively, are positioned in close association
with a positively charged surface at the CIII/CIV interface. This neu-
tralization of positive charges may allow close association of CIII and
CIV and further supports a requirement for an anionic lipid in SC for-
mation. In addition, more global hydrophobic interactions of CL
molecules or PG molecules with other phospholipids and amino acid
side chains are also significant contributors to the formation of SCs
(Fig. 5). Therefore, anionic phospholipids (our conclusion) in con-
junction with protein-protein interactions17 are primary stabilizing
forces for SC formation with CL possibly being more stabilizing
than PG.

Methods
Yeast strains and cell growth
S. cerevisiae strain USY00b (Matα, ade2-1, his3-11-15, leu2-3-112, trp1-1,
ura3-52, can1R-100, atp2::LEU2, TRP1::ATP2-His6) expresses the FoF1-
ATPase subunit 2 with a C-terminal HIS6 extension

48. Lipid extracts of
mitoplasts contained low levels of PG compared to the expected levels
of CL (Supplementary Fig. 12 and Supplementary Table 5). The strain
was cultivated in a growth medium containing 1% yeast extract, 2%
peptone, 3.7% of lactic acid or 1% ethanol (v/v), and 3% glycerol at
30 °C. The cells were harvested (OD600 of 2.0-3.0) by centrifugation at
4,700 x g and washed with cold TBS buffer (50mM Tris-HCl, pH 7.4
containing 150mM NaCl).

A CRD1Δ strain (named YEB100) that encodes the Cox4p subunit
of CIV with a 10-residue His-tag at its C-terminus was constructed as
follows. Plasmid pFA6a-link-yomTagBFP2-Kan (Addgene, catalog #
44899) was used as a template to amplify the KanMX kanamycin-
resistant cassette under TEF promotor/terminator control. 5’ to 3’
forward and reverse primers CAGGCCTGGTAGCATAGTTTGGTCCC
TAATAATTTAGTCAATGGACATGGAGGCCCAGAAACCCTC and AAAA
GTCAGGACCCTTTTCAAAAAGGATCGCAATTATACTACAGTATAGCGA
CCAGCATTCACATACGATTGA, respectively, were designed to isolate
the KanMX cassette flanked by upstream and downstream sequences
at the CRD1 locus. The DNA isolate was used to transform a previously
constructed strain carrying the COX4-His10 gene (Mata his3 leu2 ura3
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Fig. 5 | Location of identified lipids and cofactors. a An overview of theWT SC tetramer (left and CRD1Δ SC trimer (right) with lipids and cofactors colored by type. b A
zoomed-in region reveals the lipid arrangement at the CIII/CIV interface; WT SC (left) and CRD1Δ SC (right).
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COX4-His10)15. Transformants were selected for growth on 1% yeast
extract, 2% peptone, and 2% dextrose agar plates supplemented with
200 µg/ml G-418 (Gibco Geneticin Selective Antibiotic, # 10131-035).
The resulting strain (Mata his3 leu2 ura3 CRD1::KanMX4 COX4-His10)
was verified by PCR analysis for the replacement of the CRD1 gene by
the KanMX4 cassette. Lipid extracts of mitoplasts lacked detectible CL
and contained high levels of PG (Supplementary Fig. 12 and Supple-
mentaryTable 5). The strainwasgrown in 1% yeast extract, 2%peptone,
1% ethanol (v/v), and 3% glycerol (v/v) at 30 °C. Cells were harvested
(OD600 of 3.0) by centrifugation at 4,700 x g and washed with cold
PBS buffer (8.0 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na2HPO4, 0.24 g/L
KH2PO4, pH 7.4).

