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Abstract

Mutations in mitochondrial DNA (mtDNA) are involved in a variety of pathologies, including cancer and neurodegenerative diseases,
as well as in aging. mtDNA mutations result predominantly from damage by reactive oxygen species (ROS) that is not repaired prior to
replication. Repair of ROS-damaged bases occurs mainly via base excision repair (BER) in mitochondria and nuclei. In nuclear BER, the two
penultimate steps are carried out by DNA polymergg@olg), which exhibits both 5deoxyribose-5-phosphate’{8RP) lyase and DNA
polymerase activities. In mitochondria, DNA polymeras@?oly) is believed to be the sole polymerase and is therefore assumed to function in
mitochondrial BER. However, a recent report suggested the presencegdaiotPoB-like” enzyme in bovine mitochondria. Consequently,
in the present work, we tested the hypothesis thgd Ropresent and functions in mammalian mitochondria. Initially we identified two DNA
polymerase activities, one corresponding toyRatd the other to Pl in mitochondrial preparations obtained by differential centrifugation
and discontinuous sucrose density gradient centrifugation. However, upon further fractionation in linear Percoll gradients, we were able to
separate P@lfrom mitochondria and to show that intact mitochondria, identified by electron microscopy, laci@eadteity. In a functional
test for the presence of Hbfunction in mitochondria, we used a new assay for detection of random (i.e., non-clonal) mutations in single
mtDNA molecules. We did not detect enhanced mutation frequency in mtDNA froparRatlicells. In contrast, mtDNA from cells harboring
mutations in the Pgl exonuclease domain that abolish proofreading displayetiZfold increase in mutation frequency. We conclude that
PolB is not an essential component of the machinery that maintains mtDNA integrity.
© 2005 Published by Elsevier B.V.
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1. Introduction 16-17 kb circular mitochondrial DNA (mtDNA) is indepen-
dent of the cell cycle and occurs in dividing as well as
Each human cell contains, on average, a few thousandnon-dividing cells. In liver and brain, tissues consisting of
copies of the mitochondrial genome. Replication of the predominantly non-dividing cells, the half-life of MtDNA is
approximately 2—4 weeks. It has been estimated that, during
Abbreviations: Ap site, abasic site; BER, base excision repair; 5 a human life-span, mtDNA in non-dividing tissues under-

dRP, 3-deoxyribose-5-phosphate; mtDNA, mitochondrial DNA; B&NA goes a thousand times more replicative cycles than does
polymeraseB; Poly, DNA polymerasey; ROS, reactive oxygen species; RT,  nuclear DNA[1]. As a consequence, damage to mtDNA,
reverse transcriptase; SMS, single molecule sequencing if not repaired prior to DNA replication, is more likely to
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mMtDNA, like nuclear DNA, is continuously exposed to
exogenous and endogenous damaging ag8htslowever,
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2. Materials and methods

the rate of nucleotide sequence changes in mammalian2.1. Cell culture

mtDNA is 10-fold greater than that of nuclear DNA].
This elevation in mutation frequency is likely a result of the
proximity of mtDNA to the reactive oxygen species (ROS)

MB16tsA wild-type (CRL-2307) and MB19tsA P®f
(CRL-2308) mouse embryonic fibroblast cell lines were pur-

generated during oxidative phosphorylation, and the lack of chased from the American Type Culture Collection (ATCC).

protection of mtDNA by histonefb].
In contrast to the relatively well-known mechanisms of
lesion repair in nuclear DNA, repair processes in mitochon-

MEF-50 wild-type and MEF-38 Pglexo- homozygous
(Poly D257A/D257A) primary mouse embryonic fibrob-
last cells[20] were grown in Dulbecco’s Modified Eagle’s

dria are less understood. Until recently, it was believed that Medium with high glucose in the presence of 10%

mitochondria do not repair their DNB]. However, increas-

fetal calf serum, penicillin (100 unit/ml), and streptomycin

ing evidence suggests that, although there is no removal of(100w.g/ml). HeLa cells were purchased from the National
bulky adducts by nucleotide excision repair, small adducts Cell Culture Center.

are efficiently removed by short patch base excision repair

(BER)[7]. Other evidence also suggests the presence of mis-2.2. Mice

match repair and recombinatif)9] in mitochondria, but the

contribution of these mechanisms to mtDNA repair needs to

be established.
Damage in cells and in mitochondria results predomi-

Mice were maintained according to protocols approved by
the University of Washington Animal Care Committee. Mice
were sacrificed in a carbon dioxide atmosphere, decapitated,

nantly from ROS, and repair of ROS-damaged bases in DNA and livers were harvested.

