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Mitochondria possess an outer membrane (OMM) and an inner membrane (IMM), which folds into invaginations called cristae.
Lipid composition, membrane potential, and proteins in the IMM influence organization of cristae. Here we show an essential
role of the OMM protein Sam50 in the maintenance of the structure of cristae. Sam50 is a part of the sorting and assembly ma-
chinery (SAM) necessary for the assembly of 3-barrel proteins in the OMM. We provide evidence that the SAM components exist
in a large protein complex together with the IMM proteins mitofilin and CHCHD3, which we term the mitochondrial intermem-
brane space bridging (MIB) complex. Interactions between OMM and IMM components of the MIB complex are crucial for the
preservation of cristae. After destabilization of the MIB complex, we observed deficiency in the assembly of respiratory chain
complexes. Long-term depletion of Sam50 influences the amounts of proteins from all large respiratory complexes that contain
mitochondrially encoded subunits, pointing to a connection between the structural integrity of cristae, assembly of respiratory

complexes, and/or the maintenance of mitochondrial DNA (mtDNA).

,VI itochondria are organelles of bacterial origin, with two
membranes that divide them into four subcompartments:
the outer membrane (OMM), the intermembrane space (IMS),
the inner membrane (IMM), and the matrix. Cellular respiration,
one of many important functions of mitochondria, takes place at
the IMM. During electron transfer, which involves four protein
complexes, protons are pumped across the IMM, forming a pro-
ton gradient used by the F,F, ATPase, also known as complex V,
to produce ATP (38).

Respiratory chain complexes contain both nucleus- and
mitochondrion-encoded subunits. In mammalian mitochondria,
13 subunits are encoded by the mitochondrial DNA (mtDNA),
and they are a part of NADH dehydrogenase (ubiquinone) or
complex I (7 subunits), cytochrome b-cI complex or complex IIT
(1 subunit), cytochrome c oxidase or complex IV (3 subunits), and
of the F,F, ATPase (2 subunits) (25, 38). The nucleus-encoded
subunits, which represent the majority, are produced in the cyto-
sol and have to be imported into the mitochondria with the assis-
tance of translocases in the OMM (the TOM complex) and the
IMM (the TIM complexes) (3). The OMM of mitochondria also
contains the sorting and assembly machinery (SAM) that is in-
volved in the membrane assembly of mitochondrial B-barrel pro-
teins (32, 46). In human mitochondria, this complex consists of
metaxins 1 and 2 and the central component, Sam50, a pore-
forming, B-barrel protein, conserved from bacteria to eukaryotes
(18,23, 24).

The IMM forms invaginations called cristae, connected to the
rest of the IMM, the so-called inner boundary membrane, by
crista junctions (5, 34). Cristae significantly increase the surface of
the IMM. They are considered a distinct region of it because they
differ in protein and lipid composition from the inner boundary
membrane (12, 43, 48). Formation of cristae is known to be af-
fected by the membrane potential (Ay) and lipid and protein
composition (10, 22, 37). Cardiolipin, a lipid produced and found
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exclusively in mitochondria, seems to be required for proper or-
ganization of cristae, as seen in patients suffering from cardiolipin
deficiency-related Barth’s syndrome (1). The importance of the
F,F, ATPase in the maintenance of the shape of cristae has also
been shown (33). Loss of the IMM protein optic atrophy 1 (OPA1)
results in the widening of cristae and sensitization to apoptosis (9).
Mitochondrial polynucleotide phosphorylase (PNPase), a protein
involved in RNA import into mitochondria, influences the mor-
phology of cristae, likely by controlling the amount of respiratory
chain complexes (45). In addition, knockdown of mitofilin is also
known to affect the structure of cristae (21).

Mitofilin is an abundant mitochondrial protein found mostly
in the inner boundary membrane (21), where it exists in two iso-
forms of 88 and 90 kDa. It is anchored by its amino terminus in the
IMM, with most of the protein exposed to the IMS (11, 30). Mito-
filin has been found to interact with DISC1 (31) and PARP-1 (40),
which affect mitochondrial function and mtDNA integrity, re-
spectively. In two recent reports, mitofilin has been connected
with several other proteins, such as CHCHD3, CHCHD6, Sam50,
metaxins 1 and 2, and DnaJC11 (6, 49). The interaction of
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CHCHD3 with mitofilin and OPA1 has been proposed to be of
major significance for the maintenance of the morphology of cris-
tae (6).

Here we report the crucial role of the OMM protein Sam50 in
the regulation of mitochondrial shape, the morphology of cristae,
and the assembly of respiratory complexes. This function is per-
formed together with mitofilin and CHCHD3. These three pro-
teins are found in a >700-kDa-large complex, which we term the
mitochondrial intermembrane space bridging (MIB) complex.
The stability of the MIB complex depends strongly on Sam50.
After Sam50 depletion, we observed severe defects in the mito-
chondrial ultrastructure and network formation. In addition, the
steady-state levels and the assembly of large respiratory complexes
that contain mitochondrion-encoded subunits were reduced.
Taken together, our data establish a surprising connection be-
tween the OMM machinery for the assembly of 3-barrel proteins,
the organization of cristae, and the stability of respiratory chain
complexes.

MATERIALS AND METHODS

Cell culture and isolation of mitochondria. HeLa cells with an inducible
short hairpin RNA (shRNA)-mediated knockdown were generated as de-
scribed previously (24, 47). The sequence of sam50kd-3 shRNA is 5'-GC
GGAATGTTGGTACCCATTG-3', that of VDACIkd-2 shRNA 5'-AAAG
TGACGGGCAGTCTGGAA-3', that of mflkd-2 shRNA 5'-GCATCCTCA
TCTTCTATAAGG-3', that of NDUFS1kd-1 is 5'-GCATGCAGATCCCT
CGATTCT-3’, that of coxVakd-2 shRNA is 5'-GCAGGACCTCATAAGG
AAATC-3', and that of CHCHD3kd-2 shRNA is 5'-TATCAGAAAGCTG
CTGAAGAGGTGGAAGC-3'. shRNAs of sam50kd-2, tom40kd-2, and
mtx2kd-2 were described previously (24). Single-cell clones were isolated
for each shRNA, except NDUFS1kd-1. Cells were cultivated in RPMI 1640
or Dulbecco’s modified Eagle medium (DMEM) (Gibco) supplemented
with 10% fetal calf serum (FCS) (Biochrom) and penicillin-streptomycin.
Expression of shRNAs was induced by cultivating cells in medium addi-
tionally containing 1 pg/ml doxycycline (DOX) (BD Biosciences) for var-
ious time periods. Isolation of mitochondria was performed as described
previously (24).

