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ABSTRACT

Mitochondrial DNA (mtDNA) contains high levels of
oxidative damage relative to nuclear DNA. A full, func-
tional DNA base excision repair (BER) pathway is pre-
sent in mitochondria, to repair oxidative DNA lesions.
However, little is known about the organization of
this pathway within mitochondria. Here, we provide
evidence that the mitochondrial BER proteins are not
freely soluble, but strongly associated with an inner
membrane-containing particulate fraction. Uracil
DNA glycosylase, oxoguanine DNA glycosylase and
DNA polymerase vy activities all co-sedimented with
this particulate fraction and were not dissociated from
it by detergent (0.1% or 1.0% NP40) treatment. The
particulate associations of these activities were not
due to their binding mtDNA, which is itself associated
with the inner membrane, as they also localized to the
particulate fraction of mitochondria from 143B (TK")
p° cells, which lack mtDNA. However, all of the BER
activities were at least partially solubilized from the
particulate fraction by treatment with 150-300 mM
NaCl, suggesting that electrostatic interactions are
involved in the association. The biological implica-
tions of the apparent immobilization of BER proteins
are discussed.

INTRODUCTION

Mitochondria are enclosed by a double membranous structure
(1). The inner membrane forms cristae and contains the res-
piratory complexes that catalyze oxidative phosphorylation.
Mitochondrial DNA (mtDNA) is also partially associated with
the inner membrane (2,3). Perhaps as a result of this proximity

to respiration, mtDNA is subjected to continuous oxidation
by reactive oxygen species, resulting in steady-state levels of
oxidative lesions several-fold higher than those found in nuc-
lear DNA (4). Many of these lesions, like the most extensively
investigated 8-oxo-deoxyguanine (8-oxodG) (5), are muta-
genic and therefore compromise mitochondrial genomic sta-
bility. Mitochondria contain enzymes whose function is to
remove these lesions, thus reversing the effects of oxidation
and preventing mutation (6). Oxidative DNA damage, such
as 8-0xodG, is primarily repaired by the base excision repair
(BER) pathway in the nucleus. In mitochondria, BER is the
only complete biochemical pathway for oxidative mtDNA
damage repair known to be present. BER is also involved
in removal of other small base modifications such as uracil
and alkylation damage in mtDNA. The pathway includes four
distinct steps: lesion removal by a glycosylase, abasic site
processing by an apurinic/apyrimidinic (AP) endonuclease,
insertion of a new nucleotide by polymerase y and ligation
of the broken strand by DNA ligase. Although BER activities
can be readily measured in vitro, the exact identities of all of
the proteins involved in mitochondrial BER are not yet estab-
lished. Similarly, details of the mechanisms by which mtDNA
is repaired are presently lacking.

There is evidence that several of the mtDNA glycosylases
are not freely soluble in the matrix, but rather associated with
the inner membrane. Immunohistochemistry (7) and overex-
pression of hemagglutinin-tagged proteins (8) both suggest
that OGGI1 and mutY homologue (MYH) maintain an asso-
ciation with the inner membrane. The nature of the association
remains unknown, but it has important implications for
mtDNA repair. If mtDNA repair proteins are membrane-
bound, or immobilized as part of a membrane-bound repair
complex, their movements may be limited, which will have
implications for the modes of mtDNA repair that will be
possible. On the other hand, the observed localization of
DNA repair proteins to the inner membrane may result simply
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from their binding to mtDNA, which is in turn attached to the
membrane (3).

Mammalian cells in culture can be purged of their mtDNA,
and though they lose their ability to respire, survive in oxy-
genated medium via anaerobic glycolysis (9). The mtDNA-
less (p”) mitochondria maintain a reduced but significant
membrane potential by an electrogenic exchange of ADP/ATP
combined with the ATPase activity of the nuclear-encoded
F;-ATPase (10). Though these p° cells lack mtDNA, many
nuclear-encoded proteins involved in mtDNA replication
(11) and repair continue to be synthesized and imported,
and all BER activities are present, though typically at
reduced levels (12). The p0 cells thus provide a useful
model with which to investigate the question of whether the
inner membrane association of mtDNA repair proteins results
from their binding to replicating mtDNA, or is a direct inter-
action with the membrane, or another membrane-associated
component.

Here, we have investigated the sub-mitochondrial organ-
ization of BER, and describe the nature of the interactions
involved in maintaining BER proteins in particulate fractions.
We have used p° cells to ask whether the membrane associ-
ation of BER is due to their association with mtDNA, which
in turn is anchored to the inner membrane. We also provide
evidence showing that mitochondrial BER may be a compon-
ent of the mitochondrial nucleoid.

MATERIALS AND METHODS
Chemicals

Leupeptin, E-64 and chymostatin were from Roche
(Indianapolis, IN). Isotopes were from NEN Life Sciences
(Boston, MA), Sephadex G-25 spin columns were from
Amersham (Piscataway, NJ). T4 polynucleotide kinase was
from Stratagene (San Diego, CA). Cell culture media and
western blot materials were from Invitrogen (Carlsbad, CA).
Antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA), Novus Biologicals (Littleton, CO) and Novocastra
Laboratories (Newcastle upon Tyne, UK). All other reagents
were of ACS grade and from Sigma (St Louis, MO).

