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The divalent metal transporter
(DMT1) is well known for its roles

in duodenal iron absorption across the
apical enterocyte membrane, in iron
efflux from the endosome during trans-
ferrin-dependent cellular iron acquisi-
tion, as well as in uptake of non-
transferrin bound iron in many cells.
Recently, using multiple approaches, we
have obtained evidence that the mito-
chondrial outer membrane is another
subcellular locale of DMT1 expression.
While iron is of vital importance for
mitochondrial energy metabolism, its
delivery is likely to be tightly controlled
due to iron’s damaging redox properties.
Here we provide additional support for a
role of DMT1 in mitochondrial iron
acquisition by immunofluorescence
colocalization with mitochondrial
markers in cells and isolated mitochon-
dria, as well as flow cytometric quantifi-
cation of DMT1-positive mitochondria
from an inducible expression system.
Physiological consequences of mitochon-
drial DMT1 expression are discussed also
in consideration of other DMT1 sub-
strates, such as manganese, relevant to
mitochondrial antioxidant defense.

Introduction

Iron is an essential metal that is
required for erythropoiesis and a key com-
ponent of mitochondrial enzymes in all
cells and is therefore indispensable for cel-
lular survival. The vital importance of
iron for life is due to its redox properties:
In biological systems iron exists as the fer-
rous (2C) and ferric (3C) forms. Yet the
same properties are responsible for iron

being a Fenton reagent that is involved in
the creation of toxic free radicals making
handling of iron metabolism a key issue
for cells. The majority of cellular iron
enters mitochondria for heme and iron-
sulfur cluster synthesis.1-3 Because of the
importance of iron in oxidative metabo-
lism, it would be expected that import of
iron–as well as of the redox active essential
metals manganese and copper–into mito-
chondria should be carefully controlled by
specific influx transporters. Indeed, iron
flux through the inner mitochondrial
membrane is regulated through differen-
tial turnover of mitoferrins.4 In contrast,
until recently it has been assumed (despite
the absence of any experimental evidence)
that transport of essential metal ions,
including iron, across the outer mitochon-
drial membrane should occur via free per-
meation of these metal ions through
voltage-dependent anion-selective chan-
nels (VDACs),5 with the na€ıve notion that
VDACs are large nonselective diffusion
pores through which small hydrophilic
solutes can freely diffuse (however see
Colombini).6

The divalent metal transporter 1
(DMT1) is well established as a participant
in iron influx into the duodenum, as the
major contributor to iron efflux from the
endosome during the transferrin (Tf) cycle
and in handling some Tf-independent
entry of iron and other metals (including
copper and manganese) into many cell
types.1,2,7,8 Recently, we have reported9

multiple lines of evidence for the presence
of DMT1 in the outer mitochondrial
membrane (OMM) in several cell lines and
tissues from multiple origins. Experimental
support came from yeast-2-hybrid, co-
immunoprecipitation and immunoblotting
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data plus immunofluorescence microscopy
of mitochondria isolated by several proce-
dures and electron microscopy of kidney
tissue. Our data suggested that any of the 4
major DMT1 isoforms’ N- and C-termini
localize in the OMM.

We now present additional support of
DMT1’s OMM presence from immuno-
fluorescence analysis of DMT1 localizing
with mitochondrial markers, flow cytom-
etry and immunostaining of isolated
mitochondria. DMT1 must be oriented
on the OMM similarly to on the plasma
membrane to serve as gateway for mito-
chondrial metal import. Preliminary evi-
dence supports this orientation and this
role. Hence, the data strongly suggest
that DMT1 also plays a role in mito-
chondrial import of iron and other transi-
tion metals, such as manganese and
copper, for storage and mitochondrial
utilization.

