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Wehave analyzed the distribution ofmitochondrial contact site and cristae organizing system (MICOS) complex
proteins and mitochondrial intermembrane space bridging complex (MIB) proteins over (sub)complexes and
over species. The MICOS proteins are associated with the formation and maintenance of mitochondrial cristae.
Indeed, the presence of MICOS genes in genomes correlates well with the presence of cristae: all cristae contain-
ing species have at least oneMICOSgene and cristae-less species havenone.Mic10 is themostwidespreadMICOS
gene, whileMic60 appears be the oldest one, as it originates in the ancestors of mitochondria, the proteobacteria.
In proteobacteria the gene occurs in clusters with genes involved in heme synthesis while the protein has been
observed in intracellular membranes of the alphaproteobacterium Rhodobacter sphaeroides. In contrast, Mic23
and Mic27 appear to be the youngest MICOS proteins, as they only occur in opisthokonts. The remaining
MICOS proteins, Mic10, Mic19, Mic25 and Mic12, the latter we show to be orthologous to human C19orf70/
QIL1, trace back to the root of the eukaryotes. Of the remaining MIB proteins, also DNAJC11 shows a high corre-
lation with the presence of cristae. In mitochondrial protein complexome profiles, the MIB complex occurs as a
defined complex and as separate subcomplexes, potentially reflecting various assembly stages. We find three
main forms of the complex: A) The MICOS complex, containing all the MICOS proteins, B) a membrane bridging
subcomplex, containing in addition SAMM50, MTX2 and the previously uncharacterizedMTX3, and C) the com-
plete MIB complex containing in addition DNAJC11 and MTX1.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cristae are highly variable invaginations of the inner mitochondrial
membrane that are needed for providing a sufficient area and the prop-
er spatial organization for the multiprotein complexes of oxidative
phosphorylation and othermembrane integral proteins required formi-
tochondrial function. Since their discovery in rat cells by George Palade
[1,2], they have been observed inmany eukaryotes, including, already in
1955, ciliates and amoebozoa [3], in 1958 in plants [4] andmore recent-
ly even in species with atypical, hydrogen producing mitochondria [5].
Since 2005 the critical involvement of the mitochondrial contact site
(MICOS) proteinswith cristae (reviewed in [6], and given a uniform no-
menclature in [7]), has been described, but only in a limited number of
animal and fungal species including human [8], Saccharomyces cerevisiae
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[9], Caenorhabditis elegans [10] and recently Drosophila melanogaster
[11]. MICOS interacts with components of the sorting and assembly
machinery (SAM) complex [12] of the outer membrane [13] to form
the mitochondrial intermembrane space bridging (MIB) complex [14].

Here we set out to map the evolution of the MIB complex using the
presence of its genes among sequenced genomes and the presence of its
proteins among mitochondrial proteomes, and compare that with the
documented presence and absence of mitochondrial cristae. Such de-
tailed evolutionary analyses of mitochondrial systems have predicted
proteins involved in a complex based on newly detected homology of
human proteins to yeast proteins [15] and have predicted new candi-
date proteins for a molecular system via their co-evolution with pro-
teins already known to be part of that system [16,17]. Furthermore,
they facilitate studies in model species, specifically when the detection
of orthologs is not trivial due to high rates of sequence evolution or
gene duplications. Finally, they allow us to trace evolution along an evo-
lutionary tree and correlate the gain and loss of genes with phenotypic
characteristics of the species.
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Evolution of the MICOS proteins of the MIB complex has been ad-
dressed with respect to homology relationships between human and
S. cerevisiae [6,7], while the evolution across the eukaryotes of some of
the outer mitochondrial membrane proteins of MIB has been addressed
in specific reviews [18,19]. Furthermore, while this manuscript was
nearing completion, MICOS evolution has also been assessed across
the eukaryotes [20]. Given the volatility of orthology prediction in the
“twilight zone,” where even homology relationships are not obvious
due to low levels of sequence identity, we havemapped the distribution
of the MIB genes among the eukaryotes with and without cristae
independently of that study. Furthermore, we examined in proteomics
data sets whether predicted MIB proteins have been observed in mito-
chondrial fractions, or, in (alpha)proteobacteria, in their membrane
fractions.

To corroborate and complement the predictions from our evolution-
ary analysis, we further studied the composition of the MIB complex
and its subcomplexes in detail by complexome profiling [21] revealing
its modular design and defining MTX3 (metaxin 3) as a previously un-
identified component of the complex.

2. Methods

2.1. Sequence analysis

For homology detection we used profile-based sequence analysis
tools: JACKHMMER [22], HHpred [23] and the database PFAM [24]. For
orthology prediction, when low sequence similarity precludes the
generation of reliable phylogenies, we employed reciprocal best hit
searches at the sequence profile level to obtain best-bidirectional hits:
i.e. we ask whether a sequence-profile based on e.g. a protein family
in the fungi has a reciprocal best hit with a sequence profile based on
a protein family in plants. This technique has been successful in detect-
ing orthology between rapidly evolving proteinswith the same function
in human and yeast mitochondria that had gone unnoticed in pairwise
sequence comparisons, or in comparisons of sequences against aHidden
Markov Model [15]. We examined existing phylogenies from Treefam
[25] to determine when gene duplications of MIB genes occurred in
the evolution of the human lineage. The proteins predicted to be
orthologous to human MICOS and MIB proteins, including the various
aliases of the human proteins are in the supplementary material
(Table S1).

2.2. Mitochondrial proteomics data

We examinedmitochondrial proteomics datasets for the presence of
MICOS orthologs from the following (model) species: Arabidopsis
thaliana, Chlamydomonas rheinhardtii, Schizosaccharomyces pombe, Neu-
rospora crassa, Homo sapiens, Mus musculus, Tetrahymena thermophila,
Caenorhabditis elegans,Drosophilamelanogaster,Dictyostelium dicoideum
and Rhodobacter sphaeroides. For this we used the tables with the publi-
cations, dedicated databases like MitoMiner [26] and Pubmed Central.

