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Abstract
Mitochondrial DNA is replicated and repaired by DNA polymerase γ (pol γ), encoded by the
POLG gene. The Y955C substitution in POLG leads to autosomal dominant progressive external
ophthalmoplegia (PEO) with other severe phenotypes. PEO patients with this mutation can further
develop parkinsonism or premature ovarian failure. Mouse and yeast models with this mutation show
enhanced amounts of oxidative lesions and increased mtDNA damage. In DNA pol γ, Tyr955 plays
a critical role in catalysis and high fidelity DNA synthesis. 7,8-dihydro-8-oxo-2′-deoxyguanosine
(8-oxo-dG) is one of the most common oxidative lesions in DNA and can promote transversion
mutations. Mitochondria are thought to be a major source of endogenous reactive oxygen species
that can react with dG to form 8-oxo-dG as one of the more common products. DNA polymerases
can mitigate mutagenesis by 8-oxo-dG through allosteric interactions from amino acid side chains,
which limit the anti-conformation of the 8-oxo-dG template base during translesion DNA synthesis.
Here, we show that the Y955C pol γ displays relaxed discrimination when either incorporating 8-
oxo-dGTP or translesion synthesis opposite 8-oxo-dG. Molecular modeling and biochemical analysis
suggest that this residue, Tyr955, in conjunction with Phe961 helps attenuate the anti-conformation
in human pol γ for error free bypass of 8-oxo-dG and substitution to Cys allows the mutagenic syn
conformation. Collectively, these results offer a biochemical link between the observed oxidative
stress in model systems and parkinsonism in patients, suggesting that patients harboring the Y955C
POLG mutation may undergo enhanced oxidative stress and DNA mutagenesis.

Introduction
Mitochondrial DNA is replicated and repaired by DNA polymerase γ (pol γ), encoded by the
nuclear POLG gene (1,2). Mutations in the POLG are known to cause deletions and depletion
of mtDNA and will manifest as a wide array of diseases, including progressive external
ophthalmoplegia (PEO), ataxia-neuropathy symptoms and Alpers syndrome (3–5). The Y955C
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mutation in POLG is commonly associated in patients with a fully penetrant autosomal
dominant form of PEO and patients with this mutation may develop proximal myopathy,
dysphagia, progressive neurological deterioration with ataxia and terminal dementia (6,7). In
several individuals with the Y955C allele, there is significant cosegregation of parkinsonism
with adPEO (8). In addition, many women with PEO due to the Y955C mutation develop early
menopause and suffer from high gonadotropin and low estrogen concentrations, indicative of
premature ovarian failure (8,9).

We previously reported that Y955C mutant pol γ retains less than 1% polymerase activity,
catalyzes error-prone DNA synthesis and replication stalling (10,11), an observation that is
consistent with the accumulation of mtDNA point mutations and deletions found in PEO
patients. Heart specific expression of the human Y955C cDNA in a mouse transgenic model
causes cardiomyopathy with decreased mtDNA and mitochondrial ultrastructural defects
(12). Interestingly, the mtDNA from these TG hearts displayed a 2–3-fold increase in 7,8-
dihydro-8-oxo-2′-deoxyguanosine (8-oxo-dG) indicative of either increased oxidative stress
or relaxed incorporation of this oxidized nucleotide into DNA (12). The analogous mutation
in the yeast pol γ gene, Y757C in MIP1, causes loss of mtDNA, high petite frequency and
enhanced mtDNA damage consistent with an increase in oxidative-generated mtDNA lesions
(13). This high-petite frequency can be rescued by treatment with the ROS scavenger,
dihydrolipoic acid (14). These results indicate that oxidative damage to mtDNA may be a part
of the pathological mechanism associated with the Y955C mutation in POLG. This is especially
relevant since parkinsonism has been shown to be strongly associated with this mutation (8).