Results

Overexpressed as well as endogenous
DMT1 in CHO cells partially colocalizes
with mitochondrial markers

Using a number of different
approaches, we previously obtained evi-
dence that the divalent metal transporter
DMT1 is in part localized to mitochon-
dria.9 When rat or mouse DMT1 was
overexpressed in HEK293 cells under the
control of a Tet-on promoter, doxycycline
induction resulted in an increase of
DMT1 not only in whole cell homoge-
nates, but also in the mitochondrial frac-
tion, as determined by immunoblotting.
Moreover, DMT1 immunostaining of
mitochondria isolated from these cells also
increased. We therefore assayed for coloc-
alization of DMT1, endogenous or over-
expressed, with mitochondrial markers in
cultured cells. In CHO cells, there was
partial, yet substantial, overlap with the
mitochondrial marker VDAC1, the volt-
age-dependent anion channel 1 (Fig. 1,
arrows). When FLAG-tagged human
DMT1–1A was overexpressed in CHO
cells, a punctate intracellular pattern was
observed (Fig. 2). While the distribution
was frequently distinct from that of the
outer mitochondrial membrane protein
Tom6 as one would expect for DMT1’s

endosomal/lysosomal localization, the
merged images indicated colocalization in
a number of spots, albeit even more was
observed for endogenous DMT1 with
mitochondria (Fig. 1). Partial co-staining
was further supported by the multiplied
binary images (Fig. 2, bottom left panel),
as well as the intensity line profile (Fig. 2,
bottom right panel); these manipulations
are among those recommended to detect
real, but partial colocalization.10 The
VDAC1 and Tom6 antibodies have been
validated for use in CHO cells (Fig. S1).
VDAC1 labeling overlapped completely
with that for the mitochondrial apoptosis-
inducing factor (AIF) (Fig. S1, upper pan-
els), and staining for Tom6 largely colo-
calized with AIF-positive structures
(Fig. S1, lower panels).

Detection of DMT1 in mitochondria
of stably transfected HEK293 cells by
flow cytometry

Because immunofluorescence data in
HEK293 or CHO cells with endogenous
or overexpressed DMT1 (Figs. 1 and 2;
see also ref.9) relied on detecting mito-
chondria where their size nears the limits
of fluorescence microscopy, we also tried
to assess the mitochondria by flow
cytometry, again extending the technical
limits of the detection method. Figure 3
displays results for uninduced HEK293
cells and HEK293 cells where DMT1
has been induced by 25 nM doxycycline
with panels A-E exhibiting results for rat
1A/CIRE DMT1 while panels G-K dis-
play similar results for mouse 1B/-IRE
DMT1 under the same set of conditions.
Note that the levels of fluorescence for
panel D and J are clearly left shifted
(lower) than for E and K, respectively,
reflecting increased DMT1 expression in
E and K. Nearly 2/3 of events in panel C
and I stain for translocase of the outer
mitochondrial membrane 20-kDa sub-
unit (Tom20) indicating that mitochon-
dria represent that fraction of particles
detected. The fractions of events in panel
E and K that have a DMT1-specific sig-
nal are slightly higher. It is attractive to
infer that the same population is being
detected by both signals. Even if that
should not be the case, the fraction is so
high in both cases that one must infer
that a substantial proportion of events

representing mitochondria also are posi-
tive for DMT1, confirming and extend-
ing the results for immunofluorescence
microscopy on isolated mitochondria.
Contamination with endosomes as repre-
sented by fluorescence detected with an
antibody to early endosomal antigen 1 is
minimal (not shown).

Immunolocalization of DMT1 in
mitochondria isolated from a rat renal
proximal tubule cell line

Mitochondrial DMT1 localization
had previously also been detected in rat
renal cortex cryosections by immuno-
gold electron microscopy.9 Consistent
with these findings, DMT1 immunoflu-
orescence was detected in mitochondria
isolated from a rat renal proximal
tubule cell line (WKPT-0293 Cl.2),11

with the identity of the mitochondria
confirmed by fluorescence overlap with
MitoTracker� as well as VDAC1 stain-
ing (Fig. 4).

Discussion

Mitochondria from HEK293 cells
overexpressing rat or mouse DMT1 under
the control of a Tet-on promoter were
previously found to be positive for DMT1
in a tetracycline-dependent manner, as
determined by immunoblotting.9 More-
over, in rat renal proximal tubules, known
to express DMT1 in late endosomes and
lysosomes,12 DMT1 was also detected in
mitochondria by cryo-immunogold elec-
tron microscopy.9 In order to consolidate
these findings, we have presented here
additional lines of evidence that DMT1 is
expressed in the outer membrane of
mitochondria.