Microscopy. (i) TEM. Cells were grown on coverslips and fixed for 1 h
with 2.5% glutaraldehyde (50 mM cacodylate [pH 7.2], 50 mM KCIl, and
2.5 mM MgCl,) at room temperature. Cells were then fixed for 2 h at 4°C
with 2% OsO, buffered with 50 mM cacodylate (pH 7.2), washed with
H,O0, and incubated overnight at 4°C with 0.5% uranyl acetate (in H,O).
The cells were dehydrated and embedded in Epon 812. Sections stained
with uranyl acetate and lead citrate were analyzed with a Zeiss EM10 or
EMO900 electron microscope (Zeiss, Oberkochen, Germany). Negatives
were digitalized by scanning. For measuring of mitochondrial size,
sam50kd-2 cells were embedded in Polybed epoxy resin (Fluka). Ultrathin
sections were cut on an ultramicrotome (Leica), lead citrate contrasted in
a transmission electron microscopy (TEM) stainer (Nanofilm), and ana-
lyzed in a Leo 906E TEM (Zeiss SMT) equipped with a side-mounted
digital camera (Morada, Olympus SIS). Mitochondrial sizes were deter-
mined using the Image J software program by manually marking single
mitochondria, measuring their area, and normalizing it against the
scale bar.

(ii) Fluorescence microscopy. Cells were grown on glass coverslips
and stained by incubation with 150 nM MitoTracker stain (Molecular
Probes) in cell culture medium for 30 min at 37°C. Samples were washed
with phosphate-buffered saline (PBS), fixed in 3.7% paraformaldehyde
(PFA), and analyzed with a Leica confocal microscope using Leica TCS
software.

Protein import and electrophoresis. Transcription and translation
were performed in the presence of [*°S]methionine/[*S]cysteine
(PerkinElmer) using the TnT SP6 quick coupled system (Promega).
Freshly isolated mitochondria from noninduced and induced knockdown
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cell lines were incubated with the radiolabeled proteins at 37°C in import
buffer (250 mM sucrose, 20 mM HEPES [pH 7.4], 80 mM KCl, 5 mM
MgCl,, 3% [wt/vol] bovine serum albumin [BSA], 2 mM KH,PO,, 5 mM
methionine, 10 mM Na succinate, and 2 mM ATP) for appropriate time
periods. For ferredoxin and F13 imports, potassium-acetate import buf-
fer was used (250 mM sucrose, 5 mM Mg acetate, 80 mM K acetate, 20 mM
HEPES [pH 7.4], 10 mM Na succinate, and 1 mM ATP). Samples were
lysed in Laemmli sample buffer for SDS-PAGE or, for blue native PAGE
(BN-PAGE), in 1% digitonin buffer (1% digitonin [Sigma] in 20 mM
Tris—=HCI, 0.1 mM EDTA, 50 mM NaCl, and 10% [vol/vol] glycerol, pH
7.4) and mixed with loading dye (5% [wt/vol] Coomassie brilliant blue
G-250, 150 mM bis-Tris, and 500 mM e-amino-n-caproic acid, pH 7.0).
BN-PAGE samples were analyzed on 4 to 10% or 4 to 13% gels (41).
?3S-labeled proteins were visualized by autoradiography using a Typhoon
imaging system (GE Healthcare). Two-dimensional PAGE (2D-PAGE)
was performed as described previously (24).

Measurement of mitochondrial Ay Cells were seeded to equal den-
sities on a 96-well black plate. Forty to fifty percent confluent cells were
stained for 30 min with 30 nM tetramethyl rhodamine methyl ester
(TMRM) in the absence or in the presence of 1 uM carbonyl cyanide
3-chlorophenylhydrazone (CCCP) to dissipate Air. Cells were washed
once with PBS buffer and remained in PBS for fluorescence intensity
measurements, which were performed using a Tecan plate reader. The
difference between fluorescence intensities of samples without and with
CCCP was taken as a measure of membrane potential (Ay).

Antibodies and antibody shift experiment. Tom40 and NDUFSI
(Fe-S protein 1 of complex I) antibodies were purchased from Santa Cruz,
Fla from BD Biosciences and Invitrogen, OPA1, cytochrome ¢ and
Tom20 from BD Biosciences, mitofilin, mitofusin 1, mitofusin 2,
CHCHD3, and VDAC from Abcam, Corel, CoxI, CoxII, NDUFA9, and
SDHA from Invitrogen, Bak from Upstate, Hsp60 from Stressgen, and
isocitrate dehydrogenase (ICDH) from Biogenesis. Sam50, metaxin 1,
and metaxin 2 antibodies were raised in rabbits against a full-length 10X
His-tagged protein and affinity purified. The antibody shift experiment
was performed after the import of radiolabeled protein by incubating
mitochondria solubilized in 1% digitonin buffer on ice with the respective
antibody as described previously (39).

Nano-LC/LTQ-Orbitrap mass spectrometry and data analysis. For
analysis, sam50kd-2 and sam50kd-3 cells were labeled by growing in *C,
L-lysine/L-arginine-containing medium (Invitrogen) for 10 days in total.
Knockdown was induced by addition of 1 ug/ml of doxycycline for a total
of 7 days in unlabeled samples. Mitochondria were isolated, and the Coo-
massie G-250-stained single gel lanes of three biological replicates were
excised for in-gel digestion with 0.1 ug of trypsin (Promega) in 20 ul 25
mM ammonium bicarbonate, pH 7.8, at 37°C for 16 h. The dried peptides
were dissolved in 10 ul 1% formic acid in water, and 5 ul was injected into
an Ultimate 3000 nano-LC system (Dionex) connected to a linear qua-
drupole ion trap-orbitrap (LTQ-Orbitrap XL) mass spectrometer
(ThermoScientific) equipped with a nanoelectrospray ion source. An Ac-
claim PepMap 100 column (C,, 3 pum, 100 A) (Dionex) with a capillary of
12-cm bed length was used for separation by liquid chromatography. A
flow rate of 300 nl/min was employed with a solvent gradient of 7% B to
40% B in 87 min, followed by 40 to 80% B in 8 min, and subsequently
from 40 to 80% B in 8 min. Solvent A was 0.1% formic acid, whereas
aqueous 90% acetonitrile in 0.1% formic acid was used as solvent B. Other
instrument parameters were previously described (41).