occurs mainly via BER10,11]. Mitochondrial BER occurs
similarly to short patch BER in nuclei. All the BER proteins

2.3. Preparation of mitochondria by discontinuous

are encoded in the nucleus, most of them as an alterna-sucrose density gradient centrifugation

tively spliced form of the nuclear enzyme, and are selectively

imported to the mitochondrifl2]. During BER the dam-

Mouse liver mitochondria were isolated by differential

aged base is removed by a DNA glycosylase leaving an centrifugation based on the protocol published by Fernandez-

abasic [apurinic/apyrimidinic (Ap)] sit§l3]. The Ap site
is then cleaved by an Ap endonuclease to createt8and

Vizarra et al. that employs several low- and high-speed cen-
trifugation step$21]. Mitochondria from 5x 10° HeLa cells

5'-deoxyribose-5-phosphate (dRP) termini. Ap site cleavage were also isolated by differential centrifugati@z2]. Briefly,

is followed by excision of the dRP by dRP lyase activity,
gap filling by a DNA polymerase, and ligation of the free
endq[14]. In nuclear BER, the two penultimate steps are car-
ried out by DNA polymeras@- (Polg), which exhibits both
5-dRP lyase and DNA polymerase activitid$,16]

DNA polymerasey (Poly) is currently believed to be the
only DNA polymerase in mammalian mitochondria, and to be
solely responsible for both replication and repair of mtDNA.
However, while Poj exhibits dRP lyase in vitro, an essen-
tial function for mitochondrial BER, the catalytic efficiency
is very low[17]. Therefore, another enzyme in mitochondria
with stronger dRP lyase activity could be required for BER.
Noting its 3-dRP lyase activity in the nucleus, Bahight be

cells were homogenized in swelling buffer (10 mM HEPES,
pH 8.0, 1.5mM MgC}, 10 mM KCI, 1 mM dithiothreitol)
with a Dounce homogenizer, followed by the addition of
2.5x MSH to afinal concentration ofd (220 mM mannitol,
70 mM sucrose, 20 MM HEPES, pH 8.0, 2 mM EDTA) to sta-
bilize mitochondria. Unbroken cells and nuclei were removed
by two centrifugations at 1000 g for 10 min each. A crude
mitochondrial pellet was obtained from the supernatant by
centrifugation at 10,00@ g for 30 min. The pellet was resus-
pended and spun down again at 10,609for 30 min.
Mitochondria isolated from both liver and HelLa cells
were further enriched by centrifugation in a discontinuous
1/1.5M sucrose gradient in 5-ml tubes in a Sorvall SW

considered a suitable candidate for such a mitochondrial dRP50.1 rotor at 92,00& g for 60 min. Mitochondria, located
lyase, and indeed, a second DNA polymerase, a homolog ofat the interface of the sucrose layers, were lysed by homog-

PolB, has been identified in trypanosome mitochon{ikr&.

In addition, a detailed study suggested that there is g3*Pol
like” enzyme expressed in bovine heart mitochonditiaj.
This polymerase was purified from isolated mitochondria
and, like PoB, it was characterized as a 38 kDa enzyme
with low processivity and no’3- 5 exonuclease activity
[19].

enization in 0.05M potassium phosphate buffer, pH 7.5,
10% glycerol, 1 mM EDTA, 1 mM 2-mercaptoethanol, 0.5%
Nonidet P-40, and 0.1 M NaCl supplemented with protease
inhibitors [22]. Alternatively, for gel electrophoresis, mito-
chondria were lysed in loading buffer as described below.

2.4. Phosphocellulose chromatography of a lysate of

In light of these observations and the proximity of mtDNA  fractionated HeLa cell mitochondria

to ROS, as well as the involvement of Bdh BER repair
of nuclear DNA, we asked if PBlis involved in BER in
mammalian mitochondria.

