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SUMMARY

The mitochondrial inner membrane is highly folded
and displays a complex molecular architecture.
Cristae junctions are highly curved tubular openings
that separate cristae membrane invaginations from
the surrounding boundary membrane. Despite their
central role in many vital cellular processes like
apoptosis, the details of cristae junction formation
remain elusive. Here we identify Mic10, a core sub-
unit of the recently discovered MICOS complex, as
an inner mitochondrial membrane protein with the
ability to change membrane morphology in vitro
and in vivo. We show that Mic10 spans the inner
membrane in a hairpin topology and that its ability
to sculpt membranes depends on oligomerization
through a glycine-rich motif. Oligomerization mu-
tants fail to induce curvature in model membranes,
and when expressed in yeast, mitochondria display
an altered inner membrane architecture character-
ized by drastically decreased numbers of cristae
junctions. Thus, we demonstrate that membrane
sculpting by Mic10 is essential for cristae junction
formation.

INTRODUCTION

Organellar membranes display a multitude of shapes. However,

the factors and mechanisms by which these shapes are created

are largely unknown. Mitochondria possess two membranes of

different function and architecture. The highly folded inner mem-

brane (IM) can be divided into functional regions, which display

different degrees of membrane curvature (Figure 1A). Cristae

membranes, the invaginations of the inner boundary membrane

toward the matrix, can adopt a variety of different shapes, from

lamellar sheet-like to tubular-like structures (Scheffler, 2007).

Interestingly, although cristae membranes are diverse in size

and shape (Zick et al., 2009), cristae junctions (CJs), which

separate cristae from the flat boundary membrane, appear

rather uniform. They are narrow, short tubular openings that
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typically display inner diameters between 15 and 40 nm (Man-

nella, 2006). CJs are believed to have profound implications

for the regulation of mitochondrial processes like apoptosis

and energy conversion by restricting the free diffusion of pro-

teins, ions, and metabolites along the IM and thereby forming

or maintaining functional sub-domains within the IM and the

intermembrane space (Mannella, 2006; Pellegrini and Scorrano,

2007; Rabl et al., 2009; Scorrano et al., 2002; Strauss et al.,

2008; Vogel et al., 2006). The formation of CJs, particularly

how membrane bending to the degree observed at CJs occurs,

is poorly understood. Recent studies have identified the evolu-

tionary conserved, multi-subunit, MICOS complex (mitochon-

drial contact site and cristae organizing system) (Harner et al.,

2011; Hoppins et al., 2011; Pfanner et al., 2014; von der Mals-

burg et al., 2011), which is enriched at CJs (Harner et al.,

2011; Jans et al., 2013; Rabl et al., 2009). Decreased expression

levels of MICOS subunits cause drastic changes in inner

mitochondrial membrane morphology and lead to a highly

decreased number of CJs. Consequently, cristae membranes

are detached from the rest of the IM and appear as stacks within

the mitochondrial matrix (Alkhaja et al., 2012; Harner et al., 2011;

Hoppins et al., 2011; John et al., 2005; von der Malsburg et al.,

2011). Whether MICOS proteins are actively shaping CJs, and

the molecular mechanism by which they would do so, is not

known.

RESULTS

Mic10 Induces High Degrees of Membrane Curvature in
Model Membranes
Depletion of Mic10, a core subunit of the MICOS complex, leads

to amassive loss of CJs and abnormal cristae structures (Alkhaja

et al., 2012; Harner et al., 2011; Hoppins et al., 2011; von der

Malsburg et al., 2011). To investigate this protein and its role in

CJ formation, we expressed and purified S. cerevisiae Mic10

from E. coli to homogeneity (Figure 1B). Mic10 was solubilized

in n-Dodecyl b-D-maltoside (DDM) and integrated into large uni-

lamellar vesicles (LUVs) using a detergent-mediated reconstitu-

tion protocol (Meinecke et al., 2006). Reconstitution success

was monitored by flotation assays (Figures 1C and 1D), and

membrane integration of the protein was confirmed by subse-

quent carbonate extraction (Figure 1E). Interestingly, when

compared to flotation patterns of empty LUVs, Mic10-containing
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Figure 1. Recombinant Mic10 Can Be Re-

constituted into LUVs

(A) Schematic view of a mitochondrion, with focus

on the ultra-structure of the inner membrane.

