
p53 in mitochondria enhances the accuracy of DNA
synthesis
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Mitochondrial localization of p53 was observed in stressed and unstressed cells. p53 is involved in DNA repair and apoptosis. It
exerts physical and functional interactions with mitochondrial DNA and DNA polymerase c (pol c). The functional cooperation of
p53 and pol c during DNA synthesis was examined in the mitochondrial fraction of p53-null H1299 cells, as the source of pol c.
The results show that p53 may affect the accuracy of DNA synthesis in mitochondria: (1) the excision of a misincorporated
nucleotide increases in the presence of (a) recombinant wild-type p53 (wtp53); (b) cytoplasmic fraction of LCC2 cells expressing
endogenous wtp53 (but not specifically pre-depleted fraction); (c) cytoplasmic extract of H1299 cells overexpressing wtp53, but
not exonuclease-deficient mutant p53-R175H. (2) Mitochondrial extracts of HCT116(p53þ /þ ) cells display higher exonuclease
activity compared with that of HCT116(p53�/�) cells. Addition of exogenous p53 complements the HCT116(p53�/�)
mitochondrial extract mispair excision. Furthermore, the misincorporation was lower in the mitochondrial fraction of
HCT116(p53þ /þ ) cells as compared with that of HCT116(p53�/�) cells. (3) Irradiation-induced mitochondrial translocation of
endogenous p53 in HCT116(p53þ /þ ) cells correlates with the enhancement of error-correction activities. Taken together,
the data suggest that p53 in mitochondria may be a component of an error–repair pathway and serve as guardian of the
mitochondrial genome. The function of p53 in DNA repair and apoptosis is discussed.
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The tumor suppressor protein p53 represents a central factor
for the maintenance of genome stability and for the suppres-
sion of cancer.1 p53 is present at low levels in unstressed cells,
but after exposure to various stress signals, the protein is
stabilized and activated by a series of post-translational
modifications. p53 is involved in the induction of cell-cycle
arrest and apoptosis through transcriptional activation of target
genes.2 p53 displays multicompartmental functions in the cell.
Interestingly, in response to multiple death stimuli, mitochon-
drial p53 targeting occurs in a wide spectrum of cell types,
where it elicits a series of responses that can promote an
apoptosis through a transcription-independent mechanism.3,4

Several lines of evidence support a connection between p53
and mitochondrion. Mitochondrial p53 levels are proportional
to total p53 levels, and a small fraction of protein is associated
withmitochondrial DNA (mtDNA) in the absence of exogenous
stress, thus implying a non-apoptotic function formitochondrial
p53.5 Furthermore, translocation of p53 to mitochondria was
observed in various cells (e.g., MCF-7 and HCT116) indepen-
dent of apoptosis.6 p53 may be a component of a stress
response pathway that involves the upregulation of mitochon-
drial repair in mouse liver and cancer cells, suggesting the
potential role of p53 in maintaining mtDNA stability.7,8

Mitochondrial DNA, a 16.5-kb circular double-stranded
molecule, is replicated by an assembly of enzymes and

proteins consisting of DNA polymerase g (pol g), ssDNA-
binding protein, DNA helicase and various accessory proteins
and transcription factors.9 Mitochondrial DNA is prone to
mutations, as it is localized near the inner mitochondrial
membrane in which reactive oxygen species are generated. In
addition, mtDNA lacks histone protection and highly efficient
DNA repair mechanisms.10 The mutations in mtDNA, com-
monly found in many tumors, lead to genomic instability
(mutator phenotype), increased cell survival or cancer in
humans.11 The mutation rate of mtDNA is estimated to be
about 20- to 100-fold higher than that of nuclear DNA.12 Pol g
is responsible for the replication of mtDNA in eukaryotic cells
and is implicated in all repair processes.9 In humans, pol g
consists of two subunits, a 140 kDa catalytic subunit (with
DNA polymerase and exonuclease activities) and a smaller
55 kDa subunit. The polymerase activity is essential for
mtDNA maintenance and its exonuclease activity is essential
for mtDNA integrity.13–15 The mutagenic mechanisms were
shown to be replication errors caused by misinsertion (as a
result of a dNTP excess) or decreased proofreading efficiency
(as a result of next nucleotide effect or mutations in the
catalytic subunit of pol g). Balanced as well as unbalanced
dNTP accumulations are mutagenic; mutation rates and
mutational spectra could be influenced by dNTP levels in
mitochondria.16,17 Mice expressing an error-prone form of pol
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g lacking the 30-50 exonuclease activity exert a three- to five-
fold increase in the level of point mutations and undergo
accelerated aging.18 Mutations in mtDNA occur in some
rapidly growing tumors, including tumors harboring p53
mutations.19 Therefore, it seems plausible that mutation of
p53 may be directly or indirectly linked with loss of mtDNA
genomic stability.
p53 exhibits multiple activities in DNA repair.20 Several

groups showed 30-50 exonuclease activity intrinsic to p53,
whichmay act as an external proofreader for errors introduced
by exonuclease-deficient DNA polymerases.21–26 This activity
provides a molecular basis for p53 involvement in DNA
replication machinery complexes where proofreading is
necessary. p53 is localized in mitochondria to the inside face
of the inner membrane, the compartment in which mtDNA is
located.3,27 It exerts physical and functional interaction with
mtDNA and pol g in response to mtDNA damage induced by
exogenous and endogenous insults.28,29 Hence, it was of
interest to elucidate the functional cooperation between p53
and pol g during DNA synthesis in mitochondria. Our results
show that the presence of p53 in mitochondria, provided by
recombinant p53 or endogenous p53, increases the excision
of the wrong nucleotides incorporated into DNA. These data

suggest that p53 in mitochondria may affect the accuracy of
DNA synthesis by acting as an external proofreader, thus
reducing the production of polymerization errors.

