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In brief

Rampelt et al. report that the core
component Mic10 of the mitochondrial
contact site and cristae organizing
system plays a second physiologically
important role at the mitochondrial ATP
synthase. Mic10 variants that selectively
function at the ATP synthase promote
efficient metabolic adaptation,
respiratory growth, and mitochondrial
inner membrane energization.
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SUMMARY

Invaginations of the mitochondrial inner membrane, termed cristae, are hubs for oxidative phosphorylation.
The mitochondrial contact site and cristae organizing system (MICOS) and the dimeric F1F,-ATP synthase
play important roles in controlling cristae architecture. A fraction of the MICOS core subunit Mic10 is found
in association with the ATP synthase, yet it is unknown whether this interaction is of relevance for mito-
chondrial or cellular functions. Here, we established conditions to selectively study the role of Mic10 at
the ATP synthase. Mic10 variants impaired in MICOS functions stimulate ATP synthase oligomerization
like wild-type Mic10 and promote efficient inner membrane energization, adaptation to non-fermentable
carbon sources, and respiratory growth. Mic10’s functions in respiratory growth largely depend on
Mic10ATPsynthase " ot on Mic10M!°CS, We conclude that Mic10 plays a dual role as core subunit of MICOS
and as partner of the F1F,-ATP synthase, serving distinct functions in cristae shaping and respiratory adap-

tation and growth.

INTRODUCTION

Mitochondria generate the vast majority of the cellular ATP via
oxidative phosphorylation that takes place in specialized mem-
brane domains, the cristae. These invaginations of the inner
mitochondrial membrane enable optimal efficiency of the respi-
ratory chain both by their topology and by increasing the mem-
brane surface. The organization and shaping of cristae are com-
plex processes involving several machineries, and disruption of
the inner membrane architecture is detrimental for mitochondrial
physiology and associated with a variety of pathological condi-
tions (Cogliati et al., 2016; Colina-Tenorio et al., 2020; Eramo
et al., 2020; Mukherjee et al., 2021). Two major cristae-shaping
machineries were reported to function in an antagonistic manner
with respect to cristae architecture, the mitochondrial contact
site and cristae organizing system (MICOS), and the F{F,-ATP
synthase (Paumard et al., 2002; Rabl et al., 2009; Hoppins
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et al., 2011; Davies et al., 2012; Harner et al., 2016; Rampelt
et al., 2017b; Kojima et al., 2019; Stephan et al., 2020).

The conserved MICOS complex is required for the structural
stability of crista junctions, the narrow connections between
cristafolds and the smooth expanse of the inner membrane local-
ized directly underneath the outer membrane, the inner boundary
membrane (von der Malsburg et al., 2011; Harner et al., 2011;
Hoppins et al., 2011; Herrmann, 2011; Alkhaja et al., 2012; Gua-
rani et al., 2015; Mufoz-Gomez et al., 2015; Huynen et al.,
2016; Kozjak-Pavlovic, 2017; Rampelt et al., 2017b; Wollweber
etal.,2017; Kaurov et al., 2018). MICOS consists of six main sub-
units that are organized into two subcomplexes named after the
core subunits Mic60 and Mic10 (Barbot et al., 2015; Bohnert
et al., 2015; Friedman et al., 2015). The MIC60 subcomplex con-
tains Mic60 and Mic19 and in Metazoa additionally the Mic19 pa-
ralog Mic25. The MIC10 subcomplex consists of Mic10, Mic12,
Mic26, and Mic27. Loss of individual MICOS subunits leads to
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alterations of the inner membrane architecture with a reduced
number of crista junctions and the accumulation of internal cristae
stacks (John et al., 2005; Rabl et al., 2009; Harner et al., 2011;
Hoppins et al., 2011; von der Malsburg et al., 2011). Both Mic10
and Mic60 are involved in inducing the high membrane curvature
at crista junctions, Mic60 via an amphiphilic helix (Hessenberger
et al., 2017; Tarasenko et al., 2017) and Mic10 via its wedge-like
shape and oligomerization (Barbot et al., 2015; Bohnert et al.,
2015). The MIC60 subcomplex additionally interacts with protein
complexes of the outer membrane and forms contact sites be-
tween the inner and outer membranes that contribute to the effi-
ciency of protein and phospholipid biogenesis pathways and help
to position crista junctions in the vicinity of the outer membrane
(Xie et al., 2007; Darshi et al., 2011; Harner et al., 2011; Hoppins
et al., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012;
Bohnert et al., 2012; Kdrner et al., 2012; Ott et al., 2012; Zerbes
et al., 2012; Ding et al., 2015; Friedman et al., 2015; Muioz-Go-
mez et al., 2015; Sakowska et al., 2015; Aaltonen et al., 2016;
Huynen et al., 2016; Michaud et al., 2016; Stoldt et al., 2019;
Tang et al., 2019).

The F1F,-ATP synthase (complex V) also plays a crucial role in
cristae architecture since it forms long rows of dimers that
impose a positive membrane curvature (convex when viewed
from the matrix) in contrast to the negative membrane curvature
induced by MICOS (convex when viewed from the intermem-
brane space). Dimerization and oligomerization of the ATP syn-
thase are required for the generation of the highly curved rims
of cristae as well as for crista tubules (Arnold et al., 1998; Pau-
mard et al.,, 2002; Arselin et al.,, 2004; Strauss et al., 2008;
Thomas et al., 2008; Davies et al., 2012; Kihlbrandt, 2019).
Dimerization relies on the small subunits Atp20 (subunit g) and
Atp21 (subunit e/Tim11) that lock the ATP synthase monomers
in an angle of up to 90°, resulting in membrane bending by the
dimer (Arnold et al., 1998; Bornhdvd et al., 2006; Hahn et al.,
2016; Guo et al., 2017; Spikes et al., 2020). The higher order as-
semblies are further stabilized by Atp19 (subunit k; Arnold et al.,
1998; Wagner et al., 2010; Guo et al., 2017; Barca et al., 2018; He
et al., 2018; Pinke et al., 2020).

Several human pathologies have been described that are the
consequence of defects in MICOS or the disturbed formation of
higher order assemblies of the ATP synthase (Colina-Tenorio
et al., 2020; Eramo et al., 2020; Mukherjee et al., 2021), high-
lighting the importance of both machineries. Based on their
opposing effects on membrane curvature and their differential
distribution to crista junctions versus crista rims and tubules,
MICOS and the dimeric ATP synthase are thought to perform
antagonistic, complementary functions that are crucial in main-
taining cristae architecture (Rabl et al., 2009; Hoppins et al.,
2011; Harner et al., 2016; Kojima et al., 2019; Stephan et al.,
2020). Despite this MICOS-ATP synthase antagonism, a fraction
of Mic10 molecules was found to associate with the F{F,-ATP
synthase (Rampelt et al., 2017a; Eydt et al., 2017; Rampelt and
van der Laan, 2017; Stephan et al., 2020; Cadena et al., 2021).
The Mic10-ATP synthase interaction did not depend on other MI-
COS subunits yet apparently stabilized higher order assemblies
of the ATP synthase (Rampelt et al., 2017a; Eydt et al., 2017). It
is unknown whether the interaction of Mic10 with the ATP syn-
thase is of relevance for mitochondrial or cellular functions,
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particularly as Mic10 and ATP synthase induce opposing mem-
brane curvature. Here, we established experimental conditions
to selectively study a MICOS-independent role of Mic10. We
report that Mic10ATPsynthase and Mic10MCOS strongly differ in their
oligomeric organization and functions. In contrast to the pre-
sumed major role of Mic10M©°S, we found that Mic10ATFsynthase
is required for efficient metabolic adaptation and respiratory
growth.