Firstly, we assayed for mitochondrial
localization of both heterologously
expressed as well as endogenous DMT1 in
the CHO cell line by confocal laser scan-
ning fluorescence microscopy. The overex-
pressed human 1A/CIRE DMT1 isoform
partially colocalized with the endogenous
mitochondrial marker Tom6 (Fig. 2). Yet,
more pronounced colocalization with a
mitochondrial marker (VDAC1) was
detected for the endogenous DMT1 in
CHO cells (Fig. 1). Considering that
DMT1 is also expressed in other
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Figure 1. Localization of endogenous DMT1 partially overlaps with the mitochondrial marker VDAC1 in CHO cells. CHO cells plated at 4.5£ 104/cm2 were
grown for 2 d. They were then fixed, permeabilized, blocked, and subsequently stained with primary rabbit anti-rat-DMT1 (#1092–3; 2.5 mg/ml) (red) and
goat anti-VDAC1 (1:25) (green) antibodies, followed by secondary Cy3-anti-rabbit and Alexa488-anti-goat antibodies. The specimens were imaged by
confocal microscopy and the images analyzed as described in Materials and Methods. Arrows in the merged image point to areas of colocalization of
endogenous DMT1 with endogenous VDAC1. Scale bars: 10 mm.

Figure 2. Transfected hDMT1–1A/CIRE partially colocalizes with endogenous Tom6 in CHO cells. CHO cells were seeded at 4.5 £ 104 cells/cm2 on glass
coverslips and transiently transfected with hDMT1–1A/CIRE-FLAG 24h later. After 48 hrs of incubation post transfection, they were fixed, permeabilized,
blocked, and then stained with primary mouse anti-FLAG (20 mg/ml) (red) and goat anti-Tom6 (1:25) (green) antibodies, followed by secondary Cy3-anti-
mouse and Alexa488-anti-goat antibodies. Laser scanning confocal micrographs were acquired sequentially for the different fluorophores. To visualize
colocalization, images were merged (top right panel). An intensity profile line scan (bottom right panel) was obtained along the distance indicated by
the white crosses in the merged image (top right panel), and a multiplied binary image (bottom left panel) generated as detailed in Materials and
Methods. Arrows in the merged image show areas of colocalization of transfected hDMT1–1A/IRE(C) with endogenous Tom-6. Scale bars: 10 mm.
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subcellular locations/compartments, it is
not too surprising that only partial overlap
with mitochondrial markers was found in
untransfected cells expressing only endog-
enous DMT1, and even less in cells with
overexpressed DMT1, where a substantial
amount of the overexpressed protein is
likely not to have reached its final destina-
tion. Furthermore, the use of different
mitochondrial markers for colocalization
of endogenous (VDAC1 in Fig. 1) versus

overexpressed DMT1 (Tom6 in Fig. 2)
represents an additional variable in the
degree of colocalization that could con-
tribute to an underestimation of mito-
chondrial localization of DMT1. We
actually determined the percentage of cel-
lular DMT1 in mitochondria of kidney
cortex using subfractionation studies fol-
lowed by immunoblotting (see ref. 9).
Based on our calculations, we found that
»6% of total (kidney cortex homogenate)

DMT1 is recovered in mitochondria
whereas about 40% of total cellular
DMT1 was found in the lysosomal frac-
tion. Since it must also be assumed that
DMT1 is expressed in the plasma mem-
brane and other cellular organelles, e.g.
endosomes, mitochondrial DMT1 is
likely to amount to below 10% of total
cellular DMT1.

During flow cytometry of mitochon-
dria isolated from HEK293 cells

Figure 3. Detection of DMT1 in isolated mitochondria from HEK293 cells by flow cytometry. Gating on side and forward scatter excluded events smaller
than expected for mitochondria as well as those so large that they might represent aggregates of mitochondria or pieces of cell membrane with (A–E) D
1A/+IRE DMT1 and G-K D 1B/-IRE DMT1. Then fluorescence after excitation at 568 nm was determined for (A and G) unstained preparations; (B and H)
preparations stained only with secondary antibody; (C and I) preparations stained with anti-Tom20 then secondary antibody; (D and J) preparations
from uninduced cells stained with 4EC DMT1 antibody then secondary antibody; (E and K) preparations from doxycycline-induced cells stained with 4EC
DMT1 antibody then secondary antibody; (F and L) tabulations of the % of events in the P2 window for (A–E) and (G–K), respectively.
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permanently transfected with mouse 1B/-
IRE or rat 1A/CIRE DMT1 (Fig. 3)
about 2/3 of events that have light scatter-
ing properties predicted for mitochondria
are positive for Tom20 based on detection
with a polyclonal rabbit antibody. A simi-
lar but slightly higher fraction of events is
positive for DMT1. The antibody used to
detect DMT1 is also a rabbit polyclonal
antibody so that we could not directly
assess by double label technology if the
same subcellular particles have both
Tom20 and DMT1. Yet the fractions
with the 2 signals are so high that at least
1/3 of the events must represent the pres-
ence of both antigens.

