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ABSTRACT Mitochondrial DNA (mtDNA) is orga-
nized in protein-DNA macrocomplexes called nucle-
oids. Average nucleoids contain 2–8 mtDNA molecules,
which are organized by the histone-like mitochondrial
transcription factor A. Besides well-characterized con-
stituents, such as single-stranded binding protein or
polymerase � (Pol�), various other proteins with ill-
defined functions have been identified. We report for
the first time that mammalian nucleoids contain essen-
tial enzymes of an integral antioxidant system. Intact
nucleoids were isolated with sucrose density gradients
from rat and bovine heart as well as human Jurkat cells.
Manganese superoxide dismutase (SOD2) was detected
by Western blot in the nucleoid fractions. DNA, mito-
chondrial glutathione peroxidase (GPx1), and Pol�
were coimmunoprecipitated with SOD2 from nucleoid
fractions, which suggests that an antioxidant system
composed of SOD2 and GPx1 are integral constituents
of nucleoids. Interestingly, in cultured bovine endothe-
lial cells the association of SOD2 with mtDNA was
absent. Using a sandwich filter-binding assay, direct
association of SOD2 by salt-sensitive ionic forces with a
chemically synthesized mtDNA fragment was demon-
strated. Increasing salt concentrations during nucleoid
isolation on sucrose density gradients disrupted the
association of SOD2 with mitochondrial nucleoids. Our
biochemical data reveal that nucleoids contain an inte-
gral antioxidant system that may protect mtDNA from
superoxide-induced oxidative damage.—Kienhöfer, J.,
Häussler, D. J. F., Ruckelshausen, F., Muessig, E.,
Weber, K., Pimentel, D., Ullrich, V., Bürkle, A., Bach-
schmid, M. M. Association of mitochondrial antioxi-
dant enzymes with mitochondrial DNA as integral nu-
cleoid constituents. FASEB J. 23, 2034–2044 (2009)
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Tissues with high metabolic activity, such as the
myocardium or brain, rely on a perfectly functioning
mitochondrial respiratory chain for energy supply,
which is characterized by coupled oxidative phosphor-
ylation and low generation of reactive oxygen species

(ROS). Mutations or deletions of the mitochondrial
genome (1–4) or posttranslational oxidative modifica-
tions of respiratory chain proteins (5–9) can cause
mitochondrial dysfunction (5, 10–17). It is hypothe-
sized that these alterations may increase electron leak-
age within the respiratory chain, thus enhancing mito-
chondrial ROS formation (18–22). Consequently ATP
production decreases, and ROS interfere with cellular
redox regulation (23, 24). One example of this is
limiting the bioavailability of nitric oxide (�NO) in the
cardiovascular system.

The intron-free vertebrate mitochondrial DNA (mtDNA)
(16.5 kbp) encodes 13 proteins of the respiratory chain
complexes I, III, and IV as well as the ATP synthase
(complex V), 2 structural ribosomal RNAs of mitochon-
drial ribosomes, and 22 tRNAs. The organization of
mtDNA is commonly regarded as a free plasmid-like
molecule located in the mitochondrial matrix. How-
ever, early reports from the 1960s based on electron
microscopy showed that mtDNA is structured as
protein-DNA macrocomplexes called nucleoids (25,
26). Earlier studies used cesium salt gradients to
isolate mtDNA, which caused disruption of the nucle-
oids so that their existence remained undiscovered
for a long time. Present methods use gentle lysis of
isolated mitochondria followed by sequential gradi-
ent centrifugation, allowing isolation of intact nucle-
oids (27). As a result, various new proteins involved
in metabolic processes, DNA repair, or scaffolding
have been identified as part of the nucleoid structure
(27–32).

Nucleoids are ubiquitously distributed among plants,
fungi, and animals (26, 29, 33–38) and play an impor-
tant role in regulating replication/translation, mainte-
nance, repair, and recombination of mtDNA. In gen-
eral, nucleoids harbor 2–8 mtDNA copies, and several
hundred of these complexes exist in a cell (36). Nucle-
oids are either membrane associated (39) or located in
the mitochondrial matrix.
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Mitochondrial single-stranded DNA binding protein
(mtSSB), mitochondrial polymerase � (Pol�), and the
mitochondrial transcription factor A (TFAM) are major
constituents of nucleoids and are important for mtDNA
organization (26, 40–42). TFAM seems to have a histone-
like function based on 2 high-mobility group (HMG)
boxes, which are characteristic of a group of chromo-
somal proteins in the nucleus. Besides acting as a
transcription factor, TFAM also organizes nucleoids by
folding and wrapping mtDNA (43–50). The exclusive
localization to mtDNA makes TFAM an ideal marker
for mitochondrial nucleoids. Interestingly, the calcu-
lated packing density of mitochondrial nucleoids is
comparable to the packing density of bacterial nucle-
oids (51), and it seems that TFAM is the major compo-
nent in coordinating the packing of the mtDNA (52).