(B) Expression and purification of recombinant

Mic10 analyzed by SDS-PAGE with Coomassie

brilliant blue staining.

(C) Flotation assay of empty LUVs (right) and ves-

icles with incorporated Mic10 (left) separated on a

Histodenz gradient.

(D) Fractionation of flotated Mic10 (see C, left

gradient) analyzed by SDS-PAGE with Coomassie

brilliant blue staining.

(E) Sodium-carbonate extraction assay of Mic10-

containing LUVs analyzed by SDS-PAGE with

Coomassie brilliant blue staining.

(F) Flotation assay of LUVs in the presence of

endophilin BAR domain (left) and vesicles with

incorporated Tim23 (right).

(G) Fractionation of flotated BAR and Tim23

analyzed by SDS-PAGE with Coomassie brilliant

blue staining.
vesicles were found at various densities of the gradient (Figures

1C and 1D), suggesting that Mic10 changes the overall structure

of LUVs. Similar flotation patterns could be observed when LUVs

were incubated with the BAR domain of endophilin (Figures 1F

and 1G), a protein known to induce high degrees of membrane

curvature (Farsad et al., 2001; Gallop et al., 2006; Meinecke

et al., 2013) (Figure S1C). LUVs containing the mitochondrial

IM translocase Tim23, a protein predominantly localized in the

boundary membrane but not involved in membrane remodeling

processes, showed flotation patterns very similar to empty ves-

icles (Figures 1F and 1G).

To directly analyze Mic10-induced changes in membrane

morphology, we used electron microscopy on LUVs (Figure 2A).

Mic10-containing vesicles showed broad structural changes in

LUV membrane morphology. We repeatedly observed tubular

membrane structures with diameters between 10 and 30 nm

(Figure 2A). Furthermore, we identified vesicles and larger

structures with internal tubular membrane structures, where
Cell Metabolism 21, 756
the diameter of the tubules was between

15 and 25 nm (Figures S1A and 4D).

No significant membrane deformation

was observed with Mic10 concentrations

below 200 nM, with empty vesicles, LUVs

that had undergone a reconstitution pro-

tocol in the absence of protein, or LUVs

with incorporated Tim23 (Figure 2A). To

confirm that Mic10 induced changes in

membrane morphology in bulk, we used

dynamic light scattering (DLS) tomeasure

the vesicle size distribution in response

to different treatments. Only LUVs with

incorporated Mic10 showed large-scale

shifts in the vesicle size distribution (Fig-

ure 2B). In addition, flotated Mic10-con-

taining liposomes from bottom layers

showed more pronounced size distribu-

tion shifts than those from upper layers
(Figure S1B). Similar changes could be observed with vesicles

incubated with endophilin BAR domain (Figure S1C). To analyze

if changes in membrane morphology can be directly correlated

with membrane-integrated Mic10, we investigated the protein’s

effect on giant unilamellar vesicles (GUVs). Fluorescently labeled

Mic10 was incorporated into LUVs, and GUVs were formed from

these proteoliposomes using an electro-swelling protocol (Ai-

mon et al., 2011; Girard et al., 2004). Incorporation of Mic10

into GUVs led to a massive accumulation of internal vesicular

and tubular membrane structures. These structures were deco-

rated evenly with Mic10 (Figures 2C and 2D), which was also

observed with immuno-gold-labeled, Mic10-inducedmembrane

tubes using electron microscopy (Figure S1F). In contrast, Tim23

was evenly distributed across GUV surfaces and did not cause

membrane morphology changes (Figures 2C and 2D). These ex-

periments show that Mic10 is able to induce high degrees of

membrane curvature in model membranes with rather different

physical properties.
–763, May 5, 2015 ª2015 Elsevier Inc. 757
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Mic10 Spans the IM in a Hairpin Topology and Forms
Homo-oligomers
To unravel the molecular mechanism by which Mic10 induces

membrane curvature, we first set out to determine its membrane

topology. The C terminus of Mic10 has been shown before to be

located to the IMS, but different views exist on the number of

transmembrane segments within Mic10 (Alkhaja et al., 2012;

Harner et al., 2011; von derMalsburg et al., 2011). To experimen-

tallymap the topology, we used site-directed labeling of cysteine

mutants with subsequent weight shift analysis (Voeltz et al.,

2006). We designed cysteine mutants that would allow us to

distinguish between the two possible topologies upon labeling

(Figure S2A). These constructs were expressed in yeast cells,

mitoplasts were generated from purified mitochondria, and the

membrane-impermeable reagent maleimide PEG (2 kDa) was

added. Mitoplast integrity was tested by proteinase K digestion

of several marker proteins (Figure S2B). As confirmed by weight

shifts in SDS gels, cysteines at the N terminus (Figure 3A lane 9)

and at the C terminus (Figure 3A lane 12) were efficiently labeled,

whereas a cysteine at position 62 was not (Figure 3A lane 6).

