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ABSTRACT Mitochondria have been proposed to possess
base excision repair processes to correct oxidative damage to
the mitochondrial genome. As the only DNA polymerase (pol)
present in mitochondria, pol y is necessarily implicated in
such processes. Therefore, we tested the ability of the catalytic
subunit of human pol vy to participate in uracil-provoked base
excision repair reconstituted in vifro with purified compo-
nents. Subsequent to actions of uracil-DNA glycosylase and
apurinic/apyrimidinic endonuclease, human pol y was able to
fill a single nucleotide gap in the presence of a 5’ terminal
deoxyribose phosphate (dRP) flap. We report here that the
catalytic subunit of human pol vy catalyzes release of the dRP
residue from incised apurinic/apyrimidinic sites to produce a
substrate for DNA ligase. The heat sensitivity of this activity
suggests the dRP lyase function requires a three-dimensional
protein structure. The dRP lyase activity does not require
divalent metal ions, and the ability to trap covalent enzyme-
DNA complexes with NaBH,4 strongly implicates a Schiff base
intermediate in a B-elimination reaction mechanism.

Human mitochondria possess a circular 16,569-bp genomic
element encoding many of the components required for
oxidative phosphorylation, and mutation of the mitochondrial
genome causes debilitating human diseases stemming from
mitochondrial dysfunction (1, 2). The mutation rate of mtDNA
is estimated to be ~10-fold higher than that of nuclear DNA
(3), and this difference generally is attributed to increased
DNA damage from elevated concentrations of reactive oxygen
species produced by oxidative phosphorylation (4, 5). Despite
the harsh oxidative environment of the mitochondrial matrix,
steady-state levels of oxidative lesions in mtDNA remain low
under physiological conditions, implying the existence of
mtDNA repair processes (6). Early reports indicated mito-
chondria cannot perform nucleotide excision repair of UV-
induced pyrimidine dimers (7). However, base excision repair
(BER) of a variety of lesions has been observed in several
mitochondrial systems in vivo (8-11), and repair-associated
DNA synthesis in lysates has exhibited the sensitivity to
N-ethylmaleimide and resistance to aphidicolin expected for
the y-polymerases (10).

Excision repair of a damaged base requires the concerted
activities of a glycosylase to remove the damaged or inappro-
priate base, a class II apurinic/apyrimidinic (AP) endonucle-
ase to incise the DNA 5’ to the AP site, a lyase activity to
remove the 5’ terminal 2-deoxyribose-5-phosphate (dRP)
sugar moiety from the downstream DNA, resynthesis, and
ligation (12). DNA repair enzymes that have been isolated
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from mitochondria include uracil-DNA glycosylase (13), AP
endonuclease (14), an 8-hydroxydeoxyguanine specific endo-
nuclease (15), and DNA ligase (16). The removal of the dRP
moiety can proceed via simple hydrolysis or by enzyme-
catalyzed B-elimination (12). Reconstitution experiments with
Xenopus laevis mitochondrial proteins localized the dRP lyase
function in mitochondrial excision repair to either the mtDNA
ligase or DNA polymerase (pol) y (16). Recently, we cloned,
overexpressed, and purified to homogeneity the catalytic sub-
unit of the human pol y (17, 18). Because pol v is the only
known pol in animal mitochondria (2, 19, 20), we sought to
determine the specific roles of pol y in mitochondrial BER. We
used the same approach that successfully identified a Mg?*-
independent dRP lyase activity in the conserved helix—
hairpin-helix structure within the 8-kDa domain of the nuclear
pol B (21-24). In this paper we demonstrate that the catalytic
subunit of human pol vy can fill single nucleotide gaps gener-
ated as intermediates in the BER pathway, and we report the
discovery of 5’ deoxyribose phosphate lyase activity intrinsic to
the catalytic subunit.

MATERIALS AND METHODS

Enzymes. Human AP endonuclease and uracil-DNA glyco-
sylase with an 84-aa truncation at the N terminus were purified
as described (25, 26). Human DNA ligase I that had been
purified from baculovirus-infected insect cells (27) was a gift
from Alan E. Tomkinson (University of Texas Health Science
Center, San Antonio). The wild-type, histidines-tagged wild-
type, and 3'—5' exonuclease-deficient forms of the recombi-
nant catalytic subunit of human pol y and native HeLa cell pol
vy were purified as described (18).