Instrument raw data were processed and quantified using the software
program MaxQuant version 1.0.13.13 (4). For processing, the top 6 tan-
dem mass spectrometry (MS/MS) peaks per 100 Da were used to generate
msn files. These msn files were searched against the human fraction of the
Swiss-Prot database (v.57.5; 20,329 sequences) containing both reversed
sequences and contaminants using an in-house version of the Mascot
search engine (v.2.2.1). A mass tolerance of 0.5 Da was used for MS/MS
fragments. Trypsin was used as a protease, allowing up to one missed
cleavage and peptide charges 2+ and 3+. As variable modifications, oxi-
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FIG 1 The mitochondrial network structure is affected by Sam50 depletion. (A) tom40kd-2 and sam50kd-2 cells were cultivated in the presence or absence of
doxycycline (Dox) for 7 days. Mitochondria in cells untreated (—Dox) or treated with Dox (4 Dox) were stained with 150 nM MitoTracker Orange and analyzed
by confocal microscopy. DIC, differential interference contrast. Scale bar, 10 wm. Western blots show the level of knockdown of the respective protein. Tom40,
translocase of the outer mitochondrial membrane 40 protein; Sam50, sorting and assembly machinery 50 protein; Fla, subunit « of F,F, ATPase. (B) One
hundred cells from 3 independent experiments were quantified according to the appearance of their mitochondria. The graph shows the mean values = SD.

dation (met), pyro-Glu (N-terminal gln), and N-acetyl (protein) were
allowed. At least two peptides, one of them being a unique peptide, were
required for protein identification, as well as a false discovery rate (FDR)
of 1% being applied. For protein quantification, at least two ratio counts
were required, and razor peptides were included in the calculation of
protein ratios. To assess the regulated proteins and gain control of the
FDR, the MaxQuant significance B values were corrected for multiple
hypotheses using the Benjamini-Hochberg algorithm. Proteins with a
corrected significance of less than 0.05 were considered regulated.
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Cardiolipin measurements. (i) Extraction. Lipids were extracted ac-
cording to the described method (2). One hundred fifty to three hundred
milligrams of cells were mixed with 500 ul methanol and 250 ul chloro-
form, and 1 ug of 1',3’-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-
glycerol was added as an internal standard. The mixture was shaken for 3
min using a ball mill with three steel balls, followed by 3 min of sonication.
After centrifugation, the tissue residue was reextracted with 250 ul chlo-
roform, the organic phases were combined, and 250 ul of 0.88% potas-
sium chloride was added. The mixture was shaken thoroughly. After cen-
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FIG 2 Mitochondria lacking Sam50 show an altered structure of cristae. (A and B) sam50kd-2 and pLV-THM cells were induced with doxycycline for 7 days and
fixed with glutaraldehyde. Noninduced (—Dox) and induced (+Dox) cells were embedded in resin, and ultrathin sections were analyzed by TEM. Scale bar, 1
pm. For quantification, at least 50 mitochondria were counted from several sections of two independent samples. The graphs show the mean values = SD. (C)
The size of 170 mitochondria from sam50kd-2 cells without (—Dox) or after 7 days of (+Dox) Dox treatment was determined from TEM pictures using the
Image] software program. (D) Levels of the mitochondrial fusion proteins mitofusins 1 and 2 and an organizer of cristae, OPA1, were assessed by SDS-PAGE and
Western blotting of mitochondria from sam50kd-2 cells with or without Dox induction for 7 days. F1a was used as a loading control. The arrow marks the specific
mitofusin 1 band as indicated by the antibody manufacturer.
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FIG 3 Reduction of Tom40, VDAC1, and metaxins does not affect the structure of cristae. (A, B, and C) tom40kd-2 cells were treated for 5 days and VDAClkd-1
and mtx2kd-2 cells were treated for 7 days with doxycycline (Dox). Cells were then analyzed by TEM, and the effect on the morphology of cristae was quantified
by counting at least 50 mitochondria from several sections of two different samples. Graphs represent mean values * SD. Scale bar, 1 wm. The knockdown of the
respective protein was assessed by SDS-PAGE and Western blotting. ICDH, isocitrate dehydrogenase; Hsp60, heat shock protein 60. The asterisk represents a
cross-reactive band used as a loading control. The efficiency of the metaxin 2 knockdown was assessed by monitoring the reduction in the amount of metaxin 1.
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FIG 4 Depletion of Sam50 affects levels of several other mitochondrial proteins. (A, B, and C) sam50kd-2 cells were grown in the absence (—Dox) or presence
(+Dox) of doxycycline for 5, 7, and 28 days. Mitochondria were prepared from noninduced and induced samples, and 25 and 50 pg of mitochondrial protein
was analyzed by SDS-PAGE and Western blotting. NDUFS1, Fe-S protein 1 of complex I; CoxII, subunit 2 of complex IV; Corel, core protein 1 of complex III;
SDHA, subunit A flavoprotein of complex II; Cyt ¢, cytochrome c. For other designations, see the text and the legends for Fig. 1 and 3. (D) Mitochondria from
panel A were analyzed by TEM, and the number of morphologically changed mitochondria was quantified by counting at least 50 mitochondria from different

sections of two independent samples. The graph shows the mean values = SD.

trifugation, the lower organic phase containing the lipids was removed
and the solvent was removed in a stream of nitrogen. The residue was
dissolved in 50 wl methanol and analyzed using liquid chromatography
(LC)-MS/MS. LC-MS/MS analyses were performed using a Waters Ac-
quity ultra-high-performance liquid chromatograph coupled to a Waters
Micromass Quattro Premier triple-quadrupole mass spectrometer (Mil-
ford, MA) with an electrospray interface (ESI). All aspects of system op-
eration and data acquisition were controlled using the MassLynx V 4.1
software program.