RESULTS

Mic10 interacts with dimeric ATP synthase in organello

The association of Mic10 with the ATP synthase observed by
comigration or copurification upon lysis of mitochondria with
non-ionic detergent (Rampelt et al., 2017a; Eydt et al., 2017)
may occur in the native mitochondrial system or after lysis of
the mitochondrial membranes. We devised assays to distinguish
between in organello and post-lysis interactions via blue native
electrophoresis (BN-PAGE) and affinity purification. (1) 3°S-
labeled Mic10 precursor was imported into isolated wild-type
(WT) mitochondria or mitochondria lacking the dimerization fac-
tor Atp20 (Su g); atp20A mitochondria are deficient in stable ATP
synthase dimers (Figure S1A; Arnold et al., 1998; Paumard et al.,
2002; Arselin et al., 2004; Wagner et al., 2009; Davies et al.,
2012). The mitochondria were mixed with untreated atp20A or
WT mitochondria, solubilized with digitonin, and analyzed by
BN-PAGE (Figure 1A). [**S]Mic10 comigrated with the ATP syn-
thase dimer only after import into WT mitochondria, not into
atp20A mitochondria, excluding a post-lysis interaction of
Mic10 with the dimeric ATP synthase in the BN-PAGE analysis.
(2) To study copurification of Mic10 with the ATP synthase, we
imported [**S]Mic10 into WT mitochondria or mitochondria con-
taining His-tagged Atp5. Upon mixing with mitochondria not
containing [**S]Mic10 and solubilization, the ATP synthase was
purified by affinity chromatography (Figure 1B). Whereas endog-
enous Mic10 was copurified in all samples containing Atp5-His
mitochondria, [*®S]Mic10 was only copurified upon import into
Atp5-His mitochondria, demonstrating that Mic1QATPsynthase
was formed in organello and not in a post-lysis association. (3)
In addition, Mic10 was crosslinked to the dimerization subunit
Atp21 (Su e/Tim11) in organello (Rampelt et al., 2017a; Eydt
et al., 2017; Figure S1B). This Mic10-Atp21 interaction was not
altered by the addition of the divalent cations Mg?* or Ca?* (Fig-
ure S1C; Mallilankaraman et al., 2012; Petrungaro et al., 2015;
Nemani et al., 2018, 2020; Daw et al., 2020). Since Atp21 assem-
bles with monomeric ATP synthase to promote dimerization and
oligomerization of the ATP synthase but is also observed as a
free subunit (Arnold et al., 1998; Paumard et al., 2002; Arselin
et al.,, 2004; Wagner et al., 2009; Habersetzer et al., 2013), it
was unknown to which form the crosslinking occurred. We
thus probed for crosslinking of Mic10 to Atp19 (Su k) that prefer-
entially assembles with the dimeric ATP synthase and stabilizes
ATP synthase dimers and oligomers (Arnold et al., 1998; Wagner
et al., 2010; Guo et al., 2017; He et al., 2018). We treated intact
mitochondria with the membrane-permeable crosslinking re-
agent disuccinimidyl glutarate (DSG) and observed specific
crosslinking adducts of Mic10 to Atp19 as well as Atp21 (Fig-
ure 1C). Larger crosslinking products containing Mic10, Atp19,
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Figure 1. Mic10 associates with FF,-ATP
synthase in mitochondria

(A) [*°S]Mic10 was imported into WT or atp20A
mitochondria, followed by solubilization together
with untreated mitochondria and BN-PAGE. Arrow-
head, ATP synthase dimer.

(B) [*®*S]Mic10 was imported into WT or Atp5-His
mitochondria that were solubilized together with
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eluate, 100%. F1F,-ATP synthase subunits: Atp4 (Su
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and Atp21 indicate the formation of ternary adducts (Figure 1C).
Taken together, these results indicate that Mic10 is associated
with the fully assembled F{F,-ATP synthase in intact
mitochondria.

Atp21-Mic10 fusion promotes oligomerization of ATP
synthase, but not of Mic10

To study possible functions of Mic10ATPsynthase e searched
for conditions to accumulate Mic10 at the ATP synthase and
simultaneously disrupt its functions in MICOS. We generated
an Atp21-Mic10 fusion protein by connecting the C terminus
of Atp21 with the N terminus of Mic10, both located in the
intermembrane space (Figure 2A). Plasmid-borne Atp21-

mic1ox Atp19/ Atp21

- Mic10 X Atp21
~ Mic10 X Atp19

- Mic10

rification and SDS-PAGE shows that Mic10 forms
direct crosslinks with Atp21 and Atp19. Load, 2.5%;
eluate, 100%.

See also Figure S1.

WT + Atp5-His
Atp5-His + WT

kDa

Mic10 was stably expressed in WT yeast
as well as in strains lacking Atp21 or
Mic10 (Figures 2B and S2A). Expression
of the fusion protein in atp27A yeast
restored dimerization of the ATP syn-
thase (Figure 2C; the fusion protein also
increased the levels of Atp20 that depend
on the presence of Atp21; Arnold et al.,
1998; Arselin et al., 2003; Wagner et al.,
2009). ATP synthase oligomers in WT
mitochondria are destabilized when the
inner membrane is disrupted by deter-
gent (Figures 2C and 2D); using very
mild solubilization conditions and sensi-
tive ATPase in gel activity staining, oligo-
mers are visible on BN gels (Figure 2E;
Arselin et al.,, 2003; Bornhovd et al.,
2006; Strauss et al., 2008). Upon overex-
pression of Mic10, an increased stability
of ATP synthase oligomers was observed
(Rampelt et al., 2017a). Importantly, the
Atp21-Mic10 fusion protein stabilized
the oligomeric forms of the ATP synthase
in WT as well as in atp21A and mic10A
mitochondria (Figures 2C-2E). These re-
sults indicate that the fusion protein was
able to substitute for the functions of Atp21 as well as
Mic10 at the ATP synthase.

In contrast, the Atp21-Mic10 fusion protein was only poorly
copurified with MICOS and did not restore the levels of Mic27
and Mic26 in the absence of Mic10 (Figure 2F; the levels of
Mic26 and particularly Mic27 depend on the presence of
Mic10; Harner et al., 2011; Hoppins et al., 2011; von der Mals-
burg etal., 2011; Bohnert et al., 2015). Mic10™'®©® forms charac-
teristic oligomers, illustrated by formation of a ladder on BN gels
upon copurification with Mic60 (Figure 2G; Bohnert et al., 2015;
Barbot et al., 2015; Zerbes et al., 2016; Rampelt et al., 2018).
Expression of Atp21-Mic10 in mic10A yeast, however, did not
yield any oligomeric fusion protein copurified with MICOS
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Figure 2. Atp21-Mic10 fusion protein func-
tions selectively at the ATP synthase
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(A) Topology of Atp21, Mic10, and the fusion protein
Atp21-Mic10 in the inner membrane (IM). IMS,
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(B) Expression of Atp21-Mic10 in WT, mic10A, and
atp21A cells, analyzed by SDS-PAGE. Tom4O0,
component of the translocase of the outer mem-
brane (TOM); Cox4, subunit of respiratory chain
complex IV.