Mitochondria are sites of endogenous production of reactive oxygen species and the subsequent
formation of 8-oxo-dG as a byproduct of oxidative phosphorylation in mitochondrial DNA
(mtDNA) has been reported (15,16). 8-oxo-dG is a common oxidative DNA lesion, found both
in nuclear and mitochondrial DNA, where it accumulates during aging. The 8-oxo-dG base
can form two conformations in DNA, the anti conformation which favors Watson-Crick base
pairing with dCMP and the syn-conformation which allows Hoogsteen base pairing with
adenine (Fig. 1). The Hoogsteen 8-oxo-dG:A base mispair will cause the G:C to T:A
transversion mutation if extended and not repaired. Consistent with this hypothesis, a study
with the Xenopus laevis pol γ has demonstrated translesion synthesis opposite 8-oxo-dG where
the correct dCMP is incorporated 73% of the time while dAMP is incorporated the remaining
27% (17).

The nucleotide incorporation specificity opposite 8-oxo-dG varies depending on which
polymerase copies the lesion and how that polymerase attenuates the anti conformation. In
Bacillus stearothermophilus DNA polymerase, the syn conformation of the 8-oxo-dG template
base prefers to hydrogen bond with adenine and appears to the polymerase as a correct base
pair, evading the normal proofreading mechanism (18). Several recent structural studies with
DNA polymerase β and T7 DNA polymerase have implicated a few key amino acid residues
involved in attenuating mutagenesis by 8-oxo-dG during translesion DNA synthesis. In DNA
pol β Lys280 appears to reposition itself due to the carbonyl at the C8 position (19). This residue
and Asp276 form van der Waals contact with the templating and incoming bases, respectively.
In the high fidelity T7 DNA polymerase, 8-oxo-dG in the template makes contact with Lys536
at the C8 carbonyl position. This interaction is thought to keep the 8-oxo-dG rotamer in the
anti position, thus limiting Hoogsteen base pairing with dATP (20). When 8-oxo-dG was
modeled in the mutagenic syn conformation in T7 DNA pol, the C8 carbonyl group exhibited
steric clashes with Tyr530 and Lys536 (20). Thus, the combined efforts of Lys536 and Tyr530
help to sterically attenuate against the syn conformation. These structural observations in T7
DNA polymerase are in agreement with biochemical evidence that indicates T7 DNA pol
inserts dATP much less favorably than dCTP (20–23).
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Bacillus stearothermophilus DNA pol, T7 DNA pol and DNA pol γ belong to the family A
class of DNA polymerases. In human DNA pol γ, Tyr955 is structurally homologous to Tyr530
of T7 DNA polymerase. The highly conserved Tyr955 plays a crucial role in forming the
hydrophobic pocket that accommodates and stabilizes the incoming dNTP. Tyr955 with
Glu895 and Tyr951 help provide faithful nucleotide selectivity, the permissive incorporation
of dideoxyribonucleotides, and the discrimination against ribonucleotides that characterize pol
γ (24).

Here we analyzed DNA synthesis efficiency and fidelity of wild type and Y955C human DNA
pol γ opposite template 8-oxo-dG and during incorporation of 8-oxo-dGTP. Following the
kinetics studies, we developed a model structure of both wild type and Y955C forms of human
pol γ with the mutagenic 8oxoG lesion in the active site and incorporation of different dNTPs.
Human pol γ displayed limited ability to insert opposite 8-oxo-dG in the template as well as
limited incorporation of 8-oxo-dGMP. This suggests that, although 8-oxo-dG levels are widely
believed to be higher in mitochondrial DNA, the human pol γ largely prevents these adducts
from becoming mutations by limiting incorporation opposite this lesion. However, the Y955C
substitution allows more room in the active site for the formation of the dATP:8-oxo-dG
Hoogsteen base pairing.

Results
Insertion of 8-oxo-dGTP into DNA by pol γ

We first tested the ability of the wild type and Y955C mutant pol γ to incorporate 8-oxo-dGTP
into DNA by performing primer extension reactions and analyzed the products by gel
electrophoresis. 8-oxo-dG can hydrogen-bond with dC through normal Watson-Crick pairing
but can also form a Hoogsteen base pair with the dA base when the 8-oxo-dG base is rotated
into the syn conformation. The incorporation of 8-oxo-dGTP into DNA opposite template dC
or template dA with oligonucleotide primer templates was analyzed. We used the exonuclease
deficient DNA pol γ in this assay to avoid degradation of the primer by the proofreading
function and to simplify interpretation of results. Additionally, it was recently determined that
the human pol γ exonuclease does not recognize 8-oxo-dG paired with either dC or dA (25).