2.3. Cell culture and isolation of mitochondria

Human osteosarcoma 143B cells were grown in tissue-culture flasks
in DMEM (LONZA BE12-733F) supplemented with 10% fetal calf serum,
2 mM L-glutamine (Sigma G7513), 1 mM sodium pyruvate (Sigma
S8636) and Minimum Essential Medium (MEM) non-essential amino
acids (Sigma M7145) at 37 °C/5% CO2. 143B cells were passaged 2–3
times a week using a trypsin/EDTA solution (Sigma, T4174) for detach-
ment of the cells. Mitochondria were isolated from 143B cells by differ-
ential centrifugation at 4 °C as previously described [21]. At ~90%
confluence, cells were washed twice with phosphate buffered saline,
harvested after trypsination and sedimented by centrifugation at
1000× g for 10min. Cellswerewashedwith ice-cold 0.9%NaCl and sub-
sequently with 250 mM sucrose, 1 mM EDTA, 20 mM Tris/HCl pH 7.4.
After resuspending in the same buffer supplemented with protease in-
hibitor (SigmaFAST S8830) cells were disrupted by 12 strokes through
a 21G cannula attached to a 20 ml syringe. Nuclei, cell debris and intact
cells were then removed by a low-speed centrifugation step (1000 × g,
10min). After transfer of the supernatant into a new tube,mitochondria
were pelleted by centrifugation at 6000 × g for 10 min. Mitochondria
were resuspended in 250 mM sucrose, 1 mM EDTA and 2 mM Tris/HCl
pH 7.4. Protein concentrationwas determined using the Lowrymethod.

Human skin fibroblasts were cultured in M199 medium (Gibco,
31,150) supplemented with 10% fetal calf serum and 100 U/ml penicil-
lin/100 μg/ml streptomycin (Sigma, P4333) at 37 °C/5% CO2. Cells were
passaged once a week using a trypsin/EDTA solution (Sigma, T4174) for
detachment of the cells. To prepare mitochondria, frozen fibroblast cell
pellets were resuspended in ice-cold 10 mM Tris–HCl, pH 7.6 and incu-
bated for 5 min on ice. The cells were homogenized using a glass/Teflon
homogenizer at 0 °C. The homogenate wasmixed with 1.5 M sucrose at
a ratio of 1:0.25 and subsequently centrifuged at 600 × g at 2 °C for
10 min to remove nuclei, cell debris and intact cells. This centrifugation
step was repeated with the supernatant to further purify themitochon-
dria, which were afterwards pelleted by a high-speed centrifugation at
14.000 x g at 2 °C for 10min. Themitochondrial pellet was resuspended
in phosphate buffered saline.

2.4. Complexome profiling

Mitochondria were solubilized at 10 mg/ml with 9 mg digitonin/mg
protein in 50 mM NaCl, 5 mM 6-aminohexanoic acid, 1 mM EDTA,
50 mM imidazole/HCl pH 7.0. After centrifugation at 22,000 × g for
20 min the supernatant was applied to a 4–12% gradient blue-native
electrophoresis (BNE) gel [27] using 50–150 μg protein per lane. Elec-
trophoresis was performed in the cold room.

After BNE, each gel lane was prepared for complexome profiling as
describedpreviously [21]. The BNEgelwas stained in colloidal Coomassie
solution (0.02% Coomassie brilliant blue-G250, 5% aluminiumsulfate-
(14–18)-hydrate, 10% ethanol, 2% ortho-phosphoric acid) overnight.
After destaining with colloidal destainer (10% ethanol, 2% ortho-
phosphoric acid) the gel was washed twice in ultrapure water for
30 min. Next the destained gel lanes were cut into 60 even slices that
were then cut into small pieces, which were transferred into a well of a
96-well filter plate (Millipore, MABVN1250). The in-gel tryptic digest
was essentially performed as described previously [28]. The gel pieces
were incubated for 60 min in buffer containing 5 mM dithiothreitol,
50 mM ammonium hydrogen carbonate (AHC) followed by incubation
in 15 mM 2-chloroacetamide, 50 mM AHC for 45 min. Gel slices were
then washed with 50% methanol, 50 mM AHC for 15 min and air-dried
for 45min. The dehydrated gel pieces were swollen in 20 μl 5 ng/μl tryp-
sin (Promega, V5111), 50 mM AHC, 1 mM CaCl2 for 30 min at 4 °C. After
addition of 50 μl 50 mM AHC, the plates were sealed and incubated over
night at 37 °C for tryptic digest. The peptides were eluted by centrifuga-
tion into a 96-well PCR microplate and the remaining peptides were ex-
tracted twice in 50 μl 30% acetonitrile, 3% formic acid. The supernatants
were dried in a SpeedVac concentrator and the peptides resuspended
in 20 μl 5% acetonitrile, 0.5% formic acid.

The tryptic peptides were analyzed by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) in a Thermo Scientific Q Exactive
2.0 Orbitrap Mass Spectrometry System equipped with a nano-flow
high performance liquid chromatography system Easy nLC-1000 at the
front end and the Thermo Scientific Xcalibur 2.2 SP1 Software Package
[29]. Peptides were separated on 3 μm reprosil-pur C18 beads (Dr
Maisch GmbH, Germany) filled into a PicoTip emitter column (8 ±
1 μm Silica Tip; New Objectives, USA) in 40 min HPLC runs using a
30min gradient of 5% to 35% acetonitrile with 0.1% formic acid, followed
by a column wash with 80% acetonitrile and re-equilibration with 5%
acetonitrile for 5 min each. Peptides were analyzed on-line in positive
mode by a mass spectrometry method programmed to fragment the
top 20 most abundant peptides. Full scan MS mode (400 to 1400 m/z)
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was operated at a resolution of 70 000 with automatic gain control
(AGC) target of 1 × 106 ions and a maximum ion transfer of 20 ms.
Selected ions forMS/MSwere analyzed using the following parameters:
resolution 17,500; AGC target of 1 × 105; maximum ion transfer of
50 ms; 4.0 m/z isolation window; for CID a normalized collision energy
30% was used; and dynamic exclusion of 30.0 s. A lock mass ion (m/z=
445.12) was used for internal calibration [30].