Enzyme Assays. Reverse-transcriptase activity was mea-
sured by the incorporation of [a-3?P]dTMP into acid-
precipitable poly(A)-oligo(dT),-1s (Pharmacia) as described
(18). BER reactions (10 ul) contained 50 mM Hepes-KOH
(pH7.5),2mM DTT, 0.2 mM EDTA, 100 ng/ml of BSA, 10%
glycerol, 4 mM ATP, 0.3 uM [«-*?P]dCTP (3,000 Ci/mmol),
and 10 nM of annealed 51-bp synthetic oligodeoxyribonucle-
otides (Oligos Etc., Wilsonville, OR) with U opposite G at
position 22 (28):

Substrate A:

5'-GCTTGCATGCCTGCAGGTUBBTAGAGGATCCCCGGGTACCGAGCTCGA-3
3'-CGAACGTACGGACGTCCAGATATCTCCTAGGGGCCCATGGCTCGAGCT-5

Reactions were initiated by incubation with 10 nM uracil-DNA
glycosylase for 10 min at 37°C, followed by preincubation with
10 nM AP endonuclease, 15 nM pol y-p140, and 100 nM DNA
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ligase I at 4°C for 5 min. Reactions were completed by
incubation with 5 mM MgCl, for 10 min at the indicated
temperatures, and products were analyzed by denaturing
PAGE and autoradiography as described (28). As indicated,
some reactions used the unrelated DNA sequence:

Substrate B:
5'-CTGCAGCTGATGCGGTACGGATCCCCGGGTAC-3
3’-GACGTCGACTACGGGATGCCTAGGGGCCCATG-5

The dRP lyase substrate was a 49-bp oligodeoxyribonucleotide
containing uracil at position 21 that had been 3’-end labeled
with [a-3?P]ddATP by terminal deoxynucleotidyl transferase
(Promega) and annealed to an unlabeled complementary
strand containing a G residue opposite the U (29):

Substrate C:
5’-AGCTACCATGCCTGCACGAAAGCAATTCGTAATCATGGTCATAGCT-3
3'-TCGATGGTACGGACGTGGRTTCGTTAAGCATTAGTACCAGTATCGA-5

Immediately before use, the labeled duplex was treated exten-
sively with uracil-DNA glycosylase and AP endonuclease as
described (29) to generate a single nucleotide gap directly
upstream from the labeled fragment containing the dRP flap.
The dRP lyase activity was measured as described (29), except
reactions (10 wl) contained 50 mM Hepes-KOH (pH 7.4), 2
mM DTT, 5 mM MgCl,, 20 nM 3’-end labeled DNA contain-
ing a 5'-incised AP site at position 21, 5-100 nM pol v, and
EDTA as indicated in the figure legends. After incubation at
37°C for the indicated times, reaction products were stabilized
by incubation with 0.34 M NaBH, (Sigma) for 30 min at 0°C
and analyzed as described above.

Covalent trapping of pol y-DNA complexes occurred in
reactions (10 ul) containing 50 mM Hepes-KOH (pH 7.4), 2
mM DTT, 5 mM EDTA, and 50 nM 3’-end labeled, preincised
AP-DNA (substrate C). Reactions were initiated by the si-
multaneous addition of 20 mM NaBH,4/NaCl with 100 nM pol
vy or DNA ligase I. After incubation on ice for 10 min, reactions
were incubated at 25°C for 20 min and terminated by the
addition (10 ul) of SDS/PAGE sample buffer. Samples were
boiled for 2 min, and covalent complexes were resolved on a
12% SDS/polyacrylamide gel and visualized by autoradiogra-
phy.

Sedimentation Analysis. Protein samples (60 wl) were lay-
ered onto linear 10-30% sucrose gradients (5 ml) containing
50 mM Hepes-KOH (pH 7.6), 5% glycerol, 1 mM EDTA, 1
mM 2-mercaptoethanol, 0.01% Nonidet P-40, and 0.1 M KCI.
After centrifugation at 4°C for 16 h at 55,000 rpm in a Beckman
SW 55 Ti rotor, fractions (85 ul) were collected from the
bottom of each gradient.