Faithful mtDNA replication is essential to ensure
oxidative phosphorylation and preserves cell function
during development and regeneration. Several mater-
nally inherited human diseases (53), such as diabetes
mellitus, deafness syndrome, mitochondrial encephalo-
myopathy, lactic acidosis, stroke-like syndrome (2, 54,
55), and Kearns-Sayre syndrome (2, 54), highlight the
importance of mtDNA. Point mutations or deletions
were shown to correlate with an increased rate of
apoptosis, free radical formation, and energy deple-
tion, leading to impairment of tissue function (54).

The effects of mtDNA mutations were further dem-
onstrated in transgenic mice with a proofreading-defi-
cient Pol� (mtDNA-mutator mouse). The phenotype of
these animals showed typical signs of apoptosis (6, 56),
which caused premature aging characterized by kypho-
sis (curvature of the spine), cardiac hypertrophy, and
osteoporosis. A recent study showed that a transgenic
mouse expressing cardiac-targeted, mutated human
Pol� (57) developed early aging symptoms combined
with enhanced ROS formation and severe cardiomyop-
athy, similar to observations in the mtDNA-mutator
mouse. These data support the common view that
mutated mtDNA is a major contributor to aging and
various disorders (58–62).

Based on the organization of mtDNA into nucleoids
and their proximity to the ROS-generating respiratory
chain, nucleoids may have an integrated antioxidant
system to protect mtDNA from oxidative damage. This
hypothesis is further substantiated by the notion that
Escherichia coli manganese superoxide dismutase (SOD2)
binds to and may protect bacterial DNA, whereas the
iron-containing bacterial isoform lacks this association
(63). Mitochondria contain highly efficient enzymes to
detoxify ROS, such as SOD2, glutathione peroxidase
(GPx1), and members of the thioredoxin superfamily that
may be included in the nucleoid structure.

Here we present biochemical evidence that nucleoid
complexes isolated from rat or bovine heart or Jurkat cells
include SOD2. This provides the first evidence that an
antioxidant system in direct association with mtDNA may
protect against ROS-mediated damage generated by the
respiratory chain. Alteration of the nucleoid-associated

antioxidant system may have great impact in development
of chronic diseases and in the aging process.

MATERIALS AND METHODS

All chemicals were of analytical grade and obtained from
Sigma-Aldrich (St. Louis, MO, USA), Fluka (Buchs, Switzer-
land), or Merck (Darmstadt, Germany).

Animals

Animal treatment was in accordance with the Guide for the
Care and Use of Laboratory Animals as adopted and promul-
gated by the U.S. National Institutes of Health and was
granted by the Ethics Committee of the University Konstanz.
Rats were sacrificed, and the heart was removed for mitochon-
dria isolation. Bovine hearts and bovine aortas for the primary
culture were obtained from the local slaughterhouse.

Cell culture

Human Jurkat T cell lymphoma cells (clone E6) were grown at
37°C in RPMI 1640 medium (Biochrom, Berlin, Germany), with
1% l-glutamine, 10% bovine serum, 100 U/ml of penicillin, and
100 �g/ml of streptomycin (Biochrom).

Primary cultures of bovine aortic endothelial cells and
human smooth muscle cells were prepared and grown as
described previously (64, 65). Human veins were obtained
during bypass surgery at the Heart Center Bodensee (Kreu-
zlingen, Switzerland). In accordance with the Declaration of
Helsinki, consent of the ethics committee was obtained, and
a written consent was given by the patients.

Isolation of mitochondria from tissues

Rat and bovine hearts were homogenized at 4°C in mitochon-
dria isolation buffer [250 mM sucrose; 10 mM Hepes, pH 7.4;
1mM EGTA; 0.5% (w/v) fatty acid-free BSA; 1 mM glutathi-
one] in a Dounce homogenizer (25 strokes). Tissue homog-
enates were centrifuged at 750 g for 10 min. The supernatant
containing mitochondria was collected and further centri-
fuged at 7500 g for 10 min. After the second centrifugation
step, the mitochondria were enriched in the pellet. The pellet
was resuspended in 10 mM Hepes, pH 7.4, and 250 mM
sucrose, and both centrifugation steps (10 min 750 g and 10
min 7500 g) were repeated. Thereafter, the mitochondrial
pellet was further purified by isopycnic gradient centrifuga-
tion as described previously (27).

Isolation of mitochondria from cell culture

Mitochondria were prepared from cultured Jurkat cells (3 l
medium) (Biochrom) and from primary bovine endothelial
cells. Mitochondria of bovine endothelial cells were isolated
from a total of 120 10-cm cell culture dishes. Cells were
collected by centrifugation at 200 g, and mitochondria were
prepared as described (27).

Biochemical isolation of intact mitochondrial nucleoids

Intact nucleoids were isolated according to a modified
method (Fig. 1A) published by Garrido et al. (27). In addition
to the standard gradient buffer, 20 or 200 mM NaCl was
added to study the association-dissociation equilibrium of
nucleoid protein constituents to mtDNA.
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After the centrifugation step the sucrose gradient (20–
75%) was fractionated into 1 ml portions from the bottom to
the top. Samples were dialyzed against NE2 buffer (27) at 4°C
overnight and subjected to SDS-PAGE analysis. The mtDNA
content in the fractions was measured by SYBR Green™

(Invitrogen, Carlsbad, CA, USA) fluorescence in a 96-well
plate. Samples were analyzed with a Spectra Fluor fluores-
cence reader (Tecan, Crailsheim, Germany) at excitation 485
nm and emission 535 nm.