2.5. Protein identification

The analysis of the RAW files was performed using the MaxQuant
software package (version 1.4.1.2 and 1.5.0.25, www.maxquant.org
[31]). The extracted spectra werematched against the reviewedH. sapi-
ensNCBI RefSeq database release 55. Sequences of known contaminants
were added to this database and the reverse decoy was strictly set to
FDR of 0.01. Database searches were done with 20 ppm and 0.5 Da
mass tolerances for precursor ions and fragmented ions, respectively.
Trypsin (two missed cleavages allowed) was selected as the protease.
Dynamic modifications included N-terminal acetylation and oxidation
ofmethionine. Cystein carbamidomethylationwas set as a fixedmodifi-
cation. Keratins, hemoglobins and trypsin were removed from the list.

2.6. Data analysis

Protein abundancies were determined by label-free quantitation
using the composite IBAQ intensity values determined by MaxQuant
[31] and normalizedwithin single ormultiplemigration profiles of indi-
vidual proteins. The profiles were hierarchically clustered by distance
measures based on Pearson correlation coefficient (uncentered) and
the average linkagemethod and further analyzed bymanual correlation
profiling. The clustering and the visualization and analysis of the heat
maps were done with the NOVA software v0.5 [32]. Exported data
were further processed in Microsoft Excel. The mass calibration for the
4–12% BNE gels was performed using respiratory chain complexes and
supercomplexes as standards as previously described [21].

3. Results

We started by a detailedmapping of theMIB proteins across cellular
species. There are many names for the MICOS proteins, but in the main
text we will use the MIC# names recently introduced by the field [7].
With respect to the outer membrane proteins of MIB we included
SAMM50, MTX1, MTX2 (metaxin 1, 2) and DNAJC11 that have been ob-
served to interact with theMICOS complex, andMTX3 (metaxin 3) that
we observed to be part of the MIB complex (see below). The species in
which we have mapped the presence of MIB proteins are the species
with experimental data about MIB proteins: S. cerevisiae, C. elegans
[10], D. melanogaster [11],H. sapiens, Trypanosoma brucei [33], Entamoe-
ba histolytica [34], the species in which cristae have been reported to be
present or appear to be absent in EM pictures (Encephalotozoon cuniculi
[35], Entamoeba histolytica [36], Giardia intestinalis [37], Trichomonas
vaginalis [38]) and for which genomes are available, species with mito-
chondrial proteomics data, species that cover the main branches of the
eukaryotic tree of life, and finally alphaproteobacteria, the ancestors of
the mitochondrial membranes. Apart from the presence of an ortholog,
we also recordedwhether a genome containsmultiple orthologs (Fig. 1)
as the result of a recent gene duplication.

3.1. Mic10

Mic10 (MINOS1/DUF543/UPF0327) is generally well conserved
among eukaryotes and has a wide phylogenetic distribution (Fig. 1), in-
dicating that it was invented at the root of the eukaryotes. Mic10 in
fungi and in metazoa have been noted to have conserved glycine rich
motifs in their two transmembrane helices [39], that have been shown
to be required for oligomerization of the protein which, in turn, is
required for obtaining membrane curvature [40,41]. Indeed these
glycine-rich motifs (at least GxxxG, and often GxGxGxG) can be ob-
served in Mic10 throughout the eukaryotes and are specifically well
conserved in the second transmembrane helix (Figure S1). Notably in
species distantly related to human some of the glycine residues are re-
placed by the other small amino acids alanine and serine, consistent
with the role of these amino acids in packing transmembrane helices
[42]. The A. thaliana [43] and S. pombe [44] Mic10 orthologs have been
observed among mitochondrial proteins. Mic10 is however not univer-
sal among eukaryotes and appears to have been lost independently
multiple times in specieswithout anelectron transfer chain andwithout
cristae, and in the minimal oxidative phosphorylation system (com-
plexes III, IV and V) containing Plasmodium species. It can however be
found in a species with a alternativeminimal oxidative phosphorylation
system: a homolog is present in Blastocystis sp., a species that does have
cristae [45] and has complexes I and II but not complexes III, IV and V
[46]. Cryptosporidium parvum has no mitochondrial genome, but its
mitosomes have highly folded “cristae-like” inner membranes [47]. It
is the only known species having cristae-like structures and a MICOS
protein but lackingmitochondrially encoded oxidative phosphorylation
complexes. These observations are consistent with the earlier report on
the phylogenetic distribution of Mic10 [20].
3.2. Mic12