Controls showed that the outer membrane, but not the IM, was

partially permeable for maleimide PEG (Figure S2C lanes 2, 4,

6, 8) and that all constructs could be labeled after mitoplasts

were opened with SDS (Figure 3A lanes 5, 8, 11). We conclude

that Mic10 contains two transmembrane domains and spans

the IM with a hairpin topology (Figure 3B).

Membrane curvature induction often depends on clustering or

oligomerization of proteins. While Mic10 is part of a large het-

ero-oligomeric complex, it has been proposed that the protein it-

self might form homo-oligomers in the IM (Harner et al., 2011).

Mic10 has two highly conserved elongated GxxxG motifs in its

two transmembrane domains (Figure 3C) (Alkhaja et al., 2012).

Such glycine-rich motifs are known to be crucial for helix-helix

packing and transmembrane domain oligomerization in lipid bila-

yers (Russ and Engelman, 2000). Mic10 oligomers could be de-

tected on denaturing gels after solubilization of the protein in

DDM (Figure 3D lane 2) and were obvious after western blot anal-

ysis of these samples (Figure 3D lane 3). Mic10 solubilized in mild

detergents also clearly showed a range of oligomers after blue

native (BN) electrophoresis (Figure 3E). Subsequently, we per-

formed FRET (Förster resonance energy transfer) experiments

of Mic10 reconstituted into liposomes (Figure 3F). We could

detect efficient FRET signals when two different fractions of

fluorescently labeled protein (Mic10-Alexa-488 [donor] and

Mic10-Alexa-568 [acceptor]) were incorporated, confirming that

Mic10 molecules are in close proximity in biological membranes.

Oligomerization of Mic10 Is a Prerequisite for
Membrane Sculpting In Vitro
We next asked whether protein oligomerization could be directly

linked to the induction of membrane curvature. To this end, we

produced a variety of mutations within the GxxxG motifs and
Figure 2. Mic10 Induces Changes of Membrane Morphology

(A) Electron micrographs of negatively stained LUVs with indicated additives (sc

(B) Size distribution of LUVs with indicated additives analyzed by dynamic light s

(C) GUVs (labeled with rhodamine-PE) in the absence of protein (top panel) or in th

(scale bars, 10 mm).

(D) Histogram of the Mic10 dependence of intraluminal membrane structures of

C

analyzed their oligomericbehavior using the electrophoretic assay

described above (Figures 4A and 4B). Strikingly, we found that the

double mutant Mic10G50/52A was unable to oligomerize as judged

by SDS (Figure 4A lane 10) or by BN gels (Figure 4B). Moreover,

almost no FRET signal of membrane-reconstituted Mic10G50/52A

could be detected (Figure 4C), demonstrating that Mic10G50/52A

does not form oligomers in a membrane environment.

After confirming theoligomerization deficiency ofMic10G50/52A,

we proceeded to analyze the ability of the mutant to sculpt

membranes. Liposomes containingMic10G50/52A displayed flota-

tion patterns similar to empty vesicles and Tim23-containing

LUVs (Figures S3A and S3B). When integrated into LUVs, the

mutant failed to inducemembranecurvature asassessedbyelec-

tron microscopy (Figure 4D). Moreover, such proteoliposomes

did not show broad changes in their vesicle size distribution as

measured by DLS (Figure 4E). This clearly shows that Mic10’s

membrane bending activity crucially depends on its ability to

oligomerize.
Mic10 Oligomerization Is a Prerequisite for Normal CJ
Formation In Vivo
Together with previous localization studies showing that Mic10