Cell culture

GM1310 human lymphoblast cells (Coriell cell repositories,
USA) were grown in a humidified 5% CO, atmosphere in
RPMI medium supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin and 2 mM glutamine. Approxim-
ately 100 large flasks were grown to ~70% confluence and
harvested as described below.

mtDNA-less (po) 143B TK™ human osteosarcoma cells
(ATCC CRL 8303) were a generous gift from Guiseppe
Attardi (California Institute of Technology). Wild-type (wt)
143B TK™ cells were acquired from the American Type Cell
Collection (ATCC). WT and p° cells were cultured under
identical conditions, in a humidified 5% CO, atmosphere
in DMEM medium, supplemented with 1% penicillin/
streptomycin, 10% fetal bovine serum, 100 pg/ml pyruvate,
100 pg/ml bromodeoxyuridine and 50 pg/ml uridine.
Approximately 60 large (150 mm) plates of wt and po
143B TK™ cells were grown to 80% confluence and harvested
as described below.
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Isolation of mitochondria from GM1310 and 143B cells

Harvested cells were washed twice in phosphate-buffered
saline (PBS) and then resuspended in 7 ml of MSHE homo-
genization buffer (210 mM mannitol, 70 mM sucrose, 10 mM
HEPES (pH 7.4), 1 mM EGTA, 2 mM EDTA, 0.15 mM
spermine, 0.75 mM spermidine and 1 mM DTT), with the
following protease inhibitors added immediately prior to
use: 1 ug/ml chymostatin, 2 pg/ml leupeptin, 2 uM benzam-
ide, 1 uM E-64 and 1 mM phenylmethlysulfonyl fluoride.
Cells were homogenized with a Potter—Elvejhem glass/glass
homogenizer. The homogenate was centrifuged at 500 g for
12 min. The supernatant was transferred to a new tube and
centrifuged at 10000 g for 10 min. The pellet was homogen-
ized and centrifuged a second time. The 10 000 g pellets (crude
mitochondrial fraction) were combined. The combined
10000 g pellets were layered onto a 1:1 Percoll: 2x MSHE
gradient and centrifuge at 50000 g for 1 h 10 min. The mito-
chondrial layer, in the middle of the gradient, was collected
and washed twice in homogenization buffer, then resuspended
in 300 pl MSHE. Protein concentration was determined by
BioRad assay using BSA as standard, and mitochondrial frac-
tions were stored at —80°C. The contamination of mitochon-
drial fractions with nuclear proteins was assessed using
western blot to probe for Lamin B, an abundant structural
protein with nucleus-specific localization.

Mitochondrial subfractionation

The general scheme of mitochondrial fractionation is presen-
ted in Figure 1. Mitochondria were initially disrupted by one
of two methods. The first method was rapid freeze—thaw in
hypotonic potassium phosphate buffer. A thawed aliquot of
mitochondria (WM; ~25 mg protein/ml) was diluted 1:4 in
25 mM potassium phosphate, pH 7.2, and subjected to three
rounds of freeze—thaw, then centrifuged at 130000 g for 1 h.
A volume of potassium phosphate buffer equal to the initial
volume was added to the pellet (P1) and briefly sonicated
(on ice). The supernatant (S1) was also briefly sonicated.
The second method of mitochondrial disruption was sonica-
tion. All subsequent procedures were carried out on ice.
Mitochondria suspended in MSHE were subjected to four
5 s bursts at 5 W, with 1-2 min between each burst. Homo-
genates were centrifuged at 130000 g for 1 h. A volume of
MSHE equal to the starting volume was added to the resultant
pellet (P1) and sonicated briefly. The supernatant was also
sonicated briefly. Both methods of fractionation gave similar
results, and only P1 fractions prepared by sonication were used
for further fractionation.

The particulate (P1) fractions prepared by sonication were
further fractionated by incubation with non-ionic detergent
(0.1% or 1.0% NP40) or with 0.1% NP40 plus 150 or
300 mM NaCl for 30 min on ice, followed by centrifuga-
tion for 1 h at 20000 g. The resultant pellets (P2) were
re-solubilized by addition of an equal volume of starting buffer
plus NP40 or NP40 plus NaCl, and repeated pipetting and
vortexing to homogeneity.

Citrate synthase distribution in mitochondrial
subfractions

Citrate synthase (CS) was used as a marker of soluble mito-
chondrial matrix proteins. CS activity was measured at 30°C in
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Figure 1. Mitochondrial fractionation scheme showing designations of various fractions. For details of procedures, see Materials and Methods.

a Perkin Elmer UV-Vis spectrophotometer at 412 nm. Assay
conditions were 20 ug WM protein, or an equal volume of
P1 or S1 fractions in 50 mM Tris (pH 8.0), 0.5 mM DTNB,
0.1 mM acetyl-CoA, 0.5 mM oxaloacetate and 0.05% Triton
X-100. Oxaloacetate was omitted to establish a background

Table 1. Oligonucleotides used in assays for DNA repair activities

Name Sequence

Con 5'-ATA TAC CGC GGC CGG CCG ATC AAG CTT ATT-3'
3/-TAT ATG GCG CCG GCC GGC TAG TTC GAA TAA-5'

rate of DTNB-CoA formation U 5/-ATA TAC CGC GG (U) CGG CCG ATC AAG CTT ATT-3'
uU 5/-ATA TAC CGC GG (U) CGG CCG ATC AAG CTT ATT-3'
3/-TAT ATG GCG CCG  GCC GGC TAG TTC GAA TAA-5'