Phosphocellulose chromatography was carried out as pre-
viously described23]. Briefly, a lysate (10 ml) of mitochon-
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dria purified as described above was loaded onto a 7 ml phos-by electrophoresis through 14% denaturing polyacrylamide
phocellulose column (P-11, Whatmanyg.2cmx 1.3cm) gels. Extension was quantified by phosphorimager analysis.
equilibrated with 0.05 M potassium phosphate buffer, pH 7.5,

10% glycerol, 1 mM EDTA, 1 mM 2-mercaptoethanol, and 2.7. Western blots and activity gel assays

0.05M NacCl. The column was washed with three column

volumes of buffer, and bound proteins were eluted with four ~ For Western analysis, proteins were resolved by elec-
column volumes of a linear gradient of 0.05-0.25 M potas- trophoresis through 10% SDS-polyacrylamide gels, and
sium phosphate, pH 7.5 inthe same buffer. Fractions (0.75 ml) visualized by immunoblotting using the anti-Bomono-
were collected and were either assayed immediately for DNA clonal antibody V10165 (Biomeda). For activity gel anal-
polymerase and reverse transcriptase (RT) activities or storedysis, proteins were resolved in 10% SDS-polyacrylamide

at—80°C. gels that contained 0.1 mg/ml activated salmon sperm DNA
and 0.1 mg/ml fibrinogen in the matr[6]. Samples were

2.5. Further purification of mitochondria in a heated for 5min at 60C in loading buffer containing 10%

continuous Percoll gradient SDS and no reducing agent. After electrophoresis, SDS was

extracted from the gel by two washes (15min each) with

Mitochondria prepared by differential centrifugation and 20% isopropanol followed by two washes (15 min each) with
subsequent discontinuous sucrose gradient centrifugationlO mM Tris—HCI, pH 7.5. DNA polymerase activity was
were further purified in a continuous linear gradient of Percoll detected by incubation for 3—-16 h in reaction buffer (50 mM
(Amersham) or Nycodenz (Histodenz; Sigma), as described Tris—HCI, pH 7.5, 0.5 mM EDTA, 25 mM KCI, 15% glyc-
previously [24]. Briefly, mitochondrial pellets were resus- erol, 400ng/ml BSA, 5 mM dithiothreitol, 7.5 mM MgG|
pended in 0.5ml 10% Percoll/0.25M sucrose and layered 50 .M each dATP, dCTP and dGTP, anqLZi o32P-dTTP
onto 5.5ml 35% Percoll/0.25M sucrose in a 6-ml tube. (3000 Ci/mmole)), followed by 10 washes (10 min each) with
Percoll gradients were formed in situ by centrifuging at 0.1 M sodium pyrophosphate containing 10% TCA. Radioac-
50,000x g for 60 min in a Sorvall 70V6 vertical rotor at  tive bands were visualized by phosphorimager analysis using
4°C. For the Nycodenz gradient, the mitochondrial pellet ImageQuarf software (Molecular Dynamics).
was resuspended in 0.5ml 0.25 M sucrose and layered onto
a 12.5ml linear 15-35% Nycodenz gradient and centrifuged 2.8. DNA sequencing
at 140,000« g for 120 min in a Sorvall SW41 Ti rotor at
4°C. Fractions of 0.25 ml were collected and either assayed For conventional sequencing, total cellular DNA was pre-
immediately for DNA polymerase and RT activities or stored pared from mouse embryonic fibroblasts using a DNeasy

at—80°C. isolation kit (Qiagen). A 1300-bp mtDNA fragment includ-
ing nucleotides 14,967-16,267 was produced by PCR
2.6. DNA polymerase and reverse transcriptase assays amplification using an Expand High Fidelity PCR Sys-

tem (Roche) orPfu DNA polymerase (Stratagene) and
DNA polymerase and RT activities were measured as pre-the primers 5CCTATTTGCATACGCCATTCTAC and 5
viously described25]. Briefly, reactions were carried out GAGTTTTGGTTCACGGAACATG. The DNA product was
at 37°C for 15-60min in 1Qul mixtures. For DNA poly- cloned into the vector pCR 2.1-TOPO (Invitrogen) and plas-
merase activity the reaction containedpd of activated mids isolated from independent clones were sequenced.

calf thymus DNA, 5QuM each dNTP, 1.Ci o32P-dTTP For single molecule sequencing (SMS), DNA was
(3000 Ci/mmole) (NEN), and @l of fractionated protein isolated from mouse embryonic fibroblasts using a Wako
in 50 mM Tris—HCI (pH 8.3), 10 mM MgGJl, 50 mM KClI, DNA Isolation Kit (Wako), and 5@.g was digested with