resides at CJs (Harner et al., 2011; Jans et al., 2013), our obser-

vations implicate Mic10 in shaping the IM at CJs. Since oligo-

merization is a prerequisite for inducing curvature inmodel mem-

branes, we asked whether expression of the oligomerization

mutant leads to abnormal mitochondrial IM structures. We found

that mic10D cells expressing Mic10G50/52A displayed pheno-

types similar to mic10D cells with highly decreased number of

CJs and about 50% altered cristae morphology (60% for mito-

chondria from mic10D cells) (Figures 4F–4H). Mitochondria

from mic10D cells expressing wild-type Mic10 showed a mild

phenotype, with 70%–80% of the mitochondria displaying

wild-type cristae morphology (Figure 4H), and virtually no

changes in the numbers of CJs (Figure 4G). To demonstrate

that altered IM architecture is not due to a mislocalization of

Mic10G50/52A, we show that the protein was normally integrated

into theMICOS complex. All MICOS subunits could be efficiently

co-purified as in the case of Mic10WT (Figure S3E lanes 3 and 4).

When analyzing growth of the different yeast strains, we found

that mic10D cells expressing wild-type Mic10 showed normal

growth on non-fermentable medium, whereas mic10D cells

showed strongly decreased growth phenotypes (Figure S3D)

as seen before (Alkhaja et al., 2012; Harner et al., 2011; Hoppins

et al., 2011; von der Malsburg et al., 2011). mic10D cells ex-

pressing Mic10G50/52A (Figure S3C) displayed mildly reduced

growth (Figure S3D). This is probably explained by the fact

that, unlike inmic10D cells, where the MICOS complex is disso-

ciated (von der Malsburg et al., 2011), Mic10G50/52A is normally

integrated into the complex. Collectively, these results confirm

that the membrane curvature-inducing activity of Mic10, which
ale bars, 100 nm).

cattering. Error bars represent SEM.

e presence of Mic10 (labeled with Alexa-488) or Tim23 (labeled with Alexa-488)

GUVs from > 100 GUVs.
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Figure 3. Topology Mapping and Oligomerization of Mic10

(A) Western blot analysis of WT and indicated cysteine mutants of Mic10 in mitoplasts in the absence and presence of SDS.

(B) Topology model of Mic10 within the IM.

(C) Sequence alignment (ClustalW) of Mic10. Black boxes mark predicted transmembrane domains. Gray boxes mark GxxxG motifs.

(D) Gel-filtrated Mic10 in urea (first lane) and in DDM (second lane and third lane) analyzed by SDS-PAGE with Coomassie brilliant blue staining (first and second

lane) and western blot (third lane).

(E) Mic10 solubilized in indicated detergent and analyzed by blue native electrophoresis with Coomassie brilliant blue staining.

(F) FRET signals of Mic10 incorporated into LUVs. Mic10 acceptor labeled with Alexa-488 A and Mic10 donor labeled with Alexa-568 D.
relies on its oligomerization, is a prerequisite for normal CJ for-

mation in mitochondria.

DISCUSSION

Mic10’s hairpin topology and the ability to form homo-oligomers

is reminiscent of the membrane-deforming reticulons and

Yop1p/Dp1 proteins, which are crucial to generate tubular ER

(Hu et al., 2008; Shibata et al., 2009; Voeltz et al., 2006). Based

on these striking similarities, we hypothesize that the two trans-
760 Cell Metabolism 21, 756–763, May 5, 2015 ª2015 Elsevier Inc.
membrane domains of Mic10 adopt an asymmetric wedge

shape in the IM. This topology would allow the protein to occupy

a larger surface toward the intermembrane space side of the IM

and thereby generate curvature. Interestingly, with 24 amino

acids, the N-terminal transmembrane domain is predicted to

be unusually long. To avoid a hydrophobic mismatch, this helix

might span the IM angularly and thereby account for an asym-

metric wedge topology.

In addition, membrane curvature generation is often dependent

on the clustering of proteins, and consistently we find that the
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ability of Mic10 to oligomerize is a requirement for membrane

sculpting in vitro and CJ formation in vivo. The fact that oligomers

of Mic10 give rise to highly curved membranes is in accordance

with physical considerations of membrane deformation. The

energy cost per membrane area of creating a curved tubular

or spherical structure can be calculated using the classical Can-

ham, Helfrich, and Evans theory (Canham, 1970; Helfrich, 1973)

by Gbending = (8pk)/(4prl), where k is the bending rigidity of the

membrane and r and l are the tube radius and length, respectively.