Isolation of mitochondria
Mitochondria from WT and CRD1Δ strains were isolated from spher-
oplasts of yeast cells14. Cells were harvested (OD600 of 2 to 3) by cen-
trifugation at 4700 x g for 10min at 4 °C and washed with ice-cold 1X
TBS. The cell pellet was then resuspended in 100mMTrisSO4 (pH 9.4)
containing 10mMdithiothreitol at a ratio of 2ml/gweight of cell pellet
and incubated at 30 °C for 20min with shaking, centrifuged at 750 x g
at 4 °C for 10min and thenwashedwith 2ml of 1M sorbitol per gramof
cell pellet. The yeast cell wall was digested by incubating the cells with
zymolase-20T (MP Biomedicals, # 320921) at 3mg/g weight of cells in
buffer containing 1M sorbitol and 20mMpotassium phosphate buffer
(pH 7.5) for 90min at 37 °C with constant shaking. The resulting
spheroplasts werewashedwith 1MSorbitol (2ml/g of cells) at 4 °C and
disrupted with a Dounce homogenizer in buffer containing 0.5M
sorbitol, 10mM Tris-HCl (pH 7.2), 0.02% bovine serum albumin,
1/1000 volume of protease inhibitor cocktail set III (Calbiochem Mil-
lipore, # 539134)) and 1mM phenylmethylsulfonyl fluoride. The lysed
cellswere centrifuged at 1700 x g at 4 °C for 5min, and the supernatant
was centrifuged at 8500 x g at 4 °C for 20min. The pellet was

suspended in 1ml of SEM buffer (250mM sucrose, 10mM Mops (pH
7.2), 1mM EDTA) and loaded onto a 15–60% sucrose gradient in 15mM
Tris-HCl (pH 7.4) plus 20mMKCl that was centrifuged at 111,000 x g at
4 °C for 90min. The mitochondrial layer was aspirated, flash frozen
with liquid nitrogen and stored at −80 °C. Protein concentration of the
mitochondria was measured using the BCA (Pierce Biotechnology, #
23227) method with bovine serum albumin as standard according to
the manufacturer’s directions.

Respiratory activity assays
The Oxygraph-2k high resolution respirometry system (Oroboros
Instrument) was used tomeasureoxygen consumption rates of theWT
and the CRD1Δ mutant purified mitochondria and purified SCs (See
Supplementary Fig. 2 and Supplementary Table 3). Measurements
were performed at 30 °C. The buffer used contained 0.5mM EGTA,
3mM MgCl2, 60mM lactobionic acid, 20mM taurine, 10mM KH2PO4

at pH 7.1, 20mMHEPES, 110mM sucrose in a total volume of 2ml. The
reaction was started by the addition of 0.5mM NADH and stopped by
the addition of 2.5μM antimycin A. For mitochondrial measurements,
one sample was measured three times to arrive at an average activity
with a standard deviation. In the case of the purified SCs incubation
media was supplementedwith 0.05% digitonin (w/v) and purified Cyt c
(50μM). The reaction was started by the addition of NaBH4-reduced
decylubiquinone (Sigma, # D7911) (DQH2 100μM) and stopped by the
addition of 2.5μM antimycin A. Due to limited amounts of the ΔCRD1
SC, only one determination was possible. The chamber volume was
2ml, and protein concentration was recorded in mg/ml as noted in
Supplementary Fig. 2 and Supplementary Table 3. The software
package associated with the instrument is DatLab-version 7.3.0.3.
Oxygen concentration was monitored in µmolar concentration and
converted to µmoles of total oxygen consumed per totalmg of protein
as reported in the text.
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Fig. 6 | Electrostatic potential map of the WT SC and CRD1Δ SC. Electrostatic
potentialmap (generated inChimera× 50based onCoulomb’s law) ismapped onto
the WT SC (a) and CRD1Δ SC (b); (blue, positive charge and red, negative charge).

