STED super-resolution microscopy reveals an array
of MINOS clusters along human mitochondria
Daniel C. Jansa,1, Christian A. Wurma,1, Dietmar Riedelb, Dirk Wenzelb, Franziska Staggea, Markus Deckersc,
Peter Rehlingc,d, and Stefan Jakobsa,e,f,2
a
Department of Nanobiophotonics and bElectron Microscopy Facility, Max Planck Institute for Biophysical Chemistry, 37077 Göttingen, Germany; cDepartment
of Biochemistry II, University of Göttingen, 37073 Göttingen, Germany; dMax Planck Institute for Biophysical Chemistry, 37077 Göttingen, Germany;
e
Department of Neurology, University of Göttingen, 37073 Göttingen, Germany; and fCenter for Nanoscale Microscopy and Molecular Physiology
of the Brain, 37073 Göttingen, Germany

Edited by Jennifer Lippincott-Schwartz, National Institutes of Health, Bethesda, MD, and approved April 15, 2013 (received for review January 28, 2013)

The mitochondrial inner membrane organizing system (MINOS) is
a conserved large hetero-oligomeric protein complex in the mitochondrial inner membrane, crucial for the maintenance of cristae
morphology. MINOS has been suggested to represent the core of an
extended protein network that controls mitochondrial function and
structure, and has been linked to several human diseases. The spatial
arrangement of MINOS within mitochondria is ill-deﬁned, however.
Using super-resolution stimulated emission depletion (STED) microscopy and immunogold electron microscopy, we determined the
distribution of three known human MINOS subunits (mitoﬁlin,
MINOS1, and CHCHD3) in mammalian cells. Super-resolution microscopy revealed that all three subunits form similar clusters within
mitochondria, and that MINOS is more abundant in mitochondria
around the nucleus than in peripheral mitochondria. At the submitochondrial level, mitoﬁlin, a core MINOS subunit, is preferentially localized at cristae junctions. In primary human ﬁbroblasts, mitoﬁlin
labeling uncovered a regularly spaced pattern of clusters arranged in
parallel to the cell growth surfaces. We suggest that this array of
MINOS complexes might explain the observed phenomenon of
largely horizontally arranged cristae junctions that connect the inner
boundary membrane to lamellar cristae. The super-resolution images
demonstrate an unexpectedly high level of regularity in the nanoscale distribution of the MINOS complex in human mitochondria,
supporting an integrating role of MINOS in the structural organization of the organelle.
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itochondria are highly complex and dynamic organelles.
Their shapes range from small oval fragments to interconnected networks of tubules that are constantly moving, fusing,
and dividing (1). The innermost mitochondrial aqueous compartment, the matrix, is bounded by the highly convoluted inner
membrane, which in turn is surrounded by the outer membrane.
The inner membrane projects cristae into the matrix. Depending on
the cell type and physiological conditions, the cristae can adopt
a wide variety of shapes, ranging from simple tubular to lamellar (2,
3). The cristae membranes are connected by cristae junctions to the
part of the inner membrane that parallels the outer membrane, the
inner boundary membrane. Cristae junctions are relatively uniform
tubular structures, typically 20–50 nm in diameter, that are important for maintaining the inner mitochondrial architecture (4).
The inner boundary and the cristae membranes have distinct but
overlapping protein compositions, which may be adapted to the
cellular conditions (5–9).
Although the overall architecture of mitochondria has been
described in detail, relatively little is known about the molecular
components that determine the mitochondrial structure (10).
Recently, several independent studies led to the identiﬁcation of
a large protein complex that is required for the establishment of
inner membrane architecture (for review, see 11–13). This complex
has been termed mitochondrial inner membrane organizing system
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(MINOS) (14, 15) or, alternatively, mitochondrial organizing structure (MitOS) (16) or mitochondrial contact site (MICOS) (17).
In the budding yeast Saccharomyces cerevisiae, MINOS is composed of at least six subunits: Fcj1, Mio10/Mos1/Mcs10, Aim13/
Mcs19, Aim5/Mcs12, Aim37/Mcs27, and Mio27/Mos2/Mcs29. All
of these subunits of MINOS are either integral or peripheral proteins of the inner membrane and expose their bulk domains to the
intermembrane space. MINOS has been conserved in evolution; in
humans, mitoﬁlin/MINOS2 (Fcj1 in yeast), MINOS1 (Mio10 in
yeast) and CHCHD3/MINOS3 (Aim13 in yeast) have been shown
to be subunits of a large (>1 MDa) complex (15).
MINOS is crucial for the maintenance of the typical inner
membrane morphology, and mutations affecting this protein
complex induce a loss of cristae junctions, as well as detachment of
cristae membranes from the inner boundary membrane. MINOS is
involved in a multitude of physical and genetic interactions (11,
12). It has been shown to interact directly with several proteins
of the outer membrane, including the translocase of the outer
membrane (TOM) complex, the sorting and assembly machinery
(SAM) complex (TOB), porin (VDAC), and the yeast fusion
component Ugo1 (14-22). Moreover, MINOS is involved in the
inheritance of mitochondrial DNA (23) and has been shown to
transiently interact with the intermembrane space import receptor Mia40 (14). The genes of the MINOS complex show strong
genetic interactions with ER-Mitochondria Encounter Structures
(ERMES) and phospholipid biosynthesis genes (16). Given the
multitude of processes in which MINOS is involved, it is perhaps
not surprising that alterations of MINOS subunits are associated
with a number of human diseases, including neurologic disorders
and cardiomyopathy (12).
Despite its remarkable size (>1 MDa) (15), very little is known
about the submitochondrial distribution of MINOS in human cells.
In budding yeast, immunogold electron microscopy revealed that
the MINOS subunits are enriched at cristae junctions (17, 24).
Light microscopy using GFP-tagged MINOS seemed to suggest
that MINOS acts as a skeletal structure, circumventing the mitochondrial inner membrane (16).
A major challenge in obtaining a comprehensive view on the
localization of MINOS in human cells is that mitochondria have
a diameter close to the resolution limit of light microscopy, largely
precluding the use of conventional diffraction-limited microscopy
to study submitochondrial protein distributions. Furthermore,
cultured human cells are large and have a polarity toward the
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Results
STED Super-resolution Microscopy Reveals Mitoﬁlin Localized in
Individual Clusters. To visualize the distribution of mitoﬁlin in