For soft fluidmembranes, the bending rigiditywasmeasured tobe

�10 kBT (Evans and Rawicz, 1990). Although the kinetic parame-

ters of Mic10 oligomerization are unknown, the free energy of

association for other proteins with glycine-rich motifs, like glyco-

phorin A, were measured to be �15 kBT (Fleming et al., 1997).

Assumingacomparable value forMic10,oligomer formationcould

easily account for the energetic cost of membrane deformation.

In sum, our results demonstrate that Mic10 shapes the IM at

CJs. Membrane structures induced by Mic10 have dimensions

similar to wild-type CJs in vivo, but do not fully resemble wild-

type IM architecture. This is in agreement with Mic10 being

part of a multi-subunit complex and that IM morphology is not

only defined by CJs but also by cristae tips, which are formed

or stabilized by FOF1-ATPase dimers (Davies et al., 2012; Strauss

et al., 2008). Possibly interplay of both MICOS and the FOF1-

ATPase is necessary to form normal cristae morphology in vivo,

with highmembrane curvature regions at CJs and cristae apexes

(Hoppins et al., 2011; Zick et al., 2009).

EXPERIMENTAL PROCEDURES

Liposome Preparation and Detergent-Mediated Reconstitution

The lipids L-a-phosphatidylcholine (L-a-PC), 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE), and cardiolipin (CL) were purchased from Avanti

Polar Lipids (Alabaster). LUVs composed of L-a-PC/DOPE/cardiolipin with a

molar ratio 70/15/15 were prepared by performing freeze-thaw cycles

and subsequent extrusion through a 100 nm diameter polycarbonate filter

(Whatman). Purified Mic10 was renatured by dialyzing against 0.05% DDM,

100 mMNaCl, 10 mM Tris (pH 8.0) (buffer R) and added to LUVs presolubilized

in buffer R. Proteoliposome formation was achieved by using detergent adsor-

bent Bio-Beads SM-2 (Bio-Rad).

Electron Microscopy of LUVs

Proteoliposome samples were spotted on carbon-coated grids (Agar Scienti-

fic) and stainedwith 5% (w/v) uranyl acetate solution. Electronmicroscopic im-

aging was performed with a Jeol JEM 1011 transmission electron microscope

equipped with a Gatan Orius 1000 CCD camera.

Giant Unilamellar Vesicle Preparation

GUVs were prepared as described before (Girard et al., 2004). Briefly, GUVs

were generated based on the electroformation technique described by Ange-
Figure 4. Mic10 Oligomerization Occurs through Glycine-Rich Motifs a

Cristae Junction Formation

(A) Gel-filtrated Mic10 mutants (as indicated) analyzed by SDS-PAGE with weste

(B) Mic10 solubilized in DDM and analyzed by blue native electrophoresis with C

(C) FRET signals of Mic10G50/52A incorporated into LUVs. Mic10 acceptor labele

(D) Electron micrographs of negatively stained LUVs with incorporated Mic10WT

(E) Size distribution of LUVs with incorporated Mic10WT (left) and Mic10G50/52A (r

(F) Representative electron microscopy images of yeast cells (top panel/scale b

(bottom panel/scale bars, 200 nm).

(G) Quantification of cristae junctions per mitochondrion as detected in cell sect

(H) Quantitative evaluation of the inner mitochondrial membrane ultra-structure as

depicted in Figure S4).
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lova (Angelova and Dimitrov, 1986). Preformed proteoliposomes were resus-

pended in low-salt buffer (5 mM NaCl, 10 mM HEPES/Tris [pH 7.4]) to a final

lipid concentration of 0.5 mg/ml. One-microliter droplets were deposited on

indium tin oxide (ITO)-coated glass slides. The proteoliposomes were

partially dehydrated for 2 hr in a desiccator under saturated vapor pressure

of a saturated KCl solution. A GUV generation chamber was assembled by

separating two ITO-coated slides by 600 ml of a 300 mM glucose solution

and a thin rubber spacer. For electroformation, an AC electric field was

generated by a pulse generator connected to the slides. The field was

applied for 3 hr across the chamber and incremented continuously from

20 mV to 1.1 V at 12 Hz frequency. Finally, the AC frequency was lowered

to 4 Hz at 2 V for 30 min. This leads to detachment of the vesicles from

the glass slides. GUVs were carefully collected and used immediately for

visualization.

