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The translocase of the mitochondrial outer membrane (TOM)
complex is the main import pore for nuclear-encoded proteins into
mitochondria, yet little is known about its spatial distribution
within the outer membrane. Super-resolution stimulated emission
depletion microscopy was used to determine quantitatively the
nanoscale distribution of Tom20, a subunit of the TOM complex, in
more than 1,000 cells. We demonstrate that Tom20 is located in
clusters whose nanoscale distribution is finely adjusted to the
cellular growth conditions aswell as to the specific position of a cell
within a microcolony. The density of the clusters correlates to the
mitochondrial membrane potential. The distributions of clusters
of Tom20 and of Tom22 follow an inner-cellular gradient from the
perinuclear to the peripheral mitochondria. We conclude that the
nanoscale distribution of the TOM complex is finely adjusted to
the cellular conditions, resulting in distribution gradients both
within single cells and between adjacent cells.

image analysis | nanoscopy | mitochondrial protein import | protein
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Mitochondria are essential organelles in eukaryotes, occupy-
ing a central role in cellular energy metabolism. The activity

of mitochondria is adapted to changing cellular conditions: It has
been suggested that short-term variations in energy demand may
be compensated without modification of the mitochondrial en-
zyme content, but modulation of the mitochondrial protein con-
tent has been observed during long-term adaptations (1).
In human cells, only 13 proteins are encoded by the mito-

chondrial genome; most mitochondrial proteins are synthesized
as precursor proteins in the cytosol and are imported into the
organelle. The central entry gate for almost all nuclear-encoded
mitochondrial proteins is the translocase of the outer mitochon-
drial membrane (TOM complex) (for a detailed review see refs.
2–4). After passing through this complex, the precursor proteins
follow different routes to their final destinations within the or-
ganelle. The TOM complex consists of the receptors Tom20,
Tom22, and Tom70, the channel-forming protein Tom40, and
several small, associated subunits. Tom20 is the initial recognition
site for preproteins with presequences (5, 6) and transfers the
preproteins to the central receptor, Tom22 (7, 8). From there, the
precursors are inserted into the Tom40 channel.
Although the components of the TOM complex and their

molecular functions have been described in great detail, little is
known about the distributions of the TOM complexes within the
outer membrane, and even less is known about the spatial dis-
tributions of the complexes with respect to changing mitochon-
drial activities. The optical resolution in far-field fluorescence
microscopy, arguably the most suitable approach for studying
quantitatively the distribution of protein complexes in mito-
chondria of intact cells, is limited to ∼200 nm by diffraction (9).
This resolution is not sufficient to resolve individual TOM com-
plexes in mitochondria (10, 11). To overcome this problem, we
used stimulated emission depletion (STED) super-resolution

microscopy (12, 13) in combination with automated algorithms
for analyzing large image datasets.
Using STED microscopy, we imaged more than 1,000 chemi-

cally fixed and immunolabeled cells. We found that the TOM
complexes aggregate into clusters and that the number and
density of the clusters are regulated tightly and correlate with the
activity of the mitochondria and their position in the cell.

Results
STED Microscopy Enables Visualization of Protein Distribution in
Mitochondrial Outer Membrane. Mitochondria form a highly dy-
namic network of long, frequently interconnected, branched
tubules in the cytoplasm of cultured mammalian cells (Fig. 1A).
When chemically fixed intact cells are labeled with an antiserum
specific for Tom20, the organelles appear to be stained homoge-
nously when imaged with conventional diffraction-limited fluo-
rescence microscopy (Fig. 1B). With a STEDmicroscope enabling
a focal plane resolution of 40–50 nm, we found that the protein is
concentrated in clusters (Fig. 1B) (11, 14). Labeling with an anti-
serum against Tom22, a component of the core complex of the
TOM complex, resulted in a very similar, punctuate labeling pat-
tern (Fig. S1). Similar experimental procedures previously have
shown that other mitochondrial proteins have different dis-
tributions (11, 14, 15).