primary adult human skin ﬁbroblasts, we decorated chemically
ﬁxed cells with a polyclonal antiserum generated against full-length
human mitoﬁlin. This antiserum highlighted the entire mitochondrial network, demonstrating that in these primary ﬁbroblasts, the
mitochondria are primarily elongated tubular structures distributed
throughout the entire cell (Fig. 1A). As generally observed in ﬁbroblast cell lines (25), the mitochondrial network is denser in the
perinuclear region than in the cell periphery. Diffraction-limited
confocal microscopy suggested that mitoﬁlin is largely homogenously distributed throughout the mitochondrial tubules (Fig. 1B).
But mitochondria are small organelles, with diameters close to the
resolution attainable with conventional optical microscopy (∼200
nm in the focal plane). To obtain insight into the nanoscale distribution of mitoﬁlin in mitochondria of intact cells, we used STED
super-resolution microscopy, which provides an optical resolution
well below the diffraction limit (26). In STED images, mitoﬁlin
clearly was not homogenously distributed along the mitochondria,
but rather was concentrated into individual clusters (Fig. 1C).
Owing to the size of the antibodies used, any structure was presumably enlarged by ∼35 nm (27, 28), which is similar to the resolution of the STED microscope that we used (40–50 nm in the
focal plane) (29). The antibody-decorated imaged clusters were