The boxed-out region (on the left) reveals the electrostatic pocket at the CIV-CIlI
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charges when compared to the interacting surface of the protein.
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ESI-MS analysis of CL and PG
Presence of PG in place of CL in the CRD1Δ strain IMM (Supplementary
Fig. 12 and Supplementary Table 5) was confirmed by CL and PG
molecular species quantification in mitoplast samples by liquid chro-
matography (LC) coupled to electrospray ionization mass spectro-
metry (MS)31. Mitoplasts were prepared frommitochondria suspended
in SEM buffer by dilution 15-fold with 20mM HEPES-KOH (pH 7.4).
After incubating on ice for 30min, the mitoplasts were collected by
centrifuged at 14,000 x g for 10min at 4 °C and redissolved in SEM
buffer. Sample preparation details are as follows: Lipids from 250 µg of
mitoplasts protein (quantified using Pierce BCA protein assay) from
WT and CRD1Δ strains were extracted by adding 800 µl methanol,
1 µmol tetramyristoyl-CL as an internal standard (Avanti Polar Lipids,
Alabaster, AL), and 715 µl acidified salt solution (0.1 N HCl + 11mM
ammonium-SO4). 1ml chloroform was added to induce phase separa-
tion, and samples were vortexed then centrifuged 5min at 2500 x g.
The bottom layer was then transferred to a clean tube and dried under
a stream of nitrogen. The dried lipids were resuspended in 100 µl
hexane:isopropanol (30:40) and transferred to an autosampler col-
lection tube. To determine the amount of CL and PG in each sample, a
standard curve with four reference standard amounts of 0.34, 0.68,
1.36, and2.72 nmolofboth (18:1)4CL and 16:1 18:2 PG (both fromAvanti
Polar Lipids, Alabaster, AL) was made and extracted as detailed above.
25 µl of each sample or standard was injected (Shimadzu LC system
model LC-20AD) using binary flow LC with a flow rate of 0.2ml/min
using normal phase solvents A: hexane:isopropanol (30:40) and B:
hexane:isopropanol:10mM ammonium acetate (30:40:8.4). Percent B
started at 45%, then 50% at 10min, 98% at 10.5min and 45% at 25min.
The run time was 32min. The mass spectrometer used was an API
4000 QTRAP (Sciex, Framingham, MA) run in negative polarity mode
with samples collected in Q3 with a full scan range from m/z 600 to
1700. Settings on the mass spectrometer were curtain gas 20 psi, ion
spray voltage −4500V, temperature 300 °C, nebulizer gas 20psi,
heated gas 30psi, interface heater ON, declustering potential −35 V,
entrance potential −10 V, collision cell exit potential −12 V, and elec-
tron multiplier of the detector 2250. Analysis was done with Analyst
version 1.6.2 software. For PG and singly ionized CL peaks, area under
the time curve was used for the peak ± 0.5 mass units. Background
values from a blank with only solvent was subtracted from these
counts. The counts were then converted to nmol/mg protein using the
slopes of the respective standard curves for either CL or PG. CL and PG
were identified using their retention times obtained from the retention
time of the reference standard compounds in the standard curves and
their molecular masses. Additionally, singly ionized CL peaks were
confirmed using the presence of a matching doubly ionized peak. The
doubly ionized CL peak is distinctive because the isotope peaks are
separated by a halfmass unit in contrast to singly ionized PG and other
two fatty acyl phospholipids where their isotope peaks are separated
by one mass unit. One measurement was made for each lipid extract,
so no statistics are provided.

Purification of SCs
The III2IV2 SC from the CL-containing WT USY00b strain was purified
by themethodwe previously developed9. Isolatedmitochondria (8mg
of protein) were suspended in the 1ml of lysis buffer containing 2%
(w/v) digitonin (Sigma, #D141-500MG), 50mMpotassium acetate, 10%
glycerol, 1:50 volume protease inhibitor cocktail set III (Calbiochem
Millipore, # 539134), 1.5mMphenylmethylsulfonyl fluoride and 30mM
HEPES-KOH, (pH 7.4) for 1 h at 4 °C with gentle shaking. After incuba-
tion the lysate was centrifuged at 4 °C for 20min at 90,700 x g. 1ml of
supernatant was incubated with 0.45ml of magnetized Cobalt Beads
(Dynabeads TALON catalog #101.02D, Invitrogen) for 45min at 4 °C
with constant shaking to remove FoF1-ATPase. Prior to use, beads were
washed 3 times with TBS using a magnetic separator (Magna-Sep™
Magnetic Particle Separator, Invitrogen) to recover the beads. After