OG  5'-ATA TAC CGC G (0G) C CGG CCG ATC AAG CTT ATT-3'

Western blotting

Whole mitochondria, and subfractions thereof, were diluted
1:1 in SDS protein loading buffer supplemented with 50 mM
2-mercaptoethanol, sonicated, heated at 90°C for 10 min and
cleared by centrifugation at 13000 g for 5 min. For Lamin B
detection, ~50 ng of sample protein was loaded onto 12%
Tris—glycine gels and electrophoresed at 130 V for 1.5 h. For
most other western blots, 50 ug of WM or P1 protein, and
an equal volume of other subfractions, were loaded. For NP40
solubilization of BOGG1 and COXIV, 5 pg of WM protein,
and an equal volume of subfractions were loaded. Gels were
transferred to PVDF membranes (0.2 um pore size; Invitro-
gen) at 250 mA for 2 h in transfer buffer containing 20%
methanol. Membranes were blocked either 1 h at room tem-
perature (RT) or overnight at 4°C in PBST (0.1% Tween-
20) + 5% milk protein. Incubation with primary antibodies
was in PBST + 5% milk protein, either 1 h at RT or overnight
at 4°C, with the following antibodies and conditions: Lamin B
(1:500; Novocastra); COX IV (1:1000; Santa Cruz); fOggl
(1:1000; Novus); a-OGG1 (1:100; Assay Designs); Endonuc-
lease G (1:1000; Calbiochem) mtTFA (1:1000; Santa Cruz)
and DNA ligase III (1:100; Pharmigen). Secondary anti-mouse,
anti-rabbit or anti-goat antibodies were applied at 1:1000-
1:5000 and membranes incubated at RT for 1 h. Membranes
were then washed repeatedly with PBST and visualized using
ECLPIlus (Amersham).

3/-TAT ATG GCG C( C)G GCC GGC TAG TTC GAA TAA-5'

THF 5'-AAT TCA CCG GTA CG (F) TGA ATT CG-3'
3/-TTA AGT GGC CAT GG (C) TCT TAA GC-5'

GAP 5'-CGG ATC TGC AGC TGA TGC GC-OH P-GTA CGG ATC CCC GGG TAC-3'
3/-GCC TAG ACG TCG ACT ACG CGG CAT GCC TAG GGG CCC ATG-5’

Con = control oligonucleotide (no damage); U = single-stranded, containing
a uracil; UU = double-stranded, containing a uracil; OG = double-stranded,
containing an 8-0xodG; THF = double-stranded, containing a tetrahydrofuran
abasic site analog; GAP = single nucleotide gap.

Uracil DNA glycosylase

Uracil DNA glycosylase (UDG) activities were determined by
incubation of 1 pg WM, or an equal volume of mitochondrial
subfractions, with 90 fmol of **P-end labeled uracil- contalmng
oligonucleotide (U; Table 1) for 30 min at 37°C, in 10 pl
reaction buffer containing 70 mM HEPES-KOH (pH 7.5),
1 mM EDTA, 1 mM DTT, 75 mM NaCl, 0.05% BSA and
2 ng of Escherichia coli endonuclease IV. Endonuclease IV
(kindly provided by David Wilson, NIA) was included to
ensure incision of the abasic site following uracil removal
even in fractions deficient in AP endonuclease activity
(p mitochondria). Reactions were terminated by addition
of 10 pl formamide loading buffer (80% formamide, 10 mM
EDTA, 1 mg/ml xylene cyanol FF and 1 mg/ml bromophenol
blue) and heating at 90°C for 10 min. Reaction substrates and
products were visualized and quantitated as described below.



OGGT1 activity

OGG1 activity was measured as incision of an 8-oxodG-
containing 28mer oligonucleotide (OG; Table 1): 10 ul reac-
tions contained 40 mM HEPES (pH 7.6), 5 mM EDTA, 1 mM
DTT, 75 mM KCl, 10% glycerol, 88.8 fmol of oligonucleotide
and 5 g of WM or an equal volume of subfractions. Reactions
were incubated for 4 h at 37°C then terminated by adding 5 pg
of proteinase K (PNK) and 1 ul of 10% SDS and incubating
at 55°C for 30 min. DNA was precipitated by addition of 1 ug
glycogen, 4 pul of 11 M ammonium acetate, 60 pl of ethanol
and overnight incubation at —20°C. Samples were centri-
fuged, dried, suspended in 10 pl of formamide loading dye.

AP endonuclease activity

AP endonuclease activities of mitochondria and mitochondrial
subfractions were determined by incubation of 500 ng WM
or P1 or P2 protein (or an equal volume of S1 or S2 fraction)
with 1 pmol of a ¥2p_end labeled tetrahydrofuran (THF)-
containing double-strand 26mer oligonucleotide (Table 1)
for 10 min at 37°C, in 10 ul of reaction buffer containing
50 mM HEPES-KOH (pH 7.5), 50 mM KCI, 100 pg/ml
BSA, 10 mM MgCl,, 10% glycerol and 0.05% Triton
X-100. Reactions were terminated by the addition of 10 pl
formamide loading buffer and heating at 90°C for 10 min.

Reaction substrates and products were resolved by electro-
phoresis on 20% acrylamide gels at 15 W for 1 h 10 min,
visualized by Phospholmager and quantified using Image
Quant™ (Molecular Dynamics).