Fig. 1. Mitoﬁlin is localized in individual clusters in the mitochondria of
primary adult human ﬁbroblasts. (A) Cell overview. The mitochondrial network of a primary ﬁbroblast is labeled with an antiserum against mitoﬁlin
(green). The microtubule cytoskeleton (red), the nucleus (blue) and the actin
cytoskeleton (gray) are labeled as well. (B and C) STED super-resolution
microscopy (C) reveals that mitoﬁlin is localized in discrete clusters, which
are blurred and not resolvable using diffraction-limited confocal microscopy
(B) of the same region. (Insets) Magniﬁcation of the boxed areas. (Scale bars:
20 μm in A; 1 μm in B and C.)
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substantially larger (∼85 nm); thus, we conclude that each cluster
consists of multiple mitoﬁlin proteins.
Submitochondrial Distribution of Mitoﬁlin Clusters Is Highly Ordered.

The mitoﬁlin clusters were more numerous in the mitochondria
close to the nucleus than in the mitochondria in the periphery
(Fig. 2A–C and Fig. S1). In the perinuclear mitochondria, the
clusters were often so densely packed that they were no longer
unequivocally resolvable, whereas in the peripheral mitochondria,
rather well-ordered arrangements with similar spacing between
individual mitoﬁlin clusters were frequently seen (Fig. 2 B and C).
Intriguingly, the STED images revealed that in the peripheral
mitochondria, the mitoﬁlin clusters were often arranged at the sides
of the mitochondrial tubules (Fig. 2 and Fig. S2). We dubbed this
intriguing arrangement of the MINOS clusters a “discontinuous
rail-like distribution”. This distribution was unexpected for two
reasons. First, if the integral inner membrane protein mitoﬁlin were
evenly distributed over the highly convoluted inner membrane,
then the proteins would be expected to be imaged also in the interior of the organelle. To experimentally test the assumption that
mitoﬁlin is more abundant at the rim (within or close to the inner
boundary membrane) of the mitochondria, we also labeled the cells
with antibodies against the beta subunit of the mitochondrial F1F0
ATPase (ATPS), which is enriched in the cristae membrane (7, 8).
Dual-color STED imaging showed ATPS localized in the interior of
the mitochondria, with mitoﬁlin at the sides (Fig. 3 A and C). It can
be concluded that the mitoﬁlin complexes are preferentially localized at the rim of the mitochondria and are less abundant in the
cristae membranes. Second, an enrichment of mitoﬁlin at the rim of
the mitochondria is necessary, but not sufﬁcient, to explain the
discontinuous rail-like distribution of the mitoﬁlin clusters at the
sides of the mitochondria, considering that the STED microscope
used in these experiments had a high resolution in the optical plane
but a diffraction-limited confocal resolution along the optical axis.
The diameter of a mitochondrial tubule is small enough to ﬁt into
the rather long z-axis of the STED focus. Thus, the ﬂuorescence
signals from the upper and lower membranes are summed in the
ﬁnal image. As a result, clusters built by an outer membrane protein
(e.g., Tom20), which are evenly distributed in the outer membrane
are seen in the STED images not enriched at the mitochondrial rim
(Fig. 3 B and D). Therefore, the observed discontinuous rail-like
distribution of the mitoﬁlin clusters is likely explained by a highly
polarized (i.e., horizontal) distribution of rather constantly spaced
MINOS clusters within or close to the inner boundary membrane.
We also note that the regular arrangements were not always
discernible in the peripheral mitochondria, possibly related to rotation of the mitochondrial tubule along its respective length axis.
Likewise, the regularity was often not discernible at mitochondrial
tips, possibly indicating a disturbance of regularity by ﬁssion and
fusion events. The regularity was less obvious in the perinuclear
mitochondria, possibly owing to the more abundant mitoﬁlin
clusters in these mitochondria, but also related to the fact that
around the nucleus, numerous tubules were not strictly coaligned
with the glass surface. Both factors may conceal an existing ordered
arrangement of the clusters.
We propose that, at least in the peripheral mitochondria, the
rather constantly spaced mitoﬁlin clusters are enriched at or close
to the inner boundary membrane, and the mitoﬁlin clusters are
frequently distributed parallel to the growth surface (the glass
coverslip), resulting in the peculiar highly ordered discontinuous
rail-like arrangement of the clusters revealed by STED microscopy.
Mitoﬁlin, MINOS1, and CHCHD3 Show Similar Punctuate Localizations.