Characterization of the sucrose gradient fractions

Samples of gradient fractions were subjected to standard SDS-
PAGE on 12% polyacrylamide gels and Western on nitrocellu-
lose membranes (Schleicher & Schuell BioScience, Dassel, Ger-
many). Primary antibodies and dilutions used included
polyclonal rabbit serum directed against human TFAM (kindly
provided by Rudolf J. Wiesner, University of Heidelberg, Ger-
many), 1:5000; polyclonal SOD2 antiserum (Stressgene Biore-
agents, Victoria, BC, Canada), 1:10,000; polyclonal Pol� anti-
serum (Acris, Hiddenhausen, Germany), 1:5000; polyclonal
glutathione peroxidase I antiserum (LabFrontier, Seoul, South
Korea), 1:2000; monoclonal cytochrome c (BD Biosciences,
Erembodegem, Belgium), 1:3000; monoclonal fumarate hy-
dratase (Abcam, Cambridge, MA, USA), 1:200; and polyclonal
histone H1 antisera (Santa Cruz Biotechnology, Heidelberg,
Germany).

Activity of malate dehydrogenase

The activity of the trichloroacetic acid cycle enzyme malate
dehydrogenase (MDH) was determined photometrically by
measuring the malate-dependent NAD� turnover as de-
scribed elsewhere (66, 67). For each nucleoid preparation, a
representative fraction was selected. In case of S1 prepara-
tions, fraction 9 was selected, and for the P1/P2 preparations,
fraction 2 was selected. For each assay, 5 �l (S1 preparations)
or 50 �l (P preparations) of the isolated nucleoids was used.

SOD activity assay

SOD activity was measured with the SOD assay kit (Sigma-
Aldrich) according to the manufacturer’s instructions.

Coimmunoprecipitation

Protein A was swelled in IP buffer (50 mM Tris-HCl, pH 7.5;
150 mM NaCl; 4 mM EDTA; 0.25% gelatin) for 3 h. Sucrose
gradient fractions were mixed with freshly prepared protein
A. Antibodies were added and allowed to precipitate the
antigen and to bind to protein A overnight at 4°C. The
samples were rinsed with IP buffer (centrifugation at 4000 g
for 5 min), SDS sample buffer was added, and proteins were
separated by SDS-PAGE and analyzed by Western blotting
with an antibody against SOD2 (Stressgene Bioreagents),

Figure 1. Isolation of human nucleoids from Jurkat cells. A) Tissue or cells were disrupted with a Dounce homogenizer in
isoosmotic mitochondrial isolation buffer. Mitochondria were isolated with differential centrifugation followed by an isopycnic
gradient centrifugation step as described in methods. Pure mitochondria were lysed with the nonionic detergent Nonidet P-40
and fractionated into supernatant (S0) and pellet (P0) by centrifugation. Pure nucleoids were isolated from the pellet by 2
sequential sucrose step gradients (P1 and P2; 75–20% sucrose). B) Nucleoids were purified from Jurkat mitochondria by a step
gradient, and the P1 fractions were analyzed for their DNA (SYBR Green fluorescence)/protein distribution (Western blot
analysis). MtDNA was concentrated in P1 fractions 1–3 (top panel). To identify nucleoid-containing fractions, Western blotting
against TFAM and Pol� was performed. Nucleoid markers and SOD2 were found in the mtDNA-containing fractions (middle
panel). Some unbound SOD2 was found in the low-density S fractions (bottom panel). Data shown are representative of 8
independent experiments.
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1:10,000. Antibodies for immunoprecipitation were used as
follows: monoclonal DNA (Progen, Heidelberg, Germany),
1:20; polyclonal SOD2 (Stressgen Bioreagents), 1:300; poly-
clonal glutathione peroxidase I (LabFrontier), 1:200; and
polyclonal Pol� (Acris), 1:200.

Sandwich slot blot filter binding assay

The assay described by Czerwinski et al. (68) was modified as
follows. Nitrocellulose (NC; Bio-Rad, Hercules, CA, USA) and
nylon (Osmonics, Westborough, MA, USA) filters were precut
to fit in the Bio-Dot SF (Bio-Rad) slot blot apparatus. NC
filters were presoaked for 10 min in 0.4 M KOH (reduction of
DNA adsorption) and neutralized. Nylon and NC filters were
then equilibrated for 30 min in binding buffer (5 mM
potassium phosphate buffer, 0.3% glycerol, 400 �M MgCl2).
Binding assays were performed with fixed DNA concentration
of 0.5 nM and varying SOD2 concentrations in binding buffer
with 50 �g/ml BSA on ice for 60 min. Recombinant SOD2
from E. coli was obtained from Sigma-Aldrich. According to
the manufacturer, the protein was purified from E. coli by
heat precipitation (60°C), streptomycin and ammonium sul-
fate precipitation, and 2 subsequent ion-exchange chroma-
tography steps on CM-52 and DEAE, respectively, according
to the method published by Keele et al. (69). The purity of the
protein was 80%, determined by SDS-PAGE with 2 major
unidentified contaminants at �35 and �50 kDa. Binding
assays with SOD1 (bovine, EC 1.15.1.1; Sigma-Aldrich) were
performed under the same conditions.