(ii) Chromatographic and mass spectrometric conditions. Separa-
tion of cardiolipins was carried out by reversed-phase ion pair chroma-
tography according to a published procedure (29), using an Acquity BEH
Cg column (2.1 by 50 mm, 1.7-um particle size, with a 2.1- by 5-mm guard
column; Waters) with the following solvent systems: solvent A consisted
of 450 ml acetonitrile, 50 ml water, 2.5 ml triethylamine, and 2.5 ml acetic
acid; solvent B contained 450 ml 2-propanol, 50 ml water, 2.5 ml trieth-
ylamine and 2.5 ml acetic acid. A gradient elution was performed at a flow
rate of 0.25 ml min~ ' ata column temperature of 40°C from 25% to 100%
B in 10 min, followed by 100% B for 2 min, and reconditioning at 25% B
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for 3 min. For the analysis of cardiolipins, the electrospray source was
operated in the negative electrospray mode (ESI™) at 120°C and a capil-
lary voltage of 3.25 kV. Nitrogen was used as the dissolvent and cone gas
with flow rates of 800 liters h ™~ ' at 450°C and 50 liters h !, respectively; the
cone voltage (CV) was adjusted to 35 V. Cardiolipin species were analyzed
by multiple reaction monitoring (MRM) using Argon as a collision gas at
apressure of approximately 3 X 10~ > bar and a collision energy (CE) of 55
eV. The characteristic formation of fatty acid fragments ([M-H]™ —
[FA] ™) for each individual molecular species during collision-induced
dissociation (CID) was monitored for a scan time of 0.025 s per transition.

RESULTS

Depletion of Sam50 leads to changes in mitochondrial shape
and the structure of cristae. We studied the effect of the reduc-
tion of Sam50 and Tom40, the central components of the SAM
and TOM complexes, respectively, on mitochondrial structure
and composition. Proteins were depleted using cell lines con-
taining doxycycline (Dox)-inducible shRNA constructs
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(sam50kd-2 and tom40kd-2) (24). After induction of knock-
down (Fig. 1A), mitochondria were stained with MitoTracker,
a Ay-sensitive dye, and analyzed by confocal microscopy. Re-
duction of Tom40 led to only a slight decrease in the interconnec-
tivity of mitochondria (Fig. 1A), indicating that a defect in protein
import did not generally affect the mitochondrial network. In
Sam50-depleted cells, however, mitochondria clumped while re-
taining the Ay (Fig. 1A). A similar phenotype was observed in a
cell line with an alternative shRNA against Sam50, sam50kd-3,
excluding an off-target effect (data not shown). Control cells with-
out Dox treatment displayed normal mitochondria. Quantifica-
tion of cells with fragmented mitochondria confirmed these re-
sults (Fig. 1B). We conclude that depletion of Sam50 impairs
mitochondrial network formation, leading to abnormal spherical
mitochondria.

We then analyzed the mitochondrial ultrastructure in
sam50kd-2 cells by transmission electron microscopy (TEM). Vir-
tually all mitochondria in Dox-treated cells lacked the typical
structure of cristae, although remnants of the membranes of cris-
tae were preserved. The IMM often appeared in the form of one or
more concentric circles (Fig. 2A). In contrast, mitochondria of the
untreated sam50kd-2 cells revealed conventional cristae (Fig. 2A).
In the sam50kd-3 cell line, we again observed a striking rearrange-
ment of the structure of mitochondrial cristae after Sam50 deple-
tion (data not shown). By using the empty vector cell line pLV-
THM as a control, we could rule out that the Dox treatment
induced the described alterations (Fig. 2B). Depletion of Sam50
results in a reduction in the amounts of its substrates, the 3-barrel
proteins Tom40 and voltage-dependent anion-selective channel
(VDAC), and of other components of the SAM complex, metaxins
1 and 2 (24). We therefore investigated whether the reduction of
any of these proteins had an impact on the structure of cristae,
using cell lines containing inducible shRNAs (torm40kd-2,
mtx2kd-2 [24], and VDACI1kd-1 [this study]). In all of these cell
lines, the depletion of the respective protein was equal to or higher
than the depletion we observed after Sam50 knockdown (Fig. 3A,
B and C, 4B, and 5A). However, reduction of these proteins did
not significantly affect the structure of cristae (Fig. 3A, B, and C).

Interestingly, we observed that the Dox-treated sam50kd-2
cells contained visibly less mitochondria than the same number of
untreated cells. Therefore, we determined the size of mitochon-
dria. Whereas mitochondria in the noninduced cells had an aver-
age size of 0.3 (£0.2) wm? we measured an average size of 0.7
(£0.7) um? of mitochondria in Dox-treated cells, displaying a
variability ranging between 0.1 and 5.6 wm” (Fig. 2C). In compar-
ison, mitochondria from Tom40 knockdown cells revealed an av-
erage size of 0.4 (=0.3) um” in both Dox-treated and untreated
cells (not shown). This suggests a fission/fusion abnormality in
Sam50-depleted cells. Considering our previous observation that
mitochondria appear fragmented after Sam50 knockdown, we de-
termined the amounts of proteins involved in mitochondrial fu-
sion (mitofusins 1 and 2) and of a known organizer of crista junc-
tion, OPAL. The levels of all three proteins were unchanged in
mitochondria lacking Sam50 (Fig. 2D). Therefore, we conclude
that Sam50 plays a role in maintenance of both the mitochondrial
network and the structure of cristae, which is likely independent
of its function in the assembly of B-barrel proteins.