Mic12 (Aim5) is a short, rapidly evolving protein and simple, pairwise
sequence homology detection did not allow detection of orthologs out-
side of the fungi [6]. Indeed, pairwise sequence comparisons with Blast
do not even detect homologs outside the Saccharomycetales branch of
the fungi. In addition, the recent analysis that compared sequence-
profiles against individual sequences [20] did not detect homologs out-
side the fungi. To improve homology detection we here used sequence-
profile to sequence-profile searches: exploiting sequence conservation
among separate families of proteins to determine potential homology be-
tween them. We created a sequence profile with the yeast protein, using
JACKHMMer [22] and used the profile-profile comparison tool HHpred
[23] to compare it against existing sequence profiles of human proteins.
The candidate human homolog of Mic12, C19orf70/LOC125988/QIL1
(E=0.00045) is localizedmainly inmitochondria [48], andwas once ob-
served to be part of themitochondrial proteome [49]. A reciprocal search,
based on an alignment of C19orf70 homologs among metazoa recovered
the yeast protein as best hit, albeit, at a barely significant E-value (E =
0.043). Finally,we created a combined alignment of allmetazoan and fun-
gal homologs, and used that to search against the A. thaliana sequence
profiles with HHpred. The putative ortholog AT2g28430 (E = 0.037)
has once been found in mitochondrial fractions to co-migrate with com-
plex I [50], afinding that however could not be reproduced in amore ded-
icated complex I study [51]. Based on the human, yeast and A. thaliana
proteins and their detectable homologs we obtained an alignment of
theMic12 family (Fig. 2), where it should be noted that creating an align-
ment in itself cannot be considered as proof that these proteins are indeed
homologous. As might have been expected based on the high E-values,
the Mic12 family has very little sequence conservation beyond a hydro-
phobic amino-terminus, corresponding to a likely transmembrane region,
and a “WN”motif that is preceded by a charged amino acids (Fig. 2). The
periodicity of 3–4 amino acids in conservation of a hydrophobic amino
acid (Fig. 2) suggests the presence of an amphipathic helix. QIL1/
C19orf70 was recently identified to indeed interact with theMICOS com-
plex in cultured human cells [11], which was confirmed by our
complexome profiling analysis of the MICOS complex reported below.
This corroborates our prediction that QIL1/C19orf70 is indeed the
ortholog of Mic12 from yeast. Nevertheless, very little is known about
the role of Mic12 in S. cerevisiae and further experimental analyses will
be required to confirm that it has the same role in the MICOS complex
as QIL1/C19orf70 in H. sapiens.

http://www.maxquant.org


Fig. 1. Phylogenetic distribution of MICOS and MIB subunits The phylogenetic distribution of MICOS andMIB subunits was determined among eukaryotes with and without cristae (black),
and among alphaproteobacteria with intracellular cytoplasmic membranes (ICM, gray). Levels of experimental evidence for a role in mitochondria or cristae formation are indicated:
empty circles denote the absence of an ortholog from the sequenced genome, colored circles with a thin rim, the presence of an orthologous gene, medium rims denote the presence
of theprotein in amitochondrial or ICM fraction. A thick rim indicates experimental evidence that theprotein functions inmitochondria, e.g. via thepresenceof a phenotype, or ameasured
interactionwith other proteins of theMIB complex. Double circles indicate the presence of two ormore genes that are the result of a taxon-specific duplication. The resultswith respect to
thepresence/absence of an ortholog of theMICOSproteins are consistentwith [20], except for thepresenceofMic12 inmetazoa and plants, and the presenceofMic19/25 orthologs outside
the opisthokonts. Amoeb. = Amoebozoa, Alveol. = Alveolata, Chrom. = chromists, α-prot = Alphaproteobacteria.
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3.3. Mic19 and Mic25

Human and yeast MIC19 (CHCHD3/MINOS3/CHCH-3/Aim13) and
human MIC25 (CHCHD6/CHCM1) are part of the CHCH protein family
(also called twin Cx9C family) that also contains other IMS proteins
like COX23, COX19 and Mia40 [52]. As these proteins are part of a
gene family, one requires phylogenetic approaches to separate the vari-
ous orthologous groups fromeach other.Within themetazoa theMic19/
25 phylogeny indicates that humanMIC19 andMIC25 result froma gene
duplication at the root of the vertebrates [25] which is consistent with
Fig. 2.Alignment of theMic12 family amongmetazoa, fungi and plants+ algaeThe family shows ve
a transmembranehelix, and a C-terminalWNmotif that tends to beprecededby a positive (K/R)
conserved hydrophobic residues at distances of 3/4 amino acids, suggesting the presence of an
their phylogenetic distribution (Fig. 1). They are thus both orthologous
to Mic19 in yeast and likely the result of the whole genome duplication
at the root of the vertebrates, a pattern that has been observed often for
mitochondrial proteins [53]. The short length and rapid evolution of this
family however preclude the use of rigorous phylogenetic approaches to
determine orthologous relationships in more distantly related species
like plants [20]. We have therefore used the reciprocal-best-hit approach
at the levels of sequence profiles [15] to determine orthologous relations,
allowing us to extend orthology relations beyond the fungi and the
metazoa, to amoebozoa (Dictoystelium), chromists (Phytoptora) and
ry little sequence conservation besides anN-terminal hydrophobic region that likely forms
and/or a negatively charged (E/D) amino acid. TheW in theWNmotif is part of a pattern of
amphipathic helix.
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Excavates (Naegleria) and therewith substantiating the “potential
orthologs” from Munoz-Gomez et al. [20]. Although orthologs of
MIC19/MIC25 are widespread among eukaryotes, they have not
been detected in the various published mitochondrial proteomes,
with the exception of the C. elegans CHCH-3 protein [54]. This wide-
spread distribution indicates that, like Mic10, Mic19/25 was present
before the radiation of the eukaryotes. Nevertheless, it cannot be de-
tected universally among eukaryotes with cristae. No orthologs
could be detected in Plasmodium, ciliates or kinetoplasts. As in
some of those species other proteins of the Cx9C family have been
detected [52], our inability of detecting Mic19/Mic25 orthologs is
unlikely to be due to sequence divergence and may reflect the loss
of those genes, implying that in those taxa Mic19/Mic25 is not re-
quired for the formation of cristae.

3.4. Mic23 and Mic27

Two members represent the Mic23/Mic27 family both in mammals
(APOOL/MOMA-1/MIC27 and APOO/MIC23) and in S. cerevisiae
(Mic26 and Mic27). Based on examination of their phylogeny the two
human members of this family have resulted from a duplication at the
root of the vertebrates, consistent with their phylogenetic distribution
(Fig. 1) while among the fungi in Fig. 1 the protein family is only dupli-
cated in S. cerevisiae, resulting from a duplication in the
Saccharomycetales clade [20]. They are therefore a typical case of
many-to-many orthology, and from an evolutionary point of view, as
was noted [20], APOO that was recently baptized as MIC26 [55] is not
more orthologous to yeast Mic26 than to yeast Mic27, and the name
MIC23 appears more appropriate [14]. Do note that this also implies
that S. cerevisiae Mic27 and mammalian Mic27 are not 1–1 orthologs.
Among the metazoa there are in the bony fish (Danio rerio in Fig. 1) a
few extra duplicated genes in this family, but those are taxon specific,
and do not hamper a uniform nomenclature among metazoa. Sensitive
homology searches using HHpred do not detect homologs of this family
outside the opisthokonts (metazoa and fungi), suggesting that, relative
to the other MICOS proteins whose evolutionarily origin can at least be
traced back to the root of the eukaryotes, the Mic23/Mic26/Mic27 fam-
ily is relatively young.

