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Mitochondria are organelles with a complex architecture.

They are bounded by an envelope consisting of the outer

membrane and the inner boundary membrane (IBM).

Narrow crista junctions (CJs) link the IBM to the cristae.

OMs and IBMs are firmly connected by contact sites (CS).

The molecular nature of the CS remained unknown. Using

quantitative high-resolution mass spectrometry we identi-

fied a novel complex, the mitochondrial contact site

(MICOS) complex, formed by a set of mitochondrial mem-

brane proteins that is essential for the formation of CS.

MICOS is preferentially located at the CJs. Upon loss of one

of the MICOS subunits, CJs disappear completely or are

impaired, showing that CJs require the presence of CS to

form a superstructure that links the IBM to the cristae. Loss

of MICOS subunits results in loss of respiratory competence

and altered inheritance of mitochondrial DNA.
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Introduction

The ability to determine the relationship between the mole-

cular architecture of proteins and the functions of proteins

has been key to progress in cell biology to a large extent. The

relationship between the molecular architecture of cell orga-

nelles, the next higher level of cellular organization, and their

function is much less understood. Organelles are composed

of membranes and it is much more difficult to link the

structure of membrane proteins and of lipids to a specific

architecture. This is particularly challenging in the case of

mitochondria because these organelles have a unique

and quite complex membrane system, which is the basis

for their numerous intricate functions (Scheffler, 2011).

Mitochondria catalyse a plethora of metabolic reactions, in

particular transducing energy by oxidative phosphorylation.

Mitochondria replicate and inherit the mitochondrial genome

and synthesize proteins and lipids. They are involved

in apoptosis, cellular ageing and in a large number of diseases

(Pellegrini and Scorrano, 2007; Wallace and Fan, 2009;

Larsson, 2010). Mitochondria are dynamic organelles that

have the ability to continuously divide and fuse (Griparic

et al, 2004; Okamoto and Shaw, 2005; Hoppins and Nunnari,

2009). They move in the cell by association with the cyto-

skeleton (Boldogh and Pon, 2006; Chan et al, 2006;

Westermann, 2010). They import proteins from the cytosol

and lipids from the endoplasmic reticulum (ER).

The most prominent architectural elements of the mito-

chondria are their membranes (Frey and Mannella, 2000;

Reichert and Neupert, 2002; Perkins et al, 2004; Mannella,

2006, 2008). Mitochondria are bounded by an envelope,

which is comprised of the outer membrane (OM) and inner

boundary membrane (IBM), two membranes of completely

different composition and properties. The cristae protrude

from the IBM into the inner space of the mitochondria, the

matrix. The cristae and the IBM together make up the inner

membrane (IM). The structure of the cristae, their arrange-

ment in the matrix, their number and surface area are highly

diverse in different types of cells, tissues and organisms

(Fawcett, 1981). The connections between IBM and the

cristae are the crista junctions (CJ). These are small, usually

very short tubule or slot-like structures. The space between

the OM and the IBM, the intermembrane space (IMS),

is rather narrow in comparison to the space between cristae

sheets, also called intracrista space. Furthermore, there are

sites of firm interaction between OM and IBM that become

apparent when isolated mitochondria are in a low-energy

state or exposed to hypertonic medium. Under these condi-

tions, the matrix condenses and the IBM retracts from the OM

(Hackenbrock, 1968). These connections have been termed

mitochondrial contact sites (CS), yet their molecular nature

has remained elusive.

It has been discussed that these various membranes are

shaped essentially by the lipid components (Renken et al,

2002). However, mutations have been described in which

the overall shape of mitochondria as observed by light

microscopy is altered (Shaw and Nunnari, 2002; Okamoto

and Shaw, 2005). More recently, and important in the present

context, mutations affecting mitochondrial ultrastructure as

revealed by electron microscopy (EM) were reported

(Dimmer et al, 2002; Meeusen et al, 2006; Tamai et al,

2008; Rabl et al, 2009). In most cases, the phenotype

observed was loss of mitochondrial DNA and of respiratory

competence. Thus, it seems reasonable to assume that there
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are groups of proteins that determine the various structural

elements of mitochondria.

Here, we report on a search for proteins that determine CS

by which the IBM and OM are attached to each other.

We reasoned that it should be possible to isolate a fraction

of the mitochondrial membranes that contains CS. To identify

CS, we generated a novel marker by expressing in yeast

cells a fusion protein that permanently spans both outer

and IBM. We subfractionated mitochondria, separated

vesicles and analysed the fractions by protein correlation

profiling, a mass spectrometry-based organellar proteomics

technique (Andersen et al, 2003; Foster et al, 2006; Dengjel

et al, 2010). In this approach, we used an SILAC standard

(Ong et al, 2002) to identify proteins with the same distribu-

tion as the marker. Resulting protein candidates were charac-

terized in terms of their submitochondrial location, topology,

importance for cell growth and mitochondrial respiratory

competence. Six proteins were found that form a mitochon-

drial contact site (MICOS) complex. They are associated

with the IM and interact with the OM by binding to the

TOB/SAM complex and the Ugo1 protein. The MICOS com-

plex is critically involved in the formation of CJs and cristae,

as well as in several important functions of the mitochondria.

We conclude that the MICOS complex represents the long

searched molecular scaffold of mitochondrial contact sites.

Results

Identification of protein candidates of mitochondrial

contact sites

Examination of mitochondria by EM in their cellular environ-

ment yields images in which the OM and IBM are closely

apposed to each other (‘orthodox state’). CS cannot be

distinguished under these conditions. When mitochondria

are isolated and subjected to hyperosmotic treatment, the

IBM retracts, the matrix shrinks and the mitochondria

assume a ‘condensed state’ (Hackenbrock, 1968). The IBM

remains in close contact with the OM, however, only at

few sites (Figure 1A, upper left panel). The gaps at these

sites are filled with stain, indicating the presence of proteins

(Figure 1A, upper right panel). Importantly, we observed that

these contacts in most cases are present right next to where

cristae merge with the IBM, at the CS. This is illustrated

in a drawing in which an orthodox mitochondrion is recon-

structed from a condensed mitochondrion (Figure 1A, middle

panels). Taken together, these observations led us to hypo-

thesize that CS forming proteins are present in these areas.

On the basis of this reasoning, we devised an approach

in which the proteins that are forming the CS could be

identified. We designed a marker protein for these sites.