Results

We investigated the functional interaction between p53 and
pol g during the DNA synthesis catalyzed by the replication
apparatus in the mitochondrial fractions of human p53-null
H1299 cells (H1299mit), as a model system. The lack of the
mitochondrial locations of endogenous p53 was verified by
western blot (WB) analysis with specific antibodies against
p53 (Figure 1a). As the DNA polymerization activity used
mitochondrial extracts as the source of pol g, it was important
to rule out the possibility that the observed polymerization
activity might be because of a contamination of the extracts
with nuclear DNA polymerases. The composition and purity
of the mitochondrial fraction was confirmed by the absence
and presence of nuclear and mitochondrial marker proteins,
for example c-jun and cytochrome c, respectively (Figure 1a).
The functional interaction between p53 and pol g was

assessed in the presence of low dNTP concentration, to avoid
the mispair extension by the enzyme after misincorporation at

Figure 1 Incorporation and excision of wrong nucleotide dGTP in the mitochondrial fractions of H1299 cells in the presence of p53. (a) Analysis of p53 levels in various
fractions of H1299 and LCC2 cells by western blotting. Protein samples (20mg) from mitochondrial (mit), nuclear (nuc) and cytoplasmic (cyt) fractions of these cells were
subjected to SDS-PAGE. p53 protein expression was detected by the Do-1 anti-human p53 mAb. The distribution of the nuclear marker c-jun or the mitochondrial marker cyt-c
was analyzed to ascertain the purity of each fraction. (b) The correctly paired dsDNA substrate (lane 1) was incubated with 0.5 mM dGTP and H1299mit (5 mg) without p53
(lanes 2 and 3) or in the presence of p53-GST fusion protein (250 ng) (lanes 4 and 5) or GST protein (400 ng) (lanes 6 and 7). After 10-min incubation at 371C, 5 ml aliquots
were withdrawn and analyzed on 16% polyacrylamide gel, as described in Materials and Methods. (c) Experimental scheme for the analysis of excision of incorporated wrong
nucleotide in mitochondrial extracts. The correctly paired 50-end-labeled template/primer was incubated with wrong dGTP and H1299mit for 20 min. Aliquots were taken for
analysis of misincorporation by PAGE. After an initial 20-min incubation, reaction mixture was further incubated in the absence or presence of p53. Aliquots were taken at
various times and analyzed by PAGE, to follow after excision of the incorporated mispair in mitochondrial extracts in the absence or presence of p53. (d) The incorporation of
dGTP opposite the template T was examined with H1299mit. After incubation of DNA template/primer (lane 1) for 10 min (lane 2) and 20 min (lane 3), the reaction mixture was
further incubated in the absence (lanes 4 and 5) or presence (lanes 6 and 7) of p53-GST fusion protein (250 ng) or preheated p53-GST (lane 8), or p53-GST and Do-1 anti-
human p53 mAb (lane 9) or p53-GST and anti-horse IgG (Hþ L) (lane 10). Aliquots were taken after 20 min (lanes 4 and 6) and 40 min of incubation (lanes 5, 7–10). The
positions of the 16- and 17mer primers are indicated by arrows
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a high dNTP concentration. Notably, proofreading 30-50

exonuclease activity is enhanced in less-stable DNA regions
leading to a reduction in base substitution error frequencies in
AT- versusGC-rich sequences.30 Therefore, DNA sequences
were chosen to provide an AT-rich environment from a
template target site to maximize proofreading. Combining
these approaches enabled us to elucidate the function of p53
in DNA synthesis in mitochondria under optimal reaction
conditions.

Misincorporation in mitochondria in the presence of
p53. Normal intramitochondrial dNTP pools are highly
asymmetric and may reduce by three-fold the fidelity of DNA
synthesis by pol g due to increased formation of dGTP:T
mispairs and inefficient correction by proofreading.31 In
H1299mit, the incorporation of dGTP opposite the template
T was observed with standing-start dsDNA substrate (wherein
the target template residue immediately follows the 30-terminal
end of the primer) (Figure 1b, lanes 2 and 3). The 17- and
18mer products were accumulated following the production of
the T:G mispair. However, the addition of recombinant p53-
GST fusion protein to the mitochondrial extracts resulted in
a decrease in the number of mispaired nucleotides (lanes 4
and 5). In the control experiment, there was no reduction of
17- and 18mer products in the presence of GST protein alone
(lanes 6 and 7), indicating that the GST moiety does not
contribute to the observed decrease in misincorporation.
A problem in determining the functional cooperation of the

p53 exonuclease and pol g during DNA synthesis in
mitochondria is that pol g is an exonuclease-proficient
enzyme. Hence, the impact of p53 on the lesser incorporation
of the wrong nucleotide by pol g was tested in a sequential
reaction experiment (Figure 1c). The strategy was to follow
after the excision of the incorporatedmispair in the absence or
presence of p53. After 20min incubation, pol g in H1299mit
exerts dGTP misinsertion, thus creating a substrate for the
excision step (Figure 1d, lanes 2 and 3). The reaction mixture
was further incubated in the absence or presence of
recombinant p53-GST fusion protein. The accumulation of
17mer product in the absence of p53 indicates that T:G
mispair is inefficiently corrected by 30-50 exonuclease-
proficient mitochondrial pol g (lanes 4 and 5). However, the
efficient removal of the polymerization error following a
misincorporation event was observed in the presence of
p53-GST; the amount of 17mer products significantly
decreased and products lower than 16mer were formed.
The intensity of the 17mer band decreased with incubation
time (lanes 6 and 7). These results were reproduced four
times with separate preparations of mitochondrial extracts.
Notably, the excision of the 17mer product was unaffected by
the addition of the boiled, non-active p53-GST protein (lane
8). Furthermore, exonuclease reactions with p53-GST per-
formed in the presence of the p53-specific antibodies (Do-1)
(lane 9), but not with the nonspecific anti-horse IgG (Hþ L)
antibodies (lane 10), demonstrated the decrease in excision of
the T:G terminal mispair.