3.5. Mic60

Mic60 (Mitofilin/MINOS2/IMMT/AIM28/FCJ1/FMP13) is widespread
among the eukaryotes (Fig. 1). It is e.g. the onlyMICOSprotein forwhich
we can detect homologs in the Plasmodium, and is present inmitochon-
drial protein fractions from fungi [44,56],metazoa [57] and viridiplantae
[50](Fig. 1). It is not present in cristae-less species, and, interestingly
cannot be detected furthermore in a number of species that do have
cristae and Mic10, like the ciliates Tetrahymena thermophila and Para-
mecium tetraurelia and the algae Chlamydomonas. As has been docu-
mented [20], Mic60 has significant sequence similarity to proteins
occurring in alphaproteobacteria that contain the mitofilin domain. It
therewith appears to be the oldest of the MICOS proteins and, given
the alphaproteobacterial ancestry of the mitochondrial membranes
and many of its proteins, it seems likely that these proteins were
inherited from the alphaproteobacteria.

3.6. A link of bacterial MIC60 homologs to intracellular membranes and to
heme synthesis

Alphaproteobacterial MIC60 orthologs, hereafter named MIC60b,
occur in specieswith documented invaginations of the innermembrane,
like Rhodobacter sphaeroides [58], Nitrobacter winogradskyi [59] and
Magnetospirillum magnetoticum [60]. In R. sphaeroides these invagina-
tions become intracytoplasmic membrane bound vesicles [58].
Supporting a direct evolutionary link between these invaginations and
cristae, is that the MIC60b of R. sphaeroides, RSP_6207, was found to be
localized in the membranes of these vesicles, among a total of 52 pro-
teins [61]. Nevertheless, alphaproteobacterial homologs of MIC60
(MIC60b) are not among the “mam–operon” proteins that have been
associated with such invaginations in magnetotactic bacteria [60,62].
Genomic context links MIC60b instead to heme synthesis: it tends to
have a conserved gene order with the genes for the heme synthesis pro-
teins porphobilinogen deaminase (HemC), uroporphyrinogen synthase
(HemD) and HemY domain containing proteins (Fig. 3A). The link with
HemY is particularly strong as MIC60b and the HemY containing pro-
teins are members of orthologous groups (COG4223 and COG3898)
that in the STRING database [63] only occur in alphaproteobacteria. Fur-
thermore HemY domain proteins are located in the inner membrane of
proteobacteria [64] while MI60b, like MIC60 in eukaryotes, has a single
(predicted) transmembrane region [65] (Fig. 3B) and is localized in
intracytoplasmic membranes. Interestingly, the HemC-HemD-HemY
gene cluster also occurs in beta- and gammaproteobacteria. The only
difference between the beta/gammaproteobacterial cluster and the
alphaproteobacterial cluster is that in the former another gene
(HemX), appears to have taken the place of MIC60b (Fig. 3a). Further-
more, MIC60b occurs fused with HemD in alphaproteobacteria (e.g.
Rhodospirillum rubrum) while HemX occurs fused with HemD in in
gammaproteobacteria (e.g. in Pseudomonas brassicacearum) and in
betaproteobacteria (e.g. in Neisseria flavescens). This prompted us to
check whether MIC60b is homologous to HemX. Indeed, using profile-
profile comparisons [23] we find a distant homology (E = 0.0044) of
MIC60b proteins with the PFAM domain HemX. The homologous region
includes the predicted coiled coil regions, but is not restricted to those
and includes the C-terminal mitofilin signature domain. Nevertheless,
manual inspection of the alignment between the HemX family and the
MIC60b family did not reveal any strongly conserved motifs indicative
of a specific interaction (data not shown). The sequence conservation
appears rather to reflect an overall alpha-helical structure conservation.
The HemX protein in Escherichia coli is localized in the inner membrane
[66], and, based on its migration profile in a BNE gel likely forms homo-
oligomers [66] as has been observed for MIC60 [9]. Just like MIC60 and
MIC60b, HemX has an N–terminal transmembrane helix, with the bulk
of the protein, including a coiled coil region, predicted to be in the peri-
plasm (Fig. 3b).

There is scant experimental data about the function of HemX in
proteobacteria. A fusion gene of hemX and hemD has been shown to
be required for the production of 2-ketogluconate, likely via the heme
dependent oxidation of gluconate [67]. Note that HemX from Bacillus
subtilis [68] and HemX of Propionibacterium freudenreichii [69], for
which some data do exist, are members of the cytochrome c assembly
protein family and the Major Facilitator Superfamily respectively, and
are not homologous toHemX fromproteobacteria. The intracytoplasmic
membrane bound vesicles in R. sphaeroides contain the cytochrome
bc(1) complex [61], which might explain why MIC60b tends to occur
in heme synthesis operons, but not why there is a link between
MIC60b and heme synthesis itself. Note that in eukaryotes a MIC60
ortholog occurs in the heme-less species B. hominis, while MIC60b
does not occur in the heme containing alphaproteobacterium Rickettsia
prowazekii, so a directmechanistic involvement ofMIC60b in heme syn-
thesis itself appears unlikely.