Previous attempts to identify components of CS led to suc-

cessful subfractionation of mitochondria but the absence of a

marker prevented the identification of mitochondrial contact

site (Mcs) proteins (Werner and Neupert, 1972; Pon et al,

1989). As a prerequisite, the marker must be permanently

spanning OM and IBM. The design of this protein was based

on our work on the structure and topology of yeast Tim23, an

essential component of the protein conducting TIM23 translo-

case (Donzeau et al, 2000). We generated a fusion protein of

GFP with Tim23, which locks Tim23 in the desired position,

with the GFP domain being present on the mitochondrial

surface (Harner et al, 2011). GFP–Tim23 expressed in cells

lacking wild-type Tim23 has the intriguing property of com-

plementing the function of the TIM23 translocase (Vogel et al,

2006). Figure 1A (middle panel) depicts the distribution of

proteins of OM and IM, as well as of Tim23 in wild-type cells

(left side, green squares) and of GFP–Tim23 in cells expres-

sing this marker (right side, green dumbbells). The predicted

different behaviour of these two proteins upon condensation

of mitochondria will result in accumulation of GFP–Tim23 in

CS, but not of Tim23. Therefore, vesicle fractions containing

CS (Figure 1A, lower panels) will contain GFP–Tim23 as

marker protein for the Mcs proteins.

Subfractionation of mitochondria and analysis of protein

components by immunoblotting. To verify this concept, we

subjected mitochondria to mild sonication and separation of

fragments by density gradient flotation centrifugation. In

a first set of experiments, we analysed the gradient fractions

with antibodies against the designed marker and a number of

OM and IM proteins. We compared mitochondria from wild-

type cells and from cells expressing GFP–Tim23 instead of

Tim23 (Figure 1B, left versus right panel). IM proteins were

recovered at the bottom of the gradient and to a lower degree

in the middle of the gradient of both wild-type and GFP–

Tim23 expressing cells. Wild-type Tim23 was distributed

in a similar manner as other IM proteins. In contrast, in

mitochondria containing GFP–Tim23, this fusion protein was

present exclusively in the middle of the gradient, being

virtually absent in the bottom fractions. The submitochon-

drial location of intermediates of precursor proteins stalled

upon import into isolated mitochondria was analysed pre-

viously by fractionation of the mitochondria and sucrose

gradient centrifugation. The majority of the intermediates

were recovered in fractions of intermediate density, in agree-

ment with the localization of the TIM23 import machinery in

these fractions shown here (Pon et al, 1989). OM proteins

such as VDAC/porin and subunits of the TOM complex were

present in the top fractions of the gradient and to a low degree

in the fractions containing the GFP–Tim23 marker in both

types of cells. Interestingly, Fcj1, a protein with an essential

role in the formation of CJ (Rabl et al, 2009) showed a very

similar distribution as GFP–Tim23. We concluded that we

were able to resolve the CS containing vesicles and have

identified a first component of this fraction.

Proteome of the CS fraction by quantitative mass spectro-

metry. In a further experiment, we used quantitative mass

spectrometry (SILAC) to identify proteins specifically en-

riched in the CS fraction using protein correlation profiling

via an internal SILAC standard. Cells were grown in media

containing 12C and 14N (‘light’) or 13C and 15N (‘heavy’)

lysine. Mitochondria were isolated, fragmented and subjected

to gradient centrifugation as in Figure 1B. Gradient fractions

10–15 from the ‘heavy’ gradient were pooled and served as a

metabolically labelled internal standard for SILAC-based

protein quantitation. Individual fractions (the odd numbered

ones of a total of 21) of the ‘light’ gradient were mixed with

aliquots of this internal standard, digested with endoprotei-

nase LysC to peptides and analysed by high-resolution

mass spectrometry. Proteins were identified and quantified

in each of the fractions based on their isotope ratios using

the MaxQuant framework (Cox and Mann, 2008). Proteins

of the various mitochondrial subcompartments showed
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characteristic profiles (Figure 1C; see also Supplementary

Figure S1 and Supplementary Dataset File F1). IM proteins

peaked in fraction 13 with a high isotope ratio in the

bottom fraction. OM proteins, including subunits of the

TOM complex, were prominent in the top fraction, and

present to a minor extent in the middle of the gradient.

Soluble matrix proteins were only present in the bottom

fractions. Apparently, soluble proteins remained in IM

Figure 1 Identification of Mcs proteins. (A) Rationale for the analysis of distribution of membrane proteins in mitochondria. (Upper panels)
Electron micrographs of sections of mitochondria from Neurospora crassa subjected to osmotic shrinking (‘condensed configuration’). Size
bars, 200 nm. Arrowheads show regions of attachment between IM and OM (contact sites, CS); brackets indicate CS at higher magnification
where two cristae invaginate in close neighbourhood. (Middle panels) ‘Orthodox configuration’ was reconstructed from the electron
micrograph in the upper panel (see arrows). Left, mitochondria from wild type, expressing untagged Tim23; right, mitochondria from cells
expressing GFP–Tim23. (Lower panels) Distribution of proteins indicated above after shrinking of mitochondria and theoretically generated
vesicles. Symbols: red lines, putative proteins of CS; blue balls, IM proteins; green squares, Tim23; green dumbbells, GFP–Tim23; grey
triangles, OM proteins. (B) Separation of vesicles of mitochondria from Tim23 and GFP–Tim23 expressing cells (left and right panels,
respectively) by flotation equilibrium gradient centrifugation. Fractions were analysed by SDS–PAGE and immunodecorated with the indicated
antibodies. L, load fraction. Odd numbered fractions of the gradients were analysed. (C) Analysis of mitochondrial fractions prepared as in (B)
by quantitative mass spectrometry (SILAC). Distribution of marker proteins and of proteins qualifying as components of CS. (Left panel)
Profiles of examples of OM proteins, IM proteins, matrix proteins and Fcj1. (Right panel) Profiles of six proteins that qualify as Mcs proteins.
See also Supplementary Figure S1 for further controls.
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vesicles or were released from the vesicles when experiencing

the high osmotic pressure of the bottom fractions of the

gradient. The procedure was highly reproducible and

precise. The profiles of the same protein in two different

mass spectrometry experiments were virtually identical. The

same was true when comparing two different subunits of

one complex (Supplementary Figure S1). The mitochondrial

preparation in these experiments was intentionally not

optimized for purity in order not to damage the architecture

of mitochondria during isolation. Proteins of the ER originat-

ing either from contamination or from association of ER

with the mitochondria showed a well-defined profile that

can be easily discriminated from the profiles of mitochondrial

proteins (Supplementary Figure S1).