Proofreading in mitochondria in the presence of p53
protein. Excision of the wrong nucleotide may occur by
either an intrinsic intramolecular mechanism (without disso-

ciation of the DNA from the enzyme) or an external inter-
molecular mechanism (following the release of the DNA from
the enzyme). We performed two experiments to elucidate the
involvement of p53 in error correction in mitochondria.
First, to determine whether the removal of the incorporated

mispair (Figure 2a, lane 1) involves the dissociation of the

Figure 2 Error correction in H1299mit in the presence of p53. (a) The
incorporation of dGTP opposite the template T was examined with H1299mit in the
presence of p53-GST and unlabeled competitor DNA or RNA. After initial incubation
of DNA template/primer for 20 min (lane 1), the reaction mixture was further
incubated in the absence (lane 2) or presence of p53-GST (250 ng) (lanes 3–7).
Lane 3 – incubation with p53-GST. Lane 4 – incubation with p53-GST and ssDNA.
Sequence of the ssDNA trap is 50-ATTTCACATCTGACTA-30. Lane 5 – incubation
with p53-GST and dsDNA containing 30-terminal A:A mispair (see legend for 2b).
Lane 6 – incubation with p53-GST and ssRNA. Sequence of the ssRNA trap is 50-
AUUUAUUUAUUAUUUUAUUAUUUAA-30. Lane 7 – incubation with p53-GST and
dsDNA (sequence-specific substrate, sense: 50-AGTCCTTGTACAGGGTTGT
ACAACTCGA-30; antisense: 50-TCGAGTTGTACAACCCTGTACAAGGACT-30).
Aliquots were taken after 40 min of incubation. The position of the 16mer primer
is indicated by an arrow. (b) Three versions of primers were used that were identical
except for the 30-terminal nucleotide (N), which is A, C or T. The reaction mixture
contained template-primer with 30-terminal A:A (lanes 1–4) or A:C mispair (lanes
5–8) or correct A:T base pair (lanes 9–11) and H1299mit. Lanes 1 and
5 – incubation in the presence of 0.5 mM dATP. Lanes 2 and 6 – incubation in
the presence of 0.5 mM dATP and p53-GST. Lanes 3 and 7 – incubation in the
presence of 0.5 mM dATP and dTTP. Lanes 4 and 8 – incubation with p53-GST in
the presence of 0.5 mM dATP and dTTP. Correctly paired (A:T) substrate (lane 9)
was incubated with H1299mit in the absence (lane 10) or presence of p53-GST
(lane 11). The position of the 16mer primer is indicated by an arrow
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DNA from the enzyme, the reaction mixture was further
incubated with p53-GST in the absence or presence of
unlabeled ssDNA, dsDNA (sequence-specific or non-se-
quence-specific substrates for p53) or ssRNA trap. The low
efficiency of T:G mispair excision by pol g alone (Figure 2a,
lane 2) was unaffected in the presence of DNA or RNA trap
(data not shown). However, although incubation with p53-
GST results in an efficient excision of the incorporated dGTP
and decrease of 17mer product (lane 3), the substantial
reduction in exonucleolytic excision of the mispair was
observed in the presence of either DNA (lanes 4, 5 and 7) or
RNA trap (lane 6). Evidently, following misincorporation, the
dissociation of the DNA–polymerase complex occurs. Con-
sequently, themispaired 17mer productmay be accessible for
excision by external p53 exonuclease.
Second, we examined the proofreading in mitochondria in

the presence of p53. Mismatch-containing DNA requires the
efficient excision of the terminal mispair, correct replacement
of the mismatched nucleotide and the transfer of the primer to
the polymerase active site for normal polymerization–primer
extension. The polymerization activity of pol g in H1299mit
was tested with DNA template-primers containing 30-terminal
A:A or A:C mispair, by incubation with either dATP or
dATPþ dTTP, in the absence or presence of p53-GST. No
elongation products were detected with H1299mit and
mismatch-containing template-primers (A:A or A:C) in the
presence of dATP (Figure 2b, lanes 1 and 5, respectively) or
dATPþ dTTP (lanes 3 and 7, respectively). Apparently, pol g
was unable to extend mispairs without an efficient correction
of the mismatch by exonuclease activity of the enzyme. No
detectable extension of the 30-terminal mispairs occurred with
p53-GST/H1299mit complex in the presence of dATP only as
well (lanes 2 and 6). However, both mispaired primers were
elongated by the p53-GST/H1299mit complex in the presence
of dATPþ dTTP, giving rise to a 17mer product (lanes 4 and
8, respectively). Remarkably, p53 itself displays no DNA
polymerization activity.22 Furthermore, there is no increase in
the polymerization activity of pol g, as the extension of A:T
correctly paired template-primer by pol g in the presence of
dATP was unaffected by p53-GST (lanes 10 and 11). The
proofreading results imply a functional association between
polymerization (by pol g) and excision (by external p53
exonuclease) activities, which act in a coordinated manner
during DNA synthesis. Presumably, the elongation (lanes 4
and 8) occurs after initial hydrolysis of the terminally mispaired
nucleotide by p53-GST, correction of the mismatch by dTTP
and subsequent extension from the new, correctly paired 30

terminus (A:T) by pol g.