3.7. SAMM50

The SAMM50 family (SAM50) that has evolved from the bacterial
Omp85 family [70]. It is widespread among eukaryotes including the
cristae-less species E. cuniculi [34], G. intestinalis, E. histolytica and
T. vaginalis (Fig. 1) the latter of which actually has the protein in its
hydrogenosomal membrane [71]. Moreover it is absent from the
genome of the ciliate Paramecium tetraurelia (Fig. 1) that does have cris-
tae. It should however be noted that the SAMM50 ortholog in the ciliate
Tetrahymena thermophila is barely detectable using sequence-profile
based searches and was absent from a previous analysis [19]. A



Fig. 3.Mic60b is associated with heme synthesis in proteobacteriaA) Alphaproteobacterial MIC60 homologs (MIC60b) are part of a conserved gene cluster that appears to be homologous to
the HemC/HemD/HemX/HemY cluster in beta- and gammaproteobacteria. MIC60b (COG4223) appears to be homologous to HemX (Fig. 3B), while the HemY-like proteins (HemYl,
COG3898) are homologous to HemY (COG2959). The MIC60b gene cluster is present among 18 of the alphaproteobacterial genera in STRING (string-db.org). Mainly based on the evolu-
tionary conservation of this operon, the co-occurrence of theMIC60b andHemY-like genes among genomes, and the fusion ofMIC60b and HemD in a number of species, the likelihood of a
functional interaction between MIC60b with HemC, HemD and HemY-like is 0.72, 0.79 and 0.94, respectively [80]. B. Conservation of the membrane topology of MIC60,MIC60b and HemX.
Protein localization in the inner mitochondrial membrane (IMM) [8], IntraCytoplasmic Membranes (ICM) [61] and the inner membrane [66] are based on experimental data from the re-
spective species. The transmembrane topology ofMIC60b and HemXwas predicted using TMHMM[81]. E-values for homology detection are based onHHpred [23], using an alignment of
alphaproteobacterial homologs against an alignment of eukaryotic Mic60 proteins and against the HemX domain from PFAM. “C-term mitofilin” refers to C-terminal mitofilin signature
domain using the definition from Zerbes et al. [82]. Coiled coil regions were predicted with coils [83].
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SAMM50 homolog in its relative P. tetrauraliamight thus escape detec-
tion using even the most sensitive sequence-based homology detection
methods. Despite its interactionswith theMICOS complex ([14] and see
below), SAMM50 is not known to play a direct role in cristae formation,
and its primary function is the assembly of beta-barrel proteins. Indeed,
substrates of SAMM50, like TOM40 and the mitochondrial porins have
already been observed in species with SAMM50 but without cristae:
E. cuniculi, E. histolytica and T. vaginalis [72] while also the cristae-less
G. intestinalis contains a TOM40 homolog (Fig. 1).

3.8. MTX

The MTX (metaxin) proteins contain a glutathione-S-transferase N-
terminal domain and a glutathione-S-transferase C-terminal domain
[73] flanked by, among others, a C-terminal transmembrane region.
The latter is absent from the most similar proteobacterial homologs
that have no signaling peptide either and are likely cytoplasmic. Al-
though these bacterial homologs are the likely ancestors of MTX [74],
they probably have a different function and we refrained from calling
them orthologs. The phylogenetic relationships between the vertebrate
MTX1, MTX2 and MTX3, their homolog “failed axon connections”
(FAXC) [75], and the members of this family in S. pombe (Mtx1, Mtxl)
and S. cerevisiae (Sam35, Sam37) cannot confidently be resolved, nei-
ther from sequence similarity levels nor from phylogenies due to lack
of sequence similarity of Sam35 with MTX in other eukaryotes (data
not shown). We tentatively have grouped them in Fig. 1, but we cannot
exclude that Sam35 and Sam37 result froma gene duplication that is in-
dependent from the one that lead toMTX1 andMTX2. MTX1 andMTX3
have resulted from gene duplication at the root of the vertebrates (Fig.
1) [25]. MTX proteins only occur in species with cristae, but are not uni-
versal among them (Fig. 1), and they rather appear to occur in a subset
of genomes with SAMM50.
3.9. DNAJC11

DNAJC11 has been implicated to form a complex with SAMM50
[13], has been shown to interact with components of the MICOS
complex [11] and seems to be required for proper cristae formation
[76]. The protein contains, aside from an N-terminal DNAJ domain,
also a well-conserved C-terminal domain DUF3395 [76]. Although
this domain occurs in some bacterial proteins, in those proteins it
does not occur in conjunction with the DNAJ domain. Furthermore
we did not detect homologs in alphaproteobacteria, and the bacterial
DUF3395 homologs may have been the result of horizontal gene
transfer from eukaryotes to bacteria. Orthologs of DNACJ11 are read-
ily identifiable throughout the eukaryotes, indicating their origin at
the root of the eukaryotes, and occur only in species with cristae
(Fig. 1). However, a few species with cristae, including S. cerevisiae,
do not have a DNAJC11 ortholog.

http://creativecommons.org/licenses/bycd/4.0/


Table 1
Proteomics data of identified MIB componentsa.

Protein Mr Peptides identified Sequence coverage

kDa Total Unique %
MIC10 7.0 2 2 24
MIC12 13.1 5 5 74
MIC19 26.2 12 12 39
MIC25 26.5 7 7 43
MIC23 22.3 5 5 34
MIC27 29.2 15 15 69
MIC60 82.6 47 2b 66
SAMM50 52.0 25 25 59
MTX2 29.8 10 10 58
MTX3 28.6 7 2 32
MTX1 51.5 11 11 51
DNAJC11 63.3 21 21 48

a Values from a combined analysis of three replicates of representative complexome
profile of mitochondria from 143B cells.

b All three isoforms of MIC60 were found based on 1–2 variant specific isoforms. Since
no isoform specificmigration profile could be identified, the abundance values of the three
isoforms were averaged. In this the parameters for isoform 3 are given and the low
number of unique peptides reflects the overlap with the other isoforms.
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3.10. Complexome profiling of MICOS and MIB components

Blue-native electrophoresis (BNE) of mitochondria reveals large
complexes of different size that contain different components of the
MIB complexes [14]. To study the distribution and composition of
these complexes in detail, we analyzed digitonin-solubilized mitochon-
dria from human cell lines by complexome profiling [21]. This method
allows the assignment of proteins identified by mass spectrometry to
different complexes based on similarities in their migration profiles in
the BNE gels. Their relative distribution can be estimated by label-free
quantification. A representative complexome profiling analysis of the
MICOS andMIB complexes inmitochondria fromhuman 143B cells per-
formed bybottom-up hierarchical clustering in combinationwith corre-
lation profiling of additional candidate proteins is shown in Fig. 4. Panel
A shows a heatmap representation of the migration profiles of the
identified components (Table 1). No other proteins in the complete
complexomeprofiles ofmitochondria from 143B osteosarcoma cells ex-
hibited a migration pattern that would have allowed assigning them to
the complexes under study here.