Importantly, in contrast to the profile of IM proteins, Fcj1

showed a peak of isotope ratio in fraction 11 and a rather low

ratio in the bottom fractions. We examined the B350 mito-

chondrial membrane proteins, which were detected in the

SILAC analysis for having a profile like Fcj1 and thereby

GFP–Tim23. This screen yielded a list of five proteins whose

gradient profiles are shown in Figure 1C, right panel. These

proteins are present in the Saccharomyces cerevisiae genome

database (http://www.yeastgenome.org), where they are

listed as mitochondrial proteins of unknown function.

Three of them are present in a collection of proteins, resulting

from a screen for altered inheritance of mitochondrial DNA

(AIM) (Hess et al, 2009), which comprises a total of 46

entries.

We conclude that we have identified a set of six proteins,

which, according to their co-fractionation with the marker

protein, qualify as components of the IBM/CS. From now

on, we address these proteins as Mcs proteins and by their

calculated molecular mass in kDa. These proteins are Mcs29

(Ygr235c), Mcs27 (Ynl100w, AIM37), Mcs19 (Yfr011c,

AIM13), Mcs12 (Ybr262c, AIM5), Mcs10 (Ycl057c-a) and

Fcj1 (Ykr016w, AIM28).

The MICOS complex

Co-isolation of Mcs proteins. To investigate whether the pro-

teins identified interact with each other, we performed both

co-isolation and molecular sizing experiments. A summary

of the interactions observed upon co-isolation is presented in

Figure 2A. All six proteins showed interactions between each

other but not with any of the other mitochondrial proteins

tested. Interestingly, Fcj1 could be co-isolated together with

all five C-terminally His-tagged Mcs proteins. However,

pull down of C-terminally tagged Fcj1 led to co-isolation

of only trace amounts of Mcs proteins (Figure 2A, left

panel). This was surprising, in particular since C-terminally

tagged Fcj1 was able to rescue the deletion of Fcj1. Therefore,

we suspected that the presence of the tag leads to a weakened

interaction of Fcj1 with other Mcs proteins. We then

expressed N- or C-terminally tagged Fcj1 versions from a

plasmid in an Fcj1 deletion strain. Indeed, all the Mcs

proteins were co-isolated only when the tag was present at

the N-terminus (Figure 2A, right panel). This observation

indicates the importance of the conserved C-terminal domain

of Fcj1 for interaction with the other complex components.

Altogether, these results demonstrate the existence of

a complex network of physical interactions between the

various Mcs proteins. Whether the intensities observed in

this assay are a reflection of the strength of binding or are

influenced by the experimental conditions is not clear.

Relative abundance of Mcs proteins in mitochondria. We

checked the relative abundance of the Mcs proteins by

tagging them with a C-terminal HA-tag and expressing them

under their endogenous promoters from the chromosome.

Isolated mitochondria were analysed by SDS–PAGE (poly-

acrylamide gel electrophoresis) and immunoblotting with an

antibody against the HA-tag. The experimental approach used

obviously provides only a rough estimate of the abundance

due to the limitations of the method. Yet, it appears that Fcj1,

Mcs12, Mcs19 and Mcs29 are of roughly equal abundance,

whereas Mcs27 and, in particular, Mcs10 are present at higher

levels (Figure 2B).

Complexes formed by the Mcs proteins. In order to analyse

complexes formed by the Mcs proteins, we subjected mitochon-

dria to lysis with digitonin followed by gel filtration (Figure 2C).

All of the Mcs proteins were present in two large complexes of

B1.5 and 0.7MDa apparent molecular mass, which we termed

MICOS I and MICOS II, respectively. Some of the Mcs proteins,

however, were not completely or only partly recovered in

MICOS I and II. In particular, very little of Mcs10 was found

with the large complexes, but rather in fractions of about

200kDa. These species probably contain oligomers of Mcs10

since untagged Mcs10 could be co-isolated with tagged Mcs10

when expressed together (not shown). Mcs29 was recovered

only to a lower extent in MICOS I and II; however, more was

present in the low molecular mass range. Finally, Mcs12 was

present to a higher extent in MICOS II than in MICOS I. The

TOM complex that served as a control eluted with an apparent

mass of 400–500kDa as to be expected (Kunkele et al, 1998). To

test whether the absence of the majority of Mcs10 from the large

complexes was due to a minor contribution to MICOS I and II or

whether Mcs10 easily dissociates from the other Mcs proteins

upon solubilization of mitochondria, we performed Blue native

(BN)-PAGE. Immunoblotting with antibodies against Fcj1,

Mcs27 or Mcs29 revealed two high molecular mass complexes

of roughly 1.5 and 0.7MDa. The sizes of these two complexes

matched very well with those obtained upon gel filtration. The

antibody against Mcs10 did not recognize its antigen upon BN-

PAGE; therefore, we analysed mitochondria harbouring his-

tagged Mcs10. Immunoblotting using antibody against the His-

tag (penta-His; Qiagen) revealed again two high molecular

complexes with similar sizes as observed upon immunodecora-

tion with the other Mcs proteins (Supplementary Figure S2A).

This indicates that Mcs10 has the tendency to dissociate from

the complex after detergent solubilization of mitochondria and

gel filtration.

Steady-state levels of Mcs proteins in deletion strains. We

further asked as to whether deletion of one of the Mcs

proteins would affect the steady-state levels of the other

Mcs proteins (Figure 2D). Indeed, severe reduction of the

levels of proteins of the MICOS complex occurred (with

the exception of deletion of Mcs12), but not of other proteins

of the different mitochondrial subcompartments. Deletion

of Fcj1, in particular, resulted in a strong reduction of the

levels of all other subunits of the MICOS complex.

Interestingly, not only downregulation was observed; dele-

tion of Mcs29 caused upregulation of Mcs27. These results
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suggest that the expression of Mcs proteins is subject to a

regulatory network.

The MICOS complex fell apart when one of the Mcs

proteins was missing as observed by filtration analysis

(Supplementary Figure S2B). In most cases, MICOS I and II

were either completely absent or strongly reduced and the

level of lower mass complexes increased (Dfcj1, Dmcs10,

Dmcs19, Dmcs29, Dmcs12). Upon deletion of Mcs27, a shift
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from MICOS I to MICOS II was observed. We conclude that

the six different Mcs proteins cooperate in an intricate

manner to generate the MICOS complex.