incubation the beads were removed using a magnetic separator. The
supernatant (1ml) was immediately layered onto an 8ml sucrose gra-
dient (0.75M to 1.5M sucrose in 15mM Tris-HCl (pH 7.2), 20mM KCl,
and 0.4% digitonin) and centrifuged at 4 °C for 20 h at 111,000 x g.
Fractions (80–100 µL) from the gradient were analyzed by BN-PAGE as
described in the next section. Selected fractions containing the pur-
ified III2IV2 SC were combined and used for cryo-EM. Protein con-
centrations were determined using the BCA protein assay kit (Thermo
Scientific) according to manufacturer’s instructions.

The III2IV1 trimeric SC from mitochondria of CL-lacking
(CRD1Δ) YEB100 strain was purified as follows. Mitochondria were
solubilized as described above. The clarified lysate was loaded at
1 ml/min onto a 5ml His-Trap HP column (Sigma, cat. # GE17-5248-
02) that was previously equilibrated with 50mM HEPES, 500mM
NaCl and 0.05% digitonin, pH 8.0 (Buffer B). The loaded columnwas
washed with several volumes of Buffer B. Proteins were eluted with
20% of Buffer B containing 100mM Imidazole. Fractions containing
the highest absorbance at 280 nm were subjected to size exclusion
chromatography to separate the III2IV1 SC from contaminating
individual CIII and CIV. A Superose 6 Increase 10/300GL column (GE
Health Care, cat. #29-0915-96) was pre-equilibrated with column
buffer containing 50mM Tris-HCl (pH 7.2), 150mM NaCl, 0.05%
digitonin. A sample (2ml) from the His-Trap columnwas loaded and
eluted with column buffer. Fractions were collected based on peak
intensity at 280 nm. All fractions were analyzed by BN-PAGE. Frac-
tions containing the III2IV1 SC and free of CIII and CIV were pooled
and used for cryo-EM.

BN-PAGE, CN-PAGE, Western blot analysis, and in-gel enzyme
activity
Pre-made 3–12% acrylamide gels containing 5% Coomassie Blue G-250
(Invitrogen, cat. # BN2008)15 were used for BN-PAGE. Running times
were 14 h at an initial current of 12mA at 4 °C. After gels were stained
with Bio-Safe Coomassie Blue G-250 (BIO-RAD, cat. # 1610786), pro-
teins were electroblotted to a PVDF membrane (Invitrogen, cat. #
LC2005) for Western blot analysis. For CIII or CIV visualization custom
polyclonal antibodies (prepared by Cocalico Biologicals) against pur-
ified CIII (raised in rabbits, 0.46mg/m, diluted 1:2,500) and purified
CIV (raised in guinea pigs, 0.77mg/m/ diluted 1:5,000) were used.
These antibodies were verified by detection of purified CIII and CIV as
well as only complexes containing CIII or CIV in crude extracts15. Sec-
ondary antibody peroxidase conjugated AffiniPure Goat anti-rabbit
(cat. #111-035-003, diluted 1:10,000) and anti-Guinea pig IgG (H + L)
(cat. #106-035-003, diluted 1:10,000) from Jackson ImmunoResearch
Laboratories, Inc.were used. SuperSignalWestern FemtoSensitivity kit
(Thermo Scientific, cat. # 34095) was used to develop the signal
according to the manufacturer’s instructions. The signal was captured
by a Bio-Rad ChemiDoc MP Imaging System.