Equilibrated membranes were flushed with 200 �l of
binding buffer in the slot blot apparatus, and reaction
mixtures were loaded and rinsed with 200 �l of binding
buffer. DNA bound to nylon membranes was UV cross-linked
(3� auto cross-link) with a UV Stratalinker 2400 (Stratagene,
Cedar Creek, CA, USA). The NC filter was blocked with
Roti®-Block (Carl Roth, Karlsruhe, Germany) for 25 min,
incubated with the streptavidin-coupled IRDYE® 800CW (Li-
Cor, Lincoln, NE, USA) and washed 3 times with TBS-T (10
mM Tris-HCl, pH 8.0; 100 mM NaCl; 0.1% Tween 20),
whereas the nylon filter was washed in PBS containing 0.1%
SDS for 30 min and incubated with the same dye. The
membranes were rinsed with TBS-T. Biotinylated DNA was
visualized with an infrared scanner (Li-Cor) and quantified
with the Odyssey application software (ver. 2.1.112; Li-Cor).

Confocal microscopy of human smooth muscle cells

Human smooth muscle cells were seeded on 8-well glass
chamber slides (Nalgen Nunc, Naperville, IL, USA) at a
density of 1–1.5 � 105 cells/well to reach 50–60% of conflu-
ence on the day of the experiment. Cells were fixed in 4%
paraformaldehyde/PBS for 10 min at room temperature.
After washing in PBS, cells were permeabilized, and nonspe-
cific binding of the first antibody was blocked with 0.1%
Triton X-100 and 1% BSA in PBS for 30 min at room
temperature. After a washing step, primary antibodies were
incubated overnight at 4°C in a humidified chamber. The
polyclonal SOD2 antibody (Stressgen Bioreagents) was
1:100, and the monoclonal DNA (PROGEN) antibody was
1:10 diluted in PBS. After 3 � 5 min washing in PBS, the
secondary antibodies (labeled with Alexa488 or Alexa546) were
applied for 60 min at room temperature. Secondary antibodies
(MoBiTec, Göttingen, Germany) were diluted 1:300 in PBS.
Immunostained cells were mounted in glycerol/PBS (3:1).

Metabolic BrdU labeling was performed with the BrdU
Immunofluorescence Assay Kit (Roche Applied Science, In-
dianapolis, IN, USA) according to the manufacturer’s instruc-
tions. Immunostained cells were imaged with a Zeiss LSM510

Meta confocal microscope (Carl Zeiss, Oberkochen, Ger-
many).

RESULTS

SOD2 is present in nucleoids

The method by Garrido et al. (27) was modified as
indicated in Fig. 1A and yielded sufficiently pure nucle-
oids (P2 fraction) from cultured cells or tissue by serial
sucrose step gradient centrifugation and fractionation.
The nucleoid purity was confirmed by molecular markers
for nucleoids, such as TFAM (52) and Pol� (29), and
assayed for evidence of contamination by mitochondrial
matrix (fumarate hydratase and malate dehydrogenase)
and inner membrane proteins (cytochrome c) or nuclear
DNA (histone H1; data not shown).

Mitochondria were isolated from human Jurkat cells,
lysed, and divided by centrifugation into a pellet (P0) and
supernatant (S0) fraction that were both further sepa-
rated on a sucrose step gradient (Fig. 1B). All gradient
fractions (P1 and S1) were screened for mtDNA with
SYBR Green fluorescent detection. Only the fast sedi-
menting P1 fractions 1–3 contained mtDNA (Fig. 1B,
top panel, square symbol), indicating a protein-DNA
macromolecular complex. These fractions were not
contaminated by mitochondrial matrix proteins, which
was confirmed by the tricarboxylic acid cycle enzyme
fumarate hydratase (FH) (Supplemental Fig. S2A). FH
was present only in the upper P1 fractions 8–10, but not
in the nucleoid containing P1 fractions 1–3. As a
second control for matrix contaminations, MDH activ-
ity was assessed (Supplemental Table S1). The P1
fraction 2 was 0.43% and for P2 fraction 2, 0.29% of the
MDH activity in S1 fraction 9. These reductions in
MDH activity of �99.5% in both P fractions, together
with the results on FH, strongly indicate that contami-
nations of nucleoid fractions by mitochondrial matrix
proteins were insignificant.

The DNA content in the S1 fractions of the superna-
tant (Fig. 1B, top panel, rhombus symbol) was below
the detection limit, but proteins of the mitochondrial
matrix such as FH (Supplemental Fig. S2A) and inner
membrane such as cytochrome c (data not shown) as
well as unbound SOD2 were detected in the slow
sedimenting S1 fractions 7–10 (Fig. 1B, bottom panel).