Uracil-initiated BER synthesis

Repair synthesis of a uracil-containing double-strand oligo-
nucleotide was measured essentially as described previously
(11). Reactions contained 50 pg of P1 or S1 protein, or 50 ug
of each, in 50 ul of reaction buffer containing 40 mM HEPES,
0.1 mM EDTA, 5 mM MgCl,, 0.2 mg/ml BSA, 50 mM KCl,
1 mM DTT, 40 mM phosphocreatine, 100 pg/ml phosphocre-
atine kinase, 2 mM ATP, 40 uM dNTPs, 4 uCi [**P]dCTP,
3% glycerol and 120 ng of control (Con) or UU oligonuc-
leotide substrate. Reactions were incubated for 1 h at 37°C and
terminated by addition of 2.5 ug PNK and 10 ul of 10% SDS
followed by incubation at 55°C for 30 min. DNA was precip-
itated by addition of 0.5 pg glycogen, 2 ul of 11 M ammonium
acetate, 130 pl of ethanol and overnight incubation at —20°C.
Samples were centrifuged for 1 h at 13000 g, washed in 70%
ethanol and dried by vacuum centrifugation: 10 pul formamide
loading dye was added and the samples heated at 90°C for
10 min and electrophoresed and visualized as above. Quanti-
fication of repair synthesis activity was done by comparing p
repair product signal intensity with that of wt (100%).

Polymerase <y gap-filling assays

The polymerase y gap-filling assay was done using essentially
the same conditions as above, but 500 ng of WM protein or an
equal volume of subfractions, and 0.8 pmol GAP oligonuc-
leotides (Table 1) in a final volume of 10 ul. Reactions were
incubated for 2 h at 37°C and terminated by addition of 5 pg
PNK and 1 pl of 10% SDS followed by incubation at 55°C for
30 min. DNA was processed as described above.
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RESULTS
mtDNA BER proteins are not freely soluble

Mitochondria were isolated from GM1310 human lympho-
blast cells by a combination of differential centrifugation
and Percoll gradient separation, and were essentially devoid
of nuclear contamination, as assessed by western blotting for
the abundant nuclear structural protein Lamin B (not shown).

To assess whether mtDNA repair proteins were freely sol-
uble in the matrix, WM were disrupted either by sonication or
by three cycles of freeze—thaw and separated by high-speed
centrifugation into soluble (S1) and insoluble (P1) fractions
(Figure 1). Similar results were obtained for both methods of
disruption. Here, we show results obtained using sonication.
The P1 fraction was further fractionated by incubation with
the non-ionic detergent NP40, or with NP40 and NaCl, fol-
lowed by a second centrifugation step, creating P2 and S2
fractions.

The mitochondrial matrix enzyme CS was used as a marker
of soluble matrix proteins. Over 60% of the total mitochon-
drial CS activity was recovered in the S1 fraction (Figure 2a).
The inner membrane protein cytochrome oxidase subunit IV
(COXIV) was used as a marker of the inner membrane.
Immunoblotting for COXIV showed the protein was localized
exclusively in the Pl fraction and undetectable in S1
(Figure 2b).

Activities of the DNA glycosylases and AP endonuclease
were determined in WM, P1 and S1 fractions using incision
assays with oligonucleotides containing the lesion of interest
at a defined position (Table 1). UDG and OGG1 activities were
both recovered primarily in the P1 fraction, with relatively low
activities detected in the soluble (S1) fraction (Figure 3a—c).
Immunoblotting using antibodies specific for either o- or

—~
0o
~

Citrate synthase activity
(nmol/min)

WM P1 S1

(b) Mt
P1 S1

COX 1V

Figure 2. Distribution of matrix and inner membrane markers, citrate synthase
and cytochrome oxidase subunit IV (COXIV), respectively. (a) Activity of
citrate synthase in WM, P1 and S1 fractions. (b) Levels of the integral inner
membrane COX IV in P1 and S1 fractions.
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B-isoform of OGG1 showed that both localized predominantly
to the P1 fraction (Figure 3d). On the other hand, the majority
of AP endonuclease activity was recovered in S1 (Figure 3e),
though degradation of the THF oligonucleotide prevented
an accurate measurement of AP endonuclease activity in
the P1 fraction. This was possible with mitochondria from
143B cells (see below), where the activity was also primarily
soluble (S1).

Polymerase y catalyzes the third step in the mitochondrial
BER pathway, the incorporation of the correct nucleotide
into the gap created by AP endonuclease activity. Polymerase
Y gap-filling activity was measured as incorporation of
[*?P]dCTP into an oligonucleotide containing a single nucle-
otide gap (Table 1). Again, we found that the majority of gap-
filling activity was present in the P1 fraction (Figure 3f).

Finally, we measured the activity of the intact BER pathway
by measuring the incorporation of a *?P-radiolabeled dCTP
into an oligonucleotide containing a U/G base pair, demon-
strating that the entire pathway is localized primarily in the P1
fraction (Figure 3g).