3.11. The MICOS complex

With the recently discovered QIL1/C19orf70 [11] shown here to be
the mammalian ortholog of Mic12 (Fig. 2), all seven constituents of the
MICOS complex showed very similar migration patterns with a pro-
nouncedmaximumat around 700 kDa. However, in all profiles analyzed,
MIC60, MIC19 and MIC25 consistently occurred in significant amounts
already at about 450 kDa and above, confirming previous observations
[11,77]. In contrast, the remaining MICOS components showed a steep
Fig. 4. Complexome profiling analysis of the MICOS and MIB complexes in human 143B cells.Migra
ubilized mitochondria prepared from human 143B cells. A dataset representative for experime
replicates obtained with the samemitochondrial preparation and run in the same gel were aver
heatmap representation of individualmigration profiles; B, averaged abundance profiles of suba
all seven MICOS components. See text for further details.
increase in abundance only from and above 600 kDa. This suggested
that these three proteins form a centerpiece around which the remain-
ing proteins arrange to form the full size MICOS complex.

3.12. The MIB complex

Of the outer membrane components of the MIB complex, SAMM50,
MTX1, MTX2 and DNAJC11 co-migrated together only at about
tion patterns of MIB proteins were extracted from a complexome profile of digitonin sol-
nts with five independent batches of mitochondria is shown. Profiles from three technical
aged and abundance valueswere normalized setting the intensity at 2200 kDa to unity. A,
ssemblies as indicated in the legend.MICOS (dashed line) represents the average profile of
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2200 kDa, where also all components of the MICOS complex showed a
clear peak in abundance. In addition, we found that MTX3 exhibited a
migration profile that was very similar to that of MTX2. This identifies
this protein of previously unknown function as another component of
the MIB complex. At lower masses, two clearly distinct migration pat-
terns of the outer membrane components divided them into two
groups. SAMM50, MTX2 and MTX3 showed a peak of abundance at
around 1100 kDa and were present in complexes in the range below
200 kDa as well. In contrast, MTX1 and DNAJC11 showed a clear maxi-
mum at about 1400 kDa and occurred in multiple smaller complexes in
the range between 200 and 500 kDa. The co-migration pattern in the
mass range up to 500 kDa suggested that SAMM50/MTX2/MTX3 and
MTX1/DNAJ11 formed subassemblies that both appear to be part of
the MIB complex.

3.13. Subassemblies of the MIB complex

To define the observed complexesmore clearly, we averaged the rel-
ative amounts of the components of the subassemblies and plotted their
relative abundance against themolecular mass (Fig. 4B). For a quantita-
tive estimate of the relative distribution of the subcomplexes, we nor-
malized the profiles, setting the abundance at 2200 kDa to unity. For
the MICOS complex, a clear separation between the average of MIC60,
MIC19 and MIC25 and that of the four remaining proteins further sup-
ports the notion of a centerpiece version of this complex around
MIC60 as the largest and most ancient constituent of the complex. Al-
though it was not possible to determine the absolute number of the
components, the similar relative abundance of all MICOS proteins sug-
gested that the stoichiometry of its components remained essentially
the samewhen it associatedwith other proteins to form the larger com-
plexes. The profile of SAMM50/MTX2/MTX3 seems to indicate that to-
gether these components progressively add to the MICOS complex to
form small versions of the MIB complex of about 800 kDa, 1100 kDa
and 1400 kDa. Addition of MTX1/DNAJC11 then gives the full size
2200 kDa MIB complex, possibly by recruitment of two or three copies
of the ~350 kDa subassembly of these proteins by the 1100 kDa and
1400 kDaMIB subcomplexes. The large peak of theMTX1/DNAJC11 sub-
assembly at 1400 kDa could then be a tetramer of the 350 kDa complex
that could associate with the 1400 kDa subcomplex explaining the larg-
est version of the MIB complex observed in small amounts at 2800 kDa
(Fig. 6). The mismatch in abundance renders it unlikely that the MTX1/
DNAJC11 subassembly is a component of the 1400kDaMIB subcomplex.

3.14. MICOS and MIB complexes in human skin fibroblasts

To corroborate our observations from 143B cells, we also analyzed
theMICOS andMIB complexes in complexome profiles of mitochondria
from human skin fibroblast cell lines that proliferate muchmore slowly
than the tumor cell line used for the initial characterization. We ob-
served the same complexes and subassemblies as in the profiles of mi-
tochondria from 143B cells (Fig. 4), but their relative distribution was
distinctly different. Fig. 5 shows a characteristic profile of the MICOS
and MIB components seen in several datasets, in which the largest ver-
sion of the MIB complex was the dominant species, while the 700 kDa
MICOS complex that was most prominent in mitochondria from 143B
cells was not detectable at all. In other complexomeprofiles offibroblast
mitochondria this shift to larger assemblieswas less extreme and signif-
icant amounts of the 700 kDa MICOS complex were still present (not
shown).