Rates were determined as the fraction of primer extended by one nucleotide per unit time and
Michaelis-Menten kinetic constants were determined by plotting the rate as a function of 8-
oxo-dGTP or dGTP concentration (26). Steady-state assumptions allow the overall efficiency
of each enzyme on a homopolymeric template to be estimated as kcat/Km(dTTP) (also referred
to as the specificity factor), a parameter comparable to the pre-steady-state indicator of
enzymatic efficiency kpol/Kd(dNTP) (27,28).

Table 1 compares the results of these steady-state kinetic parameters. Comparing the insertion
of 8-oxo-dGTP with dGTP opposite dC in the template revealed that the wild-type pol γ
discriminates against 8-oxo-dGTP insertion by 10 000-fold (kcat/Km = 70 min−1μM−1 for dGTP
insertion compared to 0.007 min−1μM−1 for 8-oxo-dGTP insertion). Hanes et al. (25) recently
reported a similar analysis of 8-oxo-dGTP insertion with the human mitochondrial DNA
polymerase using pre-steady-state kinetics. They also determined that the discrimination by
pol γ on 8-oxo-dGTP insertion was 10 000-fold. As stated above, this equivalent value
determined by two different kinetic methods underscores the validity in using steady-state
kinetics in evaluating the efficiency of insertion by pol γ. Compared to dGTP insertion opposite
dC, the specificity of insertion of dGTP opposite dA was 14 000-fold less. The discrimination
of insertion of 8-oxo-dGTP opposite dA was determined to be 50 000, or 5-times less likely
than insertion opposite the correct pairing dC. Thus, when 8-oxo-dGTP is inserted into DNA
80% of the time this is correctly paired with dC and 20% of the time, it is incorrectly inserted
opposite dA.
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The Y955C mutant pol γ has previously been determined to have poor rates of catalysis and
error prone DNA synthesis due to an increase in Km(dNTP) (10,11). In the gel-based
incorporation assay, the Y955C pol γ also demonstrated a reduced ability to incorporate dCTP
in which the kcat/Km for dCTP was reduced nearly 4000-fold (kcat/Km= 0.018 (min μM)−1).
The kcat/Km of 8-oxo-dGTP insertion by the Y955C pol γ was further reduced by another 45-
fold. Compared to WT, the ability of Y955C pol γ to discriminate against 8-oxo-dGTP relative
to dGTP was reduced by over 200-fold [discrimination factor (DF) for WT was 10 000 while
the DF for Y955C was only 45]. This lack of discrimination was also evident for inserting
either dGTP or 8-oxo-dGTP opposite dA in the template. (DF was 90 for both). Thus, the poor
specificity and loss of discrimination displayed by the Y955C pol γ emphasizes the critical role
of this side chain not only in normal replication fidelity but also in discrimination against 8-
oxo-dGTP insertion.

Insertion opposite template 8-oxo-dG
To assess the preference of dNTP inserted by human DNA pol γ opposite 8-oxo-dG in template
DNA, primer extension reactions were carried out with oligonucleotides in which 8-oxo-dG
resided in the template. Reactions were carried out either in the presence of all four dNTPs or
a single dNTP (dATP or dTTP or dGTP or dCTP) and products of the reaction visualized by
PhosphorImage analysis after separation by polyacrylamide gel electrophoresis. The reactions
were performed either with the pol γ catalytic subunit alone (Fig. 2A), or with the pol γ
holoenzyme (catalytic subunit plus the accessory subunit—Fig. 2B). The total dNTP
concentration was 200 μM.

Without the accessory subunit (which is known to increase enzyme processivity but decrease
fidelity slightly), and in the presence of all four dNTPs, DNA pol γ was capable of efficient
primer extension beyond the 8-oxo-dG site in the template. Reactions performed in the presence
of only one dNTP revealed the following efficiency of dNTPs incorporation opposite 8-oxo-
dG dATP ≈ dCTP ≫ dGTP. No dTTP incorporation was observed (Fig. 2A). These results
were qualitatively consistent with incorporation opposite 8-oxo-dG by the Xenopus pol γ
(17).