To ensure complete disruption of the P1 fraction, we incub-
ated this fraction with either 0.1% or 1.0% (v/v) NP40 to
solubilize membrane phospholipids. Following detergent
incubation, the P1 fraction was recentrifuged and separated
into P2a and S2a fractions (Figure 1). Both concentrations of
NP40 were effective in releasing virtually all CS activity from
the particulate fraction, with only ~10% of the total activity
originally present in WM remaining in the P2a fraction
(Figure 4a). This solubilized CS was detected in the S2a frac-
tion. We then measured UDG and OGGI activities in the
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Figure 3. Recovery of mitochondrial BER activities in P1 and S1 fractions. (a) UDG activity. Representative gel showing U oligonucleotide substrate (Table 1)
and incised product following incubation with WM, P1 or S1 fraction. In the first lane, U oligonucleotide was incubated with recombinant UDG to provide a marker of
the incised product. In the second lane, no mitochondrial protein was added to the assay. (b) Mean UDG activities in WM, P1 and S1 fractions. Values are
mean = SEM of three measurements. (¢) Mean OGG1 activity in WM, P1 and S1 fractions. (d) Detection of o.- and B-OGG1 isoforms in mitochondrial subfractions
by western blot. (e) AP endonuclease activity. Representative gel showing THF oligonucleotide substrate and incised product for AP endonuclease assay. In
lane 2, one unit of recombinant APE1 (kindly provided by David Wilson, NIA) was added to the assay in place of mitochondrial protein extract. (f) Quantification
of polymerase y gap-filling activity in mitochondrial subfractions. Values are mean + SEM of three measurements (g) Uracil-initiated BER. Representative
gel showing [*?P]dCTP incorporation into UU oligonucleotides by P1, S1 and P1 + S1 fractions. C = control oligonucleotide (Table 1); U = uracil-containing

oligonucleotide (UU).

P2a and S2a fractions and found that both activities continued
to localize to the particulate fractions (Figure 4b and c).

Importance of electrostatic interactions in the
association of mtDNA BER proteins with the
particulate fraction

To investigate whether electrostatic interactions were import-
ant in maintaining UDG and OGGl in the P1 and P2 partic-
ulate fractions, we treated the P1 fraction with 0.1% NP40 in
presence of either 150 or 300 mM NacCl, followed by centri-
fugation and separation into P2b and S2b fractions as above
(Figure 1). This treatment was effective in solubilizing most
of the UDG activity from the P1 fraction (Figure 5a). Simil-
arly, western blot analysis showed that incubation with NaCl
solubilized a significant portion of BOGGI protein, while
COXIV remained in the P2b fractions following this treatment
(Figure 5b).

mtDNA maintains an association with the inner membrane
(3). The ability of low concentrations of NaCl to solubilize
UDG and OGGI1 would be consistent with their association
with the P1 and P2 fractions due to weak electrostatic

interactions with mtDNA. To test whether DNA repair pro-
teins were ‘pulled down’ in the P1 and P2 fractions due to their
attachment to mtDNA, which is in turn attached to the inner
membrane, we repeated the above experiments using human
143B (TK™) human osteosarcoma cells devoid of mtDNA
(p°). Previously, we demonstrated that BER proteins are pre-
sent in mitochondria from these cells, even in the absence of
mtDNA (11), and so these mtDNA-less mitochondria can
be used to test for a particulate association independent of
mtDNA. 143B wt and p° mitochondria were fractionated
using the same protocol as for GM1310 cells (Figure 1).

In both wt and p0 mitochondria, UDG and OGG1 activities
were recovered primarily in the P1 fraction, though a higher
proportion of overall UDG activity was soluble in 143B mito-
chondria (Figure 6a and b) compared to GM1310. Recovery of
UDG activity in the particulate fraction was unaltered by NP40
treatment, but was decreased by treatment with NP40 and
NaCl, which solubilized a substantial portion of the particulate
activity. This was observed in both wt and p0 mitochondria,
i.e. in the presence and absence of mtDNA. Although AP
endonuclease activity is significantly lower in p° mitochondria
(11), its distribution was similar in 143B mitochondria,
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Figure 4. Effect of NP40 treatment of the P1 fraction on the solubilization
of BER protein activities. Pelleted particulate (P) fractions were resuspended
in the starting volume of MSHE buffer to permit calculation of the relative
distribution of activities. (a) CS activity in mitochondrial subfractions.
P1 fractions were incubated with either 0.1% or 1.0% (v/v) NP40, then further
fractionated by centrifugation into P2a and S2a; (b) Distribution of UDG
activity in mitochondrial subfractions; (¢) Distribution of OGGI activity in
mitochondrial subfractions. In all graphs, bars represent mean + SEM of three
measurements.

compared to GM1310. The majority of AP endonuclease
activity was in the S1 fraction of 143B wt mitochondria,
and the P1 activity was readily solubilized by NP40, indicating
again that this activity does not strongly associate with the

particulate fraction as do other mitochondrial BER proteins
(Figure 6¢).

We investigated the sub-mitochondrial localization of
polymerase y in 143B cells, employing the gap-filling
assay. Polymerase y gap-filling activity was confined mainly
to the P1 fraction of both wt and po mitochondria, and was
not solubilized by NP40 (Figure 6d). However, as observed
with UDG and OGGl, a significant proportion of polymerase
vy activity could be solubilized by treatment with NaCl. Again,
this was observed in both the presence and absence of mtDNA.
Thus, the associations of all mtDNA BER proteins with the
particulate fraction P2 is not via a direct interaction with
mtDNA.