(C) Native ATP synthase and Mic10-containing
complexes in mitochondria isolated from WT or
atp21A cells with or without Atp21-Mic10 expres-
sion were analyzed by BN-PAGE. V, ATP synthase
(complex V) monomer; V,, ATP synthase dimer; V,,,
oligomeric species of ATP synthase.

(D) The Atp21-Mic10 fusion protein stabilizes ATP
synthase oligomers independently of endogenous
WT Mic10. Mic60pa, protein-A-tagged Mic60.

(E) Isolated mitochondria were solubilized under
very mild conditions in the presence of low digitonin
(dig.) concentrations that do not disrupt oligomeric
ATP synthase and analyzed by BN-PAGE and in gel
ATPase activity staining. F4, F4 particle of ATP syn-
thase.
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(Figure 2G). Since oligomerization of Mic10M'°CS is required to

support crista junction formation (Barbot et al., 2015; Bohnert
et al., 2015), these results indicate that Atp21-Mic10 does not
support MICOS function.

Taken together, the Atp21-Mic10 fusion protein is functional at
the ATP synthase by promoting dimerization and oligomerization
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(F and G) MICOS isolation from mitochondria via
protein-A-tagged Mic60 (Mic60p,), analyzed by
SDS-PAGE (F) and BN-PAGE (G). Load, 4%; eluate,
100%. Asterisk, non-specific band.

See also Figure S2.
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of the ATP synthase but neither signifi-
cantly interacts with nor forms oligomers
at MICOS. The biochemical assays thus
indicate that the fusion protein recruits
Mic10 to the ATP synthase, providing a
means to selectively study the role of
Mic10 at the ATP synthase.

I
u

MICOS-independent role of Mic10 in
mitochondrial physiology

To address possible physiological roles of
Mic10ATPsynthase e analyzed how Atp21-
Mic10 affected cristae architecture, mito-
chondrial morphology, respiratory growth,
and energetics. (1) The inner membrane ar-
chitecture was analyzed by electron micro-
scopy (EM). Expression of Atp21-Mic10
reversed the atp271A phenotype of onion-
like, septated cristae membranes to a
WT-like cristae architecture (Figure 3A,
lower panel; Paumard et al., 2002; Arselin
et al., 2004; Rabl et al.,, 2009; Davies
et al., 2012), but not the MICOS-deficiency
phenotype of mic10A yeast. Mitochondria in mic10A Atp21-
Mic10 cells were characterized by parallel cristae membranes
that overwhelmingly lacked crista junctions, similar to those in
mic10A cells (Figure 3A, upper panel; Harner et al., 2011;
Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja
et al., 2012), fully supporting the biochemical findings that
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Atp21-Mic10 is functional at the ATP synthase, but not at MI-
COS. (2) The length of inner membranes and cristae is increased
in atp21A mitochondria as well as mic10A mitochondria (Pau-
mard et al., 2002; Arselin et al., 2004; Rabl et al., 2009; von der
Malsburg et al., 2011; Harner et al., 2011; Hoppins et al., 2011;
Alkhaja et al., 2012; Figure 3B). Upon expression of Atp21-
Mic10, the cristae were shifted to a more WT-like average length,
also in mic10A mitochondria (Figure 3B), suggesting that
Mic10ATPsynthase g inyolved in the regulation of crista length. (3)
Deletion mutants of MICOS core components display a frag-
mented mitochondrial network with enlarged mitochondria; simi-
larly, deletion of Atp21 or Atp20 results in an aberrant mitochon-
drial network (Everard-Gigot et al., 2005; Rabl et al., 2009;
Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja
etal., 2012; ltoh et al., 2013; Friedman et al., 2015). The aberrant
mitochondrial network included spherical structures in mic10A
yeast and atp271A yeast (Figure 3C, arrows). Similar empty re-
gions within mitochondria have been described for MICOS mu-
tants as well as aged mitochondria that display aberrant cristae
architecture (Rabl et al., 2009; ltoh et al., 2013; Friedman et al.,
2015; Brandt et al., 2017). Expression of Atp21-Mic10 restored
the tubular mitochondrial network not only in atp27A cells but
also in mic10A cells (Figure 3C), indicating that the interaction
of Mic10 with the ATP synthase is important for formation of
the normal mitochondrial network in yeast cells. The EM and
live-cell imaging data thus reveal a differentiation of Mic10 func-
tions in mitochondrial membrane architecture and morphology.
Formation of the characteristic inner membrane cristae architec-
ture and crista junctions requires the established function of olig-
omeric Mic10 in MICOS, whereas Mic10 at the ATP synthase is
required for maintaining the mitochondrial network organization
in cells.

(4) Mutant strains lacking MICOS core components were re-
ported to display respiratory growth defects in drop tests (Rabl
et al., 2009; von der Malsburg et al., 2011; Harner et al., 2011;
Hoppins et al., 2011; Alkhaja et al., 2012). Mitochondrial biogen-
esis and efficient remodeling are particularly important when
cells have to switch from fermentation in glucose-rich conditions
to respiration upon glucose depletion. Therefore, we compared
the growth behavior during fermentation, metabolic adaptation,
and respiration by performing growth assays in liquid media that
require the cells to adapt from fermentative to respiratory
growth. In a non-fermentable carbon source (3% glycerol) sup-
plemented with a small amount of a fermentable carbon source
(0.1% glucose), yeast grow fermentatively until the glucose is
depleted. In the subsequent growth delay, metabolic remodeling
promotes mitochondrial biogenesis and respiration (diauxic
shift; Figures 3D and S2B; Di Bartolomeo et al., 2020; Murphy
et al., 2015; de Alteriis et al., 2018). When the full respiratory ac-
tivity is reached, the cells grow faster again. Lack of the MICOS
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core components Mic10 or Mic60 resulted in defects both in
metabolic adaptation and respiratory growth, whereas individual
deletions of the other MICOS components did not impair growth
(Figure S2B). atp21A cells similarly displayed a growth defect
during diauxic shift (Figure 3D; Arnold et al., 1998; Paumard
etal., 2002; Arselin et al., 2004; Rabl et al., 2009). Unexpectedly,
expression of the Atp21-Mic10 fusion protein largely restored
the growth of both deletion strains, mic10A and atp271A (Fig-
ure 3D), demonstrating that Mic10ATPsY"ase s required for
metabolic adaptation and respiratory growth. (5) The inner mem-
brane potential Ay was assessed by using a Ay-sensitive fluoro-
phore. Mitochondria lacking Mic10 or Atp21 displayed a
decreased Ay (Figure 3E; Bornhovd et al., 2006; Rabl et al.,
2009; von der Malsburg et al., 2011; Wolf et al., 2019). Expres-
sion of Atp21-Mic10 largely restored Ays in mic10A and atp21A
mitochondria (Figure 3E), underscoring the importance of ATP
synthase-linked Mic10.