10 mM dithiothreitol, and 500.M spermidine. For RT activ-  Sacl, EcoRI, andKpnl. The digested DNA was fractionated
ity, the reaction contained Oy poly(rA)-p(dT)12-18(Amer- by centrifugation in a 5-ml 10-40% sucrose gradientin a SW
sham), 1M dTTP, 1uCi «32P-dTTP (3000 Ci/mmole)  50.1 rotor for 16 h at 150,000 g. Fractions were collected
(NEN), and 2ul of fractionated protein in 50 mM Tris-HCI  and DNA fragment size was determined by agarose gel elec-
(pH 8.3), 10 MM MgC#, 50 mM KCI, 10 mM dithiothreitol, trophoresis. Fractions containing fragments of 4 kb or longer
500M spermidine, and 0.5mM Mn@l For filter bind- were pooled. Amplification of single molecules was achieved
ing assayg25], reactions were terminated by addition of by using serial 10-fold dilutions, ranging from %010~

0.1 M sodium pyrophosphate and 0.05 M EDTA, and radioac- to 10x 10~° and two sequential PCR reactions. Diluted
tive products were collected by filtration in a 96 microwell DNA was used as a template for the initial amplification of
plate (Biodyn® B, NUNC) mounted on a vacuum mani- a mtDNA fragment including nucleotides 14,527-16,292;
fold (Beckman). Radioactivity associated with the filter was primers were S5TTTATAGGCTACGTCCTTCCATGA-
quantified by phosphorimager analysis using Imageuant GG and 5GTTTATTGCGTAATAGAGTATG. Reaction
software (Molecular Dynamics). For electrophoretic analysis mixtures (1Qul) contained 50 mM Tris, pH 9.2, 16 mM
oflabeled products inthe RT assay, reactions were terminatedNH4)2SO4, 1% Tween 20, 20QM each dNTP, 2mM

by addition of 2Q.l 98% formamide and p.l was analyzed MgSQy, 200nM of each primer, 0.075U Taq polymerase
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(Promega), and 0.15U Pfu Turbo (Stratagene). NestedUniversity of Washington Medical Center. After fixation in
PCR was then carried out in reaction mixtures (50 one-half strength Karnovsky's fixative, tissues were rinsed
containing ul of the first PCR mixture as a template for twice in 0.1 M phosphate buffer, followed by post-fixation
amplification of nucleotides 14,530-16,266; primers were incubationin 1% osmium tetroxide in 0.1 M phosphate buffer
5-ATAGGCTACGTCCTTCCATGAGGACA and 5GA- for 1.5 h. Tissue was then rinsed in buffer and dehydrated for
GTTTTGGTTCACGGAACATG. PCR products were 10min each in a series of ethanol solutions of increasing
visualized on a 1% agarose gel. Amplification of single concentration: 50, 70, 90, and 100%. Tissues were placed in
molecules is indicated for any particular DNA dilution when propylene oxide for two washes of 10 min each and infiltrated
less than 12% of reactions contain visible product. PCR with a 1:1 mixture of propylene oxide and resin for 1.5h.
products were purified using a Montage PCR96 Cleanup The resin mixture was replaced with 100% resin, which was
Plate kit (Millipore) and sequenced directly. Sequences in turn replaced with fresh 100% resin after 2 h, and speci-
were analyzed using the program Sequencher 4.2. Onlymens were polymerized overnight in a @D oven. Sections
those nucleotide substitutions that occurredadm: strands (0.1m) were then cut with an Ultracut E ultramicrotome,
of the template DNA were scored as mutations; nucleotide placed on a grid, and stained with uranyl acetate and lead
changes observed in only one strand were considered to beitrate. Specimens were viewed with a Philips 410 electron
potential PCR artifacts and were not scored. By restricting microscope.

the designation of mutations to nucleotide substitutions

documented in both template strands, single-molecule

analysis results in virtual elimination of the contribution 3. Results

of PCR errors to mutation frequency. In contrast, the more
conventional amplification of bulk DNA, followed by
cloning and sequencing does not eliminate the contribution
of errors in DNA synthesis due to PCR amplification.