Topology of Mcs proteins. In order to determine the topology

of the Mcs proteins, we performed protease accessibility and

alkaline extraction assays followed by immunoblotting

(Figure 2E). This list includes the previously established

topology of Fcj1 (Rabl et al, 2009). Mcs10 is integrated into

the IM with a predicted transmembrane segment located

about 50 residues from the N-terminus. A topology in

which the N-terminal part is located in the matrix and the

C-terminal part in the IMS is supported by the loss of

C-terminal His or HA tags upon protease treatment of mito-

plasts (not shown). However, in view of the absence of a

classical targeting signal other topologies cannot be excluded.

Mcs19 is present in the IMS; it is apparently not an integral

membrane protein, as it could be extracted from membranes

at alkaline pH, a notion supported by the absence of a

predicted membrane anchor. Since it is not lost during

hypo-osmotic swelling, most of Mcs19 is likely bound to

the IM. The relatively high isotope ratio at the top of the

gradient (see Figure 1C) raises the possibility that part of the

protein is associated with the OM. On the other hand, the

comparatively high ratio at the bottom of the gradient may

suggest that part of it is present in cristae membranes. Mcs27

and Mcs29 are also integral proteins of the IM. They have two

predicted transmembrane spanning helices; the hydrophilic

parts are present in the IMS. Mcs12 is anchored to the IM

with its N-terminus exposing a hydrophilic domain of about

70 residues into the IMS. In summary, the six proteins found

to participate in CS formation are inserted into or associated

with the IM.

Submitochondrial location of the Mcs proteins

To determine the location of the various Mcs proteins at the

submitochondrial level, immunolabelling with gold particles

of cryosections was performed. It should be noted that with

this procedure, gold particles can be present at a distance of

up to 20 nm from the epitopes. Cells expressing the HA-tagged

Mcs proteins were grown on lactate or glycerol (Figure 3A;

see also Supplementary Figure S3A). Fcj1 was predominantly

found at the mitochondrial envelope, very often in close

proximity to CJ, in agreement with our previous work.

Most intriguingly, the Mcs10 protein had a very similar

distribution. It was also associated with the mitochondrial

envelope and in most cases present at CJ. The observed

immune reactions are specific as background labelling in

wild-type cells was negligible (not shown). To analyse the

distribution of Mcs10 in more detail, cells were also grown on

glycerol where fewer cristae are present. Under these condi-

tions, a close association of Mcs10 with CJ was conspicuous

(Figure 3B). A third protein with a similar distribution is

Mcs19, which, however, was also found at cristae. The latter

location appears to be consistent with its higher levels in

gradient fractions that correspond to crista membranes

(cf Figure 1C, right panel, and see below Figure 4A).

Mcs27, Mcs29 and Mcs12 also showed a preferential location

at the envelope with very few gold particles found in the

interior of mitochondria. Notably, the immunoreactivity of

the cryosections was in agreement with the estimated levels

of the Mcs proteins (Figure 2B).

The distribution of a number of other mitochondrial

proteins was studied for comparison (Figure 3C). Isocitrate

dehydrogenase (Idh1), an abundant matrix protein was

distributed all over the internal space of the mitochondria.

VDAC/porin (Por1) was only found on or close to the OM.

Likewise, Tob38/Sam35 and Mas37/Tob37/Sam37, compo-

nents of the TOB complex, were present at the OM. Tim50

and Tim16, components of the TIM23 protein import ma-

chinery, in contrast, were found at the envelope membranes

and to a lower degree in the interior of the mitochondria, in

agreement with a previous study (Vogel et al, 2006) (see also

Supplementary Figure S3B). Quantitative analysis of the

immunolabelling of the Mcs proteins showed that some 35–

45% of the gold particles were present at CJ; in contrast, only

5–8% of those marking control proteins were found at CJ

(Figure 3D; Supplementary Table SI). Since CJs are small

structures, they are not always visible in case of grazing

sections; therefore, the number of Mcs proteins at CJs may be

underestimated. On the other hand, a fraction of Mcs proteins

may also be present outside CJ.

In summary, immuno-EM revealed that the MICOS com-

plex is indeed located predominantly or entirely at the

mitochondrial envelope strongly supporting the results of

analysis of mitochondrial subfractions. Most interestingly,

the MICOS complex is predominantly located at CJs.

Interaction of Mcs proteins with OM proteins

In a search for components of the mitochondrial OM that

might be interaction partners of the Mcs proteins, we checked

the gradient fractions of Figure 1 for OM proteins that overlap

Figure 2 The MICOS complex. (A) Co-isolation of Mcs proteins. His-tagged versions of the Mcs proteins were expressed under control of their
own promoters (left panel) or from the pYX242 plasmid (right panel) in the respective deletion strain. Mitochondria were isolated, solubilized
with digitonin and incubated with Ni-NTA beads. Total (T, 5% of total), supernatant (S, 5% of total) and bound material (B, 100%) were
analysed by SDS–PAGE and immunodecoration with the indicated antibodies. Mitochondria from wild-type cells served as control. (B) Relative
abundance of Mcs proteins. HA-tagged versions of the Mcs proteins were expressed under their own promoters. Equal amounts of
mitochondria were analysed by SDS–PAGE and immunoblotting with antibodies against the HA-tag (aHA) and against Tom40 (aTom40),
the loading control. (C) Molecular sizing of Mcs proteins from wild-type mitochondria. Mitochondria were lysed with digitonin and lysates
subjected to gel filtration on a Superose 6 column. The fractions were analysed by SDS–PAGE and immunoblotting using the indicated
antibodies; in case of Msc12, a strain was used which expressed HA-tagged Msc12 and immunoblotting was with aHA antibody. Msc10 blots
were exposed for two different time periods. The TOM complex (Tom40) was decorated as a control. I and II, MICOS complex I and II. Positions
of marker proteins for calibration are indicated with arrows. L, load (10% of material applied to column). See also Supplementary Figure S2A.
(D) Steady-state levels of Mcs proteins in cells in which one of the MCS genes was deleted. Mitochondria were analysed by SDS–PAGE and
immunoblotting. See also Supplementary Figure S2B. (E) Membrane integration and orientation of Mcs proteins. (Left) Mitochondria from
wild-type cells were left untreated or treated with proteinase K (PK) either directly, after subjecting them to osmotic swelling (SW) or after lysis
with Triton X-100 (TX); bars indicate the apparent molecular masses of the full-length proteins. (Right) Mitochondria were exposed to alkaline
extraction at pH 12. Soluble (S) and membrane integrated (P, pellet) material were separated by centrifugation. Aliquots were subjected to
SDS–PAGE and immunodecoration with antibodies against the indicated proteins. Arrowhead, unspecific cross-reaction.
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with the characteristic profile of Mcs proteins. Subunits of