Misincorporation in mitochondria in the presence of
endogenous p53. Sequential incorporation and excision
of T:G mispair by pol g in H1299mit was further evaluated in
the presence of endogenous p53 provided by cytoplasmic
extract of LCC2 cells (LCC2cyt) expressing wild-type p53
(wtp53) (Figure 3a, lane 1) with intrinsic exonuclease
activity.25 After misincorporation of dGTP (Figure 3b, lanes
2 and 3), the reaction mixture was further incubated in the
absence (lanes 4 and 5) or presence of LCC2cyt (lanes 6 and
7). The results show the efficient excision of the incorporated
T:G mispair in the presence of LCC2cyt (expressing high

level of exonuclease activity). The amount of the degraded
products significantly increased with incubation time, and
products lower than 16mer were formed (lanes 6 and 7). In
control experiments, we verified no excision of the mispair
with H1299cyt (lanes 8 and 9). The specific depletion of
p53 from the LCC2cyt following immunoprecipitation by
Do-1 anti-p53 antibody (Figure 3a, lane 2) is concomitant
with a marked reduction in the removal of the T:G mispair
(Figure 3b, lane 10). Nonspecific immunoprecipitation by the
anti-horse IgG (Hþ L) (Figure 3a, lane 3) did not affect the
extent of excision observed with LCC2cyt (Figure 3b, lane
11). The efficient removal of the T:G mispair after addition of
LCC2cyt was apparently due to the presence of functional
p53 protein.

In vivo correlation between mitochondrial p53 and
enhanced exonuclease activity. Mitochondrial localiza-
tion of p53 has been observed in several systems.3–6 p53
was detected within the inner mitochondrial compartment,
where mtDNA and mtBER components localize.7,8,28 It was
of interest to evaluate the incorporation and excision of the
wrong nucleotide by mitochondrial extracts derived from
isogenic HCT116 cells. p53 was detected in the mitochondrial
fraction of HCT116 (p53þ /þ ) cells (p53þ /þ )mit), but not of
HCT116 (p53�/�) cells (p53�/�)mit) with Do-1 anti-human
p53 mAb (Figure 4a). To define the localization of p53 within
mitochondria, we tested the sensitivity of mitochondria-
associated p53 to proteinase K. (p53þ /þ )mit was
incubated with proteinase K to degrade external protein, with
or without Triton X-100, and mitochondrial proteins were

Figure 3 Incorporation of wrong nucleotide dGTP in the mitochondrial fraction
of H1299 cells in the presence of cytoplasmic fraction of LCC2 cells. (a) Cytoplasmic
fractions of LCC2 cells (5 mg) (lane 1) expressing high levels of p53 or
immunodepleted by either Do-1 anti-human p53 mAb (lane 2) or anti-horse IgG
(Hþ L) (lane 3) were assayed for p53 expression by WB. (b) The incorporation of
dGTP opposite the template T was examined with H1299mit (5 mg). After incubation
of DNA template/primer (lane 1) for 10 min (lane 2) and 20 min (lane 3), the reaction
mixture was further incubated in the absence (lanes 4 and 5) or presence of
LCC2cyt (5 mg) (lanes 6 and 7) or LCC2cyt immunodepleted by Do-1 anti-human
p53 mAb (lanes 8 and 9) or by anti-horse IgG (Hþ L) (lanes 10 and 11). Aliquots
were taken after 20 min (lanes 4, 6, 8 and 10) and 40 min (lanes 5, 7, 9 and 11) of
incubation. The position of the 16mer primer is indicated by an arrow
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examined by WB for p53 and Bcl-2. As shown in Figure 4b,
Bcl-2, which is associated with the external mitochondrial
membrane, was completely degraded, regardless of whether
Triton X-100 was added or not. However, p53 protein was
highly protected from proteinase K in the absence of
detergent, indicating that it is located in the inner
mitochondrial compartment.
Mitochondrial extracts of HCT116 (p53þ /þ ) and HCT116

(p53�/�) cells, tested for exonuclease activity, showed the

removal of 30-terminal A:A mispair in a dose-dependent
manner (Figure 4c). However, the substrate was degraded
more efficiently by (p53þ /þ )mit (lanes 6–9) than by (p53�/�)
mit (lanes 2–5). Time course analysis demonstrated that the
excision of A:A mispair occurs faster and more efficiently with
(p53þ /þ )mit than with (p53�/�)mit (Figure 4d). Further-
more, under non-polymerization conditions, (p53þ /þ )mit
displays higher 30-terminal nucleotide excision activity with 30

incorrect (A:A, A:C or A:G) or correct (A:T) template-primers
(Figure 4e, lanes 5–8) than (p53�/�)mit (lanes 1–4), with
characteristic preferential excision of purine–purine mispairs
(e.g., A:A and A:G) over purine–pyrimidine mispairs
(e.g., A:C).22,25 Interestingly, incubation of the correctly paired
DNA substrate with (p53þ /þ )mit results in less incorporation
of wrong dGTP opposite the template T (Figure 4f, lane 2), as
compared with that with the same amount of (p53�/�)mit
(lane 1). Remarkably, both fractions had comparable DNA
synthesis activities during the incorporation of correct dATP
nucleotide (lanes 3 and 4). Thus, the low level of misincor-
poration with (p53þ /þ )mit is not due to the low level of
polymerization activity of pol g, but rather due to the presence
of p53.
Immunoprecipitation of (p53þ /þ )mit with the anti-p53

antibody showed a correspondence between the level of p53
present in the lysate and exonuclease activity (lane 3 in Figure
5a and b, respectively). Conversely, nonspecific depletion did
not affect either p53 expression or exonuclease activity
(lane 2 in Figure 5a and b, respectively). The contribution of
endogenous p53 to the high level of exonuclease activity in