Mic10 thus plays a dual role. Oligomeric Mic10 at MICOS is
required for maintaining the native cristae architecture and crista
junctions as established previously (Harner et al., 2011; Hoppins
et al., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012;
Barbot et al., 2015; Bohnert et al., 2015). The interaction of
Mic10 with the ATP synthase is important for efficient energiza-
tion of the inner membrane, metabolic adaptation, respiratory
growth, and organization of the mitochondrial network.

Oligomerization-deficient Mic10 supports

mitochondrial physiology

To independently study different functions of Mic10 at the ATP
synthase and MICOS, we looked for point mutants that function-
ally separated Mic10ATPsynthase gang Mic10MICOS, Single amino
acid substitutions in the conserved glycine motifs of Mic10 do
not disturb its association with MICOS but severely impair the
oligomerization of Mic10 (Barbot et al., 2015; Bohnert et al.,
2015; Figures 4A and S3A). The Mic10 glycine mutants thus
cannot support Mic10 function at MICOS, resulting in an altered
cristae architecture characteristic for micos deletion mutants
(Barbot et al., 2015; Bohnert et al., 2015). To test whether
Mic10 glycine mutants interacted with the ATP synthase, we im-
ported 3S-labeled Mic10-G76A and Mic10-G74A into Atp21-
His mitochondria, lysed the mitochondria, and performed an
affinity purification. The Mic10 point mutants were copurified
with Atp21-His with an efficiency comparable to that of WT
Mic10 (Figure 4B; taking into account the moderately decreased
levels of imported Mic10 mutant forms).

We overexpressed Mic10-G76A (Figure S3B) and compared
its behavior with that of overexpressed WT Mic10. Whereas
the oligomerization of Mic10-G76A was strongly impaired (Fig-
ure S3C), the interaction with the ATP synthase was indistin-
guishable from that of WT Mic10. Upon overexpression, the

(C) Live-cell fluorescence imaging of the mitochondrial network using MitoTracker dye in WT, mic10A, or atp21A cells with or without Atp21-Mic10 expression.

DAPI, stain for mitochondrial nucleoids.

(D) Growth of WT cells as well as mic10A or atp21A cells with or without expression of Atp21-Mic10 in selective media with 3% glycerol + 0.1% glucose. Data are

represented as mean + SD; n = 4. OD, optical density.

(E) The mitochondrial membrane potential was assessed in isolated mitochondria by quenching of a fluorophore whose uptake depends on the membrane
potential. Data are represented as mean + SEM; n = 8 (upper panel); n = 14 (lower panel).

See also Figure S2.
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Figure 4. Oligomerization-deficient Mic10 restores physiological functions in mic10A cells

(A) Mic10-containing complexes of mitochondria from WT and mic10A cells as well as cells expressing the variant Mic10-G76A, analyzed by BN-PAGE.

(B) Radiolabeled Mic10 or the oligomerization-deficient mutant variants Mic10-G76A or Mic10-G74A were imported into Atp21-His mitochondria, followed by
lysis with digitonin and isolation of Atp21-His and interacting proteins. The co-isolation efficiency relative to the levels in the load fraction was not impaired for the
Mic10 mutants. Load, 2.5%; eluate, 100%.

(C) In organello crosslinking shows that the band reflecting a direct crosslink between Atp21 and Mic10 is similarly enhanced upon overexpression of Mic10 or
Mic10-G76A. SMPB, succinimidyl 4-(p-maleimido-phenyl)butyrate.

(D) Analysis of oligomeric ATP synthase by BN-PAGE and in gel ATPase activity staining using very mild solubilization (0.9% digitonin).

(legend continued on next page)
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association of Mic10-G76A with the ATP synthase was
enhanced and ATP synthase oligomers were stabilized, as
observed for the overexpression of WT Mic10 (Figures 4C, 4D,
and S1B; Rampelt et al., 2017a). The biochemical results thus
show that Mic10-G76A, which is unable to form Mic10 oligo-
mers, readily interacts with the ATP synthase and promotes its
oligomerization.

We compared the growth of mic10A yeast upon expression of
WT Mic10 or Mic10-G76A. Mic10-G76A efficiently restored
metabolic adaptation and respiratory growth to nearly the
same efficiency as WT Mic10 (Figure 4E). Similarly, the inner
membrane potential was largely restored by the expression of
Mic10-G76A (Figure 4F).

Taken together, two independent approaches, expression of
an Atp21-Mic10 fusion protein and of an oligomerization-defec-
tive Mic10 point mutant, demonstrate that Mic10 not only per-
forms its established role in maintaining crista junctions and in-
ner membrane architecture but plays an important role as
direct interaction partner of the ATP synthase. Mic10ATPsynthase
stabilizes higher order assemblies of the ATP synthase and is
crucial for efficient metabolic adaptation, respiratory growth,
and energization of the inner membrane.

DISCUSSION

This study unexpectedly reveals that Mic10’s role in metabolic
adaptation and respiratory growth mainly depends on its interac-
tion with the presumed antagonistic machinery, the F{F,-ATP
synthase (Rampelt et al., 2017a; Eydt et al., 2017; Stephan
et al., 2020; Cadena et al., 2021), and not on its function in the
MICOS complex. The role of oligomeric Mic10 in promoting inner
membrane bending and stabilizing crista junctions as a core
component of MICOS has been well established (Harner et al.,
2011; Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja
et al., 2012; Barbot et al., 2015; Bohnert et al., 2015; Munoz-Go-
mez et al., 2015; Huynen et al., 2016; Kaurov et al., 2018), and it
has been assumed that the resulting aberrant cristae architec-
ture caused the physiological defects of Mic10-deficient cells.
We report here that Mic10 fulfills a second role in mitochondria
viaits interaction with the dimeric ATP synthase, and this interac-
tion is important for mitochondrial energetics and physiology.
We were able to selectively study the function of Mic10ATPsynthase
by two strategies, by recruiting Mic10 to the dimeric ATP syn-
thase as part of an Atp21-Mic10 fusion protein and by using an
oligomerization-deficient Mic10 variant that cannot rescue crista
junction stability but interacts with and stabilizes ATP synthase
oligomers. Mic10 thus functions in two different populations:
as core part of MICOS (Mic10M'©S) and as partner of the ATP
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synthase (Mic10ATPsynthase: Eigre 4G). Mic10M°CS s required
for the induction of membrane curvature and the maintenance
of crista junctions and consequently for normal cristae architec-
ture. Mic10ATPSYnthase fayors the formation of higher order as-
semblies of the ATP synthase and thus plays a crucial role in
mitochondrial physiology by promoting an efficient inner mem-
brane energization and adaptation to respiratory growth.