To test the consequence of the Y955C substitution on incorporation opposite dG or 8-oxo-dG
in the template, the identical reaction was carried out with the Y955C mutant pol γ, except that
10-fold more enzyme was utilized in the reactions due to the lower activity of this enzyme.
The Y955C mutant pol γ was unable to efficiently produce full-length product of primer
extension on the 8-oxo-dG containing template and a strong replication block was observed
one nucleotide beyond the 8-oxo-dG site. When only one dNTP was present, the efficiency of
incorporation was as follows: dCTP > dGTP ≫ dATP. Again, no dTTP incorporation was
observed (Fig. 2A). Thus, in the absence of the accessory subunit, the Y955C substitution
appeared to switch the specificity of incorporation by reducing the relative dAMP incorporation
while at the same time increasing dGMP incorporation opposite the 8-oxo-dG lesion.

The presence of the accessory subunit (p55) resulted in the ability to incorporate dTTP opposite
8-oxo-dG, by both wild-type pol γ and its Y955C form (Fig. 2B).

Also, in the presence of p55, the Y955C was able to extend the primer more efficiently, although
the strong replication block one base pair beyond 8-oxo-dG site in the template was still
observed.

Specificity of nucleotide insertion opposite 8-oxo-dG in template DNA
The experiment described in Figure 2 results from the use of saturating dNTP concentrations
in order to detect incorporation events. To evaluate the in vitro selectivity of nucleotide
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insertion by DNA pol γ opposite 8-oxo-dG, we determined the steady-state kinetic parameters
of incorporation of a single nucleotide onto a 3′-terminally matched primer template for wild
type and the Y955C mutant pol γ. In the presence of limiting but increasing amounts of either
next correct or non-cognate dNTP, the amount of incorporation opposite either dG or 8-oxo-
dG was determined (Table 2). With the normal dG template, the WT enzyme had high
discrimination (between 3300 and 30 000-fold) against the incorrectly paired incoming
nucleotides similar to what has been observed for human pol γ (29). When the WT enzyme
was assayed for incorporation opposite 8-oxo-dG in the template, the only significant insertion
detected was dCMP. Relative to incorporation of dCMP opposite a normal dG in the template,
incorporation of dCMP across an 8-oxo-dG occurs only 4.7% of the time [kcat/Km of 4.3 (min
μM)−1 for 8-oxo-dG template versus 305 for dG template]. This can be inferred to mean that
incorporation opposite the 8-oxo-dG lesion is blocked 95% of the time. Incorporation of dAMP,
dGMP and dTMP was also detected opposite 8-oxo-dG but this incorporation appeared to
roughly follow the discrimination opposite normal dG. However, the insertion of both dAMP
and dGMP was increased nearly 10-fold opposite 8-oxo-dG when compared with the insertion
of dCMP (compare the DF for dAMP and dGMP with 8-oxo-dG and dG in the template). Thus,
the wild type was less accurate when incorporating opposite 8-oxo-dG when compared with
the normal nucleotide even though the absolute specificity of incorporation was generally less
opposite 8-oxo-dG by nearly 10-fold.

We next compared incorporation by Y955C pol γ of normal nucleotides opposite the cognate
dG or 8-oxo-dG in the template. As expected for the Y955C pol γ (10), the enzyme
misincorporates nucleotides more readily than wild type on the normal dG template. Compared
to the WT enzyme, the Y955C enzyme misincorporated dAMP, dTMP and dGMP 500-, 220-
and 285-fold more readily (Table 2). Although the activity and incorporation of the Y955C pol
γ is low, the Y955C does incorporate dCMP opposite the 8-oxo-G template 39% of the time
(compare 0.029 with 0.074) relative to normal dG in the template (Table 2). This is a 8-fold
relative increase of dCMP insertion compared with the WT enzyme. The incorporation of the
mismatched nucleotides opposite 8-oxo-dG was also increased relative to the WT enzyme. The
misincorporation of dAMP opposite 8-oxo-dG was highest relative to the correctly matched
dCMP incorporation with a DF of only 24. This misincorporation by the Y955C enzyme
represents a 100-fold increase of dAMP misincorporation compared to the WT enzyme
(compare the DF of 2200 for WT and 24 for Y955C). The misincorporation of dGMP was also
high opposite 8-oxo-dG with Y955C and nearly 42-fold greater than the WT enzyme (compare
the DF of 50 by Y955C with 2100 by WT). Unlike the WT situation, the misincorporation was
not significantly increased opposite the 8-oxo-dG template. This may represent the already
poor fidelity displayed by the Y955C and the inability to discriminate between correct or
incorrect nucleotide opposite either a normal or damaged base. Thus, the Y955C enzyme
appeared to display enhanced incorporation of nucleotides opposite the 8-oxo-dG lesion even
though the Y955C misincorporates readily opposite either the normal or 8-oxo-dG lesion.