Identification of other mtDNA maintenance
proteins in the particulate fraction

Recently, human mtDNA and its associated replication and
maintenance proteins have been shown to organize into nuc-
leoid structures (13), as had been demonstrated previously
in yeast mitochondria (14). While the nucleoid structure has
not been completely characterized, it contains various mtDNA
maintenance proteins, including polymerase y. We probed our
P1 fractions from GM1310 mitochondria for other proteins
involved in mtDNA maintenance. DNA ligase III ligates
the DNA ends during BER in the nucleus, and it has been
implicated in BER in mitochondria as well. Mitochondrial
transcription factor A (mtTFA) is essential for the stability
of mammalian mtDNA, and endonuclease G is involved in
mtDNA degradation. All three proteins, Liglll, mtTFA and
mtDNA endonuclease G were detected in the P1, but not the
S1 fraction (Figure 7).

Enrichment of mitochondrial BER proteins

mtDNA repair proteins appear to be present in mitochondria
in relatively low abundance, and one of the challenges in
studying BER 1in this organelle is to obtain sufficient amounts
of protein to characterize. The strong association of mitoc-
hondrial BER proteins with the particulate fraction provides
an opportunity to create a fraction enriched in mtDNA repair.
Mitochondrial P1 fractions treated with NP40 release soluble
or weakly associated proteins, but the association of BER
proteins appears to be undisturbed. Therefore, we assessed
the enrichment of the particulate fraction for BER proteins
by determining UDG activity per unit fraction protein in WM,
P1 and P2a fractions. We found that the specific activity of
UDG was increased ~20-fold in the P2a fraction, relative to
WM, indicating that this approach may be useful in producing
enriched BER fractions for further protein identification and
characterization.

DISCUSSION

The enzymes catalyzing mtDNA BER are, with the exception
of the mitochondrial AP endonuclease, not freely soluble mat-
rix proteins, but rather associate with some element(s) of the
particulate fraction that is independent of mtDNA (for sum-
mary, see Tables 2 and 3). The associations of these proteins
were not readily disrupted by concentrations of the non-ionic
detergent NP40 that readily solubilize the inner membrane.
Thus, there is no evidence that any of these proteins are
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Figure 5. Effect of NP40 + NaCl treatment of the P1 fraction on BER protein solubilization. (a) Representative gel showing substrates and products of UDG assay
in mitochondrial subfractions. P2 and S2 are derived from P1. ‘150’ and ‘300’ denote 150 and 300 mM NaCl, respectively. (b) Mean UDG activities in mitochondrial
subfractions. Values are mean = SEM of three measurements. (¢) Western blot showing the effect of incubation with 150 or 300 mM NaCl on solubilization of

BOGGH, but not COXIV, from the particulate fraction.

directly membrane-bound. Only BOGGI contains a putative
membrane-spanning domain (SOSUI; http://sosui.proteome.
bio.tuat.ac.jp/sosuimenu0.html), but detergent treatments
that solubilize the membrane-bound COXIV do not solubilize
BOGGI (data not shown), and the latter protein is therefore
not membrane bound.

We identified both o~ and B-isoforms of OGGI in the Pl
fraction by western blot. We recently reported that purified
recombinant OGG1 lacks 8-oxodG incision activity (15),
which suggests that the mitochondrial incision activity is actu-
ally catalyzed by another isoform of OGG1 or perhaps that
BOGGTH is functional only within an as yet uncharacterized
complex. In support to this hypothesis, we showed that human
mitochondria contain enough oOGG1 to support incision
activity (15). Takao et al. (16) identified four OGG1 isoforms
that localized, using epitope tagging, to mitochondria (though
some were primarily nuclear). It remains unclear why multiple
isoforms of OGG1 might localize to mitochondria and what
contributions the individual isoforms make to the observed
incision activity. However, it is interesting that both o- and
B-isoforms are primarily in the particulate fraction, where they
could assemble into a larger complex.

The association of BER proteins with the mitochondrial
particulate fraction was not readily disrupted by sonication,
freeze—thaw or detergent treatment. However, UDG, OGG1
and polymerase ¥ activities could all be dissociated from the

particulate fraction by relatively low concentrations of
NaCl. This indicates that these proteins associate with this
fraction due to electrostatic interactions. However, the inter-
action is not with mtDNA, as the particulate localization
persists in mitochondria from p° cells, which lack mtDNA
entirely. Thus, it is likely that in normal human cells, BER
proteins are associated with a protein or protein/RNA element
proximal to the inner membrane, but not membrane-spanning:
perhaps an mtDNA replication/repair complex, as has been
suggested (17,18).

Similar observations have been made with mitochondrial
ribosomes. A significant proportion of mitochondrial ribo-
somes sediment with an inner membrane-containing partic-
ulate fraction, following sonication and detergent treatment
(19). Low concentrations of NaCl effectively solubilize most
of these ribosomes from the particulate fraction, and the
authors suggest an interaction of mitochondrial ribosomes
with one or more large protein complexes in the membrane.
Consistent with this idea, Suzuki et al. (20) identified a nuclear
DNA encoded subunit of respiratory complex I as part of the
mitochondrial 28S small ribosomal subunit proteome. Thus,
mtDNA, mitochondrial ribosomes and mtDNA repair proteins
may all associate with an inner membrane fraction, perhaps
a nucleoid structure. Mitochondrial nucleoids have been
described in human mitochondria, where they contain, in
addition to several molecules of mtDNA, various proteins
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involved in its replication and maintenance (21,22), including Our results both confirm and extend previous models of
polymerase y and mtTFA that we also found in the particulate mtDNA BER based on electron microscopy results and the
fraction (Figure 7). Our data are consistent with the idea that  use of overexpressed epitope-tagged proteins (17). The DNA
the BER proteins are part of the mtDNA replication and repair ~ glycosylases OGG1, UDG and MYH (7) all associate with the
apparatus in the nucleoid. particulate fraction of mitochondria, as does polymerase v,
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Figure 7. Western blot showing detection of DNA ligase III, mitochondrial
transcription factor A (mtTFA) and endonuclease G in the P1 fraction of
GM1310 mitochondria.