How can Mic10, whose oligomers at crista junctions promote
membrane bending in the opposite direction compared with
ATP synthase oligomers, enhance the stability of the latter?
Mic10 spans the inner membrane in a hairpin topology with
an unusually long N-terminal transmembrane segment (~24
amino acid residues), indicating an asymmetric wedge-like
shape (Barbot et al., 2015). This mismatch in the length of the
transmembrane helices appears to be a conserved feature of
Mic10 (AlphaFold DB; Jumper et al., 2021). Upon oligomeriza-
tion, Mic10M/®©S induces negative membrane curvature in vitro
and in organello (Barbot et al., 2015). Monomeric Mic10 is un-
able to deform membranes by itself, yet its wedge-like shape
displays a preference for negatively curved membrane regions.
The absolute copy numbers of Mic10 and ATP synthase sub-
units in yeast (Morgenstern et al., 2017) reveal that Mic10 is pre-
sent in substoichiometric amounts, approximately 6-8 times
less abundant than ATP synthase subunits, such as Atp21
and Atp20 (Figure S3D). Up to 20% of total mitochondrial
Mic10 comigrate with the dimeric ATP synthase (Eydt et al.,
2017), corresponding to one Mic10ATPsYNthase mglecule per
~15-20 ATP synthase dimers. Electron cryotomography
studies demonstrate the formation of long rows of 15-20 and
more ATP synthase dimers at crista rims and crista tubules
(Strauss et al., 2008; Thomas et al., 2008; Davies et al., 2011,
2012; Blum et al., 2019; Kuhlbrandt, 2019). Thus, on average,
one (or two) Mic10 molecule is associated with these higher or-
der assemblies of the ATP synthase. The transition zone be-
tween the pronounced positive membrane curvature of ATP
synthase oligomers and flatter membrane areas devoid of
ATP synthase includes negative curvature and can lead to
membrane tension (Davies et al., 2012; Anselmi et al., 2018).
Since Mic10 preferentially localizes to areas of negative mem-
brane curvature, the association of Mic10 with ATP synthase
oligomers may alleviate the membrane tension and thus
contribute to the stabilization of ATP synthase oligomers in
the mitochondrial inner membrane.

In summary, Mic10 functions in two major machineries that
control mitochondrial membrane organization, MICOS and the
oligomeric ATP synthase, and thus is required for both cristae ar-
chitecture and an efficient adaptation and growth under respira-
tory conditions.

(E) Growth of mic10A cells without or with expression of Mic10 (WT) or Mic10-G76A in selective media with 3% glycerol + 0.1% glucose. Data are represented as

mean + SEM; n =4.

(F) The mitochondrial membrane potential was assessed in mitochondria isolated from the indicated strains. Data are represented as mean + SEM; n = 5.

(G) Dual function of Mic10 at MICOS and the ATP synthase. The majority of Mic10 supports MICOS function and crista junction stability by membrane bending,
which relies on Mic10 oligomerization. A distinct Mic10 population interacts with the ATP synthase at substoichiometric amounts and regulates its higher order
assemblies. This regulatory role does not require Mic10 oligomerization and is crucial for the maintenance of a healthy membrane potential and mitochondrial
network and consequently for efficient metabolic adaptation and respiration. BN-PAGE panels: western blot of Mic10-containing complexes in a Mic60-ProtA
eluate (left panel; shown is a shorter exposure of lane 1 of Figure 2G) and autoradiograph of imported radiolabeled Mic10 in an Atp21-His eluate (right panel) are

shown.
See also Figures S1 and S3.
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Limitations of the study

We cannot exclude that the Atp21-Mic10 fusion protein results in
anon-native arrangement of Mic10 at the dimeric ATP synthase,
e.g., due to steric effects or an altered stoichiometry. However,
since the fusion protein mimics the stabilizing function of
Mic10 overexpression on ATP synthase oligomers and promotes
metabolic adaptation and respiratory growth, our assays do not
indicate disturbing effects on the ATP synthase. An established
Mic10 point mutant that selectively functions at the ATP syn-
thase shows a comparable behavior. Technical limitations pre-
vent us from making conclusions on a direct interaction of
Mic10 with Atp20. Since Atp21 and Atp20 form close contacts
in the dimer (Hahn et al., 2016; Guo et al., 2017; Spikes et al.,
2020), the interaction of Mic10 with Atp21 likely brings it in close
vicinity of Atp20. However, we did not observe crosslinking of
Mic10 to Atp20 with the amino- and sulfhydryl-reactive reagents
used, likely because the hydrophilic portion of Atp20 is mainly
exposed to the matrix, whereas Mic10 exposes only a short
loop of three amino acid residues to the matrix (Bohnert et al.,
2015).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal a-Mic10
Rabbit polyclonal «-Mic12
Rabbit polyclonal «-Mic26
Rabbit polyclonal a-Mic27
(affinity purified)

Rabbit polyclonal «-Mic60
(affinity purified)

Rabbit polyclonal a-Atp1
Rabbit polyclonal a-Atp2
Rabbit polyclonal a-Atp4
Rabbit polyclonal a-Atp5
Rabbit polyclonal a-Atp14
Rabbit polyclonal a-Atp20
Rabbit polyclonal a-Atp21
Rabbit polyclonal a-Cor1
Rabbit polyclonal a-Cox4
Rabbit polyclonal a-Tom40

anti-rabbit IgG (whole molecule)-
Peroxidase

Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs

Pfanner/Rampelt Labs

Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Pfanner/Rampelt Labs
Sigma-Aldrich

GR3343-2, GR3367-7
GR3336-3
GR3335-3
GR3356-7

GR857-8

GR5075-4
GR861-3
GR1970-4
GR1546-4
GR1964-5
GR1516-4
138-9
GR371-6
GR577-4
168-12
A6154; RRID:AB_258284

Chemicals, peptides, and recombinant proteins

DSG (disuccinimidyl glutarate) Thermo Scientific 20593
SMPB (succinimidyl 4-(p-maleimido- Thermo Scientific 22416
phenyl)butyrate)

Digitonin Matrix Biosciences 60105
[®5S]Methionine PerkinElmer NEG009T005MC
Ni-NTA Agarose Qiagen 30230
CNBr-activated Sepharose 4B GE Healthcare 17-0430-01
DiSC;(5) (3,3’-Dipropylthiadicarbocyanine Invitrogen D306
lodide)

MitoTracker™ Green FM Invitrogen M7514
DAPI (4’,6 — Diamidino-2-phenylindole Sigma-Aldrich D9542
dihydrochloride)

Glutaraldehyde Sigma G7651
KMnO, (potassium permanganate) Baker Chemicals 0237
(DAB) diaminobenzidine Sigma D-5637
Epon:

Glycid ether (51.5% w/v) Serva 151414
Methylnadic anhydride (47.3% w/v) Serva 140573
2,4,6-Tris (dimethylaminomethyl)phenol Santa Cruz FO112
(1.2% w/v)

Critical commercial assays

TNT Quick Coupled Reaction Mix Promega L2080
KOD Hot Start Master Mix Novagen 71842-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

YPH499 (WT; MATa ura3-52 Sikorski and Hieter (1989) 1501
lys2-801_amber ade2-101_ochre

trp1-A63 his3-A200 leu2-AT)

YPH499 mic10::kanMX4 Bohnert et al. (2012) 3047
YPH499 mic60::kanMX4 Bohnert et al. (2012) 3092
YPH499 mic12::kanMX4 Bohnert et al. (2012) 3035
YPH499 mic19::kanMX4 Bohnert et al. (2012) 3037
YPH499 mic26::kanMX4 Bohnert et al. (2012) 3045
YPH499 mic27::kanMX4 Bohnert et al. (2012) 3039
YPH499 atp19::HIS3BMX6 Wagner et al. (2010) 2703
YPH499 atp20::kanMX6 Wagner et al. (2009) 2702
YPH499 atp21::HIS3MX6 Wagner et al. (2009) 2016
YPH499 atp5::ATP5His-HIS3MX6 this paper 4941
YPH499 atp19::ATP19His-HIS3MX6 this paper 5615
YPH499 atp21::ATP21His-HIS3MX6 this paper 5614
YPH499 mic10::kanMX4 pRS425 this paper 5616
YPH499 mic10::kanMX4 pRS425-MIC10 this paper 3892
YPH499 mic10::kanMX4 pRS425-MIC10- this paper 4320
G76A