3.1. Two DNA polymerase activities associated with
mitochondria prepared by discontinuous sucrose density
gradient centrifugation

2.9. Electron microscopy To identify DNA polymerases that participate in maintain-

ing MtDNA integrity, we isolated mitochondria from HelLa

Electron microscopy was performed by the Electron cells using differential centrifugation followed by purifica-
Microscopy Laboratory, Department of Anatomic Pathology, tion on a discontinuous sucrose density gradient. Proteins
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Fig. 1. DNA polymerase and reverse transcriptase activity in a HeLa cell mitochondrial lysate fractionated on phosphocellulose. Mitochtaidsialgne
resolved by gradient elution from a phosphocellulose column as described in Se¢#)ONA polymerase ¢) and reverse transcriptase (RD)(activities
were measured in a filter-binding assay employing gapped DNA or polygt@d(dT) as template-primer, respectively. (B) Phosphorimager analysis of
filter-bound radioactivity in DNA polymerase assay. (C) Phosphorimager analysis of filter-bound radioactivity in RT assay.
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associated with the lysed mitochondria were resolved by (A) Activity gel

phosphocellulose chromatography and assayed for DNA MW

polymerase activity using a filter-binding assay. As shown (kDa) 1 2 3 4
in Fig. 1, two major regions of activity were identified, the 20 — P

first a bifurcated peak in fractions 6—-12 and the second a peak 120 -

centered in fractions 14-18. To determine if these fractions

contained Pa}, we took advantage of the ability of Roto g2 —Pp

synthesize DNA using an RNA template (RT activity). Only
low levels of RT activity were observed in the first peak (frac-
tions 6-12). RT activity was highest in fractions 14—-18 and

eluted with the second polymerase activity peak. a0 —»
3.2. DNA polymerase-f is associated with mitochondria 30 —P
prepared by discontinuous sucrose density gradient

centrifugation

In order to identify the polymerases associated with the
mitochondrial fraction, we utilized an “in gel” activity assay
with which one can correlate polymerase activity with the Mw 1 2
molecular weight of the catalytically active polypeptide. (kDa)
Lysates of both mouse liveF{g. 2) and HelLa cell (data not
shown) mitochondria were assayed. One band corresponded
to activity at~38 kDa observed in the cytoplasm, and the
other to a more slowly migrating activity with a molecular
weight greater than or equal to 120 kDa, presumptively cor-
responding to Pel (140 kDa) Fig. 2A) [27]. 40—

The only known eukaryotic DNA polymerase of size sim- —»
ilar to that of the low molecular weight activity is H®l %
(39 kDa)[28]. Both western blots using anti-Mohntibod-
ies (Fig. 2B) and activity gels (data not shown) indicated that Fig.2. identification of P@ in fractionated mitochondria by activity gel and
this activity is in fact Pgb. Comparable results were obtained Western analysis. Mitochondria were isolated from mouse liver by differ-
for a Iysate of HelLa cell mitochondria, such as that used ential centrifugation and further purified by centrifugationina 1.0 M/1.5M
for the phosphocellulose chromatographyFig. 1 (data not _discon_tinuous sucrose gradier_n. (A) DNA polymer{;\s_e ac_tivity was detected

: in an “in gel” assay that permits correlation of activity with the molecular
shown). Moreover' the pa”d Corr?Spondmg topReks not weight of the enzyme. Each lane of the 10% SDS-polyacrylamide activity
detected in lysates of mitochondria prepared frongRulll gel contained 1§.g of protein, as follows: Lane 1, total cell extract; lane
mouse embryonic fibroblasts by sucrose gradient centrifuga-2, cytoplasmic fraction; lane 3, mitochondria isolated by differential cen-
tion (data not shown). Taken together, these results establisHrifugation; lane 4, sucrose gradient-purified mitochondria. (B) Western blot

that POB is associated with our preparation of sucrose density using monoclonal anti-Pplantibodies. Lane 1, rat Ayl lane 2, lysate of
. - . . mouse liver mitochondria fractionated on a sucrose gradient.
gradient-purified mitochondria.

(B) Western blot

for Polg using DNA polymerase activity gel§ig. 4B) and

for Poly reverse transcriptase activity using denaturing gel

electrophoresis for product analysisid. 4C). The results
o- Showed that Pol sediments with the more dense band in
fractions 2—7, while P@ sediments with the less dense band
in fractions 12—-18. A different centrifugation procedure using
a continuous, 15-35% Nycodenz gradient to further purify
mouse liver mitochondria obtained in a sucrose gradient like-
wise showed that Pplactivity does not co-sediment with
Poly activity (data not shown).