Furthermore, percoll-purified mito-
chondria from the rat renal proximal
tubule cell line WKPT-0293 Cl.2, previ-
ously shown to exhibit a similar subcellu-
lar DMT1 distribution as in renal
proximal tubules,12 and identified by
VDAC1 and MitoTracker� staining, were
also immunoreactive for DMT1 (Fig. 4).

What might be the functional signifi-
cance of mitochondrial DMT1-mediated
transport, in particular since our data indi-
cated its localization in the OMM? As dis-
cussed previously,9 this membrane is

generally believed to be freely permeable
to small molecules, including metal ions,
although this assumption does not appear
to be compatible with the presence of a
proton gradient across the OMM.13

Thus, other permeation pathways are
likely to exist to allow for the delivery of
iron and other transition metals across the
OMM.14,15 For iron, 3 transporters/
channels, namely SLC22A4 (also known
as OCTN1), TMEM14C and
SLC25A39, a member of the mitochon-
drial carrier family (MCF), have been sug-
gested to be involved,16 based on
computational screening of the mouse
mitochondrial proteome database Mito-
Carta17 for proteins correlated with com-
ponents of the heme synthesis
machinery.18 Yet, neither SLC22A4 nor
TMEM14C have otherwise been associ-
ated with divalent metal transport, and
MCF proteins are considered to reside in
the inner mitochondrial membrane.19

DMT1 is well known as an Fe2C carrier
operating as a metal ion/proton cotrans-
porter.20 Yet, despite the acidic intermem-
brane space, we have previously suggested
that in mitochondria it might nevertheless
be involved in iron delivery across the

OMM,9 based on the observation that
DMT1 can also mediate Fe2C transport
uncoupled from proton flux.21,22 Indeed,
this mode has been suggested to account for
iron toxicity due to non-transferrin-bound,
DMT1-mediated cell-surface iron uptake
by liver23 and heart24 under iron overload
conditions.22 Iron may then transit through
the mitochondrial chelatable iron pool,25,26

and subsequently be stored in mitochon-
drial ferritin27 or used in heme28,29 or iron-
sulfur cluster biosynthesis.3

Another high-affinity substrate of
DMT1 is manganese.20,21,30,31 As uncou-
pling from proton flux also applies to
DMT1-mediated manganese transport,21

OMM DMT1 may also be involved in
manganese delivery to mitochondria.
Mitochondria require manganese for pro-
tection against oxidative stress by the
mitochondrial SOD2, the main antioxi-
dant enzyme in mitochondria32 and local-
ized exclusively in the mitochondrial
matrix,33 and possibly non-SOD manga-
nese antioxidants.34 Similar to iron, man-
ganese has been suggested to be delivered
to yeast mitochondria by a kiss-and-run
type mechanism of temporary contact (or
fusion) with vesicles containing Smf2p,35

Figure 4. Immunodetection of DMT1 in mitochondria isolated from a rat renal cortical cell line. Mitochondria were isolated from WKPT-0293 Cl.2 rat renal
proximal tubule cells as detailed in Materials and Methods. After loading with MitoTracker� Deep Red FM, they were left to attach to coverslips, fixed,
permeabilized and blocked. They were then incubated without (A) or with (B) primary goat-anti-VDAC1 and rabbit-anti-DMT1 antibodies, followed
by secondary Cy3-anti-rabbit and Alexa488-anti-goat antibodies. Confocal images were acquired and analyzed as described in Materials and Methods.
Scale bar: 5 mm.
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a yeast divalent metal transporter closely
related to DMT1.36 Interestingly, Smf2p
has been found in the yeast mitochondrial
proteome.37 As for iron, little is known
about manganese translocation across the
OMM, and DMT1 is a good candidate to
execute this function. Indeed, preliminary
experiments on mitochondria isolated
from doxycycline-induced HEK293 cells
stably transfected with mDMT1–1B/-IRE
or rDMT1–1A/CIRE support DMT1-
mediated mitochondrial manganese
uptake (data not shown). DMT1 defi-
ciency, as resulting from certain DMT1
mutants in animals and humans, may thus
also impair mitochondrial function due to
compromised mitochondrial antioxidant
defense. On the other hand, overexposure
to manganese has been shown to result in
a neurotoxic disorder with Parkinson-like
symptoms, known as manganism. Manga-
nese has been found directly to impair oxi-
dative metabolism and interfere with
mitochondrial Ca2C homeostasis (for a
review see ref.38). As DMT1 levels
increase in substantia nigra cells in PD,39