Figure 4 Exonuclease activity in the mitochondrial fraction of HCT116 cells. (a)
Mitochondrial fractions (10 mg) of HCT116 (p53�/�) and HCT116 (p53þ /þ ) cells
were tested for p53 expression by Do-1 anti-human p53 mAb. Cytochrome c was
blotted as a protein loading control. (b) p53 detection in submitochondrial fraction.
HCT116 (p53þ /þ )mit (control – C) was treated with 50 ng/ml proteinase K (PK)
with or without 0.5% Triton (TX) at room temperature for 30 min. Reaction was
examined by WB with antibodies anti-Bcl-2 and -p53. (c) Dose response. The
exonuclease activity in (p53�/�)mit (lanes 2–5) and (p53þ /þ )mit (lanes 6–9)
was analyzed with 30-terminal A:A mispair containing DNA/DNA template/primer
(lane 1), under standard exonuclease assay conditions by increasing the amount of
mitochondrial protein extracts. Lanes 2 and 6 – incubation with 2 mg of extracts.
Lanes 3 and 7 – incubation with 5 mg of extracts. Lanes 4 and 8 – incubation with
10mg of extracts. Lanes 5 and 9 – incubation with 20 mg of extracts. The reaction
mixtures were incubated for 10 min. (d) Time course of 30-terminal nucleotide
excision with (p53�/�)mit (lanes 1–5) or (p53þ /þ )mit (lanes 6–10) was tested
by incubation with 30-terminal A:A mispair containing DNA/DNA template/primer.
The reaction was started by the addition of mitochondrial fractions (5mg). After
2 min (lanes 1 and 6), 5 min (lanes 2 and 7), 10 min (lanes 3 and 8), 30 min (lanes 4
and 9) and 60 min (lanes 5 and 10) of incubation at 371C, 5ml aliquots were
withdrawn and analyzed on a 16% polyacrylamide gel. (e) The mitochondrial
extracts of (p53�/�) (lanes 1–4) and (p53þ /þ ) (lanes 5–8) cells were tested for
30-50 exonuclease activity with dsDNA substrates containing 30-teminal mispair
A:A (lanes 1 and 5), A:C (lanes 2 and 6), A:G (lanes 3 and 7) or correct A:T pair
(lanes 4 and 8). (f) Incorporation of wrong nucleotide dGTP (lanes 1 and 2) or
correct nucleotide dATP (lanes 3 and 4) was analyzed with (p53�/�)mit (lanes 1
and 3) or (p53þ /þ )mit (lanes 2 and 4). Sequences of template-primers – see
legend to Figure 2b. The position of the 16mer primer is indicated by an arrow

Figure 5 30-50 Exonuclease activity in p53-depleted HCT116 (p53þ /þ )mit
and excision of the incorporated wrong nucleotide in HCT116 (p53�/�)mit. (a)
Mitochondrial fractions of HCT116 (p53þ /þ ) cells (10mg) (lane 1) immunode-
pleted by anti-horse IgG (Hþ L) (lane 2) or Do-1 anti-human p53 mAb (lane 3) were
assayed for p53 expression by western blotting. Cytochrome c was blotted as a
protein loading control. (b) Excision of the 30-terminal A:A mismatch containing
DNA/DNA template/primer was examined with 5mg of HCT116 (p53þ /þ )mit
(lane 1) or HCT116 (p53þ /þ )mit immunodepleted by anti-horse IgG (Hþ L) (lane
2) or HCT116 (p53þ /þ )mit immunodepleted by Do-1 anti-human p53 mAb (lane
3). (c) Excision of the incorporated wrong dGTP nucleotide in HCT116 (p53�/�)mit
(lane 1) was examined in the absence (lane 2) or presence of H1299mit (lane 3),
LCC2cyt (lane 4), HCT116 (p53þ /þ )mit (lane 5) or p53-GST (250 ng) (lane 6).
The position of the 16mer primer is indicated by an arrow
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p53(þ /þ )mit was confirmed by the supplementation of
exogenous p53 in (p53�/�)mit. Although supplementation
with H1299mit (increasing the amount of pol g) elicited no
increase in excision of wrong nucleotide (Figure 5c, lane 3),
addition of recombinant p53 (lane 6), or cellular fractions
harboring endogenous wtp53, for example LCC2cyt (lane 4)
or (p53þ /þ )mit (lane 5), stimulated efficient excision of
incorporated mispair.
Our studies illustrated that cytoplasmic fractions of H1299

or HCT116 cells overexpressing wtp53, but not exonuclease-
deficient mutant p53-R175H, had significantly higher levels of
exonuclease activity, than those transfected with the control
vector, supporting the likelihood that p53 in cytoplasm is
linked to observed exonuclease activity.32 These cytoplasmic
fractions were used to further define the contribution of
endogenous p53 exonuclease to the error correction in
H1299mit. The results illustrate the efficient excision of the
incorporated T:G mispair in the presence of H1299cyt
overexpressing wtp53 (Figure 6, lanes 3 and 4). No efficient
excision was observed in the presence of H1299cyt trans-
fected with the control vector (lanes 1 and 2) or exonuclease-
deficient mutant p53-R175H (lanes 5 and 6). However, the
excision of the incorporated T:G mispair (lane 7) was also
detected in the presence of H1299cyt overexpressing mutant
p53-R174K (lanes 8 and 9) expressing high levels of
exonuclease activity (data not shown). Notably, arginine 174
is not located in or near the DNA-binding site.33