STED Imaging of Tom20 Distribution in Three Mammalian Cell Lines.
Next, we evaluated which of the TOM complex subunits would be
the most appropriate for studying the localization of the complex.
Tom40, Tom22, and the small Tom proteins are believed to form
the core of the complex. Cryo-electron microscopy of TOM
complexes in yeast indicated that three Tom22 subunits are lo-
cated at the perimeter of the core complex; the Tom20 proteins
bind to the periphery of the core complex (16).
An amino acid sequence alignment of Tom20, Tom22, Tom40,

and Tom70 from several vertebrate species suggested that
Tom20 is the most conserved of these proteins (Tables S1 and
S2). We found that the amino acid sequence of Tom20 [type II
isoform (17)] was identical in HeLa and Vero cells and differed
from Tom20 in PtK2 cells by only four amino acids (Fig. 2A and
Fig. S2).This result is fully in line with a comprehensive Tom20
sequence analysis performed on numerous animal species (17).
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In Western blots, the polyclonal antiserum against human full-
length Tom20 recognized only a single band of the predicted size
in extracts of these three cell lines (Fig. 2B). Furthermore, the
same antiserum provided a very good signal-to-noise ratio when
cells of the three lines were immunolabeled (Fig. 2C), further
demonstrating its specificity. Both in Western blots of cell extracts
(Fig. 2B) and in immunolabeled cells (Fig. S3A), we found the
highest expression levels in HeLa cells and the lowest in PtK2 cells.
STED images of PtK2, Vero, and HeLa cells labeled for

Tom20 immediately revealed that in all three cell lines Tom20 was
concentrated in distinct clusters (Fig. 2D). Importantly, visual in-
spection of the STED images demonstrated substantial heteroge-
neity even among cells of the same cell line. This heterogeneity
precluded clear conclusions about differences in Tom20 cluster
distributions based on the visual inspection of a few images. Hence,
for meaningful analysis of data regarding the nanoscale Tom20
distribution, quantitative automated image analysis was required.
We decided to develop image-analysis algorithms tailored to this
problem on the basis of image data generated using these three cell
lines. We anticipated that these nanoscale datasets were a suitable
basis for the validation of such algorithms, because the three lines
differed in their mitochondrial membrane potential, respiration
rates, cytochrome c oxidase activity, and cellular growth rate
(HeLa > Vero > PtK2) (Fig. 2E and F and Fig. S3 B and C),
suggesting that the distribution of the Tom20 clusters also might
differ because of different functional requirements of the
mitochondria.
To have a large database enabling statistically significant data,

we took 100–200 images from each cell line, each image showing
the mitochondrial network in the periphery of a different cell. We

choose the periphery of the cells for our analysis because the
mitochondria of all three lines exhibited a similar tubular ap-
pearance in this region, simplifying an automated analysis. We
devised three different image-analysis algorithms to facilitate an
unbiased analysis of the obtained large data sets.

Size of the Tom20 Clusters Is Similar in Three Mammalian Cell Lines.
First, we analyzed the diameter of the Tom20 clusters. To this end,

Fig. 1. STED microscopy enables the analysis of submitochondrial protein
distributions. (A) Mitochondria form a branched network within eukaryotic
cells. The mitochondria (green) and the microtubule cytoskeleton (red) of
PtK2 cells were labeled with antibodies specific for Tom20 and α-tubulin. The
nuclei were labeled with DAPI (blue). (Scale bar: 20 μm.) (B) Mitochondria of
PtK2 cells labeled with an antiserum against Tom20. STED microscopy (Right)
reveals individual Tom20 clusters, which are blurred and not resolvable
when using diffraction-limited confocal microscopy (Left). (Scale bar: 2 μm.)