the potential DMT1-mediated transition
metal overload of mitochondria in PD
expected from mitochondrial DMT1
localization may thus affect mitochondrial
function by mechanisms in addition to
oxidative stress.

The ability of DMT1 to translocate
copper is still controversial and may
depend on the species and/or isoform
investigated20,30,31,40,41 or level of
DMT1 expression and/or iron sta-
tus.42,43 Interaction with the copper-
containing cytochrome C oxidase sub-
unit II (COXII)9 may suggest an
involvement of DMT1 in copper deliv-
ery for metallation of this enzyme, and
possibly mitochondrial SOD1, as well as
to the matrix copper pool known to
exist in both yeast and mammalian
mitochondria.44,45 Copper incorpo-
ration into both mitochondrial encoded
COXII as well as nuclear encoded mito-
chondrial SOD1 have been reported to
occur in the intermembrane space.46

Yet, considering that copper for incorpo-
ration into COXII may originate from
the mitochondrial matrix, rather than
from the cytosol,45 DMT1 could then
only be indirectly involved in providing
the metal ion for this process.

Materials and Methods

Materials
Protease inhibitor cocktail, bovine

serum albumin (BSA) and paraformalde-
hyde were obtained from Sigma-Aldrich
(Taufkirchen, Germany), poly-L-lysine
from Santa Cruz Biotechnology, Inc.
(Heidelberg, Germany). MitoTracker�

Deep Red FM was purchased from
Molecular Probes/LifeTechnologies
(Darmstadt, Germany).

Antibodies
Anti-FLAG M2 mouse monoclonal

antibody was from Sigma-Aldrich. Anti-
AIF rabbit polyclonal antibody (H-300;
sc-5586), anti-translocase of the outer
mitochondrial membrane 6-kDa subunit
(anti-Tom6) (goat polyclonal antibody C-
14; sc-24447), and anti-VDAC1 goat
polyclonal antibody (N-18; sc-8828) were
obtained from Santa Cruz. A rabbit poly-
clonal anti-rat DMT1 directed against the
peptide sequence MVLDPEEKIPDDG-
ASGDHGDS,47 representing exon 2 and
part of exon 3, was generated by Immuno-
Globe GmbH (Himmelstadt, Germany;
designated #1092–3). This antibody
detects all 4 rat DMT1 isoforms. Another
antibody that detected all 4 DMT1 iso-
forms was directed against the putative
fourth extracellular domain of the anti-
gen48 so it was designated 4EC. The anti-
translocase of the outer mitochondrial
membrane 20-kDa subunit (anti-Tom20)
was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA; rabbit polyclonal
antibody; sc-17764). Secondary Alexa-
Fluor 568-conjugated goat anti-rabbit
IgG was from Molecular Probes (Eugene,
OR), secondary Cy3TM-conjugated don-
key anti-mouse and donkey anti-rabbit
IgG, and Alexa Fluor� 488-conjugated
donkey anti-goat IgG were obtained from
Jackson ImmunoResearch Europe Ltd
(Newmarket, Suffolk, UK).

hDMT1-Plasmid
The hDMT1–1A/CIRE-FLAG plas-

mid was a gift from Dr. Matthias Hentze,
EMBL, Heidelberg, Germany. For tran-
sient expression in Chinese hamster ovary
(CHO) cells, the coding sequence of
hDMT1–1A/CIRE-FLAG was excised
with SpeI and XhoI, and ligated into

NheI/XhoI-restricted pcDNA3.1C using
the Ligate-IT Rapid Ligation Kit (USB/
Affimetrix, Freiburg, Germany), after
both insert and vector had been purified
by agarose gel electrophoresis followed by
gel elution (QIAquick Gel Extraction Kit,
Qiagen, Hilden, Germany).