Irradiation (IR) induces the mitochondrial translocation of
p53 in various cell lines (e.g., MCF-7 and HCT116) that are
highly resistant to apoptosis.6 Mitochondrial p53 comprised
small amount (B2%) of the total induced p53. The absence of
activated apoptotic pathway in HCT116(p53þ /þ ) cells under
p53-inducible conditions, for example IR, permits the use of
mitochondrial fractions as a suitable experimental system for
the analysis of p53 exonuclease activity in the context of a
cellular stress. Consistent with the published results and using

appropriate combination of antibodies, immunofluorescent
staining of p53 in HCT116(p53þ /þ ) cells showed increased
p53 levels in IR-treated cells (predominantly in nucleus)
compared with control untreated cells (Figure 7a). Interest-
ingly, increased mitochondrial localization of p53 was
observed as a yellow signal in the overlay panel. IR-induced
p53 translocation to themitochondria was further documented
by WB analysis (Figure 7b). The evaluation of the mitochon-
drial fractions for the exonuclease activity revealed the
increase in constitutive A:A mispair excision capacity follow-
ing the IR treatment and p53 translocation to mitochondria
(Figure 7c, lanes 1 and 2). Furthermore, lower incorporation of
wrong nucleotide dGTP (lanes 3 and 4), but not correct dATP
(lanes 5 and 6), (opposite the template T), was observed with
IR-treated (p53þ /þ )mit as compared with that with the same
amount of untreated (p53þ /þ )mit. Apparently, pol g is not
responsible for the observed increased error-correction
activities in (p53þ /þ )mit following the IR event, as there
was no difference in mispair excision, misincorporation or
correct polymerization between the mitochondrial fractions of
untreated and IR-treated HCT116(p53�/�) cells (Figure 7d,
lanes 7–12, respectively).

Discussion

The current studies aimed to evaluate the potential involve-
ment of p53 in mtDNA repair. Several lines of experimental
evidence show that p53 has an impact on the accuracy of
mtDNA synthesis, which are listed below. (1) The excision of
incorporated wrong nucleotide in H1299mit increases in the
presence of recombinant p53. The contribution of p53
depended on the integrity of the protein, as there was no
increase in exonuclease activity in the presence of heat-
inactivated p53. (2) Efficient mispair excision was detected in
the presence of LCC2cyt expressing endogenous p53 protein.
The enhanced exonuclease activity was greatly reduced in
pre-depleted LCC2cyt with specific anti-p53 antibodies. (3)
The mispair excision is lower in (p53�/�)mit as compared
with that in (p53þ /þ )mit. The lower activity is probably
related to the absence of p53. The complementation of
exonuclease activity in HCT116(p53�/�)mit after the addition
of recombinant p53 or fractions harboring endogenous p53
suggests the direct contribution of external p53 exonuclease
activity. (4) The incorporation of wrong nucleotide is lower in
(p53þ /þ )mit compared with that in (p53�/�)mit, although
p53 status did not influence the incorporation of correct
nucleotide. (5) Increased removal of mispair was observed
with H1299cyt overexpressing wtp53, but not exonuclease-
deficient mutant p53-R175H. (6) The mitochondrial transloca-
tion of endogenous p53 following the IR stress stimuli
correlates with the increase in DNA repair activities, for
example increased mispair excision and low misincorpora-
tion. These findings, taken together with the fact that p53
is located in the inner mitochondrial compartment (Figure 4b),
support the view that p53 in mitochondria may contribute
a proofreading function by excising potential errors at the
30 termini.
Proofreading during DNA synthesis in mitochondria can be

carried out by intramolecular or intermolecular processes.
When the substrate has a mispaired primer terminus, DNA

Figure 6 Excision of the incorporated wrong nucleotide in HCT116 (p53�/�)
mitochondria in the presence of cytoplasmic fractions of p53-transfected cells.
Excision of the incorporated wrong dGTP nucleotide in HCT116 (p53�/�)mit was
examined in the presence of cytoplasmic fractions of H1299 cells (1mg) transfected
with control vector (lanes 1, 2 and 7) or wtp53 (lanes 3 and 4), mutant p53-R175H
expression vector (lanes 5 and 6) or mutant p53-R174K expression vector (lanes 8
and 9). Aliquots were taken after 20 min (lanes 1, 3, 5 and 8) and 40 min (lanes 2, 4,
6, 7 and 9) of incubation. The position of the 16mer primer is indicated by an arrow
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dissociation seems generally more rapid than exonucleolytic
digestion. The dissociation rate is increased by 10-fold in the
presence of a mispaired versus correctly paired 30 terminus,
providing an opportunity for exonucleolytic hydrolysis upon
rebinding of different DNA polymerase or external exo-
nuclease.14,15 The observed decrease in mispair excision in
mitochondria with p53 in the presence of a DNA or RNA trap
confirms that the enzyme dissociates before excision of
DNA and that the misinserted nucleotides can be corrected by
an error–repair pathway involving external exonuclease
(Figure 2a). The observed functional interaction between pol
g and p53 in mitochondria with preformed 30-terminally
mispaired substrates, under conditions that mimic a situation
of intermolecular editing during DNA synthesis, points to a
strict mechanism of mismatch correction before polymeriza-
tion (Figure 2b). The logical interpretation of the functional
coordination is that nucleotide misinsertion results in poly-
merase dissociation from the template-primer, leaving the
30-terminal mispair accessible to p53. Upon excision of
the mispair, the p53 probably dissociates, thus allowing the
pol g to reassociate with the correct 30 terminus and resume

DNA synthesis (Figure 8). Our findings are consistent with
recent reports demonstrating the increase in the polymeri-
zation product in the presence of p5328 and provide a
mechanism by which p53 could influence the accuracy of
DNA synthesis.
We have shown the differences in p53 exonuclease activity

in nuclear and cytoplasmic compartments.25 Evidently, p53 in
nucleus, cytoplasm and mitochondria harbors distinct post-
translational modifications, which may be involved in the
regulation of the subcellular localization and functions of p53.5

Notably, methylated and acetylated p53s are restricted to the
nucleus, whereas mitochondrial p53 is not acetylated. Hence,
it may be interesting to further investigate the involvement of
post-translational modifications in the regulation of the ability
of p53 to serve as an exonuclease in nucleus, cytoplasm and
mitochondria.
The possibility that p53 can enhance the accuracy of pol g

would present two challenges for p53 in mitochondria: (i) p53
protein must have an access to DNA polymerization complex
and (ii) the level of p53 in mitochondria and the ratio of p53
exonuclease/pol g must be high.