Fig. 2. Analysis of Tom20 in three different cell lines. (A) Amino acid se-
quence alignment of Tom20 from the three cell lines. Differences are
highlighted in green. (B) Western blots of whole-cell extracts of the three
cell lines decorated with the antiserum against Tom20. An antiserum against
β-actin was used as a loading control. (C) Overview on the shapes of the
mitochondrial networks in PtK2, Vero, and HeLa cells labeled with the
Tom20 antiserum. Shown are maximal intensity projections of confocal
sections. (D) STED images of mitochondrial tubules of the respective cells
labeled with the Tom20 antiserum. Shown are representative images. Note
that there was substantial heterogeneity within a single cell line. (E) Staining
of the cell lines with the mitochondrial membrane potential-sensitive dye
DiOC6. High fluorescence intensity indicates a high membrane potential. The
same imaging conditions and color tables were used. (Scale bars: 20 μm in C
and E; 2 μm in D.) (F) Oxygen consumption of the three lines, as measured
with a Clark-type oxygen electrode.
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quadratic regions with edge lengths of 260 nmwere cropped out of
the mitochondria automatically (for details on all analysis, see SI
Materials and Methods). Then, the size of the Tom20 clusters was
determined using a 2D autocorrelation algorithm, an approach
that allows the identification of repeating patterns that otherwise
are obscured by noise. The analysis in all ∼45,000 quadratic
regions indicated slight but statistically significant differences in
the median size of the clusters. The antibody-decorated clusters
had a median diameter of ∼75 nm in HeLa cells, ∼68 nm in Vero
cells, and∼64 nm in PtK2 cells (Fig. 3A). Because the primary and
secondary antibodies enlarge the labeled structure by ∼17.5 nm in
each direction (18, 19), we assume that the actual diameter of the
Tom20 clusters is ∼30–40 nm. The size distribution of the clusters
was broad (Fig. 3A) and overlapped to a large extent in the three
cell lines, rendering it unlikely that the small differences in the
mean diameter of the clusters, although statistically significant,
are of major biological relevance. Nonetheless, the data demon-
strate that the Tom20 clusters are substantially larger than a single
TOM complex, which has a diameter of about 14.5 nm (16).

Distribution of Tom20 Clusters Is Cell Line-Specific. Next, we ana-
lyzed the average density of the clusters in the outer membrane.
To avoid unwanted edge effects from the part of outer membrane
oriented along the optical axis, only the fluorescence signal from
the center of the mitochondria (width: 150 nm) was analyzed. We
devised an algorithm, analogous to algorithms used in single-
particle analyses, that identifies individual clusters and their dis-
tributions. Importantly, because the STED microscope provided
a diffraction-limited resolution along the optical axis which
encompassed the diameter of a single organelle, the obtained

images may be regarded as projections of the Tom20 cluster
distributions on both sites of the organelle. Therefore, the cal-
culated numbers for cluster density are larger than the numbers
for the actual organelle, but the numbers obtained are a robust
measure for comparing different cells.
We found statistically significant differences among the three cell

lines with respect to the distribution of the clusters. The median
densities were ∼112, ∼102, and ∼90 Tom20 clusters per square
micrometer in HeLa, Vero, and PtK2 cells, respectively (Fig. 3B).
As a different approach to analyze variations in the distribution

of the Tom20 clusters, we next analyzed the normalized local
variance of the fluorescence signal within the labeled mitochon-
dria. Such normalized variance values reflect several physical
parameters, including the distribution and size of the protein
clusters, the cluster-to-mitochondrial background ratio, and oth-
ers. This range of factors makes translating variance values into
a single physical parameter rather difficult but makes them
a sensitive measure for determining differences among protein
distributions. Generally, dense clustering results in lower variance
values, whereas sparse clustering results in higher values. We
found normalized variance values of 37 × 10−3, 56 × 10−3, and
109 × 10−3 for HeLa, Vero, and PtK2 cells, respectively (Fig. 3C),
fully corroborating the view that, on average, the cluster density is
highest in HeLa cells and lowest in PtK2 cells.
Taken together, we found differences in the average size and

the average density of the Tom20 clusters between the three cells
lines, although there was substantial heterogeneity even between
cells of the same line. Although the size distributions of the
clusters were broad, and thus the differences in the mean sizes
may be of only minor biological relevance, the differences in the
nanoscale distribution of the clusters among the three lines were
prominent. The Tom20 cluster densities were highest in the cell
lines with the highest mitochondrial activity (HeLa cells) and were
lowest in the cell lines with the lowest mitochondrial activity
(PtK2 cells), as determined by several physiological readouts (Fig.
2 E and F and Fig. S3). The variance values proved to be a very
sensitive measure for the Tom20 distribution, and therefore we
decided to use them in following as readout.