RESULTS

Pol vy Participates in BER in Vitro. To simulate BER
initiated by deamination of cytosine, our reconstitution assay
used a synthetic oligonucleotide substrate with a single, cen-
trally located G:U mispair (substrate A). The combined ac-
tions of purified uracil-DNA glycosylase and AP-endonuclease
on this DNA substrate generated a single nucleotide gap
opposite a template G residue immediately upstream from a
5'-deoxyribose phosphate moiety. When presented with this
intermediate, the highly purified catalytic subunit of pol y was
able to incorporate a labeled dCMP residue during resynthesis
of the single-nucleotide gap, forming the labeled 22-mer (Fig.
1). The subsequent production of labeled 51-mer in reactions
with dCTP as the only nucleoside triphosphate indicate the
removal of the interfering dRP moiety before ligation. Action
of the 3'—=5' exonuclease activity of pol y on the internally
labeled 51-mer was evident at 37°C, but this effect was
minimized by performing the reaction at reduced tempera-
tures (Fig. 1). This result strongly suggests that the isolated
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F1G. 1. Reconstitution of uracil-initiated BER with the purified
catalytic subunit of human pol y. BER reactions (see Materials and
Methods) were incubated for 10 min at 15°C, 25°C, or 37°C (lanes 1-3,
respectively), and products were analyzed by denaturing PAGE and
autoradiography. Incorporation of a single [a-3?P]dCMP residue
produced a radiolabeled 22-mer intermediate (arrow), and combined
dRP lyase and DNA ligase activities generated the 51-mer product
(arrow).

catalytic subunit of pol y was able to fill the single nucleotide
gap and produced a substrate for DNA ligase I. Identical
results were obtained for pol y from HeLa cells, and the ability
of both the native and recombinant forms to use an unrelated
DNA substrate (substrate B) indicated that reconstituted BER
was independent of DNA sequence context (data not shown).

Human Pol y Possesses Intrinsic dRP Lyase Activity.
Having indirectly demonstrated removal of the 5’ deoxyribose
phosphate moiety to generate a substrate for DNA ligase I, we
sought to determine which component of the reconstituted
human reaction performed the dRP lyase function. Direct
measurement of lyase activity used a 3'-labeled, 5'-preincised
AP-DNA substrate (substrate C), and the persistence of the
dRP moiety indicated the absence of dRP lyase activity in the
uracil-DNA glycosylase and AP endonuclease preparations
(Fig. 2 A and B, lane 1). The release of 5' dRP from the
32P-labeled substrate by the catalytic subunit of human pol y
was determined by the appearance of a radioactive electro-
phoretic band migrating approximately one-half nucleotide
faster than the substrate (Fig. 2). Higher concentrations of pol
v resulted in loss of label, presumably because of 3'—5’
exonucleolytic removal of the 3'-dideoxynucleotide label (Fig.
2A, lanes 3 and 4). Because lyase activity does not require
divalent metal ions (30), we inhibited the nuclease activity with
EDTA and reassessed lyase activity (Fig. 24, lanes 5-7).
Under these conditions lyase activity was roughly proportional
to enzyme concentration, confirming a metal-independent
reaction mechanism. We previously constructed an exonucle-
ase-deficient form of pol vy by site-directed mutagenesis of two
invariant acidic residues in the Exo I region of the pol y gene
(18). As expected, pol y rendered exonuclease deficient also
exhibited lyase activity in the absence of added EDTA (Fig.
2A,lanes 8 and 9). In addition, pol y that had been heat-treated
could not perform the lyase function (Fig. 2B, compare lanes
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FiG. 2. dRP lyase activity of human pol y was determined as
described in Materials and Methods, and the relative mobilities of DNA
substrate (S) and product (P) bands are indicated. (4) Lane 1, no
enzyme; lanes 2 and 5, 10 nM His-p140; lanes 3 and 6, 50 nM His-p140;
lanes 4 and 7, 100 nM His-p140; lane 8, 5 nM Exo~p140; lane 9, 20 nM
Exo~p140. Reactions 5-7 also contained 5 mM EDTA. Incubation
times were 30 min for reactions 1-7 and 60 min for reactions 8 and 9.
(B) Lane 1, no enzyme; lane 2, 100 nM DNA ligase I; lane 3, 50 nM
His-p140 heated at 100°C for 5 min before the reaction; lane 4, 50 nM
untreated His-p140. Reactions were incubated for 15 min.