FRET Assay

A5C mono-cysteine mutants of Mic10WT and Mic10G50/52A were labeled in a

denatured state with Alexa-Fluor-488 (A488) and -568 (A568) maleimide fluo-

rophores from Life Technologies as donor and acceptor pair in 253 molar

excess. Unilamellar vesicles were formed as described above. Equal amounts

of both fluorophore-labeled proteins were incorporated into liposomes using

0.5% DDM and Bio-Beads in 15:1 Bio-Beads:DDM ratio. For control samples

with only one fluorophore, the protein concentration was adjusted by addition

of the specific protein without cysteine mutation. Final liposome concentration

was 1 mg/ml.

FRET measurements were carried out using a Hitachi F-7000 fluorometer.

Excitation wavelength was set to 493 nm (for FRET-pair and A488-labeled

Mic10 control) and 574 nm (for FRET-pair and A568-labeled Mic10 control)

for emission scans. Emission was recorded between 470 nm and 700 nm at

60 nm/min.

Topology Experiments

Maleimide PEG 2 kDa (Sigma Aldrich) modification experiments were per-

formed on isolated swollenmitochondria (mitoplasts), whichwere successfully

obtained by washing with 20 mM Tris (pH 7.4) buffer. The samples were incu-

bated with 5 mM maleimide PEG 2 kDa per 20 mg mitochondria either with or

without 2% SDS at 25�C, 2 hr, 600 rpm. The reactions were stopped by incu-

bating with 25 mM DTT for 30 min. The labeling success was monitored by

SDS-PAGE and subsequent western blotting.

Electron Microscopy of Yeast Cells

For electron microscopy, the yeast cells were grown at 30�C in liquid SGGme-

dium (0.5 g/l yeast extract, 6.7 g/l yeast nitrogen base, 2 g/l �HIS dropout mix

(Sherman, 2002), 30 ml/l glycerol, 1 g/l glucose) and harvested in the logarith-

mic growth phase. The yeast cells were fixed for 20 min in 1.5% potassium

permanganate as previously described (Erdmann et al., 1989) and post-

stained with 1% uranyl acetate for 2 hr. After dehydration in a graded ethanol

series, the cells were embedded in epoxide resin (Agar 100; Plano). Ultrathin

sections were examined using a Philips CM 120 transmission electron micro-

scope (FEI Europe).

Statistical Analysis

Error bars for DLS data and analysis of the mitochondrial IM structure repre-

sent the standard error of the mean (SEM). DLS data were obtained from at
nd Is a Prerequisite for Membrane Curvature Induction and Normal

rn blotting.

oomassie brilliant blue staining.

d with Alexa-488 A and Mic10 donor labeled with Alexa-568 D.

(left) and Mic10G50/52A (right) (scale bars, 100 nm).

ight) analyzed by dynamic light scattering. Error bars represent SEM.

ars, 1 mm) (indicated genetic background) and mitochondrial ultra-structures

ion. Error bars represent SEM.

detected in cell sections (wild-type and changed inner membrane structure as



least three independent experiments. Each experiment is averaged over at

least 20 repetitive measurements.

Analysis of yeast mitochondrial ultra-structure wasmade from the following:

Mic10WT, 275 mitochondrial sections in 101 cell images;mic10D + Mic10WT,

459 mitochondrial sections in 138 cell images; mic10D + Mic10G50/52A, 473

mitochondrial sections in 166 cell images;mic10D, 459mitochondrial sections

in 138 cell images.
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Figure S1. Vesicle deformation. 
(A) Tubular membrane structures as observed after reconstitution of Mic10 into LUVs (scale bar 100 nm).
(B) Size distribution of Mic10 containing LUVs after flotation assay. Indicated layers were analyzed by dyna-
mic light scattering. Error bars represent SEM. 
(C) Membrane deformation of LUVs by endophilin BAR domain (scale bar 100 nm)(left). Size distribution of 
LUVs after incubation with endophilin BAR domain analyzed by dynamic light scattering (right). Error bars 
represent SEM.
(D) GUVs generated from LUVs by electroswelling (scale bar 50 µm). 
(E) GUVs generated from Mic10 containing LUVs by electroswelling (scale bar 50 µm).
(F) Mic10 induced membrane tubules after immuno-gold labeling of Mic10 (arrows indicate gold particles 
which can be up to ~20 nm away from the epitope due to the size of the linking antibodies.)
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Figure S2. Topology of Mic10 in the mitochondrial inner mem-
brane. 
(A) Cartoon of the different possibilities how Mic10 spans the inner 
membrane with either one or two transmembrane helices under the 
assumption that the C-terminus is located within the intermembra-
ne space. 
(B) Mitochondria isolated from mic10Δ + Mic10WT, mic10Δ + 
Mic10R62C, mic10Δ + Mic10A5C and mic10Δ + Mic10V97C cells were 
subjected to hypoosmotic treatment (swelling) and Proteinase K 
(Prot. K) digestion where indicated. Samples were analysed by 
SDS-PAGE and immunodecoration. Tom70 and Mcr1 are outer 
membrane proteins whereas Tim44 and Aco1 are located in the 
mitochondrial matrix. Tim23 and Tim21 are both integral inner 
membrane proteins but antibodies are directed against their IMS 
part.
(C) Western blot analysis of WT and indicated cysteine mutants of 
Mic10 in un-swollen mitochondria. Lanes 6 and 8 indicate that the 
OM is partially permeable for m-PEG. Lane 4 shows that the IM is 
not permeable for m-PEG.
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Figure S3. Mic10G50/52A can be reconstituted into model membranes and is normally 
inserted into the MICOS complex. 
(A) Coomassie stained SDS gel of the fractionated density gradient flotation shown in (B). 
(B) Flotation assay of Mic10G50/52A containing LUVs. 
(C) Steady state levels of different Mic10 variants expressed in yeast cells analyzed by Western 
blot (upper panel). The outer mitochondrial protein Tom70 was used as a loading control (bottom 
panel). 
(D) Growth test of indicated Mic10 strains on glucose (left) and lactate (right). 
(E) Co-purification of MICOS subunits with Mic10WT (lane 3) and Mic10G50/52A (lane 4). All 
MICOS subunits are co-purified by both Mic10 variants whereas no control proteins are detectab-
le after co-immunoprecipitation.
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Figure S4. Mitochondrial morphology. 
Representative images of mitochondria that serve as a baseline to distinguish between wild 
type (A) and changed (B) inner membrane morphology.
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Supplemental Experimental Procedures 
 
Cloning and expression of Mic10. Primers containing relevant restriction enzyme sites were 
used for polymerase chain reaction (PCR) to generate yeast Mic10. The PCR product was 
successfully cloned into pPROEX HTC vector containing N-terminal His6-tag. After 
expression of Mic10 in E. coli strain BL21(DE3) (1 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG), 3h, 37°C) cells were lysed, inclusion bodies were isolated (Meinecke et al., 2006) and 
subsequently dissolved in resuspension buffer containing 8 M urea, 100 mM NaCl, 10 mM 
Tris-HCl, 2 mM DTT, pH 8.0. The mixture was applied to the NiNTA-agarose column and 
eluted with resuspension buffer supplemented with 500 mM imidazole. Isolated Mic10 was 
further subjected on HiLoad 16/600 Superdex 200 size exclusion column (GE Healthcare, 
Piscataway, NJ, USA). Separated fractions were analyzed by SDS-PAGE and 
immunoblotting. 
All single mutants G48A, G50A, G52A, G70A, G72A, G74A, G76A, G78A and a double 
mutant G50A/G52A were obtained by site-directed mutagenesis. The overexpressed mutant 
proteins were subjected to the same purification steps as the wild type protein. 
 
Liposome flotation assay and carbonate extraction. For density flotation assays, nonionic 
Histodenz (SIGMA-ALDRICH) 40/20/10/5/2 percent gradients were prepared in 100 mM 
NaCl, 10 mM Tris, pH 8.0 buffer. Proteoliposomes were loaded below the 40 % layer, 
centrifuged at 150,000 x g for 45 min and ultimately collected at the interfaces of the layers. It 
should be noted that 45 min is not enough to reach equilibrium of flotated samples. Therefore, 
the different layers likely correspond to different shapes (different surface to volume ratios) of 
the deformed vesicles. After precipitation with 10 % trichloroacetic acid (TCA) the samples 
were resuspended in SDS sample buffer and subjected for SDS-PAGE analysis.  
For sodium carbonate extraction assay proteoliposomes collected from the interfaces were 
treated by 20 mM Na2CO3 and incubated for 30 min on ice. Samples were centrifuged at 
150,000 x g for 45 min and the supernatants were TCA precipitated. Ultimately, membrane 
and TCA pellets were resuspended in SDS sample buffer and analyzed by SDS-PAGE. 
 