the TOM complex and OM45 were present in the middle

of the gradient to a very low degree. They probably

represent the pieces of OM that adhere to the IBM in the CS

fractions. There were conspicuous exceptions. The levels of

components of the TOB/SAM complex that mediates the

insertion of b-barrel proteins into the mitochondrial OM

(Kozjak et al, 2003; Paschen et al, 2003) were significantly

higher in the fractions containing the Mcs proteins as seen

both with immunoblotting and mass spectrometry (Figure 4A

and B). A more detailed evaluation was performed by

subtracting the profile of proteins such as the TOM complex

subunit Tom40. Thereby, a clear coincidence of the profiles

of TOB/SAM components with that of the Mcs proteins

was observed (Figure 4C). The precision of the SILAC mea-

surements allows this operation; subtraction of two OM

proteins from each other yielded a reproducible zero

line (Figure 4D). We conclude that a fraction of the TOB/

SAM complex and Mcs proteins belong to a common

structure.

Figure 3 Localization of Mcs proteins by immuno-EM. Cells expressing C-terminally HA-tagged versions of Mcs proteins, were processed for
immuno-EM, cryosections were labelled with anti-HA antibodies and protein A bound gold particles, with the exception of Por1, for which
specific antibodies were used. (A) Distribution of Mcs proteins in cells grown on lactate. (B) Mcs10 localization in cells grown on glycerol.
(C) Distribution of proteins of various mitochondrial subcompartments in cells grown on lactate. Matrix (Idh1); OM, (Por1, Tob38 and Mas37/
Tob37); inner boundary and crista membrane (Tim50 and Tim16). CW, cell wall; M, mitochondrion; N, nucleus; PM, plasma membrane;
V, vacuole. Size bars, 200nm. Additional examples in Supplementary Figure S3. (D) Quantitative analysis of the distribution of Mcs and control
proteins at sites where the CJ meet the IBM. For each labelling, the percentage of gold particles present at the CJ was determined.
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Figure 4 Interaction of Mcs proteins with components of the OM. (A) Wild-type mitochondria were fractionated and subjected to density
flotation centrifugation as in Figure 1B. Fractions were subjected to SDS–PAGE and immunodecoration with antibodies against Por1, Tim17,
Mcs proteins, Tob55 and Ugo1. (B) Analysis of the distribution on flotation gradients of Tob55 and Tob38 compared with Tom40 by mass
spectrometry. (C) Differential profiles of Tob55 and Tob38 after subtraction of the profile of Tom40. (D) Subtraction of the profiles of two OM
proteins, Tom40 and OM14, from each other. (E) Co-isolation of Tob55 with Mcs19 and Mcs27. For details see Figure 2A. (F) Density gradient
profiles of Ugo1 and Fzo1 processed as in (C). (G) Co-isolation of Ugo1 with Fcj1. Analysis as in (E), with the exception that Triton X-100 was
used for solubilization. Arrow head, unspecific cross reaction.
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To analyse whether TOB/SAM components can be co-

isolated with Mcs proteins, mitochondria were solubilized

with the mild detergent digitonin and interaction with Mcs

proteins was studied (Figure 4E). Indeed, Tob55 was ob-

served to bind to both Mcs27 and Mcs19. In a separate

study, the interaction of Tob55 with Fcj1 was analysed.

Fcj1-His interacted with Tob55, however, in a rather ineffi-

cient way. A mutational study of Fcj1 revealed a role of the

C-terminus of Fcj in the interaction with Tob55 (Körner,

Reichert et al, unpublished data). No interaction was seen

with components of the TOM complex and other OM proteins

such as OM45 (not shown). We conclude that a fraction of the

TOB/SAM complexes in the OM is present in CS and interacts

with Mcs proteins that are associated with the IM.

Two further proteins of the OM were found that shared the

gradient profile of the TOB/SAM proteins, Ugo1 and Fzo1

(Figure 4A and F). When the SILAC profiles of typical OM

proteins such as Tom40 or OM45 were subtracted from the

SILAC profiles of Ugo1 and Fzo1, a peak in the characteristic

Mcs protein fraction 11 remained, indicating that a fraction of

these latter proteins were present in CS. Interaction of Ugo1

with Fcj1 was observed by co-isolation (Figure 4G). The OM

protein Ugo1 is required for mitochondrial fusion and is

associated with the fusion protein Fzo1 (Sesaki and Jensen,

2001, 2004; Wong et al, 2003). Thus, a fraction of Ugo1 seems

to play a role in tethering Fcj1 to the OM and thereby to

localize Fzo1 to CS.

To corroborate these results, we analysed vesicles by

sucrose gradient centrifugation that were generated from

mitochondria of a Dfcj1 strain (Supplementary Figure S4A).

Strikingly, Mcs proteins and Ugo1 showed a different distri-

bution in these cells compared with wild type (Figure 4A).

Mcs10 and Mcs29 were shifted from fractions of intermediate

density to fractions of high density so that their profiles were

very similar to that of Tim17, an IM protein. The subpopula-

tion of Ugo1 that was present in vesicles of intermediate

density from wild-type mitochondria was almost completely

absent in the gradient fractions of vesicles of Dfcj1 mitochon-

dria. These results confirm the role of Fcj1 in bringing

together proteins of the IM with proteins of the OM, and

also substantiate our concept of the enrichment of Mcs

proteins in gradient fractions of intermediate density.

We also studied the ultrastructure of mitochondria in

Dugo1 cells (Supplementary Figure S4B). These cells did

not grow on non-fermentable carbon source and therefore

were grown on glucose and compared with wild-type

and Dmcs10 cells grown on glucose. Their mitochondria

were grossly altered. In particular, the number of CJs was

extremely low; crista-like structures were almost completely

absent. Apparently, Ugo1 has a role in the fusion of mito-

chondria, but is also critically involved in determining the

architecture of mitochondria as shown here.

Functional characterization of Mcs proteins

Role of Mcs proteins for the architecture of mitochondria.