Cell Density Influences Distribution of Tom20 Clusters. Thus far, we
have analyzed the distribution of the Tom20 clusters in cells of
different species origin. Although the Tom20 protein in the three
cell lines is highly similar or even identical, we cannot fully exclude
the possibility that the antibody recognized the proteins to dif-
ferent degrees. Hence to test further the hypothesis of an adap-
tation of the nanoscale Tom20 cluster distribution to the
mitochondrial activity, we used a single cell line, PtK2, but grew the
cells to different densities, namely, to >90% or to <10% conflu-
ence. Staining with the membrane potential sensitive dye DiOC6
(20) showed that the average DiOC6 signal was three to four times
higher in the sparsely seeded cells, indicating an increased mem-
brane potential in themitochondria of these cells (Fig. 4A and Fig.
S4). After decoration with the Tom20 antiserum, more than 100
cells grown under both conditions were imaged by STED mi-
croscopy and the whole dataset was automatically analyzed with
respect to the variance of the fluorescence signal (Fig. 4 B and C).
We found that the normalized variance of the fluorescence signal
was lower in the sparsely seeded cells (60 × 10−3) than in the dense
cells (77 × 10−3) (Fig. 4C), strongly indicating that the density of
the Tom20 clusters is higher in the mitochondria of the more ac-
tive, sparsely grown cells than in the less active, confluent cells.
This adaptation was relatively rapid, because it already was man-
ifested 1 d after the cells were seeded to a low or high density.

Distribution of Tom20 Clusters Depends on Individual Cell Location
Within a Microcolony. An even more subtle difference in the im-
mediate cellular environments was generated by allowing the cells
to grow into small spherical microcolonies on the coverslip. In
general, the microcolonies had a diameter of ∼200 μm and con-
tained ∼25 cells. Staining a microcolony with DiOC6 revealed that
the mitochondrial membrane potential of the cells at its rim gen-

Fig. 3. Quantification of the distributions of the Tom20 clusters in HeLa,
Vero, and PtK2 cells. For the analysis, cells were grown to ∼50% confluence,
chemically fixed, and labeled with an antiserum against Tom20. More than
120 cells of each line, imaged with STED microscopy, were analyzed. (A)
Analysis of the diameter of the protein clusters by an autocorrelation al-
gorithm. Note: The diameters determined for the Tom20 clusters are en-
larged by the antibodies used for labeling. (B) Analysis of the density of
Tom20 clusters in the mitochondria. (C) Analysis of the normalized variance
of the local fluorescence signal intensity on the mitochondria, the most
sensitive measure for determining differences in the distributions of the
labeled protein. In the boxplots, the central lines represent the median, and
the edges of the boxes represent the first and the third quartiles, re-
spectively. Notches indicate P = 0.05 for the medians. ***P = 0.001 for the
means (paired t test analysis).
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erally was higher than that of the cells in the interior (Fig. 5 A and
B). We next analyzed whether this gradient in mitochondrial ac-
tivity within a microcolony correlates to differences in the distri-
bution of the Tom20 clusters. To this end, we plotted the mean
variance values of the fluorescence signals radiating from the
center of the microcolony to its rim (Fig. 5 C and D). We found
a gradient in the normalized variance of the fluorescence signal in
all the colonies analyzed (n = 5). That is, the variance of the
Tom20 fluorescence signal was lower in the mitochondria of cells
at the rim than in cells in the interior of the microcolony. This
finding strongly indicates that, in the region where the mitochon-
drial activity is the highest (the rim of the colony), the Tom20
cluster density is highest as well. Hence, the distribution and the
number of Tom20 clusters vary even between adjacent cells when
they face a different environment.

Distribution of Tom20 Clusters Depends on Subcellular Location of
Individual Mitochondria. Previous work indicated some heteroge-
neity in the respiratory activities of the mitochondria of an in-
dividual cell (21–24). Indeed, the DiOC6 staining of living cells, as
shown in Figs. 2E, 4A, and 5A, generally indicated that the
membrane potential of perinuclear mitochondria was higher than
that of mitochondria at the periphery of the cell. Mitochondria
generally are closer to each other around the nucleus than in the
periphery of the cell. Hence we were concerned that the apparent
gradient in the brightness of the DiOC6 signals was caused by the
density of the mitochondria and not by the membrane potential.
Therefore, we targeted the red fluorescent protein DsRed to the
mitochondrial matrix to label the mitochondria. After using the
DsRed fluorescence intensity distribution to normalize the DiOC6
fluorescence intensity distribution, we found a gradient of theDiOC6
signal from the perinuclear mitochondria to the mitochondria at
the cell periphery (Fig. S5) in the majority of the cells analyzed
(>70%, n = 25), strongly indicating a gradient in membrane
potential from the mitochondria close to the nucleus to those at
the periphery.
We next asked whether the mitochondria of a single cell exhibit