Methods
Transient transfection of CHO cells
CHO cells were cultured in F12

medium (Gibco) supplemented with 10%
fetal bovine serum and 50 U/ml penicillin
/ 50 mg/ml streptomycin at 37�C and 5%
CO2. For immunofluorescence, the cells
were plated on glass coverslips in 24-well
plates at 4.5–5 £ 104 cells/cm2 in culture
medium without antibiotics. After 24 h of
incubation, they were transfected with
FLAG-tagged hDMT1–1A/CIRE in
pcDNA3.1 or empty vector using Lipo-
fectamine2000 (Invitrogen) as per the
manufacturer’s instructions, with 0.8 mg
plasmid and 2 ml transfection reagent per
well and grown for 2 further days prior to
immunofluorescence microscopy.

Culture of permanently transfected
cell lines

We have previously described9 the 2
cell lines that were permanently trans-
fected respectively with mouse 1B/-IRE
and rat 1A/CIRE DMT1 constructs in
HEK293 cells. Briefly, the 2 lines were
Tet-on up-regulated so that incubating
them with 25 nM doxycycline led to an
induction of DMT1 expression21 This
property makes the increase in DMT1
expression a hallmark for identifying
DMT1.

Isolation of and flow cytometry on
mitochondria from HEK293 cell lines

Mitochondrial isolation relied on a kit
(89874; Thermo Scientific, Rockford, IL,
USA), used according to the man-
ufacturer’s instructions where we always
chose the option favoring mitochondrial
purity rather than yield whenever such a
choice was offered.

After isolation, mitochondria were
resuspended and fixed in 2% paraformal-
dehyde for 10 min at room temperature,
then washed twice by resuspending in
PBS and centrifuging at 12000 £ g for
5 min. After permeabilization with 0.1%
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Triton X-100 for 5 min, preparations
were washed twice as before with PBS,
blocked with 5% bovine serum albumen
in PBS and stained with primary antibody
(anti-Tom20 or 4EC) overnight at 4�C,
then with secondary antibody (AlexaFluor
568-conjugated goat anti-rabbit IgG) for
30 min at room temperature. After being
washed 3£ in PBS, the mitochondria
were resuspended in 0.02% NaAzide in
PBS and stored at 4�C until analysis by
flow cytometry using a Becton-Dickinson
(BD, San Jose, CA) Fortessa 4 laser flow
cytometer with the BD FACSDiva Soft-
ware package. After gating on side and for-
ward scatter to exclude particles (events)
smaller than expected for mitochondria as
well as those so large that they might rep-
resent aggregates of mitochondria or
pieces of cell membrane, the signal for
10,000 events was collected as designated
for PE-Texas Red A which has the same
spectral properties as Alexa-568.

Mitochondrial isolation from WKPT-
0293 Cl.2 (in italic! FT) cells

Procedures were approved by the ani-
mal ethics committee, and animal han-
dling was in accordance with German law
on animal experimentation and the Euro-
pean Directive on the Protection of Ani-
mals used for Scientific Purposes (2010/
63/EU). Crude mitochondria were pre-
pared from WKPT-0293 Cl.2 cells by dif-
ferential centrifugation using an
adaptation of the method described by
Ott.49 Briefly, the cells were trypsinized,
pelleted at 900 £ g for 2 min, washed
once with PBS followed by centrifugation
as before, resuspended in MSH buffer (in
mM: 210 mannitol, 70 sucrose, 5 Hepes,
pH 7.4) with 1 mM EDTA, and then dis-
rupted by sonication (3 £ 5 0.5 sec
pulses), using a Branson sonifier (Sonifier
S-250D, Danbury, CT). The suspension
was centrifuged (600 £ g, 8 min), the
supernatant recentrifuged as before, and
the mitochondria pelleted from the subse-
quent supernatant (5,600 £ g, 15 min).
The mitochondrial pellet was resuspended
in MRB (mitochondria resuspending
buffer; in mM: 250 mannitol, 5 HEPES,
pH 7.4, and 0.5 EGTA) and the mito-
chondria collected again by centrifugation
(9,000 £ g, 10 min). The crude mito-
chondria were further purified and