Figure 5 shows representative EM micrographs of cells

in which each of the MCS genes was deleted, together with

a quantitative evaluation of morphological parameters

(see also Supplementary Figure S5 and Supplementary

Table SII). The deletion of Fcj1 led to virtually complete

loss of CJ, to an increase of cristae stacks and to an increased

number of crista rims/endings/apexes as previously reported

(Rabl et al, 2009). Likewise, deletion of Mcs10 caused

virtually complete loss of CJ, accumulation of crista stacks

and an increase of crista rims. The deletion of Mcs19 led to a

massive loss of CJ and cristae showed bizarre shapes with

frequent kinks. Notable are the abundant branches of the

cristae. In Dmcs27 mitochondria, CJ were reduced by about

60%, there were crista stacks but much fewer than in Dfcj1

mitochondria. Deletion of Mcs29 resulted in a slight reduc-

tion of the number of CJ. Yet in contrast to Dfcj1 mitochon-

dria, stacks were sometimes observed to be connected to the

IBM by CJ. Upon deletion of Mcs12, fewer CJ were seen than

in wild type, but similar to Mcs27 some of the crista stacks

were connected to the IBM.

In conclusion, these data show that the proteins found

in the search for components of CS are characterized by

a complete or partial deficiency in CJ and altered crista

morphology, such as increased number of crista rims or crista

branching.

Growth behaviour of cells. Each one of the strains depleted of

the various Mcs proteins grew like wild type on rich glucose-

containing (YPD) medium (Figure 6). On fermentable carbon

sources, some of the deletion mutants showed severe (Dfcj1,

Dmcs10) or mild (Dmcs27 and Dmcs12) growth defects, partly

depending on growth temperature. Thus, deletion of the MCS

genes leads to loss or reduction of the capacity of mitochon-

dria for oxidative phosphorylation, demonstrating that the

architecture of mitochondria is key to basic metabolic pro-

cesses of the mitochondria.

Discussion

In this work, we describe a novel complex with an important

role in determining the architecture and function of mito-

chondria (Figure 7). This large multisubunit complex, which

we term MICOS complex, is anchored to the IBM and extends

across the IMS to reach specific OM proteins, the TOB/SAM

and the Ugo1–Fzo1 complexes. Interaction of the Ugo1–Fzo1

complex with the IM has been reported previously (Fritz et al,

2001); however, the interaction partner in the IM remained

obscure so far. Why the TOB/SAM complex serves as an

anchor for Mcs proteins is an intriguing question. Perhaps

equivalent interactions were present in the gram-negative

ancestors of the mitochondria, the elusive Bayer’s junctions

(Bayer, 1991), and maintained during evolution of mito-

chondria for similar or new purposes.

MICOS is preferentially located at sites where the cristae

originate from the IBM. Two of the six Mcs proteins identi-

fied, Mcs10 and Fcj1, are essential for forming CJ, the others

affect the presence of CJ to different degrees. Among these,

Mcs19 is not only important for the presence of CJ, but also

for the formation of intact cristae, as its depletion leads to

appearance of branches in cristae. It remains to be deter-

mined whether Ugo1 and Fzo1 are present in the MICOS

complex like the other Mcs proteins. Ugo1 was found also in

association with Mgm1, a dynamin-like GTPase (Wong et al,

2003; Sesaki and Jensen, 2004). It is also possible that they

form a separate complex with different composition and

function.

Our findings shed new light on the architectural organiza-

tion of mitochondria and at the same time raise a number of
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intriguing questions. They strongly support our initial

hypothesis on the existence of firm contacts between OM

and IBM at sites where the CJs merge with the IBM.

The MICOS complex appears to be important for mito-

chondrial architecture, dynamics and function in several

respects. First, it is necessary for the formation of CJs.

Second, it is critical for the capacity of mitochondria for

oxidative phosphorylation and inheritance of mitochon-

drial DNA, as highlighted by the presence of four of the

MCS genes in the AIM collection (Hess et al, 2009). Third,

changes in the bouyant density of membrane vesicles from

mitochondria depleted of Fcj1 would suggest that the transfer

of membrane lipids to and between mitochondrial mem-

branes is dependent on the MICOS complex (unpublished

results).

The definition of the CS as important specific architectural

elements leads us to some speculations regarding so far

unexplained processes in mitochondria. We speculate that

Figure 5 Morphological roles of Mcs proteins. (A) Electron micrographs of mitochondria of wild-type cells and of cells lacking the various Mcs
proteins. Cells were fixed with glutaraldehyde and sections contrasted with OsO4. Size bar, 100 nm. (B–D) Quantitative evaluation of images.
Average numbers of (B) CJs, (C) crista rims and (D) crista branches per mitochondrial profile. Additional examples and quantifications in
Supplementary Figures S4B and S5 and Supplementary Table SII. Arrowheads, crista rims; arrow, crista branch.
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the MICOS complex may control the lateral diffusion of newly

imported IM proteins into the cristae after their insertion into

the IBM. As a consequence, the MICOS complex may influ-

ence the composition and structure of both the IBM and the

crista membrane. Furthermore, by shaping cristae junctions,

the MICOS complex might be involved in the release of

components of the intracrista space, an important process

in apoptosis in higher eukaryotes. Such a role of CS and

Figure 6 Growth characteristics of cells lacking Mcs proteins. Cells were spotted in 10-fold dilution steps on agar plates containing one of the
following media: glucose and yeast extract (YPD); glucose-containing synthetic medium (SD); lactate-containing medium (Lac); lactate-
containing synthetic medium (Slac). Plates were incubated at the indicated temperatures. None of the strains grew on Slac at 371C.
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several others have been previously proposed (Frey and

Mannella, 2000; Mannella, 2008).

Our results also bring up the exciting possibility that the

connection of cristae with the IBM is not static but dynamic.

It has been suggested that the width of CJ may limit the

diffusion of proteins like cytochrome c from the intracrista

space into the space between IMS (Scorrano et al, 2002). We

speculate that CJ can undergo a time dependent opening and

closing, governed by fusion and fission at the CS. The MICOS

complex could be a scaffold for maintenance of defined sites

of fusion and participate in controlling the equilibrium of

fusion and fission. Such a dynamic structure of the mitochon-

dria would have far reaching implications for the efficiency of

oxidative phosphorylation. Cristae in a closed state would

be able to maintain the proton gradient generated by the

respiratory chain to a much higher extent than cristae, which

are continuously open to the IMS and therefore to the

cytosolic compartment. The question of whether the proton

gradient usually measured in mitochondria is sufficient for

optimal ATP production is an issue in mitochondrial bioener-

getics. Several possible mechanisms have been proposed that

might prevent proton equilibration with the bulk phase

(Mulkidjanian et al, 2005; Strauss et al, 2008).

Protein translocases of OM and IBM, the TOM and TIM23

complexes, were shown to interact closely, yet transiently.