For CIII in-gel activity the purified protein samples were subjected
to Colorless Native-PAGE (CN-PAGE) according to an established
method49. Samples were run in pre-made 3-12% acrylamide gels in Bis-
Tris (Invitrogen, cat. # BN2011BX10). 1x running buffer was used as
cathode and anode buffer (Invitrogen, # BN2001). Cathode buffer
without G-250 was used (Invitrogen, # BN2002). After loading the
samples, starting voltage was 150V for 15minutes, then the voltage
was increased to 250 V till the end of the run. Sample loading and run
was done at 4 °C. The gel was incubated in the presence of 0.05% (w/v)
diaminobenzidine (DAB) (Thermo Scientific, cat. # 34001) in 50mM
potassium phosphate buffer (pH 7.2) for several hours at room
temperature49. For CIV activity the purified protein samples were
subjected to BN-PAGE. Gels followed by incubation in the presence of
horse heart Cyt c (Sigma, cat. # C2506-250MG) (0.05%, w/v) and 0.05%
3,3’-Diaminobenzidine (w/v) (Thermo Scientific, cat. # 34001) in
50mM phosphate buffer (pH 7.2) according to an established
method49.
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Grids preparation, cryo-EM data collection, and image
processing
Samples of purified WT SC were diluted 1:9 in 15mM Tris-HCl, pH 7.2,
and 20mM KCl buffer to reduce digitonin and sucrose concentration
and applied to 400-mesh copper grids containing ultrathin carbon
support on lacey (Quantifoil, cat. #Q11459) followedby glowdischarge
at 30 mAmp for 15 sec. 5 µl samples were incubated for 1min at 23 °C
(100% humidity) inside a Vitrobot chamber, blotted for 3 sec and
rapidly frozen in liquid ethane using a Vitrobot. Grids were stored at
liquid nitrogen temperature for further analysis using cryo-EM. Data
were collected with a Titan Krios microscope (Thermo Fisher Scien-
tific) equipped with EPU 2.10.0.5 software operated at 300 kV (Sup-
plementary Table 1 and Supplementary Fig. 4). A post-GIF K2 Summit
direct electron detector (Gatan) operating in counting mode was used
at a nominal magnification of X130,000 (pixel size of 1.07 Å) for image
collection, and an energy slit with a width of 20 eV was used during
data collection. A total dose of 49 eV/Å2 fractionated over 35 frames
was employed. Nominal defocus range set from −1.5μm to −3.5μm.
Here, 20,253 micrograph movies were collected during multiple ima-
ging sessions under identical conditions.

The WT tetrameric SC sample was processed with CryoSPARC
(v3.2)50. Patch motion was used for frame alignment and exposure
weighting with default parameters. The blob picker was initially used
on a subset of images (300) to select a subset of particles, which were
then used to generate a low-resolution template. Template particle
pickingwas then performed, and the resulting particles were extracted
using a 320 Å2 box size. A total of 1,510,025 particles were selected.
Multiple rounds of 2D classification followed, narrowing the dataset to
834,191 particles and then to 413,626 particles. An initial refinement
was completed using C1 symmetry, resulting in a 4.14 Å densitymap. A
non-uniform refinement followed by a local refinement with a tight
mask further improved the resolution to 3.4Å. Finally, a large het-
erogeneous 3D classification refinement routine was completed using
four classes to sort the larger dataset (834,191 particles). These four
initial models (density maps) contained the 3.4 Å structure, a density
map that was soft-masked to only contain CIII, another density map
that was soft masked to contain CIII and a noisy CIV, and a final map
that appeared to only be noise. In total, 493,055 particles fell into the
3.4 Åmap class. Afinal refinementwith a dynamicmaskwasperformed
resulting in a 3.2 Å final density map.