The knockdown of Sam50 leads to changes in levels of other
mitochondrial proteins. It is possible that in addition to Tom40,
VDAC, and metaxins, other as yet unidentified proteins are also
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FIG 5 Depletion of mitofilin and metaxins affects mitochondrial proteins in a
way similar to that with Sam50 reduction. (A and B) Mitochondria from
mix2kd-2 cells were isolated after doxycycline (Dox) treatment for 7 and 28
days. Protein levels of 25 and 50 g of mitochondrial protein were analyzed by
SDS-PAGE and Western blotting. (C and D) Knockdown of mitofilin was
induced for 7 and 21 days with Dox, and mitochondria were isolated from
noninduced and induced samples and analyzed by SDS-PAGE and Western
blotting. For designations, see the text and the legends for Fig. 1, 3, and 4.

diminished in the absence of Sam50, leading to the defect in cristae
that we observed. Recent reports connected mitofilin and
coiled-coil helix, coiled-coil helix domain-containing protein
3 (CHCHD3) to Sam50, and both proteins were also shown to
influence the organization of cristae (6, 21, 49). Thus, we per-
formed stable isotope labeling with amino acids in cell culture
(SILAC) combined with mass spectrometry to determine which
proteins were reduced after Sam50 depletion and to what extent.
Three samples of sam50kd-2 mitochondria and one of sam50kd-3
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TABLE 1 Proteins significantly downregulated after Sam50 depletion”?

UniProt no. Name Mass (kDa) Ratio (H/L)
Q9Y512 Sorting and assembly machinery component 50 homolog (Sam50) 51.98 5.20
Q13505 Metaxin 1 35.78 4.53
QoUI09 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 12 17.11 2.40
Q9P0JO NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 13 16.70 2.17
095168 NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 4 15.21 2.09
P49821 NADH dehydrogenase (ubiquinone) flavoprotein 1 50.82 1.98
P28331 NADH dehydrogenase (ubiquinone) 75-kDa subunit 79.47 1.94
Q9Y6M9 NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 9 21.83 1.89
P45880 Voltage-dependent anion-selective channel protein 2 31.57 1.89
000217 NADH dehydrogenase (ubiquinone) iron-sulfur protein 8 23.71 1.87
P19404 NADH dehydrogenase (ubiquinone) flavoprotein 2 27.39 1.86
P14927 Cytochrome b-cI complex subunit 7 13.53 1.84
096008 Mitochondrial import receptor subunit TOM40 homolog 37.89 1.83
P00403 Cytochrome c oxidase subunit 2 25.56 1.83
075251 NADH dehydrogenase (ubiquinone) iron-sulfur protein 7 23.56 1.82
P21796 Voltage-dependent anion-selective channel protein 1 30.77 1.80
096000 NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 10 20.78 1.74
P13073 Cytochrome ¢ oxidase subunit 4 isoform 1 19.58 1.72

¢ sam50kd-2 and sam50kd-3 cells were induced by doxycycline for 7 days. Noninduced samples were grown in '*C, L-lysine/L-arginine-containing medium (H). Samples with
induced knockdown of Sam50 remained unlabeled (L). The complete list can be found in the supplemental material.

mitochondria were analyzed after 7 days of knockdown induction.
The list of reduced proteins included expected targets, such as
Samb50 itself, metaxin 1, Tom40, and two isoforms of VDAC (Ta-
ble 1). Metaxin 2 was not identified in a sufficient number of
samples, possibly due to the low abundance of the protein. Inter-
estingly, mitofilin and CHCHD3, although identified, were not
significantly reduced in knockdown samples. Surprisingly, the list
of proteins reduced after Sam50 knockdown included members of
respiratory complexes I, III, and IV (Table 1; see also the supple-
mental material).

To verify this, we analyzed protein levels by Western blotting in
mitochondria from sam50kd-2 cells where knockdown was in-
duced for 5, 7, and 28 days. After 5 days, levels of Sam50 and
metaxin 1 were significantly diminished, and a mild reduction
could be seen in the levels of CHCHD3 and of the respiratory
complex I protein NDUFS1 (Fig. 4A). After 7 days, apart from
metaxin 1, we could see a significant reduction in the amounts of
Tom40 and VDAC, the IMM protein CHCHD?3, and the respira-
tory chain proteins NDUFSI (complex I) and CoxII (complex IV)
(Fig. 4B). Long-term depletion of Sam50 for 28 days did not fur-
ther significantly reduce the amount of CHCHD3, but Tom40,
VDAC, NDUFS1, and CoxII levels continued to diminish. In ad-
dition, Corel and Fle, belonging to complex Il and F,F, ATPase,
were also depleted. The level of mitofilin remained unaffected
(Fig. 4C). Therefore, Western blot data were in agreement with
the results of SILAC/mass spectrometry analysis, with the excep-
tion of the reduction in the CHCHD3 levels. However, the effect
on the morphology of cristae observed after Sam50 depletion can-
not be explained simply by a reduction in the amount of
CHCHD3, considering that even after 5 days of Sam50 knock-
down, when levels of CHCHD3 were not significantly altered, the
structure of cristae was already severely disturbed (Fig. 4D). We
conclude that the effect of Sam50 on the shape of cristae is not the
consequence of CHCHD3 reduction. In the beginning phase of
Sam50 depletion, mitochondrial function seems to be preserved,
since practically all of the mitochondrial proteins we tested were
not affected, but the structure of cristae is completely lost. The
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long-term absence of Sam50 negatively reflects on the amount of
proteins from respiratory complexes I, II, IV, and F, F, ATPase—
all large complexes that contain mitochondrially encoded sub-
units.

Sam50, metaxins, mitofilin, and CHCHD3 are functionally
connected. We next analyzed protein levels in mitochondria after
short- and long-term depletion of metaxin 2 and mitofilin using
mix2kd-2 (24) and mflkd-2 (this study) cell lines. Metaxin 2 de-
pletion for 7 days led to a reduction in metaxin 1, as observed
previously (24), and in NDUFSI levels, but other proteins were
unaffected (Fig. 5A). However, after 28 days of metaxin 2 knock-
down, levels of the B-barrel proteins Tom40 and VDAC were
reduced. The amounts of CHCHD3, mitofilin, and Sam50 were
also affected. Also depleted were NDUFS1, CoxII, Corel, and Fla,
although to alesser extent than after Sam50 knockdown (Fig. 5B).
The observed effects were not a consequence of Dox treatment of
cells, because after the knockdown of Tom40 in the tom40kd-2 cell
line, only the TOM complex components Tom40 and Tom20
were diminished, whereas other proteins were not affected (data
not shown). We conclude that metaxins together with Sam50 are
important for the stability of respiratory complexes.