Among the six components of the budding yeast MINOS complex,
three human homologs have been identiﬁed: mitoﬁlin, MINOS1,
and CHCHD3 (15), although the human complex may comprise
further components, including CHCHD6/CHCM1 (18, 30). Mitoﬁlin (Fcj1 in yeast) and MINOS1 (Mio10 in yeast) are considered to
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growth surface, which may affect the distribution of MINOS. In
the present study, we investigated the distribution of MINOS in
primary adult human ﬁbroblasts using stimulated emission depletion (STED) super-resolution light microscopy, quantitative immunoelectron microscopy, and electron tomography. We found
that MINOS is preferentially localized at cristae junctions, and that
MINOS clusters frequently exhibit an ordered inner mitochondrial
distribution that depends on the position of the mitochondrion
within the cell and on the orientation of the growth surface.

Fig. 2. Mitoﬁlin cluster distribution is denser in the perinuclear mitochondria. (A) Overview image of a ﬁbroblast labeled with an antiserum against mitoﬁlin
and imaged by STED microscopy. (B and C) Magniﬁcation of the boxed areas in A. (D and E) Averaged intensity proﬁles across the indicated mitochondrial
tubule sections within the respective boxed areas in B and C. (Scale bars: 20 μm in A; 1 μm in B and C.)

form the core MINOS complex to which the other proteins are
attached (14, 15). To determine whether MINOS1 and CHCHD3
have the same distribution as mitoﬁlin within mitochondria, we
immunolabeled primary adult human ﬁbroblast cells with polyclonal antisera against MINOS1 and CHCHD3 and imaged them
with STED microscopy (Fig. 4A). We did not analyze the distribution
of CHCHD6 because we lacked an appropriate antibody. Intriguingly, MINOS1 and CHCHD3 showed similar distribution
patterns as mitoﬁlin; this is, peripheral mitochondria frequently
exhibited a regular pattern of clusters localized at the rim of the
organelle. Contrary to some proposals (16), the high-resolution
STED images provided no indication that any of these three
proteins alone formed ﬁlamentous structures in human mitochondria. Dual-color STED microscopy revealed a high level of
colocalization of mitoﬁlin with CHCHD3 or MINOS1 (Fig. S3).
To test whether mitoﬁlin, MINOS1, and CHCHD3 together
form a larger, possibly ﬁlamentous hetero-oligomeric structure,
we immunolabeled primary ﬁbroblasts by blending the antisera
against mitoﬁlin, MINOS1, and CHCHD3 to label these three
proteins simultaneously (Fig. 4A). Similar to our ﬁndings when
using the antibodies separately, the peripheral mitochondria

Fig. 3. Mitoﬁlin clusters are localized at the horizontal sides of mitochondria. (A and B) Two-color STED microscopy of ﬁbroblast mitochondria labeled with antisera against mitoﬁlin and the beta-subunit of the mitochondrial
F1Fo-ATPase (ATPS) (A) or with antisera against the outer membrane protein
Tom20 and ATPS (B). In the overlay images, ATPS is shown in red, and mitoﬁlin
and Tom20 are in green. (C and D) Averaged intensity proﬁles across the indicated mitochondrial tubule sections within the boxed areas in A and B. The
averaged ATPS intensity proﬁle is shown in red, and the proﬁles of mitoﬁlin
and Tom20 are in green. (Scale bars: 1 μm.)