Samples of the purified trimeric SC (III2IV1) isolated from the
CRD1Δ strain were processed for microscopy, and data was collected
(Supplementary Table 1 and Supplementary Fig. 13) as described for
the tetrameric SC. A total of 12,006micrographmovieswere collected.
The CRD1Δ dataset was imported with CryoSPARC and evaluated
manually, at which point the number of micrographs was trimmed
down to 9942 micrograph movies. Patch motion was used for frame
alignment and exposure weighting with default parameters. Blob
picker was initially used to select particles on a subset of images (300),
whichwere then used to generate a low-resolution template. Template
particle picking was then performed, and particles were extracted
using a 320 Å2 box size. An initial 1,926,302 particles were selected by
the template picker, and after multiple rounds of 2D classification, the
datawere trimmeddown to638,401particles.A strongpresenceof top
and end-on views was visualized in the 2D class averages, as was
smearing of density in the 3D reconstructions, indicating preferred
orientation. When assessing particle orientations there were two dis-
tinct peaks in the data limiting the resolution and resolvability in the
maps. Due to preferred orientation, an additional 4452 images were
collected with a 30° tilt. This data was collected on a Titan Krios under
similar microscope conditions, aside from the tilt. The tilt data was
again processed with CryoSPARC in a similar fashion to the non-tilt
data. Blob picker was used to select particles and after inspection and
extraction, 545,397 particles were obtained. Two rounds of 2D classi-
fication followed, resulting in 186,312 particles being selected. The tilt

data was then added to the previous dataset to be processed in com-
bination. A final heterogeneous refinement was performed on all the
particles (tilt + non-tilt data) similar to the WT. The class that had CIII
and CIV best resolved had 745,670 particles. This dataset was further
refined using a tight mask. The resulting map was refined to 3.3 Å,
improving upon the previous 3.5 Åmapwhich did not include tilt data.
Resolvability also improved, specifically in CIV.

Model construction
Construction of the tetrameric SC model (III2IV2) began by fitting the
previously reported structure of the III2IV2 mitochondrial respiratory
supercomplex from S. cerevisiae (6HU9)10. This model, which included
all proteins of interest and some ligands, was fitted into the tetrameric
SCdensitymap using the “Fit inMap” option in UCSF Chimera (v1.16)51.
Qcr9needed an additional adjustment (rigid body rotation), whichwas
made with Chimera. Geometry minimization was run on the model to
idealize the structure before refinement. Phenix (v 1.19.1-4122) real-
space refinement followed52 with ligand and Elbow restraints added
and non-crystallographic symmetry (NCS) constraints turned off (due
to non-strict C2 symmetry) and metal linking turned on. To optimize
theCIII andCIV interface, subunit Cor1 of CIII and subunit Cox5aof CIV
were submitted to GalaxyRefineComplex53, a protein-protein complex
refinement tool driven by interface repacking, via GalaxyWeb. The top
10 docks all contained similar interface statistics and each of these
models was fit to the density map and compared to the refinedmodel.
Docking 6 was chosen as the topmodel as it had the best fit-to-density
and no clashes with other CIII and CIV subunits. This was then com-
bined with the Phenix refined model.