Table 2. Summary of the sub-mitochondrial distribution of mtDNA BER
activities

Activity® P1 S1

Citrate synthase 40.2 54.1
AP incision + ++
U incision 77.6 40.8
OG:C incision 43.1 21.6
Gap-filling 52.7 12.7
BER synthesis incorporation ++ +

“Values presented are percent of WM activity.

Table 3. Summary of western blot detection of proteins involved in mtDNA
repair/maintenance and respiration in sub-mitochondrial fractions

Protein P1 S1
COX 1V -+ -
a-OGGl1 +++ +
B-OGG1 +++ -
DNA lig III +++ -
Endo G +++ —
mtTFA +++ +/—

DNA ligase III, and a minor portion of AP endonuclease
activity. This suggests a model in which BER is organized
around a fixed, insoluble structure (or structures) located near
the inner membrane. Depending upon the specific arrange-
ments of the proteins and the extent to which their particulate
association is static, the data are consistent with a model
in which mtDNA is the mobile element during mtDNA
replication and repair. Thus, mtDNA may scroll through a
membrane-associated complex as outlined by Naviaux (18)
that replicates, proofreads and repairs it. Such a ‘factory
model” of DNA replication has been suggested for E.coli
(23), and there is evidence that mammalian mtDNA replica-
tion may indeed occur via a similar mechanism (24,25). Yeast
mitochondria contain an mtDNA replisome that spans both
mitochondrial membranes and is linked to elements of the
cytoskeleton (26). It is thus possible that the proposed
mtDNA ‘replisome’ and mitochondrial nucleoids are in fact
parts of the same structure, and that BER proteins are also
components of this structure. Consistent with this possibility,
polymerase Y, which we localized to our particulate fraction by
its polymerase activity, has been demonstrated in nucleoids
using western blot and immunocytochemistry (13). We also
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identified the nucleoid protein mtTFA in P1 fractions, again
suggesting the presence of nucleoids in our BER-containing
fractions. This finding is not consistent, however, with the
recently published nucleoid proteome of the frog Xenopus
laevis, in which no BER proteins were reported (27). However,
the relatively small number of proteins identified in these
nucleoids suggests a limited sensitivity of this analysis. More-
over, species differences in nucleoid composition are likely.
A sensitive characterization of human mitochondrial nucleoids
will be necessary to determine definitively whether human
BER proteins are nucleoid-associated.

In summary, we have demonstrated an mtDNA-independent
association of mitochondrial BER proteins with an inner
membrane-containing particulate fraction that appears to be
mediated via electrostatic interactions. If this apparent immob-
ilization of BER proteins in mitochondria occurs in vivo, it will
impose important mechanistic constraints upon mtDNA repair
processes. Our results are consistent with mitochondrial
BER being localized to a membrane-associated nucleoid or
replisome.

ACKNOWLEDGEMENTS

We thank Giuseppe Attardi for kindly providing p® 143B
(TK™) cells, and David Wilson, III for providing recombinant
APE]1. Funding to pay the Open Access publication charges for
this article was provided by National Institutes of Health, USA.

Conflict of interest statement. None declared.

REFERENCES

1. Frey,T.G., Renkens,C.W. and Perkins,G.A. (2002) Insight into
mitochondrial structure and function from electron tomography.
Biochim. Biophys. Acta, 1555, 196-203.

2. Nass,M.M. (1969) Mitochondrial DNA.I. Intramitochondrial distribution
and structural relations of single- and double-length circular DNA.

J. Mol. Biol., 42, 521-528.

3. Albring,M., Griffith,J. and Attardi,G. (1977) Association of a protein
structure of probable membrane derivation with HeLa cell mitochondrial
DNA near its origin of replication. Proc. Natl Acad. Sci. USA, 74,
1348-1352.

4. Hamilton,M.L., Van Remmen,H., Drake,J.A., Yang,H., Guo,Z.M.,
Kewitt,K., Walter,C.A. and Richardson,A. (2001) Does oxidative damage
to DNA increase with age? Proc. Natl Acad. Sci. USA, 98, 10469-10474.

5. Pinz,K.G. and Bogenhagen,D.F. (1995) Action of DNA polymerase
gamma at sites of base loss or oxidative damage. J. Biol. Chem., 270,
9202-9206.

6. Bohr,V.A., Stevnsner,T. and Souza-Pinto,N.C. (2001) Mitochondrial
DNA repair of oxidative damage in mammalian cells. Gene, 286,
127-134.

7. Ohtsubo,T., Nishioka,K., Imaiso,Y., Iwai,S., Shimokawa,H., Oda,H.,
Fujiwara,T. and Nakabeppu,Y. (2000) Identification of human MutY
homolog (hMYH) as a repair enzyme for 2-hydroxyadenine in DNA and
detection of multiple forms of h(MYH located in nuclei and mitochondria.
Nucleic Acids Res., 28, 1355-1364.