8938 | www.pnas.org/cgi/doi/10.1073/pnas.1301820110

exhibited ordered arrays of immunolabeled clusters, but no indications of a larger superstructure formed by these proteins, as, for
example, an arch, ring, or helical structure circling the matrix. The
clusters labeled with antiserum against mitoﬁlin were of a similar
size (∼85 nm) as the clusters labeled with the three different
antibodies together. We conclude that the core MINOS complex
generally does not form a spatially extended superstructure in
human ﬁbroblasts.
The MINOS complex reportedly interacts with several other
protein machineries. Human mitoﬁlin interacts with Sam50, an
essential component of the assembly machinery of the outer
membrane (SAM complex) (15, 18–20, 31). Budding yeast Fcj1
(mitoﬁlin) has been shown to interact with the TOM complex
(14, 21, 31). In addition, the chaperone DnaJC11 interacts with
mitoﬁlin (18) and has been proposed to be part of the human
MINOS complex (15).
To address the question of whether these MINOS-interacting
components have a similar mitochondrial distribution as the core
MINOS complex proteins, we immunolabeled human primary ﬁbroblast cells with antisera against Sam50, DnaJC11, or Tom20,
a peripheral receptor of the TOM complex (Fig. 4A). In accordance with previous reports (29), Tom20 was distributed in dense
clusters all over the mitochondrial surface. The Sam50 clusters
appeared to be less abundant than Tom20 clusters but were also
evenly distributed over the mitochondria, whereas the distribution
of DnaJC11 was rather patchy along the mitochondrial tubules.
Notably, we did not ﬁnd an ordered arrangement of these proteins
at the rim of the mitochondria as was seen for mitoﬁlin, MINOS1,
and CHCHD3. In comparison, cells labeled with an antiserum
against DNA showed the typical spaced distribution of the
nucleoids along the length of the mitochondrial tubules (32).
We next addressed the question of whether the observed
regular distribution of the core MINOS complex is speciﬁc to the
primary skin ﬁbroblast cells used or can be generally observed in
cultured cells. To answer this question, we labeled HeLa cells
(an immortal cell line derived from cervical cancer cells), neonatal human ﬁbroblasts (Neo; derived from foreskin cells), Vero
cells (a kidney epithelial cell line extracted from an African
green monkey), and U2OS cells (a human osteosarcoma cell
line) with antisera against mitoﬁlin (Fig. 4B). We also observed
a consistent discontinuous rail-like distribution of the mitoﬁlin
clusters in the peripheral mitochondria of HeLa, Neo, and Vero
cells, whereas we found this peculiar distribution in only a subset
of mitochondria in U2OS cells. Thus, such rail-like distributions
of MINOS appear to be a frequent phenomenon in cultured
adherent cells, although its distinctness may vary.
We conclude that the core MINOS subunits (mitoﬁlin and
MINOS1) and CHCHD3 form clusters that exhibit a regular
Jans et al.

Fig. 4. STED microscopy of MINOS. (A) Distribution of MINOS components in mitochondria of primary adult human ﬁbroblasts. The cells were labeled with
antibodies against the indicated proteins. (B) Localization of mitoﬁlin in different mammalian cell lines [HeLa cells, neonatal human ﬁbroblasts (Neo), Vero
cells, and U2OS cells]. In each case, representative STED images of mitochondria located in the cell periphery are shown. (Scale bars: 1 μm.)