Dynamic light scattering. Samples were measured using a Zetasizer Nano S (Malvern 
Instruments). Data were obtained from at least three independent measurements. Each 
measurement consists of 20 repetitions over 10 minutes. Errors were calculated as the 
standard deviation from the averaged values. 
 
Blue native electrophoresis. Approximately 2.5 µg of Mic10WT and Mic10G50/52A in buffer R 
were mixed with 20:1 v/v 5 % Coomassie G-250 and NativePAGE 4x sample buffer 
(Invitrogen) and separated on a NativePAGE 3-12 % Bis-Tris gel (Invitrogen) at a constant 
150 V. One third of the electrophoresis was performed with pre-chilled dark blue cathode 
buffer and the rest with light blue cathode buffer. The bands were visualized by Coomassie G-
250 staining. 
 
Yeast strains and growth. The mic10 open reading frame was cloned into pRS413 under the 
control of its native promoter and terminator. Mutants were generated by site-directed 
mutagenesis. mic10Δ (Mat a, his3-Δ1 leu2Δ0 met15Δ0 ura3Δ0; mio10::kanMX4) (Open 
Biosystems, Thermo Biosystems, Huntsville, AL) cells were either transformed with the 
empty plasmid or plasmids containing wild type or respective mutant alleles of mic10. The 
expression was verified by whole cell extracts, SDS-PAGE and Western blotting. Cell growth 



was assessed by spotting serial dilutions on selective glucose or Lactate plates (0.67 % yeast 
nitrogen base without amino acids, 0.07 % complete supplement mixture lacking Histidine 
(MP Biomedicals), 25 g/l agar and 2% glucose or 3 % Lactate, pH 5.0) and incubation at 
30°C or 18°C, respectively. 
 
Immunogold staining of Mic10 proteoliposomes. Mic10 containing liposomes were shortly 
spotted on carbon-coated grids (Agar scientific, Essex) and transferred to drops of Tris-
Buffered Saline (TBS) washing solution. Afterwards, the grids were incubated with the 
primary anti-His antibody (Sigma-Aldrich) 1:6000 dilution for 1hour at 25̊C followed by 
washing and subsequent incubation with the secondary Anti-Mouse IgG- Gold (colloidal gold 
10 nm) antibody (Sigma-Aldrich) 1:100 dilution for 45 min at 25̊C as recommended by 
manufacturers. Subsequently, the grids were washed with TBS and eventually stained with 
5 % (w/v) uranyl acetate solution. Electron microscopic imaging was performed as described 
above. 
 
Construction of cysteine mutants and preparation of mitochondria. All Mic10 cysteine 
mutants R62C, A5C and V97C were obtained by site-directed mutagenesis from the plasmid 
containing wild type alleles of MIC10. The resulting plasmids and plasmid containing wild 
type Mic10 were transformed into a mic10Δ strain (Mat a, his3-Δ1 leu2Δ0 met15Δ0 ura3Δ0; 
mio10::kanMX4) (Open Biosystems, Thermo Biosystems, Huntsville, AL, USA) using the 
lithium acetate method.  
Mitochondria were isolated by using Zymolyase treatment, Dounce homogenization, and 
subsequent differential centrifugation according to Meisinger et al. (2006) (Meisinger et al., 
2006) from cells grown on selective 3% glycerol media (0.67 % yeast nitrogen base without 
amino acids, 0.07 % complete supplement mixture lacking Histidine (MP Biomedicals). 
 
Mic10 co-immunoprecipitation. Mitochondria were solubilised in 20 mM Tris-HCl pH 7.4, 
100 mM NaCl, 10% glycerol, 0.5 mM EDTA and 1 % digitonin. The supernatant obtained 
after centrifugation was loaded on ProteinA sepharose coupled with a-Mic10 serum. After 
binding the beads were washed with solubilization buffer containing 0.3 % digitonin and 
bound proteins were eluted with 100 mM glycine pH 2.8. Samples were analyzed by SDS-
PAGE and Western blotting. 
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