8. Nishioka,K., Ohtsubo,T., Oda,H., Fujiwara,T., Kang,D., Sugimachi,K.
and Nakabeppu,Y. (1999) Expression and differential intracellular
localization of two major forms of human 8-oxoguanine DNA glycosylase
encoded by alternatively spliced OGG1 mRNAs. Mol. Biol. Cell, 10,
1637-1652.

9. King,M.P. and Attardi,G. (1996) Isolation of human cell lines lacking
mitochondrial DNA. Methods Enzymol., 264, 304-313.

10. Appleby,R.D., Porteous,W.K., Hughes,G., James,A.M., Shannon,D.,
Wei,Y-H. and Murphy,M.P. (1999) Quantitation and origin of the
mitochondrial membrane potential in human cells lacking mitochondrial
DNA. Eur. J. Biochem., 262, 108—116.



3732 Nucleic Acids Research, 2005, Vol. 33, No. 12

12.

13.

14.

15.

16.

17.

18.

. Davis,A.F., Ropp,P.A., Clayton,D.A. and Copeland,W.C. (1996)

Mitochondrial DNA polymerase gamma is expressed and translated

in the absence of mitochondrial DNA maintenance and replication.
Nucleic Acids Res., 24, 2753-2759.

Stuart,J.A., Hashiguchi,K., Wilson,D.M.III, Copeland,W.C.,
Souza-Pinto,N.C. and Bohr,V.A. (2004) DNA base excision repair
activities and pathway function in mitochondrial and cellular lysates
from cells lacking mitochondrial DNA. Nucleic Acids Res., 32,
2181-2192.

Garrido,N., Griparic,L., Jokitalo,E., Wartiovaara,J., van der Bliek,A.M.
and Spelbrink,J.N. (2003) Composition and dynamics of human
mitochondrial nucleoids. Mol. Biol. Cell, 14, 1583-1596.

Jacobs,H.T., Lehtinen,S.K. and Spelbrink,J.N. (2000) No sex please,
we’re mitochondria: a hypothesis on the somatic unit of inheritance of
mammalian mtDNA. Bioessays, 22, 564-572.

Hashiguchi,K., Stuart,J.A., de Souza-Pinto,N.C. and Bohr,V.A. (2004)
The C-terminal alpha helix of human Oggl is essential for 8-oxoguanine
DNA glycosylase activity: the mitochondrial beta-Oggl lacks this
domain and does not have glycosylase activity. Nucleic Acids Res.,

32, 5596-5608.

Takao,M., Aburatani,H., Kobayashi,K. and Yasui,A. (1998)
Mitochondrial targeting of human DNA glycosylases for repair of
oxidative DNA damage. Nucleic Acids Res., 26, 2917-2922.
Nakabeppu,Y. (2001) Regulation of intracellular localization of human
MTHI, OGG1, and MYH proteins for repair of oxidative DNA
damage. Prog. Nucleic Acid Res., 68, 75-94.

Naviaux,R.K. (2002) Assay of mtDNA polymerase gamma from human
tissues. Meth. Mol. Biol., 197, 259-271.

19

20.

21.

22.

23.

24.

25.

26.

27.

. Liu,M. and Spremulli,L. (2000) Interaction of mammalian mitochondrial

ribosomes with the inner membrane. J. Biol. Chem., 275, 29400-29406.
Suzuki,T., Terasaki,M., Takemoto-Hori,C., Hanada,T., Ueda,T.,
Wada,A. and Watanabe,K. (2001) Proteomic analysis of the mammalian
mitochondrial ribosome. J. Biol. Chem., 276, 33181-33195.

Barata,M., Rickwood,D., Dufresne,C. and Mounolou,J-C. (1985)
Characterization of DNA—protein complexes from the mitochondria

of Xenopus laevis oocytes. Exp. Cell Res., 157, 207-217.
Capaldi,R.A., Aggeler,R., Gilkerson,R., Hanson,G., Knowles,M.,
Marcus,A., Margineantu,D., Marusich,M., Murray,J., Oglesbe,D.,
Remington,S.J. and Rossignol,R. (2002) A replicating module as the
unit of mitochondrial structure and functioning. Biochim. Biophys. Acta,
1555, 192-195.

Lemon,K.P. and Grossman,A.D. (1998) Localization of bacterial DNA
polymerase: evidence for a factory model of replication. Science,

282, 1516-1519.

Shearman,C.W. and Kalf,G.F. (1975) DNA synthesis by a
membrane-DNA complex from rat liver mitochondria. Biochem.
Biophys. Res. Comm., 63, 712-721.

Shearman,C.W. and Kalf,G.F. (1977) DNA replication by a
membrane—DNA complex from rat liver mitochondria. Arch. Biochem.
Biophys., 182, 573-586.

Meeusen,S. and Nunnari,J. (2003) Evidence for a two
membrane-spanning autonomous mitochondrial DNA replisome.

J. Cell Biol., 163, 503-510.

Bogenhagen,D.F., Wang,Y., Shen,E.L. and Kobayashi,R. (2003) Protein
components of mitochondrial DNA nucleoids in higher eukaryotes.
Mol. Cell. Proteomics, 2, 1205-1216.