The P1 fraction with the highest DNA content (Frac-
tion 3, Fig. 1B, top panel, square symbol) was treated
with the restriction endonuclease HindIII to verify
mtDNA and exclude nuclear DNA contamination. We
detected defined mtDNA fragments of 10.2 and 5.5 kBp
(Supplemental Fig. S1, lane 1), whereas intact mtDNA
was found at 16.5 kBp (Supplemental Fig. S1, lane 2).

SOD2, TFAM, and Pol� were detected in the fast-
sedimenting P1 fractions 1–3 of the pellet only (Fig. 1B,
middle panel; Supplemental Fig. S2A), which suggests
that SOD2 is a protein constituent of nucleoids. To
further purify and exclude contamination of nucleoids
with matrix proteins, P1 fractions 1–3 were pooled,

2037SOD2 ASSOCIATION WITH MITOCHONDRIAL NUCLEOIDS



treated again with lysis buffer, and separated on a
second sucrose step gradient (P2). Once more, SOD2
appeared in P2 fractions 1–3 only, signifying a direct
association with mtDNA (Fig. 2; see also Supplemental
Fig. S2B). The fractions of the second gradient were
free of contamination with soluble matrix or inner
membrane proteins, as proven by the absence of cyto-
chrome c (Fig. 2), FH (Supplemental Fig. S2B), and
MDH (Supplemental Table S1). Thus, a significant
proportion of the otherwise matrix-located SOD2 ap-
pears to be mtDNA associated when compared to the
nucleoid markers TFAM and Pol�. Furthermore, SOD2
activity correlates with the Western blot results on
SOD2 protein, and 60% (Supplemental Table S1) of its
activity compared to the S1 fraction 9 remained in the
nucleoid P1 and P2 fractions 2, whereas contaminating
MDH activity was �0.5% of the activity in S1 fraction 9.

SOD2 coimmunoprecipitates with mtDNA and
glutathione peroxidase

Large quantities of nucleoids were isolated from bovine
heart mitochondria, and sucrose gradient fractions
were analyzed with Western blots. The distribution of
SOD2 and association with mtDNA were very similar to
the results in Jurkat cells (Supplemental Fig. S3), which
suggests that among mammals SOD2 integration into
mtDNA complexes may be species encompassing. Im-
munoprecipitation of DNA, Pol�, glutathione peroxi-

dase (GPx1), and SOD2 from isolated bovine nucleoids
and Western blot detection for SOD2 confirmed the
direct interaction of SOD2 with mtDNA or nucleoid
constituents (Fig. 3).

The functional role of SOD2 in trapping superoxide
proximal to mtDNA and preventing oxidative lesions
suggests that GPx1 may be a component of the nucle-
oid structure to eliminate the SOD product, H2O2.
GPx1 coimmunoprecipitated with mtDNA (Fig. 3) and
Western blot analysis of sucrose fractions (results not
shown) confirmed the presence of GPx1 in nucleoids.

SOD2 binds directly with DNA

Interaction of SOD2 with DNA-bound proteins such as
TFAM or binding of SOD2 to mtDNA could not be
concluded from the previous experiments. Therefore,
a sandwich slot blot filter assay (70) was established to
investigate the direct interaction of recombinant SOD2
with mtDNA (Fig. 4A). A random sequence (34 bp)
from human mtDNA (1150–1174) was synthesized as a
biotin-labeled reverse and forward primer and an-
nealed into a double strand. DNA was incubated in
binding buffer with commercially available recombi-
nant E. coli SOD2 from Sigma-Aldrich (commercial
sources of human SOD2 are truncated or contain a
C-terminal 6xHis-tag, and attempts to overexpress hu-
man SOD2 in bacteria failed because of the formation
of inclusion bodies) and filtered through a sandwich of
NC and nylon membranes. Nevertheless, the bacterial
protein still shares 60% sequence homology to the
bovine sequence and 45% to the human sequence. The
protein purity of the SOD2 preparation was �80%, deter-
mined by SDS-PAGE. Proteins and protein-DNA com-
plexes were adsorbed on the NC membrane, whereas free
DNA was adsorbed on the nylon membrane. Biotin-
labeled DNA was detected by fluorescent streptavidin.
Figure 4A, B clearly demonstrates that SOD2 directly
binds to DNA. Overexpression of a C-terminal EGFP-

Figure 3. Immunoprecipitation of bovine heart nucleids.
Heart mitochondrial nucleoids were immunoprecipitated
with antibodies as indicated (lanes 1–4). Analysis of the
immunoprecipitates by Western blotting against SOD2
showed that the SOD2 is included in the nucleoid complex.
SOD2 and GPx1 are constituents of a putative nucleoid
antioxidant system. Nonspecific binding and cross-reactivity
were excluded by appropriate controls (lanes 5 and 6; unspe-
cific IgG and without antibody). Data shown are representa-
tive of 3 independent experiments.