Figure 7 Irradiation induces translocation of p53 to mitochondria of HCT116 (p53þ /þ ) cells and increases the error-correction activities. (a) Semiconfocal microscopic
analysis of intracellular localization of p53 in untreated and IR-treated cells (24 h post-IR). Cells were labeled for p53 (green). Nuclear and mitochondrial expression of p53 was
tested by staining the cells with DAPI (blue) and the antimitochondrial protein, OxPhos complex V inhibitor protein (F1F0-ATPase IP) (red), respectively. Localization of p53 in
mitochondria was evidenced by the yellow signal in the overlay panel. (b) WB analysis of the mitochondrial fractions (10 mg) of untreated and IR-treated cells for the status of
p53. The mitochondrial protein cyt-c was used as a loading control. (c) Mitochondrial extracts of untreated and IR-treated (24 h post-IR) HCT116 (p53þ /þ ) and HCT116
(p53�/�) cells were examined for either 30-terminal A:A mispair excision activity (lanes 1, 2 and 7, 8, respectively), incorporation of wrong dGTP nucleotide opposite the
template T (lanes 3, 4 and 9, 10, respectively) or correct dATP (lanes 5, 6 and 11, 12, respectively). Sequences of template-primers – see legend to Figure 2b. The position of
the 16mer primer is indicated by an arrow

p53 in mitochondria enhances the accuracy of DNA synthesis
M Bakhanashvili et al

1871

Cell Death and Differentiation



(i) The p53 protein physically interacts with mtDNA and
pol g.28 Identification of a putative p53-binding sequence
within the human mitochondrial 16S rDNA region implies that
p53 may be involved in DNA replication through binding
mtDNA.34 Recent studies have reported that mtDNA and
various proteins involved in its replication and maintenance
(e.g., pol g, mtTFA) may all associate with an inner membrane
fraction.27 p53 can enhance the binding of mtTFA to
cisplatin-damaged DNA by 10- to 20-fold, thus pointing to
the function of p53 in mtDNA damage repair.29 Furthermore,
p53 enhances BER through direct interaction with the repair
complex in an inner mitochondrial membrane subfraction.8

The fact that p53 localizes to the mitochondria and interacts
with mtDNA and pol g, taken together with our observations
that the presence of p53 decreases the amount of incorpora-
tion of wrong nucleotide in H1299mit, suggests that p53
may be the fidelity-enhancing component of DNA replication
machinery in mitochondria.
(ii) The polymerase/exonuclease ratio serves as an

important enzymatic ‘marker’ of polymerase fidelity.35 The
proofreading efficiency increases on decreasing the ratio
between polymerase and exonuclease. In mitochondria, the
change in ratio could be achieved through p53 gene induction
(increase in p53 concentration), p53 targeting (increase in
local mitochondrial concentration) or reduction in polymeriza-
tion efficiency of pol g due to mutations. The accuracy of
DNA synthesis in mitochondria might respond to alterations in
composition of replication complex. The mtDNA synthesis
may be a dynamic process with p53 component binding and

dissociating the polymerization complex during DNA
synthesis, thus affecting the polymerase/exonuclease (p53)
ratio. Cellular responses to DNA damage include repair
processes that act coordinately, before, during and after DNA
replication, to maintain genomic stability. p53 is able to excise
30-terminal nucleotides during the ongoing DNA synthesis
that is coupled with DNA polymerization and following
direct binding to template-primer that is independent of DNA
polymerase, thus increasing the potency of involvement of
the protein during DNA replication by acting as an external
proofreader.23 Consequently, the presence of p53 in mito-
chondria, by carrying these properties, may be relevant to the
accuracy of DNA synthesis by pol g.
Mitochondrial localization of p53 was observed in un-

stressed cells, at the onset of p53-dependent apoptosis and in
p53-independent apoptosis systems.3,5 The exact function of
p53 in mitochondria remains incomplete, as p53 may serve a
triggering function for mitochondrial-driven apoptosis and
mtDNA repair.36 Although there is no correlation between
mitochondrial p53 accumulation and apoptosis susceptibility,
our results demonstrate increased DNA repair responses
following the IR-stress stimuli and enhancement of endo-
genous p53 in mitochondria, for example increased mispair
excision and low misincorporation. In DNA repair pathways,
key proteins may serve dual functions in DNA repair and
apoptosis, independently or simultaneously. A causal rela-
tionship exists between inefficient mtDNA repair and the
induction of apoptosis.37 It is of interest to elucidate p53
exonuclease activity in mitochondria under conditions that
provoke p53-dependent apoptosis following DNA damage.
The switch from repair to apoptosis may occur when DNA
damage (hypermutation) overwhelms repair capacity or
following the interaction of p53 with other proapoptotic
proteins. These possibilities need to be further investigated.
DNA pol g in mitochondria is highly sensitive to inhibition by

nucleoside analogs (NAs) used in the treatment of HIV
infection. Incorporation of NAs leads to mitochondrial toxicity
in antiviral therapy. Polymerase g exonuclease is inefficient in
removing these drugs.38 Earlier studies have demonstrated
the efficient removal of NA from the 30 terminus in the
presence of p53.39,40 p53 in mitochondria can play an
important function as an external proofreader in the removal of
30-terminal NAs, thus decreasing their potential for chain
termination (manuscript in preparation).
In view of these observations, it seems reasonable to

hypothesize that p53 in mitochondria might provide a proof-
reading function for pol g during mtDNA replication. The
functional coupling between the p53 exonuclease and pol g
should decrease nucleotide misinsertion, thus reducing the
production of polymerization errors.