Mitofilin depletion strongly influenced the levels of Sam50,
CHCHD3, and metaxins, but other proteins were not affected
(Fig. 5C). Even after 21 days of mitofilin knockdown, levels of the
B-barrel proteins Tom40 and VDAC remained stable, but we ob-
served a reduction in proteins belonging to complexes I and IV
(Fig. 5D). The depletion of CHCHD3, in turn, affects the amounts
of mitofilin and Sam50 (see Fig. 7C) (6). Therefore, we conclude
that a functional connection exists between the components of
the SAM complex in the OMM and mitofilin and CHCHD3 in
the IMM.

Previously, we were able to detect metaxins 1 and 2 in a high-
molecular-mass protein complex (>700 kDa) (24). When we an-
alyzed mitochondria from mflkd-2, sam50kd-2, and mtx2kd-2
cells by blue native polyacrylamide gel electrophoresis (BN-
PAGE) and Western blotting, we observed that antibodies against
mitofilin specifically recognized a protein complex larger than 700
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kDa. This complex was not detected after knockdown of mitofilin
but was more abundant after Sam50 depletion and unchanged
after metaxin 2 knockdown. In comparison, levels of the TOM
complex were equal in all samples but that of Sam50 plus Dox,
where they were slightly reduced (Fig. 6A). The amount of mito-
filin complex detected also increased with the concentration of
detergent digitonin used, and much more of this protein complex
was detected in Sam50-depleted samples, in spite of equal quan-
tities of loaded material and mitofilin (Fig. 6B). When analyzed by
BN-PAGE in the first dimension and sodium dodecyl sulfate
(SDS)-PAGE in the second dimension, followed by Western blot-
ting, we could see that the protein complex containing mitofilin
was shifting slightly to the lower-molecular-mass range in the ab-
sence of Sam50, indicating that Sam50 might be a component of
this complex (Fig. 6C).

We and other groups previously located Sam50 in only one
protein complex of ~250 kDa (18, 24). To address this issue again,
we raised another Sam50 antibody in rabbit against the full-length
protein and affinity purified it. Using this antibody, we could de-
tect Sam50 in two complexes after 2D BN/SDS-PAGE: one corre-
sponding to the previously described ~250-kDa complex, and the
other of a much larger size of >700 kDa. Mitofilin could also be
detected in the complex of similar size, whereas the control pro-
tein, Tom40, was found only in the TOM complex of ~400 kDa
(Fig. 6D).

CHCHD3 was reported to interact and exist in the same com-
plex with both mitofilin and Sam50, although the described com-
plex was only ~340 kDa in size (6, 49). We imported radiolabeled
CHCHD3 into mitochondria isolated from Sam50, mitofilin,
metaxin 2, and Tom40 knockdown cells. Radiolabeled CHCHD3
was found to assemble in a time-dependent manner into a large
complex of >700 kDa. The assembly was minimally affected by
the reduction of Tom40 and metaxins but was strongly dimin-
ished when either Sam50 or mitofilin was missing (Fig. 7A). The
large CHCHD3 complex could be depleted by both the Sam50 and
mitofilin antibodies but not by the Tom20 antibody, nor by PBS
buffer alone (Fig. 7B). Next, we generated a cell line with inducible
knockdown of CHCHD3, which we termed CHCHD3kd-2 cells.
As reported previously (6), depletion of CHCHD3 leads to a re-
duction in Sam50 and mitofilin levels (Fig. 7C). Antibody against
CHCHD?3 detected a protein complex that strongly resembled the
mitofilin complex (Fig. 6A). This complex migrated slightly above
the 669-kDa marker and was diminished in CHCHD3 and mito-
filin knockdown mitochondria but increased in amount after
Sam50 knockdown (Fig. 7C). The CHCHD3 complex observed
after Western blotting was significantly smaller than the one ob-
served after the import of the radiolabeled protein. However, both
CHCHD3 and mitofilin antibodies recognize small amounts of a
larger protein complex, which could represent the one obtained
after the import of radiolabeled CHCHD3 (Fig. 6A and 7C, aster-
isk). We conclude that the OMM proteins Sam50 and the metax-
ins exist together with the IMM proteins mitofilin and CHCHD3
in a large complex, possibly including other subunits as reported
previously (49), and we name this complex the mitochondrial
intermembrane space bridging (MIB) complex.

Absence of Sam50 affects assembly of respiratory complexes.
The amounts of respiratory complexes in BN-PAGE after knock-
down of Sam50, mitofilin, or metaxin 2 (Fig. 8) corresponded to
the levels of individual proteins in SDS-PAGE determined previ-
ously (Fig. 4 and 5). In sam50kd-2 knockdown mitochondria, in
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addition to the TOM complex, respiratory complexes I and IV
were also reduced, and there was a mild reduction of complex III.
Apart from that, we observed some reduction of complex I in
mitochondria where mitofilin or metaxin 2 was depleted (Fig. 8).
We then performed an in vitro import of radiolabeled compo-
nents of complexes I and IV (NDUESI and CoxVIa) into mito-
chondria isolated from cell lines with inducible knockdown of
Tom40, Sam50, metaxin 2, and mitofilin (Fig. 9). The assembly of
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imported radiolabeled subunits into mature respiratory com-
plexes was only marginally affected by the reduction in Tom40
(Fig. 9A). This is explainable even though NDUFS1 and CoxVlIa
require the TOM complex to enter mitochondria: the depletion of
Tom40 was not complete (Fig. 7A), and the remaining TOM com-
plexes were most likely sufficient to efficiently import the precur-
sors of these proteins. However, in the absence of Sam50, there
was a strong defect in the assembly of newly imported respiratory
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kDa

chain subunits (Fig. 9B). Likewise, when mitofilin (and therefore
also Sam50) was reduced, we again observed the effect on the
assembly of subunits into complexes I and IV (Fig. 9C). Finally,
after metaxin 2 depletion, only the assembly of complex I was
slightly affected (Fig. 9D), corresponding to what we observe at
the steady-state level (Fig. 8). The levels of Tom40 in Sam50-
depleted mitochondria are reduced, but comparably to what we
see in Tom40 knockdown cells (Fig. 4B). Considering that Tom40
depletion did not strongly influence the assembly of respiratory
complexes (Fig. 9A), it is unlikely that this is the reason for the
assembly defect we observe in Sam50 knockdown mitochondria.
To exclude that mitochondria from cells with Sam50 knockdown
are generally impaired in the ability to import proteins, we im-
ported radiolabeled ferredoxin and F183, a component of the F,F
ATPase whose amounts are not reduced after short-term Sam50
depletion. The import of ferredoxin was only slightly affected,
whereas the F1 precursor was imported with same efficiency into
control and Sam50-depleted mitochondria (Fig. 10A). The mem-
brane potential of mitochondria after Sam50 knockdown was also
only slightly reduced in comparison to that for the control (Fig.
10B). We conclude that Sam50-depleted mitochondria retain
their ability to efficiently import proteins and that Sam50, mito-
filin, and to some extent metaxins play specific roles in the proper
assembly of respiratory complexes.