YPH499 pRS426 this paper 4557
YPH499 pRS426-MIC10 this paper 4558
YPH499 pRS426-MIC10-G76A this paper 5617
YPH499 pFL36 this paper 5281
YPH499 pFL36-ATP21-MIC10 this paper 5618
YPH499 mic10::kanMX4 pFL36 this paper 5282
YPH499 mic10::kanMX4 pFL36-ATP21- this paper 5283
MIC10

YPH499 atp21::HIS3MX6 pFL36 this paper 5284
YPH499 atp21::HIS3MX6 pFL36-ATP21- this paper 5285
MIC10

YPH499 mic60::MIC60ProtA-HIS3MX6 this paper 5619
pFL36

YPH499 mic60::MIC60ProtA-HIS3MX6 this paper 5620
mic10::kanMX4 pFL36

YPH499 mic60::MIC60ProtA-HIS3MX6 this paper 5621
mic10::kanMX4 pFL36-ATP21-MIC10

Oligonucleotides

See Table S1

Recombinant DNA

pGEM4Z-MIC10 Bohnert et al. (2015) 2195
pGEM4Z-MIC10-G76A Pfanner Lab 2199
pRS425 Christianson et al. (1992) X30
pRS425-MIC10 Bohnert et al. (2015) 2093
pRS425-MIC10-G74A Bohnert et al. (2015) 2095
pRS425-MIC10-G76A Bohnert et al. (2015) 2125
pRS426-MIC10 Bohnert et al. (2015) 2107
pRS426-MIC10-G76A this paper 3183
pFL36 Bonneaud et al. (1991) X13
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REAGENT or RESOURCE SOURCE IDENTIFIER
pFL36-ATP21-MIC10 this paper 3184
pFL36-MIC10 Bohnert et al. (2015) 2237
Software and algorithms

Adobe Photoshop Elements Adobe Systems n/a

Adobe lllustrator Adobe Inc. n/a

Fiji Schindelin et al. (2012) n/a
Graphpad Graphpad Software Inc. n/a

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Heike
Rampelt (heike.rampelt@biochemie.uni-freiburg.de).

Materials availability
Plasmids and strains generated in this study may be requested from the lead contact.

Data and code availability

o Required data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The yeast strains used in this study are derivates of the Saccharomyces cerevisiae wild-type (WT) strain YPH499 (MATa ura3-52 lys2-
801_amber ade2-101_ochre trp1-A63 his3- A200 leu2- A1) and are listed in the key resources table. They were cultivated as detailed
in the STAR Methods section.

METHOD DETAILS

Yeast growth and mitochondrial isolation

For mitochondrial isolations, growth tests and whole cell extracts, Saccharomyces cerevisiae strains (key resources table) were culti-
vated at 30°C in YPG media (1% [w/v] yeast extract, 2% [w/v] peptone, 3% [v/v] glycerol) or, in the case of plasmid-containing strains,
in selective defined media (0.67% [w/v] yeast nitrogen base, 0.07% [w/v] CSM amino acid mix) with 3% [v/v] glycerol and 0.1% [w/v]
glucose. Growth tests were performed at 30°C in a CLARIOstar plate reader (BMG Labtech) using the following parameters: 160 cy-
cles of 10 min each, OD 600 nm measurement by spiral scan averaging, and a combination of linear and double-orbital shaking at
500-600 rpm between measurements. Alternatively, growth tests were performed in a Tecan Spark 10M plate reader with the
following parameters: Measurements every 5 min, 10 sec linear shaking at 630 rpm before each measurement, double-orbital
shaking at 180 rpm between measurements.

For fluorescence microscopy, strains were grown in selective defined media supplemented with 10 mg/I adenine and with the car-
bon sources 2% [v/v] lactate and 0.1% [w/Vv] glucose. For electron microscopy, precultures were grown in synthetic complex medium
(van Dijken et al., 1976) with 2% [v/v] lactate and 0.1% [w/v] glucose; no glucose was added to main cultures (Bohnert et al., 2015). To
isolate crude mitochondria (Meisinger et al., 2006), cells were pre-treated with DTT buffer (100 mM Tris-H,SO4 pH 9.4, 10 mM DTT)
and the cell wall was digested with zymolyase in 20 mM potassium phosphate buffer pH 7.4 with 1.2 M sorbitol. Cells were lysed with
a glass Teflon homogenizer in homogenization buffer (10 mM Tris-HCI pH 7.4, 0.6 M sorbitol, 1 mM EDTA, 0.2% bovine serum al-
bumin, 1 mM phenylmethylsulfonyl fluoride (PMSF)), and lysates were cleared 2x by centrifugation at 2000 g. Crude mitochondria
were isolated by centrifugation at 17000 g and stored at —80°C in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-
KOH pH 7.2).

Generation of strains and plasmids

Strains with a chromosomal C-terminal His1o-tag (Atp5-His, Atp19-His, Atp21-His) were generated by amplification of the tag with a
HIS3MX6 cassette from plasmid pFA6a-His10-HIS3MX6 (Meisinger et al., 2001) using the primer sets listed in Table S1. The plasmid
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pFL36-Atp21-Mic10 (including the MET25 promotor and CYC1 terminator) was generated by AQUA cloning (Beyer et al., 2015) from
two PCR products: The plasmid pFL36-Met25P-Mic10-CYCA1T (Bohnert et al., 2015) was amplified using primers Mic10-1-F and
Met25P-R, and the Atp21 ORF was amplified using primers Met25P-Atp21-F and Fusion-Tim-Mic-R. The plasmid pRS426-
Mic10-G76A was generated by Quikchange (Stratagene) PCR from pRS426-Mic10.