Mitoﬁlin Is Enriched at Cristae Junctions. To gain further insight into
the peculiar distribution of the core MINOS complex, we performed immunogold labeling of chemically ﬁxed cryosectioned
HeLa cells (Fig. 5). The sections were decorated with a primary
antibody against mitoﬁlin, followed by a secondary gold conjugate. To this end, the amount of antibodies used was kept at a very
low level, to minimize unspeciﬁc labeling. Typically, a mitochondrion was decorated with one or two gold particles (Fig. 5A). For
quantitative analysis, we determined the localization of each mitochondrial gold particle (n = 103) with respect to the inner
boundary membrane and the closest cristae membrane and
plotted its respective localization in a model (Fig. 5B). In the
human ﬁbroblast cells analyzed, the cristae membranes were
generally connected to the inner boundary membrane by two or
more cristae junctions; cristae tips were seen only rarely, and thus
were omitted from the model. We found that the majority of all
mitochondrial gold particles were enriched in the vicinity of
cristae junctions to a similar extent as reported previously for its
homolog Fcj1 and other components of the MINOS complex in
yeast (17, 24). We conclude that in human cells, the core MINOS
complex is localized predominantly at cristae junctions.
Cristae Junctions Are Frequently Aligned in Parallel to the Growth
Substrate Surface. We next performed electron tomography to

determine the arrangement of the cristae junctions in the mitochondria of the cultured primary human ﬁbroblasts (Fig. 6). The
cells were chemically ﬁxed and embedded in epoxy resin; then 250nm-thick sections were cut in parallel to the growth surface, because almost all mitochondria were coaligned to the surface in
Jans et al.

these cells. Dual-axis tomograms revealed that in most mitochondria the cristae were lamellar with a regular spacing. Most
cristae featured two or more cristae junctions and were devoid of
tips. Intriguingly, most of the cristae junctions were arranged in
parallel to the growth surface. To verify this ﬁnding and to ensure
that it was not related to the lower axial resolution, which potentially might conceal cristae junctions at the bottom and the top of
the tomograms, we cut the ﬁxed cells perpendicular to the growth
surface. We observed a preferential arrangement of the cristae
junctions in the horizontal plane in these perpendicular sections
as well.

Fig. 5. Submitochondrial localization of mitoﬁlin using quantitative
immunoelectron microscopy. (A) Immunogold labeling of mitoﬁlin in HeLa
cells. A representative mitochondrion is shown. The arrow points to the
position of a gold particle. (B) Localizations of the gold particles (red) as
determined by immunogold labeling of mitoﬁlin plotted on a scheme representing a part of a mitochondrion. The histogram shows the fraction of
gold particles within the indicated distance to the crista junction. The histogram and the graphical representation are based on the same measured
gold particle localizations. OM, outer membrane; IM, inner membrane. (Scale
bar: 100 nm.)
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discontinuous rail-like distribution in the mammalian cell lines
tested. The mitochondrial distributions of Sam50, DnaJC11, and
Tom20 as revealed by STED super-resolution microscopy are in
disagreement with the assumption of a complete colocalization of
any of these proteins with the core MINOS complex. We propose
that only a subset of the Sam50, DnaJC11, and Tom20 pools are
engaged in a physical interaction with the core MINOS complex at
any one time.

Fig. 6. Cristae junction orientation and cristae morphology analyzed by
dual-axis electron tomography. Primary adult human ﬁbroblasts were grown
on Aclar discs. (A and B) Single slices of the tomogram (grayscale) overlaid
with reconstructions of segmented cristae membranes (green). Cristae junctions are denoted by orange spheres. Shown are a top view of a mitochondrion (A) (growth surface in plane with the tomogram) and a side view of the
same mitochondrion (B). Note the lamellar cristae and the preferential orientation of the cristae junctions at the sides of the organelle, so that they are
in parallel with the growth surface. (C) Magniﬁcation of a single slice of the
tomogram (top view). The arrows point to the same cristae junctions as
marked by the arrows in A. (Scale bar: 100 nm in A and C; 50 nm in B).