Numerous reports connect the morphology of mitochondrial
cristae, stability of respiratory supercomplexes, and levels of car-
diolipin in mitochondria (1, 13, 20, 22, 35). Mutations in the yeast
homologue of metaxin 1, a component of the SAM complex, have
been shown to diminish cardiolipin levels in yeast mitochondria
(14). Therefore, we were curious whether depletion of Sam50 and
the SAM complex leads to significant changes in cardiolipin levels
in humans. We analyzed amounts of cardiolipin in sam50kd-2
cells after 7 days of knockdown induction with Dox. The overall
abundance of cardiolipin was slightly reduced after Sam50 deple-
tion, and the pattern of cardiolipin species was moderately
changed—the amounts of cardiolipins with shorter acyl chains
were reduced, whereas those cardiolipin species with prevalent
longer acyl chains were enriched in knockdown samples (Fig. 11).
However, none of these differences were striking enough to ex-
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plain the complete loss of cristae we observe in the absence of
Sam50 (Fig. 2).

Finally, to clarify the cause and consequence regarding loss of
the structure of cristae and reduction in respiratory complexes, we
generated cell lines with an inducible knockdown of the complex I
component NDUFSI and complex IV component CoxVa
(NDUFS1kd-1 and CoxVakd-2 cells) (Fig. 12). The knockdown of
CoxVawas assessed through the reduction of CoxII, another com-
ponent of the same complex (Fig. 12B). Despite the reduction in
the respective respiratory proteins, the morphology of mitochon-
drial cristae was not severely affected when analyzed by TEM (Fig.
12A and B). We observed only some shortening of the cristae
when NDUFSI was depleted and an increase in autophagic vesi-
cles after the knockdown of CoxVa. We conclude that the loss of
cristae after Sam50 depletion seems rather to be the cause than the
consequence of changes in cardiolipin species and of defects in the
assembly of respiratory complexes.

DISCUSSION

In this report, we describe a novel role of Sam50 in maintaining
the mitochondrial shape and the morphology of cristae. We pro-
vide evidence for the existence of a large complex that connects
OMM and IMM and for the role this connection plays in struc-
turing of the IMM and stability of mitochondrial respiratory com-
plexes.

Previously, mitochondria in yeast mutants of Sam50, Sam37
(yeast metaxin homolog), and Mdm10 (a component of the yeast
SAM complex not found in humans) were found to clump and
failed to be transferred to daughter cells. Defects in Tom40 led to
the same effects in yeast (28). In humans, however, the absence of
Sam50 leads to enlarged, spherical mitochondria (Fig. 1), but cells
are able to survive for a relatively long time period and the transfer
of mitochondria during cell division does not seem to be signifi-
cantly affected. In addition, the reduction in Tom40 amounts had
no effect on mitochondrial morphology (Fig. 3). The SAM com-
plex components therefore seem to be important for the mainte-
nance of the mitochondrial network both in yeast and in humans.
However, in human mitochondria the evidence speaks in favor of
a direct role of the SAM complex in this process.

Strikingly, even a moderate Sam50 reduction leads to the com-
plete loss of cristae (Fig. 2 and 4D). In addition, Sam50 absence
leads to the depletion of respiratory complexes (Table 1). We do
not believe that mild changes in cardiolipin levels and species that
occur after Sam50 knockdown are responsible for this (Fig. 11). It
has in fact been shown that the biogenesis of cardiolipin depends
on the intact A and functional respiratory complexes (13). What
is then causing such drastic reorganization of cristae and defects in
components of the respiratory chain?

Two recent reports indicate a connection between the SAM
complex in the OMM and several proteins in the IMM, such as
CHCHD3 and mitofilin (6, 49). It has been reported that deple-
tion of CHCHD3 affects levels of Sam50 and mitofilin (6). In
support of these findings, we observe that when mitofilin levels are
reduced, both Sam50 and CHCHD3 amounts are strongly dimin-
ished (Fig. 5C). We are able to detect a protein complex of high
molecular mass that contains mitofilin, Sam50, and CHCHD3
(Fig. 6 and 7), which we term the MIB complex. Importantly,
radiolabeled CHCHD3 assembles in a complex containing Sam50
and mitofilin, which is of much larger size than the complex de-
tected by mitofilin (Fig. 6A) or CHCHD?3 (Fig. 7C) antibodies.
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FIG 9 Assembly of respiratory complexes I and IV is affected after depletion of Sam50, mitofilin, and metaxins. (A, B, C, and D) NDUFS1 (Fe-S protein 1 of
NADH dehydrogenase [ubiquinone]) and CoxVla (cytochrome c oxidase subunit Vla) were transcribed/translated in vitro in the presence of [*>S]methionine/
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The amount of the smaller complex we detect by Western blotting
increases significantly when Sam50 is depleted (Fig. 6A and 7C) or
when we use more-stringent solubilization conditions (Fig. 6B).
We therefore presume that the larger complex represents the
holo-MIB complex, consisting of both outer and inner membrane
components. This complex corresponds in size to the previously
described mitofilin complex of an estimated molecular weight
slightly less than 1.2 MDa (21) and not to the ~350-kDa large
mitofilin complex described by Xie and colleagues (49). The
smaller complex detected by antibodies could represent the MIB
complex lacking Sam50 (and other SAM components). We pro-
pose that the MIB complex described here plays the role of a scaf-
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folding construction that maintains the structure of IMM cristae.
The work of Darshi and colleagues assigns the central role in the
regulation of the architecture of cristae to CHCHD3 interacting
with mitofilin and OPA1 in the IMM (6). We, on the other hand,
show that the outer membrane protein Sam50 is in fact the central
player in this process. This establishes a dual role for Sam50: first
in the assembly of the B-barrel proteins in the OMM and second
in the maintenance of the structure of cristae.