3 and 4), excluding the formal possibility that simple chemistry
incidental to buffer components or the primary sequence of
the enzyme was mimicking lyase activity as detected, for
example, with polypeptides containing Lys-Trp-Lys sequences
(31). Human DNA ligase I used in the base excision assay in
Fig. 1 did not have detectable dRP lyase activity (Fig. 2B, lane
2).

To ensure that the dRP lyase activity was intrinsic to the
catalytic subunit and not from a contaminant we analyzed our
preparation of recombinant human pol y by band sedimenta-
tion on sucrose gradients. This analysis demonstrated physical
association of dRP lyase and pol activities with the monomeric
pol vy polypeptide (Fig. 3), proving the dRP lyase activity was
intrinsic to the catalytic subunit of human pol .

Catalytic Efficiency and Reaction Mechanism. Many basic
proteins such as histones and polyamines are able to perform
dRP lyase activity with very low efficiency (32). The dRP lyase
activity of human pol y was assayed under steady-state con-
ditions in the presence of EDTA on preincised AP-DNA to
determine the catalytic efficiency of the reaction (Fig. 4). The
apparent Ky for this DNA and the k¢, were 0.6 uM and 0.26
min~!, respectively, demonstrating the reaction was indeed
catalytic. Compared with values for pol B on preincised
AP-DNA (Kyp 0.5 uM and keye 4.5 min~1) (29), values for pol
v show a similar Ky but a 17-fold lower k.. Considering this
rate of dRP removal and the kinetics of nucleotide insertion on
poly(A)-oligo(dT);2-13 by recombinant pol y (Ky = 7 uM, kcat
= 4.5sec™!, data not shown), we propose that single nucleotide
gap filling precedes dRP removal during mitochondrial BER
in vitro, as has been shown for pol B in nuclear BER reactions
(28, 29). The observed accumulation of 22-mer intermediate
under conditions of excess DNA ligase I (Fig. 1) support this
proposed reaction sequence for pol .

Collectively, the observations presented above suggested a
B-elimination reaction mechanism potentially using a Schiff
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Fi1G. 3. Pol and dRP lyase activities cosediment. Homogenous,
recombinant, His-tagged pol y catalytic subunit (29 ug) was subjected
to band sedimentation through 10-30% sucrose gradients as described
in Materials and Methods. (A) The indicated gradient fractions (16 ul)
were resolved by electrophoresis through 4-20% SDS/polyacrylamide
gels and stained with Coomassie brilliant blue. The arrow indicates the
position of the pol v catalytic subunit. (B) Pol activity (0) and dRP
lyase activity (®) were determined as described in Materials and
Methods on 2-pul samples of the indicated gradient fractions. The peak
positions of standard proteins (catalase, Sxow = 11.3 S; y-globulin,
Soow = 7.1 S; ovalbumin, S0 = 3.55 S) sedimented in a parallel
gradient are shown.

base nucleophilic intermediate (22), like that deduced for pol
B (21, 29). To test this idea, dRP lyase reactions were initiated
and interrupted by the addition of NaBHy to trap reaction
intermediates. Analysis by SDS/PAGE and autoradiography
revealed a doublet of radiolabeled oligonucleotide covalently
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F1G. 4. Steady-state kinetic analysis of the dRP lyase activity of pol
v. The release of dRP from preincised AP-DNA was measured at the
indicated substrate concentrations as described in Materials and Meth-
ods. Reactions contained 50 nM pol vy and were incubated at 37°C for
15 min. Apparent activity was fitted to the Michaelis equation by a
nonlinear least-squares algorithm.
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Fi1G. 5. Covalent crosslinking of pol y-DNA complexes by sodium
borohydride. The dRP lyase reactions were performed as described in
Materials and Methods, and products were resolved on 12% SDS/
polyacrylamide gel and visualized by autoradiography. NaBHy (20
mM) was added to the reactions containing 100 nM His-p140 (lanes
2 and 3) or 100 nM DNA ligase I (lanes 5 and 6). His-p140 pol vy and
DNA ligase I also were heat-denatured by boiling for 5 min before
assembly of some reactions (lanes 2 and 5). NaCl (20 mM) was added
in place of NaBH4 to the reactions in lanes 4 and 7. The relative
mobility of pol y His-p140 crosslinked to 3'-labeled DNA is indicated
by the arrow.