3.3. Separation of PolB from mitochondria in a
continuous Percoll gradient

We next carried out a more extensive purification of mit
chondria on a continuous Percoll gradient. Mouse liver mito-
chondria were prepared by differential centrifugation fol-
lowed by discontinuous sucrose gradient centrifugation, as
before. Mitochondria were then further purified by centrifu-
gation in a continuous 35% Percoll gradient, and 24 fractions
were collected. Two bands were visible in the gradient, corre-
sponding to fractions 4-5 and 14-15, respectively, counting
from the bottom of the tubd{g. 3B). Visualization of com- 3.4. Mutation frequency in mtDNA from Polp null and
ponentsinfractions 4 and 14 by electron microscopy revealedwild-type cells
that fraction 4 is composed of mitochondridd. 3A). In con-
trast, fraction 14 is composed mainly of polysomes, micro-  Figs. 1-3illustrate an association of HbMwith partially
somes, and liposomeBify. 3C). The gradient was analyzed purified mitochondria, consistent with reports in the liter-
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(A) Fraction 4 (B) (C) Fraction 14

Fig. 3. Electron microscopy of Percoll gradient fractions. The two visible bands in the Percoll gradiggt 4fcorresponding to fractions 4 and 14, were
collected and examined by electron microscopy. (A) Fraction 4 is composed of mitochondria. (B) Schematic illustration of banding in the Pierdo{(@yad
Fraction 14 is composed mostly of polysomes, microsomes, and liposomes.

(A)

Percoll gradient ( m . ( )

1234567 8 9101112131415161718192021222324

(B) .
Polp activity gel '

Pol

(C) 2 345 67 8 910111213 14151617 1819 2021222324
PolyRT assay

Fig. 4. Separation of PBland Pay activities in a continuous Percoll gradient. Mouse liver mitochondria isolated by differential centrifugation and fractionated
on a discontinuous sucrose gradient were further purified by centrifugation in a 35% continuous Percoll gradient. (A) Schematic illustratiog of tend
Percoll gradient. Twenty-four fractions were collected from the bottom of the tube. (B) DNA polymerase activity gel assay.f(€Reverse transcriptase
assay for Poj. Radiolabeled products formed on a poly(1{HT)2_1stemplate-primer were analyzed in a denaturing gel. Radioactivity at the top of the gel
represents extensive synthesis byyR@lactions 2—7). Radioactivity in the center of the gel reflects minimal incorporation, probably @yfRations 11-21).
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Table 1
Mutation frequency and spectrum in mtDNA from mouse embryonic fibrolflasts

PCR and cloning Single molecule sequencing

WwTP Polg—/~ WTP Polg~/~ WT¢ Poly—exa™
Nt's sequenced 69,500 60,250 48,000 50,000 54,500 57,800
No. mutations 22 12 3 2 1 20
Frequency x10°°) 32 20 6.3 4.0 1.8 35
AT — GC 16 9 2 2 5
GC— AT 6 2 1 1 6
AT — TA 4
TC— GA 1 4
Deletions 1

a Mutation data were obtained by two methods: PCR, followed by cloning and sequencing (left), and by the new SMS method (right).
b MB16tsA (WT) is paired with P@-deficient MB19tsA P@~ (Pol3~/~). See Sectiog.
¢ MEF-50 (WT) is paired with proofreading-deficient MEF-38 (freixo) [20]. See SectioR.

ature[19], while Fig. 4 shows that additional purification  3.5. Mutation frequency in mtDNA from Poly-exo™ and
resolves detectable Abfrom mitochondria and from the  wild-type cells

mitochondrial polymerase Pl These findings suggest that

the observed association is adventitious. However, an unde- To verify that impaired polymerase activity in mitochon-
tectably small amount of PBImight be sufficient to cat-  dria would affect mtDNA mutation frequency, we sequenced
alyze the limited amount of DNA synthesis required for single molecules of mtDNA obtained from wild type mouse
mitochondrial BER. To pursue this possibility, we assayed embryo fibroblasts and from mouse embryo fibroblasts har-
for the potential function of P@l in mitochondria in vivo. boring two mutations in Pqlthat inactivate the proof-reading
Specifically, we asked if the frequency of mutation dif- exonuclease activitj20]. One single base substitution was
fers in the mtDNA of wild-type and PgInull cells. DNA detected in the 54,500 nucleotides sequenced in mtDNA from
was isolated from wild-type and R®t/~ mouse embry-  the wild-type cells. In contrast 20 single base substitution
onic fibroblasts and the mutation frequency in mtDNA was were detected amongst the 57,800 nucleotides sequenced in
measured by two methods. In the first, a 1500-bp frag- mtDNA from the Poy-exo™ cells. The mutation frequencies
ment that includes the variable D-loop region was PCR- of the wild-type and Pgl-exo- mouse embryonic fibrob-
amplified, cloned and sequenced. Sequencing of more thanasts were<1.8x 10~° mutations/base and 3210~° muta-
60,000 bp for each genotype revealed a similar mutation fre- tions/base, respectivelffgble 1. Thus, in contrast to Ppl
guency (i.e., 3% 107° and 20x 10~° mutations/base for  deficiency, impaired Pglproofreading resulted ina17-fold
wild-type and Pdd—/—cells, respectivelyTable ). A por- increase in mtDNA mutation frequency.