Biochemical analysis of mitochondrial proteins

For whole-cell extracts, equal amounts of cells were harvested, washed with water, and treated with 0.1 M NaOH for 5 min at room
temperature. Cells were pelleted, resuspended in SDS sample buffer and incubated at 95°C for 5 min prior to SDS-PAGE analysis.
For blue native electrophoresis (BN-PAGE) analysis (Stojanovski et al., 2007), mitochondria were solubilized in solubilization buffer
(20 mM Tris-HCI pH 7.4, 50 mM NaCl, 10% [v/v] glycerol, 0.1 mM EDTA, 2 mM PMSF, 1% [w/v] digitonin), or in low ionic strength
buffer (Wittig et al., 2006) (50 mM imidazole-HCI pH 7.0, 500 mM 6-aminohexanoic acid, 1 mM EDTA, 1 mM PMSF) with 3% [w/v]
digitonin at a digitonin to protein ratio of 4:1. For analysis of ATP synthase oligomers, lower digitonin concentrations in low ionic
strength buffer were employed as indicated (0.75% digitonin = digitonin/protein ratio 1:1; 0.9% digitonin = digitonin/protein ratio
1.2:1). In gel staining for ATPase activity (Bornhovd et al., 2006) was performed by washing the native gel in water, incubation in
ATP buffer (50 mM glycine, 5 mM MgCl,, 20 mM ATP, pH 8.4) and subsequent development with a 10% [w/v] CaCl, solution. For
the pulldown of His-tagged proteins or protein complexes, mitochondria were solubilized for 60-90 min at 4°C in pulldown solubi-
lization buffer (20 mM Tris-HCI pH 7.4, 50 mM NaCl, 10% [v/v] glycerol, 0.1 mM EDTA, 2 mM PMSF, EDTA-free protease inhibitor
mix (Roche), 1% [w/v] digitonin) plus 10 mM imidazole pH 7.4. The cleared supernatants were incubated with Ni-NTA agarose (Qia-
gen) for 90 min at 4°C. After washing the resin 10x with wash buffer (20 mM Tris-HCI pH 7.4, 60 mM NacCl, 10% [v/v] glycerol, 0.1 mM
EDTA, 2 mM PMSF, 0.3% [w/v] digitonin) plus 40 mM imidazole pH 7.4, bound proteins were eluted with wash buffer with 250 mM
imidazole pH 7.4 and analyzed by SDS-PAGE or BN-PAGE. For the pulldown of Protein A-tagged protein complexes, mitochondria
were solubilized in pulldown solubilization buffer for 30-60 min, incubated with IgG sepharose for 1.5-3 h, and the resin was washed
10x with wash buffer. Isolated protein complexes were eluted by treatment with TEV protease (Fisher Scientific) for 2.5 h at 24°C. The
His-tagged protease was removed from the eluates by a 30 min incubation with Ni-NTA agarose at 4°C. Samples were further
analyzed by SDS-PAGE or BN-PAGE. In organello crosslinking with disuccinimidyl glutarate (DSG) or succinimidyl 4-(p-malei-
mido-phenyl)butyrate (SMPB) was performed by incubating isolated mitochondria in SEM buffer on ice for 30 min using final cross-
linker concentrations of 1.5 mM, while control reactions were incubated with an equal volume of DMSO. To investigate the effects of
divalent cations on the interaction, mitochondria were resuspended in SM buffer (250 mM sucrose, 10 mM MOPS-KOH, pH 7.2)
including MgCl, or CaCl, at the indicated concentrations and then subjected to in organello crosslinking. Excess amino-reactive
functional groups of the crosslinkers were quenched by addition of 140 mM Tris-HCI pH 7.4 and mitochondria were re-isolated
by centrifugation. SMPB crosslink samples were analyzed by SDS-PAGE. DSG crosslink samples were subjected to a denaturing
lysis by solubilization in pulldown solubilization buffer (see above, no digitonin) with 1% [w/v] SDS and 10 mM imidazole and incu-
bation at 95°C for 5 min. After a clearing centrifugation step, mitochondrial lysates were diluted 10-fold into dilution buffer (pulldown
solubilization buffer with 0.2% Triton X-100 and 10 mM imidazole) and incubated with Ni-NTA agarose at 4°C for 90 min. Subse-
quently, the resin was washed 5x with wash buffer with 0.2% Triton X-100 and 40 mM imidazole and eluted using the same buffer
but containing 250 mM imidazole pH 7.4. The removal of non-relevant lanes of gel figures by digital processing is indicated by vertical
white separating lines.

Protein import into isolated mitochondria

Radiolabeled precursors of Mic10 or Mic10 variants were produced by in vitro transcription/translation with TNT coupled reticulocyte
lysate (Promega) using either the plasmids pGEM4Z-Mic10, pGEM4Z-Mic10-G76A or, for radiolabeled Mic10-G74A, a PCR product
of the ORF amplified from pRS425-Mic10-G74A using a primer including the SP6 promotor (see Table S1). Import of radiolabeled
precursors into isolated mitochondria was performed at 25°C in import buffer (10 mM MOPS-KOH pH 7.2, 3% [w/v] bovine serum
albumine, 250 mM sucrose, 80 mM KClI, 5 mM MgCl,, 2 mM KH,PO,4, 5 mM methionine) with 4 mM NADH, 4 mM ATP, 10 mM creatine
phosphate and 0.2 mg/ml creatine kinase. Import reactions were stopped by dissipating the membrane potential and blocking the
respiratory chain with AVO mix (8 uM antimycin, 1 uM valinomycin, 20 uM oligomycin). The reaction mixtures were treated with 50 pug/
ml proteinase K to remove non-imported precursors and, after inhibition of the protease with 2 mM PMSF, mitochondria were re-iso-
lated, washed with SEM buffer and subjected to pulldown experiments or analyzed by gel electrophoresis and autoradiography.

Live-cell imaging

Exponentially growing cells were attached to 35 mm glass bottom dishes (D35-20 1.5-N [In Vitro Scientific]) pretreated with 1 mg/ml
of concanavalin A type IV (Sigma-Aldrich) and live-cell imaging was performed at room temperature. Fluorescence microscopy
images were recorded with a DeltaVision Ultra High Resolution microscope (GE Healthcare, Applied Precision) equipped with an UP-
lanSApo 100x/1.4 oil objective (Olympus), an sCMOS pco.edge camera (PCO), and a seven channel solid state light source (Lumen-
cor). Raw microscopy images were deconvolved using the softWorX deconvolution plugin. Image analysis was performed using Fiji
(Schindelin et al., 2012). Images from each figure panel were taken with the same imaging setup and are shown with the same
contrast settings. Single focal planes of representative images are shown. Mito Tracker® Green was used to stain mitochondrial net-
works in live cells. DAPI (4’,6-diamidino-2-phenylindole) was used for mitochondrial DNA staining in live cells.
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Electron microscopy

For the ultrastructural analysis of the mitochondria, cells were harvested by centrifugation and fixed for 1 h with 3% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.2) and incubated for 45 min with 2 mg/ml diaminobenzidine and 0.06% H»O, in Tris-HCI (pH
7.5). The cells were post-fixed for 20 min with 1.5% KMnO,, post-stained with 0.5% uranyl acetate and dehydrated with graded
series of ethanol and embedded in Epon. 70 nm sections were collected on copper grids and inspected with a CM12 transmission
electron microscope (Philips) operating at 100 kV. Random images were taken and cristae lengths were measured from 200 mito-
chondrial cross-sections using Fiji.

Membrane potential assessment

The membrane potential of isolated mitochondria was assessed by potential-dependent quenching of the fluorophore 3,3’-dipro-
pylthiadicarbocyanine iodide (DiSC5(5)) in a Aminco Bowman Il fluorescence photometer at 622 nm (excitation) and 670 nm (emis-
sion). A saturated solution of DiSC5(5) in ethanol was diluted 1000x into assay buffer (0.6 M sorbitol, 0.1% bovine serum albumine,
10 mM MgCl,, 0.5 mM EDTA, 20 mM potassium phosphate buffer pH 7.2) supplemented with 5 mM malate and 5 mM succinate. After
recording the baseline for ca. 20 sec, mitochondria were added and fluorescence quenching was monitored. 1 uM valinomycin was
added after ca. 180 sec to uncouple the membrane potential.

QUANTIFICATION AND STATISTICAL ANALYSIS

In Figure 3B, cristae lengths from 200 mitochondrial cross-sections from images taken at random were measured using Fiji and in-
terquartile box plots were plotted using Excel.