The MICOS complex may not be essential for this process, but

CS could increase the efficiency of matching TOM with the

TIM and TOB complexes (Figure 7). Likewise, export of ATP

from the mitochondria by a joint action of the ADP/ATP

translocase, VDAC/porin and hexokinase (Brdiczka et al,

2006) may not need the presence of CS. On the other hand,

the MICOS complex might increase the efficiency of their

interactions by providing a scaffold for matching of the

protein complexes residing in IBM and OM.

Is the complex which we describe here a common struc-

ture in all eukaryotes? Mcs10 is a highly conserved protein

(Supplementary Figure S6A). Its sequence is remarkable in

several aspects. It is a small protein with a single predicted

transmembrane segment, containing a GX3G motive, fol-

lowed by a GXGXGXG motif in which the X residues are

hydrophobic. The C-terminal motif is particularly interesting.

Since Mcs10 apparently forms homo-oligomers both elements

might be involved in the self-association. Fcj1 was found

previously to have sequence similarity to mammalian mito-

filin and homologues are present in metazoa. Downregu-

lation of mitofilin led to mitochondria with altered cristae

and absence of CJ. Mitofilin was therefore recognized as a

protein controlling crista morphology (Odgren et al, 1996;

John et al, 2005; Rabl et al, 2009). Mcs29 and Mcs27 proteins

might be evolutionarily related (Supplementary Figure S6B).

Both contain two predicted transmembrane segments at

similar positions. However, we found no obvious homolo-

gues in higher eukaryotes. Mcs19 also does not show related

sequences in higher organisms, even among fungi conserva-

tion is very limited. However, the very C-terminal part shows

somewhat higher similarity. Interestingly, a CX10C motif in

the latter part is conserved among fungal species. It could

possibly serve as a motif for the disulphide relay system for

import into the IMS (Hell, 2008). Mcs12 also belongs to the

group of Mcs proteins with low-sequence similarity even

among fungi.

Interestingly, two recent reports describe proteins that

appear to play a role in the ultrastructure of mitochondria

of higher eukaryotes. ChChd3 in mammalian cells is located

on the IM facing the IMS and is involved in maintaining

cristae integrity and mitochondrial function (Darshi et al,

2011). None of the Mcs proteins can be recognized as a

homologue; however, both Mcs19 and ChChd3 have a myr-

istoylation motif and pairs of cysteine residues close to the

C-terminus. A homologue of this protein in Caenorhabditis

elegans, CHCH-3, was suggested to have a role as a chaper-

one. Furthermore, the protein MOMA-1 in C. elegans was

proposed to display low-sequence similarity to Mcs27 and

Mcs29 (Head et al, 2011). Although we could not detect

significant sequence similarity (Supplementary Figure S6B),

the overall structures of Mcs27, Mcs29 and MOMA-1 are

similar. MOMA-1 was found mainly in the OM (Head et al,

2011), in contrast to Mcs27 and Mcs29, which are integrated

into the IM of yeast mitochondria. It will be important to

clarify as to whether the submitochondrial location of

MOMA-1 is different from that of Mcs27 and Mcs29 or the

sequence similarity is too low to predict homology.

Irrespective of possible homologies, there are similarities

in the observed interactions, knockdown phenotypes and

possible functions between ChChd3 and MOMA-1 and the

Figure 7 Working model of the role of the MICOS complex in
mitochondrial architecture. (Upper panels) Mitochondrion of wild-
type cells (left) and of cells lacking Fcj1 or Mcs10 (right) in two
orientations. (Lower panel) Blow-up of CS with interaction of
MICOS-TOB and of Fcj1–Ugo1–Fzo1. Dynamic interaction of TOM
and TIM protein import complexes, and of AAC (ADP/ATP carrier)
and VDAC/porin bridging the IMS, supported by CS. For further
explanation and abbreviations see Discussion.
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respective yeast proteins. The mammalian ChChd3 interacts

with mitofilin and Sam50/Tob55; morphological aberrations

such as clustering of mitochondria around the nucleus,

fragmented and tubular cristae and reduced opening diameter

of CJ were observed (Xie et al, 2007; Darshi et al, 2011).

Mutations in MOMA-1 and in the mitofilin homologue in

C. elegans, IMMT-1, led to altered crista morphology. Further-

more, the phenotypes of knockdown studies suggested an

interaction of MOMA-1, the ChChd3 homologue, CHCH-3,

and IMMT-1.

Thus, in view of these similarities, our discovery and

biochemical and functional characterization of the MICOS

complex are relevant not only for lower eukaryotes but

apparently for the whole eukaryotic world. We believe that

it opens the door for a profound and detailed analysis of the

molecular basis of mitochondrial architecture, also in higher

eukaryotic cells.

Materials and methods

Yeast strains and cell growth
For analysis of submitochondrial fractions, strains W303 {leu2-
3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} and W303Dtim23
harbouring pRS315GFP–Tim23 under the endogenous Tim23
promoter were used (Vogel et al, 2006). For the SILAC analysis of
submitochondrial fractions, YPH499 {ura3-52, lys2-801amber, ade2-
101ocre, trp1-D63, his3-D200, leu2-D1} was used because of its
lysine auxotrophy. Chromosomal manipulations (knockouts,
C-terminal 6�His- and 3�HA-tagging) were performed in the
YPH499 background (Longtine et al, 1998; Knop et al, 1999). For
the generation of deletion strains, the coding regions of FCJ1,
YCL057C-A/MCS10, YFR011C/MCS19, YNL100W/MCS27, YGR235C/
MCS29 and YBR262C/MCS12 were replaced by a HIS3 cassette using
the pFA6a-His3MX6 plasmid as the PCR template. The 6�His-tags
were introduced using the pYM9 plasmid as the PCR template. The
3�HA-tags were introduced using the pYM2 vector as the PCR
template. All strains expressing tagged versions were tested for
growth and all were found to grow like wild type. Wild-type
morphology of mitochondria in cells expressing the HA-fusion
proteins was also confirmed by EM (see Figure 3). Strains
were grown on 2% lactate medium (Lac) (containing 3 g yeast
extract, 1 g NH4Cl, 1 g KH2PO4, 0.5 g CaCl2� 2H2O, 0.5 g NaCl,
1 g MgSO4� 7H2O, and 3mg FeCl3 per litre) at 241C for analysis of
submitochondrial fractions (Sherman, 1991).