Figure 2. Isolation of pure nucleoids. The DNA-containing
P1 fractions (1–3) were collected and further purified on a
second sucrose step gradient (75–20%), resulting in P2
fractions (as shown in Fig. 1A). MtDNA-containing fractions
were identified with SYBR Green and detected in P2 fractions
1–3 (top panel). As positive control for the nucleoids frac-
tions were probed for TFAM and Pol� by Western blot
analysis. Nucleoid markers and SOD2 appeared in the
mtDNA fractions. P2 fractions were also analyzed with an
antibody against cytochrome c (*positive control) as a marker
for inner membrane contamination. Data shown are repre-
sentative of 8 independent experiments.
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tagged SOD2 in HEK-cells translocated to the mito-
chondria, but association with mtDNA was absent (data
not shown). Analogous experiments with SOD1 did not
show any interaction with mtDNA (Fig. 4C, D). This
result confirms previously published findings (63, 68),
which demonstrated SOD2-DNA interaction by filter
(68) and gel shift assays (63). The C-terminal 	-helical
lysines (K197, K198 of human MnSOD) in conjunction
with K130 in a loop region are likely DNA-protein
interaction sites (71) and may form a structurally
conserved DNA binding domain (see Fig. 8; Supple-
mental Fig. S4). In contrast, bovine SOD1 is comprised
of 
-sheets, contains also a C-terminal Lys, but lacks
entirely DNA association and has no homology to
bovine SOD2.

MtDNA and SOD2 interact by ionic forces

Ionic binding forces involved in SOD2-mtDNA interac-
tion were manipulated by increasing salt concentration
(Fig. 4B) in buffers used for the filter binding assay or
for mitochondrial lysis. High salt concentration depen-

dently disrupted the DNA-SOD2 complexes (Fig. 4B)
detected with the filter binding assay.

To further substantiate our hypothesis of SOD2-
mtDNA as a general principle among mammalian
species mitochondria were obtained in larger quantities
from rat heart (Supplemental Fig. S2C, D). Nucleoids
showed a comparable distribution and protein compo-
sition in the sucrose gradient as observed for Jurkat cell
nucleoids (Fig. 2) as well as bovine heart nucleoids
(Supplemental Fig. S3).

Mitochondrial preparations were incubated with 0
(standard condition), 20, or 200 mM NaCl, and rat
heart nucleoids were isolated as described, yielding P1
fractions (Fig. 5). As a control for the presence of the
nucleoids, the 0 mM NaCl fractions were probed for
the presence of TFAM and Pol� (Fig. 5, bottom panel;
Supplemental Fig. S2C, D).

Compared to those preparations that only contained
20 mM Tris-HCl buffer (0 mM NaCl; compare Fig. 1B)
the salt treatment caused mtDNA to shift into slow-
sedimenting fractions (Fig. 5, top panel), which sug-
gests dissociation of proteins from nucleoid complexes.

Figure 4. Slot blot filter assay to prove interaction of mtDNA and recombinant
SOD2. A) Sandwich slot blot filter assay demonstrates the concentration-depen-
dent interaction of recombinant E. coli SOD2 (0.5–32 �M) with a biotinylated
sequence from human mtDNA (0.5 nM; 34-mer). SOD2-DNA complexes bind to
NC, whereas unbound DNA binds to the nylon filter. Bound DNA was visualized by
a Streptavidin-IR dye (LiCor; IRDYE 800 CW) and quantified by densitometry.
B) The interaction of SOD2 with biotinylated DNA was concentration dependently
disrupted by increasing salt concentrations (NaCl: 75–600 mM). Data shown are
representative of 3 independent experiments. C) Sandwich slot blot filter assay with
bovine SOD1 to demonstrate that binding of SOD to DNA is specific for SOD2
only. Increasing concentrations of SOD1 were incubated with biotinylated DNA,
slot blotted onto the filter sandwich (nitrocellulose on top for proteins and nylon
on the bottom for DNA), stained with IR-fluorescent dye labeled streptavidin, and
analyzed with densitometry. Data shown are representatives of 3 independent
experiments. D) Densitomertic analysis of 3 independent experiments.
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SOD2 remained bound to mtDNA at 20 mM NaCl and
was copurified together with an obviously lighter
mtDNA in the P1 fractions 3–5. At 200 mM NaCl, the
mtDNA found in P1 fractions 5–7 was devoid of SOD2,
which accumulated in P1 fractions 8–10 (Fig. 5, middle
panel). This proves a dissociation of the mtDNA-SOD2
complexes at high salt, indicating a largely ionic inter-
action between the 2 macromolecules.

Contamination by mitochondrial matrix proteins
was assessed by the presence of FH (Supplemental
Fig. S2C, D) or MDH (Supplemental Table S1) in the
P fractions, similar to the Jurkat preparation. FH was
undetectable in the nucleoid-containing fractions,
and MDH activity in P1 and P2 fractions 2 compared
to S1 fraction 9 was reduced by �99.7% (Supplemen-
tal Table S1). In contrast, SOD2 activity was 69%
compared to S1 fraction in P1 and 63% for P2,
respectively.

mtDNA colocalizes with SOD2 in human smooth
muscle cells

Human smooth muscle cell DNA was metabolically
labeled by BrdU incorporation and stained with an
antibody against BrdU or with an antibody recognizing
DNA. MtDNA is visible as punctae that may represent a
single nucleoid (Fig. 6). The mitochondrial network is
clearly visible by the SOD2 staining. An overlay demon-
strates a high degree of colocalization of SOD2 and
mtDNA in mitochondria located around the nucleus.
Peripheral mitochondria show a clear separation of
SOD2 and mtDNA (shown by separated green and red
dots). These findings are in accordance with the results
of the nucleoid isolation, where we found SOD2 asso-
ciated with the mtDNA but also unbound SOD2 (Fig.
1B; S1 fractions).