Taken together, our ﬁndings show that human mitoﬁlin, a core
component of MINOS, is enriched at cristae junctions. Electron
tomography demonstrated that mitochondria of human ﬁbroblasts often exhibit lamellar cristae that are attached to the inner
boundary membrane by cristae junctions, which generally run in
parallel to the growth surface, explaining the discontinuous raillike distribution of the mitoﬁlin clusters at the sides of the mitochondria. We conclude that MINOS is localized predominantly at
cristae junctions, which in peripheral mitochondria of cultured
mammalian cells are frequently evenly spaced and arranged in
parallel to the growth surface.
Discussion
Using STED super-resolution microscopy, we have demonstrated
that three components of the human MINOS complex (mitoﬁlin,
MINOS1, and CHCHD3) form clusters that in peripheral mitochondria of several mammalian adherent cell lines exhibit a highly
organized periodic spatial distribution, which appears in superresolved immunoﬂuorescence images as a discontinuous rail-like
arrangement. Interestingly, we generally observed individual
MINOS clusters, but no extended superstructures, such as arches or
helices, around the mitochondrial tubules. Conventional wide-ﬁeld
imaging of yeast cells expressing functional GFP-fusion proteins of
MINOS subunits, including Fcj1-GFP and Aim13-GFP, the yeast
homologs of mitoﬁlin and CHCHD3, suggested that these proteins form ﬁlamentous structures around the inner membrane in
yeast. This observation, together with biochemical and genetic
data, led to the proposal that MINOS acts as a mitochondrial
8940 | www.pnas.org/cgi/doi/10.1073/pnas.1301820110

skeletal structure in S. cerevisiae (16). It will be an important future challenge to clarify whether the yeast and the human MINOS
complexes execute different functions, which may well be reﬂected by different submitochondrial distributions. To this end, it will
be necessary to analyze the localization of the yeast MINOS with
super-resolution microscopy. Likewise, it will be necessary to
identify additional components of the human MINOS complex. It
is possible that some other, as-yet unidentiﬁed components of the
human MINOS complex may bridge the punctuate core components of the human MINOS clusters to an extended structure.
A striking ﬁnding revealed by STED microscopy of the human
MINOS is the unexpected regular distribution of the MINOS
clusters. In human ﬁbroblast cells, the regular arrangement of the
MINOS clusters was most often seen in the peripheral mitochondria outstretched in parallel to the growth surface. Interestingly, a recent study using electron tomography to analyze
mitochondria in the calyx of Held adjacent to active zones demonstrated a polarized cristae structure and a greater density of
cristae junctions in that part of the mitochondrion facing the
presynaptic membrane (33). A high level of regularity in cristae
structure, cristae junction and MINOS distribution might specifically occur in cells with a pronounced polarity. Cristae junctions
are hypothesized to regulate the composition of the cristae
membrane and to inﬂuence the ATP-synthesizing capability of
mitochondria (4). Thus, the positioning of cristae junctions might
be a pathway for ﬁne-tuning mitochondrial function.
How the cell arranges the cristae junctions predominantly in
parallel to the growth surface in the cultured human ﬁbroblasts
remains unknown. Presumably, additional cellular components
are involved in conveying the positional information from the
plasma membrane to the mitochondria. In mammalian cells, the
mitochondrial tubules are often coaligned to the microtubule
cytoskeleton and the endoplasmic reticulum (ER) (34–37). The
large multisubunit MINOS has been suggested to act as a scaffold
and interacting platform that not only is crucial for inner membrane architecture, but also interacts with protein complexes of
the outer membrane. Stable isotope labeling with amino acids in
cell culture (SILAC) immunoprecipitation experiments with
antibodies against MINOS1 identiﬁed enrichment of three proteins (TUBG1, TUBGCP2, and FAM82B) associated with the
microtubule cytoskeleton (15), possibly suggesting an indirect
interaction of MINOS with microtubules. In budding yeast, the
ER–mitochondria encounter structure (ERMES) tethers the
mitochondria to the ER (38, 39). MINOS and ERMES are linked
through strong genetic interactions (16), and MINOS even has
been proposed to form a central part of an ER–mitochondria
organizing network that controls mitochondrial membrane architecture and biogenesis (11). Although direct experimental
evidence is lacking, this suggests the exciting possibility that
positional cellular information inﬂuencing the inner mitochondrial architecture is mediated through MINOS, possibly via the
ER or by cytoskeletal elements, thus adding another potential
function to this multifaceted complex.
Methods and Materials
Cell Culture. The following mammalian cell lines were used in this study:
primary adult human ﬁbroblasts (32), primary neonatal human ﬁbroblasts
(Invitrogen), immortal HeLa cells, immortal human osteosarcoma (U2OS)
cells (European Collection of Cell Cultures) and immortal kidney epithelial
cells (Vero) from the African green monkey Chlorocebus sp. The cells were
cultivated in DMEM with Glutamax and 4.5% (wt/vol) glucose (Invitrogen),
supplemented with 50 u/mL penicillin, 50 μg/mL streptomycin, 1 mM Napyruvate, and 10% (vol/vol) FCS (Invitrogen) at 37 °C and 7% (vol/vol) CO2.
Sample Preparation for Fluorescence Microscopy. For immunolabeling, the
samples were chemically ﬁxed in 4% (wt/vol) prewarmed formaldehyde and
prepared as described previously (40), using antibodies against mitoﬁlin
(Abcam), MINOS1/C1ORF151 (Abcam), CHCHD3 (Atlas Antibodies), Sam50 (Atlas Antibodies), DnaJC11 (Abnova), dsDNA (Progen), ATP synthase β-subunit
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Fluorescence Microscopy. Conventional diffraction-limited microscopy was
performed with a Leica DM6000 epiﬂuorescence microscope or a Leica TCS
SP5 confocal microscope. Single-color STED and corresponding confocal
microscopy were conducted using a custom-built STED microscope (29). Twocolor STED images were recorded with a custom-built STED microscope,
which combines two pairs of excitation and STED laser beams, all derived
from a single supercontinuum laser source, as described previously (41).
Using these microscopes, a resolution of ∼250 nm in the confocal images and
40–50 nm in the STED images was achieved. Imaging was performed essentially as described previously (29, 40). Except for contrast stretching,
smoothing, and interpolation, no further image processing was applied.