+ +

crosslinked to the catalytic subunit of the human pol vy (Fig. 5,
lane 3). Similar results were obtained with substrate B (data
not shown). The inability of the heat-denatured enzyme to
crosslink demonstrated that the three-dimensional structure of
the human pol vy and not the simple primary sequence was
required for Schiff base formation (Fig. 5, compare lanes 2 and
3). Additionally, substitution of NaCl for NaBH,4 did not result
in crosslinking, supporting the notion that the covalent inter-
mediate is a Schiff base and subject to borohydride reduction
(Fig. 5, lane 4). Human DNA ligase I used throughout this
study showed negligible trapping by NaBH, (Fig. 5, lanes 5 and
6). Thus, our results demonstrate that the highly purified
catalytic subunit of human pol vy can catalyze the removal of
deoxyribose phosphate via a Schiff base intermediate.

DISCUSSION

As the sole pol in animal mitochondria, the role of pol vy in
replication of the mitochondrial genome is implicit. Although
immunocytochemical detection of 5-bromo-2-deoxyuridine in-
corporation indicated preferential synthesis of mtDNA in the
perinuclear region of tissue culture cells (33), our immuno-
fluorescence studies established the presence of pol vy in all
mitochondria of the cell (34). Such maintenance of pol vy
activity in nonreplicating, peripheral mitochondria led us to
investigate the proposed additional role of pol vy in mitochon-
drial BER, and we chose uracil-initiated BER as our model
system. We demonstrate here that the native and recombinant
catalytic subunit of pol y can participate in BER in vitro. Pol
v was able to fill a single nucleotide gap on preincised
AP-DNA and produced a ligatable substrate that required the
removal of the 5’'-deoxyribose phosphate. Because no other
enzyme in our system contained an activity to remove the dRP
moiety, we tested the capacity for pol vy catalytic subunit to
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carry out this function. As demonstrated by direct dRP lyase
assay, the human pol vy readily removed the dRP moiety with
reasonable catalytic efficiency, and this activity was intrinsic to
the catalytic subunit.

The dRP lyase activity of pol y did not require divalent metal
ions and could be interrupted by NaBH, crosslinking, suggest-
ing a B-elimination reaction and the formation of a Schiff base
intermediate. The active site for this reaction mechanism in
human pol B has been localized to a helix-hairpin-helix
structural motif (21, 23, 24, 29, 35, 36). Interestingly, a
comparison between the human pol y and human pol B using
the GCG BESTFIT program identified a 40-aa region of pol y
with significant similarity to the relevant pol 8 helix—hairpin—
helix structure. Corresponding to amino acids 353-391, this
region of human pol vy lies between exonuclease motifs 2 and
3 and is predicted to be a helix—hairpin-helix structure (17).
Lys-371 of this region is invariant within the gamma family of
pols, and it may be functionally equivalent to the Lys-72
catalytic residue of pol B that acts as the predominant Schiff
base nucleophile in the dRP lyase B-elimination mechanism
(23, 24).

Presenting evidence that a replicative eukaryotic pol pos-
sesses dRP lyase activity, this report assigns two primary roles
to pol +y: replication of the mitochondrial genome and DNA
synthesis during BER. Therefore, pol v is vital to maintaining
the integrity of both replicating and nonreplicating mitochon-
drial genomes. In addition to the nuclear “short patch” or
simple BER pathway in which pol B replaces a single nucle-
otide, a second pathway for BER has been reported recently
in which nuclear enzymes synthesize 2-6 nucleotides in “long
patch” BER tracts (37-39). The long-patch pathway required
proliferating cell nuclear antigen and relied on the activity of
DNaselV (FEN1) to produce a ligatable species (37). Our
reconstitution experiments were performed without the addi-
tion of accessory factors, indicating the dRP lyase and pol
functions of pol vy are both necessary and sufficient for “short
patch” or simple BER in mitochondria. It is unclear what
effects accessory proteins or other protein factors might have
on the repair capabilities of pol vy, and the existence of
alternate pathways for repair of abasic sites in mitochondria is
uncertain. Further studies with human mitochondrial proteins
could help to identify other human factors involved in recog-
nition and repair of altered bases.
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