Lack of association of SOD2 with mtDNA in bovine
endothelial cells

Nucleoids were isolated from bovine endothelial cells
as described above. Surprisingly, there was no associa-
tion of SOD2 with mtDNA found. Furthermore, differ-
ent nucleoid densities were noticed as compared to
other preparations (Fig. 7). Nucleoids appeared in P1
fractions 4–6 and not in P1 fractions 1–3 as observed
for rat heart nucleoids (Fig. 5) or bovine heart nucle-
oids (Supplemental Fig. S3). This partially resembles
the mtDNA distribution pattern of the isolation of
nucleoids from mitochondria lysed with 20 mM NaCl
(Fig. 5, top panel), which suggests a difference in the
composition of endothelial cell nucleoids. Western
blots of these fractions confirmed the lack of SOD2
association with mtDNA. SOD2 was found in the slow
sedimenting P1 fractions 8–10 (Fig. 7) only.

DISCUSSION

Our data provide biochemical evidence that some portion
of the enzyme is associated with the mitochondrial nucle-
oid structure and binds directly to mtDNA. This new
finding is based on the detection of SOD2 in sucrose
gradient isolated nucleoids by Western blots and coimmu-
noprecipitation of SOD2 with antibodies against DNA
and Pol� from nucleoid fractions. It applies for mitochon-
dria isolated from several sources, such as bovine and rat
heart, Jurkat cells, and human vascular smooth muscle
cells. Because the matrix protein FH does not copurify
with the nucleoids and there is a marked reduction of
MDH activity in the nucleoid fractions, it is unlikely that
association of SOD2 with mtDNA is due to contamination
of the nucleoid fraction.

Pathophysiological importance of the mitochondrial
SOD2

Under physiological conditions, the mitochondrial re-
spiratory chain is a major source of superoxide radical,

Figure 5. Isolation of rat heart nucleoids with increasing salt
concentrations. Nucleoids were purified from rat heart. Top
panel: MtDNA containing P1 fractions were quantified with
SYBR Green. Nucleoids sedimented more slowly with increas-
ing salt concentrations (20 and 200 mM NaCl), indicating
that ionic forces are involved in the association of SOD2 with
nucleoids. Middle panel: Under standard conditions (0 mM
NaCl), the nucleoids migrated to the bottom of the gradient
(fractions 1–3). At 20 mM NaCl, most of the SOD2 was still
associated with mtDNA (fractions 4–5), but according to the
mtDNA distribution the nucleoid complex started to dissoci-
ate at low salt (nucleoids were also identified by TFAM and
Pol�; data not shown). At high salt (200 mM NaCl), attach-
ment of the SOD2 was completely disrupted. Bottom panel:
As markers for the nucleoid complexes in 0 mM fractions, we
used antibodies against TFAM and Pol�. SOD2, TFAM, Pol�,
and mtDNA were present in the same fractions. Data shown
are representative of 3 independent experiments.
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converting �0.1% of oxygen into ROS. Therefore, the
mitochondrial restricted SOD2 is essential for cell
survival as evidenced by the lethality of Sod2�/� mice
(72). These animals die within a few days after birth
and exhibit a variety of phenotypes, including neuro-
degeneration, cardiovascular abnormalities, and exten-
sive mitochondrial dysfunction and damage. Several
pathophysiological conditions, such as inflammation or
chronic hypertension, are associated with a counter-
regulatory increase in SOD2 to cope with increased
ROS formation (73).

The common polymorphism in the mitochondrial
leader sequence, which supposedly decreases the mito-
chondrial import of SOD2, is associated with the devel-
opment of various forms of cancer, such as breast or
prostate carcinoma (74). In summary, SOD2 is essential
to protect mitochondrial physiology and the mitochon-
drial genome from oxidative damage.

Does SOD2 protect mtDNA from oxidative damage?

For many of the known nucleoid-associated proteins,
with the exception of TFAM, mtSSB, and Pol�, no clear

function has been assigned (30, 34, 75). For SOD2 it is
obvious to suggest that a proximity of SOD2 to mtDNA
could prevent superoxide toxicity, in which protein-
bound FeIII and a subsequent Fenton reaction with
H2O2 yields �OH radicals or a ferryl ion. Hydrogen
peroxide should therefore be deleterious as well and
requires an enzymatic system for detoxification. This
was confirmed by coimmunoprecipitation of SOD2
with an antibody against glutathione peroxidase 1 and
by Western blot analysis of sucrose density gradient
fractions. The emerging concept of a functional anti-
oxidant system established in the nucleoid structure is
supported by the notion that free mtDNA is more vulner-
able to X-ray or H2O2-induced damage than mtDNA
organized in nucleoids (76). One may argue that dense
packing alone may already result in such protection, but it
was found that in E. coli SOD2 is directly associated with
DNA and could protect against superoxide, whereas bac-
terial FeSOD showed no association and provided no
protection (63). The evolutionary explanation for the
bacterial origin of mitochondria is another argument for
similarities in the association of SOD2 in the bacterial and
mitochondrial genome.