recovered according to the method of
Wieckowski et al.50 In short, they were
resuspended in MRB and subjected to
continuous Percoll gradient centrifugation
(225 mM mannitol, 25-mM HEPES, pH
7.4, 1-mM EGTA and 30% (v/v) Percoll;
95,000 £ g, 30 min). The mitochondrial
layer was collected, diluted with MRB,
and the mitochondria pelleted (7,000 £
g, 10 min). They were washed twice with
Mitotracker loading buffer (in mM: 210
mannitol, 70 sucrose, 1 EDTA-Na2, 50
Tris-HCl, pH 7.4), followed by centrifu-
gation (7000 £ g, 10 min), and the final
pellet resuspended in mitotracker loading
buffer.

Immunofluorescence microscopy
Non-transfected cells were plated at

4.5–6 cells £ 104 cells/cm2 in medium
with antibiotics and stained 2 d later;
transfected cells were prepared as
described above. Cells were then processed
and images acquired essentially as previ-
ously described.51,52 In brief, cells were
washed 2–3 times with calcium- and mag-
nesium-containing PBS, fixed with 4%
paraformaldehyde, permeabilized with
1% SDS, and blocked with 1% BSA (all
in PBS at room temperature). They were
then incubated with primary antibody,
diluted in PBS/1% BSA as detailed in the
figure legends, either overnight at 4�C or
for 2 h at room temperature, followed by
incubation with Cy3TM- or Alexa Fluor�

488-conjugated secondary antibody (dilu-
tion 1:500–1:600) for 1 h at room tem-
perature. The nuclei were counterstained
with 0.8 mg/ml 20-(4-ethoxyphenyl)-5-
(4-methyl-L-piperazinyl)-2,50-bi-1H-ben-
zimidazole, 3HCl (H-33342) (Calbio-
chem, San Diego, CA) for 5 min, and the
coverslips mounted with DAKO fluores-
cence mounting medium (Dako,
Hamburg, Germany).

For conventional fluorescence micros-
copy, a Zeiss Axiovert 200 M microscope
(Carl Zeiss, Jena, Germany), equipped
with a Fluar 40£/ 1.3 oil immersion
objective and filters for Cy3 (red),
FITC (green), and 40,6-diamidino-2-phe-
nylindole (blue) with excitation/emission
wavelengths of 545/610, 480/535, and
360/460 nm, respectively, were used.
Images were analyzed with the Meta-
Morph software (Universal Imaging;

Downingtown, PA). Confocal images
were acquired using a TCS SP5 confocal
laser scanning microscope (Leica, Wetzlar,
Germany) with a Plan-Apochromat 63£/
1.4 N.A. oil immersion objective (Leica,
Wetzlar, Germany) and equipped with an
argon (488 nm) and a HeNe laser
(543nm) as described previously.51 To
avoid bleed-through, the specimens were
scanned sequentially. Confocal images
from different channels were analyzed as
previously described,52 using the LAS AF
software for background subtraction and
merging of images from different chan-
nels, as well as for intensity profile line
scans, and ImageJ for binary pixel multi-
plication. These manipulations help to
identify partial, but valid colocalization.10

Immunostaining of isolated
mitochondria

Staining of mitochondria isolated from
WKPT-0293 Cl.2 cells was adapted from
Singh et al.53 In brief, mitochondria iso-
lated as described above were loaded with
500 nM MitoTracker� Deep Red FM
(1 h, 4�C, with rotation at 30 rpm). They
were then plated onto acid-washed (1N
HCl, 50–60�C, 8–16 h), 0.1% poly-L-
lysine- (Santa Cruz) coated (2 h, RT),
H2O-washed and dried coverslips, and
left to attach for 1 h at 4�C. After one
wash with PBS, they were fixed with 4%
(w/v) paraformaldehyde in PBS (10 min,
RT), permeabilized with 0.5% (v/v) Tri-
ton X-100 (10 min, RT), and blocked
with 1% BSA in PBS (30 min, RT).
Mitochondria were then labeled with pri-
mary antibodies (in PBS/1% BSA, ON,
4�C), followed by secondary antibodies
(dilution 1:500–1:600 in PBS/1% BSA,
1 h at RT), washed, and mounted. Confo-
cal images were acquired and analyzed as
described above.
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