tion of these mutations could be the result of misincor-

poration during the PCR reaction, and these errors could

obscure an underlying difference in mutation frequency inthe 4. Discussion

unamplified DNA. Therefore, we isolated single molecules

of mtDNA, prior to amplification and sequencing, using a  The integrity of mitochondrial and nuclear genomes is
new procedure we call single molecule sequencing. SMS dependent on avoidance of mutations. DNA lesions, if not
is based on serial dilution of the DNA template, such repaired prior to replication, will result in misincorporation
that only 1 in 10 replicate samples of the diluted DNA during copying by DNA polymerases. Considering the expo-
is amplified; in such circumstances, the probability is high sure of mtDNA to ROS and the more frequent DNA damage
that every PCR product represents amplification of a sin- in mitochondria, it is surprising that DNA repair is not more
gle DNA molecule. Single molecule sequencing of 50,000 bp extensive in these organelles. Yet, early findings that UV-
of mtDNA from both wild-type and P@~/~ cells revealed induced pyrimidine dimers are not repaired in mitochondria
a comparable frequency of mutation (i.e., &30~° and led to the general notion that there is no mtDNA repair at
4.0x 10~° mutations/base, respectivelffaple 7). These all [6]. Indeed, recent studies have confirmed that pyrimi-
frequencies, which are not subject to PCR mutation artifacts, dine dimers and other bulky lesions that are removed from
are about five-fold lower than those obtained by direct PCR- nuclear DNA by nucleotide excision repair are not repaired
amplification and cloning. We conclude that there was no in mtDNA. However, other lesions, including the most abun-
detectable difference in mtDNA mutation frequency between dant base adducts, i.e., those resulting from ROS, are repaired
wild-type and Pds-deficient cells. These results suggest by BER in mitochondria. Although some of the proteins that
that Pop is not an essential component of mitochondrial participate in mitochondrial BER have not been identified
BER. yet, it seems likely that the pathway is very similar to short
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patch BER in nuclei. The mitochondrial DNA polymerase, findings do not eliminate a possible role for other DNA poly-
Poly, has been shown to exhibit dRP lyase in vitro, an activity merases in mitochondrial DNA repair.

necessary for BER, but this activity is much weaker than that
of Pol [17,29] It seems unlikely that the inefficient Rol
dRP lyase would be capable of dealing with the high rates
of damage in mtDNA. Thus, it could be argued thatfol
an enzyme responsible for DNA synthesis during BER in

nuclei, could also be involved in DNA synthesis in mtDNA We thank D.r' Ann Blank for critical reading of the.
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gradients, we were able to separateffobm mitochondria.

Intact mitochondria, as determined by electron microscopy,

lacked PaB activity.
In a functional test for the presence of Bah mitochon-

dria, we analyzed the frequencies of mitochondrial mutations

in wild type cells and in cells genetically deficient in Bol
PCR amplification of a mtDNA fragment that included the
highly variable region containing the D-loop yielded a muta-
tion frequency of one in 3000 in MtDNA from both wild
type and P@ null cells. Since the most frequent substitu-
tions were AT— GC transitions, the errors could be artifac-
tual and the result of misincorporation by DNA polymerase
during PCR. Analysis of mtDNA by single molecule DNA

sequencing yielded a much lower mutation frequency, one in

20,000 in mtDNA from both wild-type and FgInull cells.
Thus, even though only a small amount of Pahight be
required for mitochondrial BER, its absence did not result in
detectably altered mitochondrial mutagenesis.

In contrast to the lack of dependence of mitochondrial
mutation frequency on the presence offR@ genetic defect
in Poly that abolishes’3— 5’ proofreading activity resulted
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