In Figure 3D, mean values of OD measurements from 4 replicates each of the indicated strains were obtained. The error bars repre-
sent the standard deviation.

In Figure 3E, upper panel, the measured fluorescence values of 8 replicates from 2 independent experiments were normalized to
their start levels and mean values were obtained. The error bars represent the standard error of the mean.

In Figure 3E, lower panel, the measured fluorescence values of 14 replicates from 3 independent experiments were normalized to
their start levels and mean values were obtained. The error bars represent the standard error of the mean.

In Figure 4E, mean values of OD measurements from 4 replicates each of the indicated strains were obtained. The error bars repre-
sent the standard error of the mean.

In Figure 4F, the measured fluorescence values of 5 replicates were normalized to their start levels and mean values were obtained.
The error bars represent the standard error of the mean.

In Figure S2B, mean values of OD measurements from 3 replicates each of the indicated strains were obtained. The error bars
represent the standard deviation.
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Figure S1. ATP synthase mutant strains and Mic10 crosslinking to Atp21.

Related to Figures 1 and 4

(A) Characterization of ATP synthase complexes in mitochondria lacking Atp19 (Su k),
Atp20 (Su g) or Atp21 (Su e) by BN-PAGE analysis. Upper and middle panels: Western
blots using antisera against ATP synthase subunits Atp1 (Fia) and Atp2 (FB),

respectively. Lower panel: Untreated BN-PAGE gel with native complexes stained by

residual Coomassie from the electrophoresis. Dimeric ATP synthase was absent in



mitochondria lacking Atp20 or Atp21, and destabilized in those lacking Atp19. WT,
wild-type.

(B) In organello crosslinking of mitochondria from WT, mic10A or Mic10
overexpressing strains and analysis for Atp21 crosslinks. An a-Atp21-reactive band at
~22 kDa was absent in mitochondria lacking Mic10 and its molecular weight is
consistent with a direct crosslinking product between Atp21 and Mic10. This crosslink
band was more abundant in mitochondria with increased Mic10 levels. SMPB,
succinimidyl 4-(p-maleimido-phenyl)butyrate.

(C) In organello crosslinking of WT mitochondria in the presence or absence of EDTA
or the divalent cations Mg?* or Ca®*. The crosslinking between Mic10 and Atp21 was

unaffected by the treatments.
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Figure S2. Expression of Atp21-Mic10 and growth of MICOS mutant strains.
Related to Figures 2 and 3

(A) Protein levels in mitochondria from WT or atp21A cells with or without expression
of Atp21-Mic10. Lanes were loaded with 15 or 30 ug mitochondrial protein, respectively.
Cor1, component of complex Ill of the respiratory chain.

(B) Growth of WT cells as well as cells lacking each MICOS subunit individually in
minimal media with 3% glycerol + 0.1% glucose. After initial fermentation on glucose,

the cells undergo diauxic shift to adapt to respiration. Only mic10A and mic60A deletion



strains displayed growth defects during diauxic shift as well as during respiration. In
contrast, the other MICOS deletion strains underwent metabolic adaptation and grew

under respiratory condition like WT. Data are represented as mean + SD, n = 3.
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Figure S3. Characterization of oligomerization-deficient Mic10 and protein
abundance. Related to Figure 4

(A) Protein levels in mitochondria analyzed also in Fig. 4A. Expression of Mic10-G76A
restored Mic27 levels which are dependent on Mic10. Lanes were loaded with 10, 20
or 40 ug mitochondrial protein, respectively. Cox4, subunit of complex IV of the
respiratory chain.

(B) Protein levels in mitochondria from cells overexpressing Mic10 (WT form) or Mic10-
G76A in WT background. Levels of both Mic10 and Mic10-G76A were significantly and
similarly elevated upon overexpression as compared to the WT level. Atp4 (Su b), ATP
synthase subunit.

(C) Mic10-containing native complexes in mitochondria as analyzed also in (B). In line
with its oligomerization defect, overexpressed Mic10-G76A was severely impaired in
forming blue native complexes compared to Mic10 (WT form).

(D) Absolute copy numbers of ATP synthase and MICOS subunits in yeast grown on
the fermentable carbon source glucose (black), galactose (blue) or the non-
fermentable carbon source glycerol (green); all values are derived from Morgenstern
et al. (2017). Atp1 (F1a), Atp2 (F1B), Atp3 (F1y): F1 subunits of the ATP synthase; Atp4
(Su b), Atp5 (Su 5/0SCP): subunits of the peripheral stalk of the ATP synthase; Atp18
(Su i), Atp19 (Su k), Atp20 (Su g), Atp21 (Su e): ATP synthase subunits involved in
dimerization, oligomerization and promoting membrane curvature; Mic10, Mic12,
Mic26, Mic27, Mic19, Mic60: MICOS components. The protein levels of ATP synthase
subunits are significantly higher than those of MICOS subunits, indicating that the

interaction of Mic10 with the ATP synthase is substoichiometric.



Table S1. Oligonucleotides used in this study. Related to STAR Methods

al., 2015

Atp21-His-F TTGAAAGAGTTATTCTTAACGCCGTTGA This paper 2412
ATCCCTGAAGGAAGCTTCAACAGGACC
CGGACACCACCAT

Atp21-His-R GTGCGAGCTAATGTGCATTTTTAGTATC This paper 2413
CTATTTATGTTGAAGCTTCTATATCGAT
GAATTCGAGCTCG

Atp19-His-F GAAAAATTCATTGAAAACTACTTAAAG This paper 2414
AAACATTCGGAAAAGCAAGATGCGGGA
CCCGGACACCACCAT

Atp19-His-R ATTTATTGTATGTACAAAAGATCTTCAA This paper 2415
CCGCGCAGCAATCAAGCTATATATCGAT
GAATTCGAGCTCG

Atp5-His fwd GCATTTCTACAAAGATTCAAAAACTGAA This paper | LSO01
TAAGGTCTTAGAGGACAGCATTCGTAT
CGCGCAGGTCGAC

Atp5-His rev CAAAGAAAGTAACATCAAACGAGTTGA This paper | LS02
GCATATCCAACTATATTATTAACGATCG
ATGAATTCGAGCTCG

Mic10-1-F ATGTCCGAACAAGCACAAAC This paper 2416

Met25P-R GGATCCGATGGGGGTAATAG This paper 2417

Met25P-Atp21-F CAGATACATAGATACAATTCTATTACCCCCATC | This paper 2418
GGATCCATGTCGACAGTTAATG

Fusion-Tim-Mic-R | GTTGTTGTGTTTGTGCTTGTTCGGACATTGTTG | This paper 2419
AAGCTTCCTTCAGGGATTCAACG

Mic10-G76A-F GGCATTGGATTTGGTGTTGCA This paper 2420
AGAGGCTACGCCGAGG

Mic10-G76A-R CCTCGGCGTAGCCTCTTGCAAC This paper 2421
ACCAAATCCAATGCC

SP6-Mic10-1-F TCGATTTAGGTGACACTATAGAAGCGGCCACC | This paper | 1220
ATGTCCGAACAAGCAC

Mic10-rv CTGCACGGATCCCTAAACCTTCGAGGATCTGA | Bohnert et | 865
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