For growth analysis and mitochondrial preparations, strains were
cultured as indicated at 24, 30 or 371C in Lac medium, in YPD
medium (1% yeast extract, 2% peptone, 2% glucose) (Sherman,
1991), or synthetic medium (1.7 g Yeast Nitrogen Base and 5 g
(NH4)2SO4 per l) containing either 2% lactate (SLac) or 2% glucose
(SD) (see Supplementary data for details).

Subfractionation of mitochondria
Mitochondria were swollen for 30min on ice. Sucrose concentration
was adjusted to 0.5M followed by incubation for 15min at 01C and
mild sonication. After a clarifying spin (20 000 g, 20min, 41C),
vesicles were concentrated by centrifugation (120 000 g, 100min,
41C). Vesicles were resuspended and separated by a centrifugation
of a continuous flotation sucrose gradient (200 000 g, 24 h, 41C). For
detailed protocol see Supplementary data.

Mass spectrometry analysis of proteins from
submitochondrial fractions
For sample preparation and mass spectrometry, equal volumes of
sucrose gradient fractions were mixed with SILAC standards and
supplemented with twice the volume of denaturation buffer (9M
urea, 3M thiourea, 100mM Tris/HCl pH 8, 1.5mM DTT). After
alkylation with 2-iodoacetamide, proteins were digested overnight
with endoproteinase LysC (Wako Bioproducts, Richmond, VA, USA)
and peptides were desalted and concentrated via C18 StageTips
(Rappsilber et al, 2003). LC–MS experiments with an Easy nLC
nanoflow HPLC system coupled to an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) were performed essentially

as described previously (Olsen et al, 2004; Forner et al, 2006) with
modifications. Columns of 40 cm length and an inner diameter of
75mm, packed with 1.8mm beads (Reprosil-AQ Pur, Dr Maisch,
Entringen, Germany) (Thakur et al, 2011), were used and the
gradient length was 5 h.

Raw data were analysed using the MaxQuant software environ-
ment (Cox and Mann, 2008). Peak lists were searched with Mascot
(Perkins et al, 1999) against a database containing the translation of
all 6809 gene models from the Saccharomyces Genome Database
release from 12 December 2007 and 175 frequently observed
contaminants as well as the reverse sequences of all entries. Both
peptide and protein identification were accepted at a 1% false
discovery rate, using a decoy database strategy. Protein quantifica-
tion was exclusively based on peptides with unique sequences.

Electron microscopy
For standard EM, cells were fixed with glutaraldehyde, contrasted
with osmium tetroxide, sectioned and subjected to EM (see
Supplementary data for details).

For immuno-EM, cells were grown in lactate or glycerol medium
to the exponential phase, chemically fixed, embedded in 12%
gelatin and cryosectioned as described (Griffith et al, 2008).
Sections were immunogold labelled using either anti-HA (a kind
gift of Guojun Bu, Washington University) or anti-porin (Molecular
Probes) antibodies and a protein A-gold 10 nm conjugate before
being viewed in a JEOL 1010 electron microscope (JEOL, Tokyo,
Japan). The quantitative evaluation of the gold-labelling experi-
ments was performed as follows. A gold particle was assigned to the
CJ if at a distance not420 nm from this site. Likewise, and assigned
to the mitochondrial envelope if at a distance not 420nm from the
OM/IM and not localizing to the CJ. The remaining particles present
in the interior of the mitochondria were considered in the inner
space, which comprises both the cristae and the matrix.

Miscellaneous

Proteolytic susceptibility assay. In all, 50mg mitochondria were
incubated with either SM buffer (0.6M sorbitol, 20mM MOPS, pH
7.4), swelling buffer (20mM MOPS, pH 7.4) or lysis buffer (1%
(v/v) Triton X-100, 20mM MOPS, pH 7.4) for 30min on ice.
Proteinase K (final concentration of 0.2mg/ml) was added and the
suspension was incubated at 41C for 15min. Proteinase K was
inhibited by the addition of phenylmethanesulfonyl fluoride (PMSF)
to a final concentration of 4mM and incubation for 10min on ice.
Samples were centrifuged for 20min (20 000 g, 41C), resuspended in
SM buffer, and precipitated by addition of trichloroacetic acid (TCA;
final concentration of 14%). The precipitate was resuspended in
Laemmli buffer, subjected to SDS–PAGE and analysed by immuno-
blotting.

Alkaline extraction. In all, 100mg mitochondria were resuspended
in 75ml 20mM HEPES and 75 ml 200mM Na2CO3 were added. The
suspension was mixed by vortexing for 15 s, incubated for 30min
on ice and centrifuged for 30min (135000 g, 41C). The pellet
was resuspended in Laemmli buffer. In all, 30% of the supernatant
was TCA precipitated and resuspended in Laemmli buffer. Samples
were subjected to SDS–PAGE and analysed by immunoblotting.

Co-isolation assays. For co-isolation of proteins with His-tagged
Fcj1, Mcs10, Mcs19, Mcs27, Mcs29 or Mcs12, 1mg mitochondria
isolated from the respective strains were lysed with 1% (w/v)
digitonin or 1% (v/v) Triton X-100 as indicated. After Ni-NTA
affinity chromatography, fractions were analysed by SDS–PAGE
followed by immunoblotting.

Size exclusion chromatography. Isolated mitochondria were incu-
bated for solubilization in digitonin buffer (30mM Hepes pH 7.4,
100mM potassium acetate pH 7.4, 5mM EDTA and 1mM PMSF, 1%
digitonin) at a protein/digitonin ratio of 1/1 for 30min on ice. After
centrifugation for 15min at 60 000 g and 41C, cleared lysates were
subjected on Superose 6 size exclusion column (GE Healthcare;
Elution buffer: 30mM Hepes pH 7.4, 150mM KAc pH 7.4, 5mM
EDTA, 1mM PMSF, 0.1% digitonin). Fractions were analysed by
SDS–PAGE and immunoblotting.

Blue native PAGE. Mitochondria (150 mg protein) were incubated
with 20ml solubilization buffer (50mM NaCl, 50mM imidazole,
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2mM 6-aminohexanoic acid, 1mM EDTA, 1mM PMSF, 3%
digitonin, pH 7.0) for 15min at 41C followed by a clarifying spin
for 20min at 15 000 g and 41C (Wittig et al, 2006). The supernatant
was mixed with 2ml Native PAGETM 5% G-250 Sample Additive
(Invitrogen) and subjected to BN-PAGE (Native PAGE 3–12% Bis-
Tris, Invitrogen). After blotting on PVDF membranes (Roth),
immunodecoration using the indicated antibodies was performed.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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