distinct distributions of Tom20 clusters depending on the specific

location of mitochondria within the cell. To this end, we plotted
the mean variance values of the Tom20 fluorescence signal ra-
diating from the nucleus to the cell periphery (Fig. 6 A–C), es-
sentially as done previously for an entire microcolony. Initially,
this single-cell analysis was performed with all cells of the
microcolony shown in Fig. 5C. Within the microcolony analyzed,
we found an increase in the normalized variance values from the
mitochondria around the nucleus to the mitochondria at the
periphery in 23 of the 25 cells (Fig. 6A and Fig. S6). To validate
this finding further, we analyzed ∼300 additional cells. In 90% of
all cells analyzed we found a gradient in the distribution of the
normalized variance of the Tom20 fluorescence signal, with the
smallest variance values close to the nucleus. This result dem-
onstrates that the density of the Tom20 clusters is higher in the
presumably more active mitochondria close to the nucleus than
in mitochondria at the periphery of the cell.
Moreover, the slopes of the linear fits of the mean variance

values radiating from the cell nucleus to the periphery of the
cells were lower, on average, in the center of the microcolony
than at the rim. This finding implies that even the inner-cellular
gradients of the Tom20 cluster distribution are finely tuned to
the specific cellular environment.
We next investigated whether the Tom22 cluster distribution

also shows such a gradient from the periplasmatic region to the
periphery of the cell. We labeled Vero cells with an antiserum
against Tom22 and analyzed the distribution of the variance of
the fluorescence signal as before (Fig. 6 D–F). In the majority of
all cells analyzed (∼95%, n = 127), we found a gradient in the

Fig. 4. Growth conditions influence the distribution of the Tom20 clusters.
PtK2 cells were seeded to low density (<10% confluence) or high density
(>90% confluence) on coverslips. (A) Cells were stained with the membrane
potential-sensitive dye DiOC6. (Left) Low confluence. (Right) High conflu-
ence. High fluorescence intensity indicates a high membrane potential.(Scale
bar: 50 μm.) (B) STED imaging of cells labeled with a Tom20-specific antise-
rum. Shown are representative images of mitochondria of cells grown to low
or high confluence, respectively. (Scale bar: 2 μm.) (C) Boxplots summarizing
the quantitative analysis of 200 cells imaged by STED microscopy. Signifi-
cance levels are as in Fig. 3.

Fig. 5. Densities of Tom20 clusters and the membrane potentials form radial
gradients in microcolonies. PtK2 cells were seeded sparsely on a coverslip and
allowed to grow into microcolonies of about 25 cells. (A) Cells were stained
with the membrane potential-sensitive dye DiOC6. Shown is a single micro-
colony. The cross indicates the center, and the dotted line indicates the rim of
the microcolony as used for the subsequent analysis. (Scale bar: 50 μm.) (B)
Plot of the average DiOC6 fluorescence intensities from the center to the rim
of the microcolony shown in A. Blue circles represent 100 bins that pool the
∼4 × 104 individual fluorescence intensity values. The black line indicates the
linear fit to the individual fluorescence intensity values. (C) STED image of
a microcolony labeled with an antiserum against Tom20. (Scale bar: 50 μm.)
(D) Plot of the normalized variance of the fluorescence signal from the center
to the rim of the microcolony shown in C. Blue circles represent 100 bins
that pool the ∼5 × 106 individual variance values. The black line indicates the
linear fit to the individual variance values. The lower variance values at the
rim of the colony indicate a higher density of Tom20 clusters.

Wurm et al. PNAS | August 16, 2011 | vol. 108 | no. 33 | 13549

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107553108/-/DCSupplemental/pnas.201107553SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107553108/-/DCSupplemental/pnas.201107553SI.pdf?targetid=nameddest=SF6


variance of the fluorescence signal, exhibiting slopes similar to
those observed for Tom20 and further supporting the view that
the distribution of Tom20 reflects the distribution of the TOM
complex. We conclude that the nanoscale distribution of the
TOM complexes is finely tuned to the activity of individual mi-
tochondria within a single cell.