4. Discussion

Of the main MIB subcomplexes we find a strong correlation of
MICOS proteins and of DNAJC11 with the documented occurrence of
cristae: species without cristae never have MICOS proteins or
DNAJC11, and all species with cristae have at least one MICOS protein
and almost all have DNAJC11. With respect to the MICOS proteins this
is consistent with the observations of Munoz-Gomez et al. [20], while
we can substantiate their “putative orthologs” of MIC19/25 outside
the fungi and the metazoa. Nevertheless our observations with respect
to Mic12 indicate for a more widespread phylogenetic distribution
than was established and show that it can be traced back to the root
of the eukaryotes. Mic10 is the most widespread protein of the MICOS
proteins, being the only MICOS protein that can e.g. be found in ciliates
and in kinetoplasts. Not all MICOS proteins can however be found in all
species with cristae. This can be explained in part by the evolutionary
late origin of the Mic23/Mic26/Mic27 family that is only present in the
opisthokonts. Moreover, homology detection by sequence comparison
reaches its limits in the short and rapidly evolving Mic12 family origi-
nally described in fungi, as it is barely detectable in metazoa and plants.
Nevertheless, such explanations do not apply to Mic60, a large and rel-
atively well-conserved protein predatingmitochondria, which has been
lost multiple times during evolution in cristae containing species, while
Mic10, the other “core” protein of the MICOS complex, has been con-
served. Our complexome profiling data suggested that MIC60 is part
of a MICOS centerpiece also observed in mitochondria from a MIC12
knockdown cell line [11]. The presence of cristae in species lacking
Mic60, but containingMic10 may then suggest that the MIC60 contain-
ingMICOS subcomplex is a non-essential scaffold that could be involved
in recruiting MIC10 and other proteins and may stabilize the MIB
complex.

The origin of Mic60 in alphaproteobacteria strengthens the link be-
tween mitochondria and alphaproteobacteria [20]. That a member of
this protein family is found in intracytoplasmic membranes in the
alphaproteobacterium R. sphaeroides provides initial evidence that
these membrane structures are directly related to cristae. Interestingly,
we find that this protein family is likely even older, and can be traced
back to the root of the alpha-, beta- and gammaproteobacteria where
it is has a strong link to heme synthesis via a conserved gene cluster in
their genomes. Experimental characterization of the function of
MIC60b and of HemXmight provide a clue to the common evolutionary
origin of cristae in mitochondria and of intracytoplasmic membranes in
alphaproteobacteria.

By significant similarity at the sequence profile level, we provide ev-
idence that QIL1/C19orf70 is the ortholog of Mic12 from yeast. QIL1/
C19orf70 was most recently assigned and characterized as a novel pro-
tein of the MICOS complex by Guarani et al. [11] and we found it to co-
migrate with the other MICOS proteins, which is consistent with a con-
served function inMICOS. In S. cerevisiae, the deletion ofMic12 results in
only a partial dissociation of the MICOS complex [78]. In a human cell
line, Guarani et al. also observed dissociation of the MICOS complex
after MIC12 deletion with a decrease in MIC10, MIC26 and MIC27 [11].
This argues for a more essential role of MIC12 in mammalian cells
than in yeast, where its absence does not have any effect on the steady
state levels of other MICOS components and does not result in a severe
morphology defect [78,79].

Overall, both the evolutionary analysis and the complexome profil-
ing data further establish MICOS as a rather robustly defined complex
of the inner mitochondrial membrane centrally involved in cristae for-
mation. AlthoughMIC60, MIC19 andMIC25 seem to form a centerpiece
of this structure that can exist without the other MICOS proteins that
also accumulates after MIC12 knockdown in human cells [11], the ab-
sence of Mic60 in some cristae forming species suggests that this subas-
sembly is functionally not essential.

For the outer membrane components of the MIB complex, we could
define two subassemblies assigning distinct roles to MTX1 and MTX2.
We also identified MTX3, a vertebrate specific paralog of MTX1, as a
probably new component of the MIB complex. Remarkably, the
SAMM50/MTX2/MTX3 subassembly is sufficient to recruit the MICOS
complex to form the MIB centerpiece structure. As possible stabilizing
factors, MTX1 together with DNAJC11, a protein not found in yeast,
add on to give the full size human MIB complex.



Fig. 5. Complexome profiling analysis of the MICOS and MIB complexes in human skin fibroblasts.Migration patterns of MIB proteins were extracted from a complexome profile of digitonin
solubilizedmitochondria prepared from human skin fibroblast (cell line C-5120 from the Nijmegen Center for Mitochondrial Disorders). A characteristic dataset is shown. MIC10 was not
detected in this particular dataset, but was found associated with MICOS and MIB in other complexome profiles from fibroblast mitochondria (data not shown). Abundance values were
normalized, setting the intensity at 2800 kDa to unity. A, heatmap representation of individualmigration profiles; B, abundance profiles of subassemblies as indicated in the legend.MICOS
(dashed line) represents the average profile of all seven MICOS components. See text for further details.
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In summary, complexome profiling of mitochondria provided
evidence for defined subassemblies leading from a MICOS center-
piece complex to the full size 2200/2800 kDa MIB complex (Fig. 6)
that seem to correlate with the complexes of different size and
abundance observed by Ott et al. [14]. Although we cannot exclude
at this point that some of the observed subcomplexes were degra-
dation products, or resulted from partial dissociation of the compo-
nents during electrophoresis, they do provide useful insights into
the architecture of the MIB complex. It is tempting to speculate
that the observed complexes may reflect a set of intermediates
present in the mitochondrial membranes, which dynamically inter-
act in a stepwise assembly pathway to eventually form the large
Fig. 6. Schematic representation of MICOS and MIB complex intermediates as defined by complexo
copies, and the scheme does not include information on the stoichiometries. See text for furth
structure bridging the inner and outer mitochondrial membrane
that is needed for cristae formation. Interestingly, the 2800 kDa
full size MIB complex was much more prominent in mitochondria
from human skin fibroblasts than in those from the tumor cell
line. This is consistent with increase stability and reduced dynamics
of cristae in these differentiated and more slowly proliferating
fibroblasts.
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