In the initial stages of Sam50 depletion, levels of both
CHCHD3 and mitofilin are nearly unaffected, but mitochon-
drial cristae are completely lost (Fig. 4A and D). The amount of
OPAL is also unchanged at the similar stage (Fig. 2D). This ex-
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FIG 10 Sam50-depleted mitochondria are not significantly impaired in protein import or membrane potential. (A) Mitochondria were isolated from sam50kd-2
cells grown in the absence (—Dox) or in the presence (+Dox) of doxycycline for 7 days. Mitochondria were incubated with precursors of radiolabeled ferredoxin
and F1p for the indicated time periods. In the case of F13, mitochondria were treated with protease K after import. Membrane potential (Ais) was dissipated
using 1 uM CCCP and 1 uM valinomycin. (B) Noninduced and sam50kd-2 cells induced with Dox for 7 days were seeded on a 96-well plate to the same density.
Cells were stained with the Ay-sensitive dye tetramethyl rhodamine methyl ester (TMRM). The graph represents the mean value = SD of fluorescence signals
from noninduced (—Dox) or induced (+Dox) samples normalized against the fluorescence intensity of the sample of —Dox cells with the strongest signal.

cludes reduction in the mitofilin/CHCHD3/OPA1 complex as the
main cause for the observed defect in cristae as proposed by Darshi
et al. (6) and points to the importance of the communication of
the OMM and IMM components of the MIB complex in keeping
cristae properly structured. Metaxins 1 and 2, found by Xie and
colleagues in the same complex together with Sam50, mitofilin,
and CHCHD?3 (49), appear to be peripheral OMM subunits of the
MIB complex, because only a long-term depletion leads to a mod-

erate reduction in the levels of other MIB components (Fig. 5B).
Mitofilin could be important primarily for stabilizing CHCHD3
and in this way influences the amount of Sam50. This could par-
tially explain why the observed phenotype of cristae after mito-
filin depletion, which consists of multiple layers of IMM form-
ing an onion-like structure (21; data not shown), does not
entirely resemble the defect in cristae detected after the knock-
down of CHCHD3 (6) or Sam50 (Fig. 2A).
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FIG 11 Cardiolipin levels and species are mildly affected after reduction of Sam50. Levels and distribution of cardiolipin species were measured in 5 independent
samples of sam50kd-2 cells grown in the absence (—Dox) or presence (+Dox) of doxycycline for 7 days. The graph shows the mean values * SD.
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Communication between two mitochondrial membranes has
been connected with maintenance of cristae and mtDNA in yeast.
For example, the yeast OMM proteins Mmm2, Mdm10, and
Mdm12 cooperate with two IMM proteins, Mdm31 and Mdm32,
in maintenance of mitochondrial morphology and mtDNA (7,
50). Defects in preservation of mtDNA eventually lead to defects
in respiration, considering that mtDNA encodes a number of cru-
cial subunits of respiratory chain complexes. First affected are
probably respiratory complexes that contain the largest number of
mitochondrially encoded subunits. In human mitochondria,
these are complexes [ and IV. This is what we observe after Sam50
reduction (Fig. 4B and 8). In addition, long-term Sam50 knock-
down influences other respiratory complexes that contain mito-
chondrially encoded subunits (Fig. 4C), pointing to a potential
role of the MIB complex in the upkeep of mtDNA. Also worth
considering is the fact that all of the affected respiratory complexes
undergo complicated assembly pathways (8), and this process
could be impaired by changes in the morphology of cristae.

Analysis of frozen-hydrated rat liver mitochondria shows an
existence of numerous 10- to 15-nm large particles in the IMS that
keep the constant separation of two membranes (26, 27) and
could represent the MIB complex. Such bridging particles are de-
tected not only in mitochondria but in other organelles as well
(42), indicating a possible universal mechanism in keeping mem-
brane structures in a certain shape.

A novel protein, termed MOMA-1, was recently found to in-
teract with the CHCHD3 and mitofilin homologues in Caeno-
rhabditis elegans. The morphology of mitochondria and cristae
was strongly affected after MOMA-1 reduction, similar to what we
observe after Sam50 knockdown. MOMA-1 is related to two hu-
man proteins that show a weak homology to apolipoproteins. Ho-
mologues of MOMA-1 are also present in yeast (16). In addition,
yeast also contains a mitofilin homolog, called Fcj1 (36). Its deple-
tion produces a phenotype similar to what is observed after mito-
filin knockdown in mammalian cells (21). During the review pro-
cess of our article, three exciting reports appeared identifying a
large protein complex in the IMM of yeast, which contains Fcj1/
mitofilin and a set of newly identified IMM proteins, some of
which are similar to CHCHD3 and homologous to MOMA-1 (15,
17, 44). This large complex has been termed MINOS, for mito-
chondrial inner membrane organizing system (44), MITOS, for
mitochondrial organizing structure, or MICOS, for mitochon-
drial contact site (15). The work from von der Malsburg and col-
leagues (44) establishes a connection of the mitofilin complex
with the TOM complex in the OMM and with Mia40, a part of the
mitochondrial intermembrane space assembly machinery (MIA).
However, the OMM connection of the MINOS complex is pro-
posed to be important only for the transport of proteins and not
for the organization of cristae (44). Hoppins et al. also establish an
OMM/MITOS connection, but with the OMM proteins OM45
and porin, and propose that the MITOS complex functions in the
IMM organization through its interaction with ATP synthase
dimers (17). The work of Harner and colleagues is the only one to
show that the components of the SAM complex are found in a
common structure with the proteins from the mitofilin-
containing MICOS complex (15), indicating that OMM/IMM
bridging in mitochondria is likely conserved throughout evolu-
tion.

Finally, a large number of proteins involved in regulating mi-
tochondrial morphology have been identified in a screen in C.
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elegans, showing that homeostasis of protein import, mitochon-
drial respiration, and metabolism all have an effect on mitochon-
drial structure (19). Investigations into the importance of and
connection between various proteins regulating mitochondrial
shape represent an exciting perspective for further research.
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