Before iterating between real-space refinements and manual
adjustments, PDB chains were renamed to account for pseudosym-
metry (see Supplementary Table 4). As noted during the map
reconstruction process, one CIV had less resolved density than the
other, and thus the iterative model refinement process was focused
on the stronger CIV density side (denoted as the reference-side).
Throughout the modeling process, a trimer model consisting of the
CIII (III2) dimer and one CIV on the reference-side was refined. Once
refined, the opposite CIV was assessed and modeled. Additional
density was present in various regions of the map, with a majority in
CIII. To isolate this additional density, a difference map was created
from themodel. This differencemap revealed a noisy detergent band
around the transmembrane portion of the supercomplex, as well as
discrete densities within CIII and at the interface of CIII and CIV. To
model these densities, previously resolved SCs and CIII (6YMX, 1KB9,
3CX5, 6Q9E, 6GIQ11,17,18,44,45) were fit into the density map using Chi-
mera. This excess density was modeled with four UQ6 ligands, CN5
(CL) at the 2-fold of CIII, and CL in similar positions to 6YMX.
Moreover, excess density was found at the location where PE was
modeled in 6YMX. This was renamed to PEF, rigid-body fit with
Chimera, andmanually adjusted in COOT (v0.9.5)54. Ligand restraints
(.cif files) were then generated in Phenix43 for ligands that were not
defined in the Phenix ligand library. Furthermore, Elbow restraints
were computed using phenix.metal coordination, ensuring that
bonds with metal ions were maintained during model refinement.
Finally, multiple iterations of Phenix real-space refinement (using the
above restraints and NCS symmetry turned off) and COOT adjust-
ments were done to improve the fit-to-density and model geometry
of the trimer complex. Throughout the refinements, ligands were
manually altered to better fit the weaker density. Once complete, the
refined reference CIV model was duplicated and rigid-body-fit into
the opposite-side CIV density. An additional iteration of real-space
refinement, without the aid of NCS restraints, was run to improve fit-
to-density and obtain B-factor values for the tetramer before model
interpretation (Supplementary Fig. 17).

Modeling of the CRD1Δ density map began by independently fit-
ting the optimized WT protein subunits from CIII and CIV into the
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densitymapwith Chimera. Iterative refinement of the protein complex
was performed using Phenix real-space refinement and COOT. Once
complete, the CRD1Δ SC map was masked using the protein model to
reveal unmodelled density. Hemes, appropriate ligands (PEF, PCF) and
cofactors were rigid body fit to the unmodeled parts of the CRD1Δ SC
density map. When analyzing the masked density and the corre-
spondingmodel, it was noted that the CDL locations did not have one-
to-one matching density. The density at these positions revealed two
tails with one strong headgroup. Anionic phospholipid PGT, was then
fit into the CDL positions. Phenix was then used to generate ligand and
metal bond restraints, and real-space refinement followed. As with the
WT, COOT and Phenix were iteratively used to optimize the modeled
complex. Ligand density that was disordered, specifically tail density
was truncated. For the chain/subunit names and ligands see Supple-
mentary Table 6.

To further analyze the PGT fitting, PEF, PCF, and CDL were all fit
into the PGT density locations using Chimera. One iteration of Phenix
real-space refinement was completed with the ligands in the isolated
PGT density. A calculated density map was computed for each of the
ligand groups and the threshold was set to be equivalent for each
ligand group. The cross-correlationwas computed for the six locations
between the experimental masked density and the calculated density
(Supplementary Table 7)55,56 with PGT density showing the highest
correlation.

For both the WT and CRD1Δ structures, visualization and analysis
of the final models were done with UCSF Chimera, COOT, Phenix, and
Molprobity57. Moreover, LigPlot+ (v2.2)58 was used to analyze the
ligands at theCIV-CIII interface. Settings in LigPlot+werechanged such
that hydrogen bondD-A pairs had amaximumdistance of 4 Å and non-
bonded interacting residues were only between hydrophobic-
hydrophobic contacts.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMD-
27940 (WT) and EMD-28011 (CRD1Δ). The atomic coordinates have
been deposited in the Protein Data Bank (PDB) under accession codes
8E7S (WT) and 8EC0 (CRD1Δ). The following public data bases were
used for the following structures: 6HU9 [https://doi.org/10.2210/
pdb6HU9/pdb], 6YMX [https://doi.org/10.2210/pdb6ymx/pdb], 1KB9
[https://doi.org/10.2210/pdb1kb9/pdb], 3CX5 [https://doi.org/10.
2210/pdb3cx5/pdb], 6Q9E [https://doi.org/10.2210/pdb6Q9E/pdb],
6GIQ [https://doi.org/10.2210/pdb6Q9E/pdb]. Source data are avail-
able as a Source Data file. Source data are provided with this paper.
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