Materials and Methods
Materials. The recombinant purified glutathione-S-transferase (GST) and p53-
GST fusion proteins expressed in Escherichia coli were obtained from LabVision
Cooperation.

Cell lines and culturemedium. H1299 cells were grown in the presence of
RPMI-1640þ 10% fetal calf serum (FCS). The LCC2 cells (subclone derived from
MCF-7) were grown in DMEM lacking phenol redþ 10% charcoal-stripped FCS.
The colorectal cancer cells isogenic for p53, HCT116 (p53þ /þ ) and HCT116

Figure 8 A model for error correction in mitochondria in the presence of p53.
The incorporation of wrong nucleotide into mitochondrial DNA ( ) results in DNA
polymerase g dissociation from the template-primer, leaving the 30-terminal mispair
accessible to p53. Upon excision of the mispair, the p53 exonuclease dissociates,
thus allowing DNA polymerase g to reassociate with the correct 30 terminus and
resume DNA synthesis
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(p53�/�) were grown in McCoy’s medium supplemented with 10% FBS. All lines
were maintained in a humidified 95% air, 5% CO2 atmosphere.

Preparation of mitochondrial fraction. Mitochondria were prepared as
described.3 Briefly, cells washed in TD buffer were centrifuged (2500 r.p.m. at 41C)
and resuspended in MgRSB buffer (1.5 mM MgCl2, 10 mM NaCl, 10 mM Tris (pH
7.5)) and incubated for 10 min. Swollen cells were disrupted in a glass Dounce
homogenizer to yield approximately 95% of free nuclei. Mitochondria were pelleted
from the washed homogenate, resuspended in a manitol–sucrose buffer, layered
over a 1–2 M discontinuous sucrose gradient and spun at 41C for 30 min at
22 000 r.p.m. The mitochondria were collected from the 1.0 to 1.5 sucrose
interphase.

Western blotting. Equal amounts of total protein of mitochondrial or
cytoplasmic fractions were subjected to WB analysis as described.25 The
following antibodies were used: Do-1 monoclonal antibody for p53 (Oncogene),
antibodies for cytochrome c (Oncogene) and polyclonal antibody for c-jun (Santa
Cruz Biotechnology). Immunoprecipitation for p53 was performed as previously
described.25

Template-primers. The sequences of the template-primers used for the
experiments are depicted in figures. The primers were end labeled at the 50-end with
T4 polynucleotide kinase (Fermentas) and [g-32P] ATP. Unincorporated radioactivity
was removed by using G-25 microspin columns (Pharmacia Biotech.), according to
the manufacturer’s instructions. The end-labeled primers were annealed to the
template DNA as described.22

Exonuclease/polymerase-coupled assays. DNA primer extension
assay used allowed simultaneous detection of both degradation (exonucleolysis)
and extension (polymerization). Pol g hydrolyzes 30-terminal mismatched
nucleotides from DNA under conditions of either absence or presence of DNA
synthesis13,14 although the rate of exonucleolytic degradation is lower under
polymerization conditions than in the absence of DNA synthesis. Time course
analysis was performed at various dNTP and mitochondrial protein concentrations
to obtain equal activities of exonuclease and polymerase (data not shown). For site-
specific nucleotide misinsertion, a correctly paired template-primer substrate was
used to analyze the dGTP misincorporation opposite the T residues at position 10 of
the DNA template. The incubation mixture (10 ml) contained 50 mM Tris HCl (pH
7.5), 5 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, 50-end-labeled substrates, nucleotide
and mitochondrial protein extracts. The 30-50 exonuclease activity was detected
by excision of the 30-terminal nucleotide, resulting in the conversion of the 16mer
50-end-labeled oligonucleotide to 15mer, 14mer and smaller oligonucleotides, as
determined by increased mobility during electrophoresis. The reaction products
(polymerization or excision) were analyzed by electrophoresis through 16% PAGE
as described.22 The dNTPs used were of the highest purity available (Pharmacia
Biotech.) with no detectable traces of contamination by other dNTPs. The variables,
including reaction time and amounts of extracts, are given in the legends to the
figures. Degradation or extension of the 50-end-labeled primers was detected by
autoradiography.

Immunofluorescence microscopy. HCT116(p53þ /þ ) cells were
exposed to ionizing radiation (20 gray), using a Gammacell 1000 Elite. Cells
were fixed with 4% (w/v) paraformaldehyde in PBS for 20 min and permeabilized
with 0.1% Triton X-100 for 5 min at room temperature. Immunostaining was
performed using mouse anti-p53 monoclonal antibody (DO-1; Santa Cruz, USA) at
a dilution of 1 : 100, followed by incubation with secondary goat anti-mouse antibody
(DyLight 488) (Pierce Biotechnology, USA) diluted 1 : 100. Mitochondrial staining
was performed using mouse monoclonal anti-OxPhos complex V inhibitor protein
(F1F0-ATPase IP) (Invitrogen, USA) at a dilution of 1 : 100. DAPI staining was added
in the mounting gel. Fluorescent images were obtained using an Olympus IX81
inverted microscope equipped with X-cite 120 Halogen light source.

Proteinase K treatment. Mitochondrial extracts were treated with 50 ng/ml
proteinase K with or without 0.5% Triton X-100 at room temperature for 30 min. The
reaction was stopped by the addition of 0.1 mM protease inhibitor mixture and then
analyzed by WB with antibodies to p53 and Bcl-2.
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