Figure 6. Confocal images of human vascular smooth muscle cells. MtDNA is organized as protein-DNA complexes (nucleoids)
visible as punctate staining within the mitochondrial network. A) Confocal microscopy with antibodies recognizing SOD2 (red)
and DNA-incorporated BrdU (metabolic BrdU labeling, green). Yellow represents colocalized SOD2 with mtDNA (overlay).
B) Confocal microscopy with antibodies against SOD2 (red) and DNA (green). Yellow represents colocalized SOD2 with mtDNA
(overlay). Colocalization of SOD2 with mtDNA confirms (yellow) that a significant proportion of SOD2 is integrated in
nucleoids. Furthermore, nucleoid heterogeneity in size and composition is illustrated.
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Indirect proof of an increased antioxidant capability
of mtDNA associated vs. free matrix-located SOD2 may
come from a comparison between endothelial and
smooth muscle cells. The latter were reported to be
more resistant toward oxidative stress-induced mtDNA
lesions than endothelial cells (77). It may be speculated
that the rapidly proliferating mitochondrial network in
the endothelium could be the cause for the absence of
an association of SOD2 with mtDNA.

How does SOD2 interact with mtDNA?

We conclude from data obtained by a filter-binding
assay that direct binding of SOD2 to mtDNA can
occur without participation of a scaffolding protein such
as TFAM. Increasing the ionic strength by addition of
sodium chloride during the isolation procedure dissoci-
ated SOD2 from isolated nucleoids or prevented binding
of SOD2 to a synthetic DNA fragment in the filter-binding
assay. TFAM of isolated nucleoids still remained
bound to mtDNA (refer also to refs. 26, 27, 34) under
these conditions, which suggests that the 2 proteins
bind with different affinities to mtDNA. For TFAM
the existence of 2 HMG boxes (78) in the sequence
may provide a stronger interaction with mtDNA,
which would agree with its suggested scaffolding
properties. The instability of SOD2 binding at high
salt again favors ionic binding forces, which could be
explained by the presence of several C-terminally
located positively charged lysines and their interac-
tion with the negatively charged phosphate backbone
of mtDNA. Corresponding lysines in SOD2 are con-
served from E. coli to mammals (Fig. 8) (63, 68, 79).
However, interaction with other proteins in the
nucleoid structure cannot be excluded at the current
stage but will be addressed in future investigations
with truncation mutants and side-directed mutagen-
esis of the Lys residues.

Is the association of proteins to mtDNA metabolically
controlled?

Several nucleoid populations with different associated
proteins likely exist (29, 51); however, the physiological
function remains unclear. As herein a lack of SOD2
association in endothelial cells is reported, one may
postulate that a dynamic metabolically or stress-driven
process of association and dissociation occurs. For the
process of mtDNA replication, transcription, and repair, a
separation of mtDNA attached proteins has to be postu-
lated, as assumed for immature Xenopus oocytes compared
to mature ones (80). Similar to the histones in nuclear
DNA, a process of acetylation/deacetylation could control
(81) the attachment of nucleoid proteins to mtDNA, thus
modulating nucleoid density for maintenance and repli-
cation/transcription. Also metabolic demands may be
associated in the control of the nucleoid density and
integrated proteins.

The mammalian mitochondrial genome solely codes
components of the respiratory chain. Therefore, an
increase in ATP demand and oxidative metabolism
requires the induction of proteins of the respiratory
chain. The D-loop conformation of mtDNA, which is an
indicator of enhanced oxidative metabolism and tran-
scriptional activity, is more abundant after exercising
the skeletal muscle (82). This indicates that mtDNA
may exist in different conformations that are regulated
by metabolic demand.

CONCLUSIONS

The relationship between SOD2 and mtDNA may exist
to prevent mitochondrial dysfunction and allow for
protection in a number of different tissues and disease
processes. We demonstrated that mtDNA is associated
with an antioxidant system in mammalian cells with
SOD2 binding directly to mtDNA. The implications for
this complex in physiological and pathophysiologic
processes have not been elucidated but likely play an

Figure 7. Lack of SOD2 association with nucleoids isolated
from bovine aortic endothelial cells. Top panel: MtDNA con-
taining P1 fractions were quantified with SYBR Green. MtDNA
was concentrated in P1 fractions 1–6. Bottom panel: SOD2 was
only present in the low-density P1 fractions 8–10 and not in the
mtDNA-containing fractions. Notably the mtDNA content is
significantly higher than in the other preparation. Data shown
are representative of 4 independent experiments.

Figure 8. Highly conserved Lys residues at the C-terminus of
SOD2. The C-terminal 	-helical lysines (K197, K198 of hu-
man SOD2) in conjunction with K130 in a loop region are
likely DNA interaction sites. We hypothesize that they form a
structurally conserved DNA binding domain of SOD2.
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important role in diseases linked to chronic oxidation,
such as diabetes or aging.
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