epoxid resin. Thin sections were counterstained with 1% uranyl acetate and
lead citrate. Tilt series from 250-nm-thick sections of Agar 100-embedded
cells were recorded with a Philips CM120 transmission electron microscope
at 20,000× magniﬁcation with a TVIPS 2k × 2k slow-scan CCD camera. Orthogonal series were obtained from −64.5° to 64.5° in 3° Saxton intervals.
The series were calculated using the IMOD software package (http://bio3d.
colorado.edu/). Volume segmentation was performed with semiautomatic
tracing of cristae boundaries using Imod software.
Immunoelectron Microscopy. Cells were scraped off and harvested at a conﬂuency of ∼90%. Ultrathin cryosections of the cells were prepared as described previously (6). The ultrathin sections (80 nm) were incubated with
a polyclonal antiserum against mitoﬁlin for 20 min, followed by incubation
with 10 nm protein A gold (a gift from G. Posthuma, Utrecht University,
Utrecht, The Netherlands) for 20 min. The cryosections were thoroughly
washed, contrasted with uranyl acetate/methyl cellulose for 10 min on ice,
embedded in the same solution, and ﬁnally examined with a Philips CM120
transmission electron microscope.

Electron Microscopy. For electron tomography, HeLa cells were grown on
Aclar discs (Plano) to a conﬂuency of ∼90% and ﬁxed in prewarmed growth
medium with 0.1% glutaraldehyde and 4% formaldehyde for 15 min. After
additional ﬁxation in 2.5% (wt/vol) glutaraldehyde in 0.1 M caccodylic buffer
(pH 7.4) for 12 h at 4 °C, the cells were stained for 3 h in 1% (wt/vol) osmium
tetroxide and for 30 min in uranyl acetate, then embedded in Agar 100
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