Discussion
Using immunolabeling of chemically fixed intact cells in combi-
nation with super-resolution STED microscopy and automated
image analysis of >1,000 cells, we report a clustering of a large
fraction of the Tom20 proteins in the mitochondrial outer mem-
brane, although our data do not exclude the existence of a sizeable
pool of Tom20 proteins that is not associated in a cluster. In the
majority of cells, we observed a gradient in the density of these
Tom20 clusters from the perinuclear regions to the periphery of
the cells. Labeling with an antiserum against Tom22, a component
of the TOM core complex, resulted in similar subcellular gra-
dients, strongly supporting the view that the observed Tom20
clusters reflect the distribution of the TOM complexes.
Our findings suggest that the average diameter of the TOM

clusters, without the decorating Tom20 antibodies, is between
∼30 nm and ∼40 nm. Single-particle cryo-electron microscopy
data previously showed that the budding yeast TOM complex
(including Tom20) is triangular, measuring 14.5 nm on edge (16).
Our data indicate that if TOM complexes are packaged tightly in
a cluster, a single cluster contains 8–14 TOM complexes on av-
erage. Because the TOM complexes might be associated with
further proteins in these clusters or might not be tightly packaged,
we propose that 8–14 TOM complexes per cluster may be regar-
ded as an upper limit.
Many mRNAs that encode mitochondrial proteins are local-

ized to mitochondrion-bound polysomes (25). It has been sug-
gested that in budding yeast the RNA-binding protein Puf3
stabilizes the localization of the transcripts at themitochondria, so
that the mitochondrial-targeting sequences emerging from the
ribosomes bind efficiently to Tom20 and are imported cotrans-
lationally via the TOM complex (26). Given the model for mRNA
anchoring in proximity to the TOM complex and the prospect of
polysomes translatingmultiple mitochondrial preproteins that are
close together spatially, such coupling might explain the clustering
of the TOM complexes.
Upon import of preproteins, the TOM complex forms a com-

plex with the presequence translocase of the inner membrane

(TIM complex) (27). Preproteins in transit can span both mito-
chondrial membranes at translocation contact sites where both
membranes are in close proximity (28–31). Interestingly, several
studies using electron microscopy determined the lateral size of
contact sites as 13–30 nm (29, 32, 33). These values are smaller
than our estimate of the average size of a Tom20 cluster (∼30–40
nm without decorating antibodies). Furthermore, biochemical
studies demonstrated that TOM complexes are four times more
frequent than TIM23 complexes in budding yeast mitochondria
(34). Hence one could speculate that only a fraction of the TOM
complexes in a cluster are engaged in interactions with TIM23
complexes forming the actual contact site and that the remaining
TOM complexes are at the rim of the contact site and do not
interact with a TIM23 complex. This hypothesis clearly requires
further experimental verification.
In this study we have shown that the density of the TOM clusters

is higher in mitochondria with a higher membrane potential than
in those with a lower membrane potential. This correlation was
demonstrated in cells of different species origin having distinct
physiological activities (i.e., different respiratory rates, doubling
times, and cytochrome c oxidase activities) as well as in cells grown
to different densities. In microcolonies of a few cells, a positive
gradient in mitochondrial activities from the center to the rim of
the microcolony matches a gradient in the density of the TOM
clusters. We even found a gradient in the density of TOM clusters
within single cells that was matched by a gradient in the mem-
brane potential.
The molecular mechanisms that regulate the distribution of the

TOM complexes on the nanoscale are unknown. Likewise, al-
though the components of the translocation machineries and their
molecular functions have been described in great detail, relatively
little is known about the mechanisms that regulate protein import
intomitochondria. For some proteins of the intermembrane space,
mitochondria use redox signals for the regulation of translocation
(35, 36), and a metabolite-dependent regulation of protein import
has been shown for fumarase (37). Recently, it has been demon-
strated that the cytosolic kinases casein kinase 2 (CK2) and protein
kinase A (PKA) exert stimulatory and inhibitory effects on the
biogenesis and the function of the TOM complex and thus con-
tribute to the regulation of protein import into mitochondria (38),
demonstrating that regulation of import can take place at the level
of the TOM complex. Hence one may speculate that the distri-
bution of the TOM complexes also is involved in the regulation of
mitochondrial import and that the dynamic adjustment of the

Fig. 6. Density of TOM clusters is higher in the
perinuclear mitochondria than in mitochondria at
the cellular periphery. (A) Graphical representation
of all cells of the microcolony shown in Fig. 5C.
Green indicates cells in which the normalized vari-
ance of the fluorescence signal is lower in the per-
inuclear mitochondria (corresponding to a higher
density of the TOM clusters) than in the cellular
periphery. (For detailed data, see Fig. S6). Gray
indicates cells in which the linear fits to the variance
values have negative slopes. (Scale bar: 50 μm.) (B)
Representative cell used for the analysis shown in C.
Its location in the microcolony is indicated by an
asterisk in A. The cross indicates the center, and the
white line indicates the border of the cell as used
for the subsequent analysis. (Scale bar: 20 μm.) (C)
The normalized local variance values of the fluo-
rescence signals radiating from the center of the cell
to its border. Blue circles indicate 100 bins that pool
the ∼3 × 105 individual variance values. The black
line indicates the linear fit based on the individual
variance values. The positive slope of the curve
indicates that the density of the TOM clusters is
higher in mitochondria around the nucleus. (D)
STED image of a mitochondrion of a Vero cell labeled with an antiserum against Tom22. (Scale bar: 2 μm.) (E) Representative Vero cell labeled with a Tom22
antiserum. (Scale bar: 20 μm.) (F) Analysis of the distribution of Tom22 in the cell shown in E. The analysis was performed as in C.
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nanoscale distribution of the TOM complexes is an adaptation
mechanism to the different import needs of mitochondria. The
data shown here may spur the search for the signaling mechanisms
that determine the distribution of the TOM complexes on
the nanoscale.

Materials and Methods
Cell Culture. Cell lineswerecultivatedinDMEMwithGlutamaxand4.5%(wt/vol)
glucose (Invitrogen), supplemented with 50 u/mL penicillin, 50 μg/mL strepto-
mycin, 1 mMNa-pyruvate, and 10% (vol/vol) FCS (Invitrogen) at 37 °C, 7% CO2.
For transfection with the plasmid pDsRed2-Mito (Clontech), cells were seeded
onto coverslips 12hbefore theexperiment. Transfectionswere carriedoutusing
the Nanofectin Kit (PAA) according to the manufacturer’s recommendations.

Sample Preparation. For immunolabeling, cultured mammalian cells were
grownoncoverslipsovernight,fixedwith8%(wt/vol) formaldehyde inPBS (137
mMNaCl, 3 mMKCl, 8 mMNa2HPO4, 1.5 mMKH2PO4, pH 7) for 5 min at 37 °C,
extractedwith 0.5% (vol/vol) TritonX-100 in PBS, blockedwith 5% (wt/vol) BSA
in PBS, and incubated with polyclonal rabbit antibodies against Tom20 (Santa
Cruz Biotechnology) or with mouse monoclonal antibodies against Tom22
(Sigma-Aldrich) or mouse monoclonal antibodies against α-tubulin (Sigma-
Aldrich). The primary antibodies were detected with secondary antibodies
(sheep anti-mouse and goat anti-rabbit; Jackson ImmunoResearch Laborato-
ries) custom-labeled with ATTO532, ATTO647N (AttoTec), or KK114 [com-
pound 6 (39)]. After immunolabeling, the samples were mounted in Mowiol

supplemented with 0.1% (wt/vol) 1,4-diazabicyclo[2.2.2]octane (Sigma
Aldrich) and 2.5 μg/mL DAPI (Sigma-Aldrich). For further details, see ref. 40.

Fluorescence Microscopy. For the generation of overview images, for the
quantification of the cytochrome c oxidase activity, and for the imaging of
DiOC6-labeled cells, an epifluorescence microscope (DM6000; Leica Micro-
systems) or a confocal microscope (TCS SP5; Leica) was used. For STED and the
corresponding confocal microscopy, a custom-built STED microscope (41)
was used.

Image Analysis. For the automated analysis of the STED images, several
algorithms were devised: (i) an autocorrelation algorithm that allows the
estimation of the size of protein aggregates within the mitochondria; (ii) an
algorithm that identifies individual aggregates within mitochondria and
calculates their densities and distances; and (iii) an algorithm that evaluates
the normalized variance of the local fluorescence signal. All algorithms were
programmed using MATLAB (Mathworks). For further details on the quan-
titative image analyses, see SI Materials and Methods.
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