Molecular modeling of 8-oxo-dG template in pol γ
To understand at the molecular level, the consequence of the Y955C substitution on the
enhanced incorporation opposite 8-oxo-dG and the ability to readily misincorporate opposite
this lesion, we probed the three-dimensional structural model of pol γ. Based on solved T7
crystal structures reported by Brieba et al. (20), structural models of wild type pol γ and Y955C
pol γ were developed, demonstrating incorporation of dCTP or dATP opposite 8-oxo-dG in
the template. For comparison to the situation in DNA pol γ, Figure 3A displays the T7 DNA
polymerase with 8-oxo-dG in the template with the discriminating residues (Tyr530 and
Lys536) labeled. Breiba et al. (20) previously demonstrated that in the wild type T7 pol
structure the rotation of the 8-oxo-dG base from anti to syn conformation is blocked by an
allosteric gate composed of Lys536 facing the C8 carbonyl on one side and Tyr530 on the other
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side of the 8-oxo-dG template base (Fig. 3A). Substitution of Lys536 to Ala relieves this
allosteric interaction on one side allowing formation of the mutagenic syn conformation (Fig.
3B) (23). This situation leads to the incorporation of dATP via Hoogsteen basepairing with the
8-oxo-dG base (23).

The T7 pol residues Tyr530 and Lys536 correspond to Tyr955 and Phe961, respectively, in
human pol γ as shown in Figure 3A and C. Tyr955 is located 2.5 angstroms from the DNA
base with which it stacks. With a normal template base, the –OH group of the tyrosine is
positioned within hydrogen bonding interaction with the template base (11). The Tyr955 –OH
also hydrogen bonds with Glu895 to coordinate the glutamate side chain in discrimination
against ribonucleotides (24). The side chains of Tyr955, Glu895 and Tyr951 form a
hydrophobic pocket that accommodates and stabilizes the incoming dNTP. The observed
hydrogen-bonding interactions between these residues help to explain the high fidelity of
nucleotide incorporation by pol γ (29). Modeling of 8-oxo-dG into the WT pol γ with incoming
dCTP was easily accommodated into the active site with no apparent steric clashes or Van der
Waals overlaps (Fig. 3C). Note that the rotamer of the Lys536 in T7 (Fig. 3A) and pol γ Phe961
(Fig. 3C) are oriented with the same respect to the 8-oxo-dG. The Tyr955 side chain was 2.7
angstroms from 8-oxo-dG as measured in this 8-oxo-dG:dCTP model structure.

We next modeled dATP into the WT pol γ active site with 8-oxo-dG as the template base.
These two bases interact via Hoogsteen base-pairing when 8-oxo-dG assumes the syn rotamer.
In the wild-type model, replacement of the incoming dCTP with dATP, with 8-oxo-dG as the
template base in the syn conformation shows close steric clashes and Van der Waals overlaps
with the Tyr955 side chain (Fig. 3D). This steric interaction appears to prevent the dATP
insertion by attenuating the syn conformation of the 8-oxo-dG base.

Mutation of this Tyr955 to Cys disrupts the stacking interactions between the guanine template
base and the aromatic ring of the tyrosine and also alters the hydrophobic environment offered
by the phenyl ring (11). This aromatic ring, either phenylalanine or tyrosine, is critical for
selectivity of incorporating antiviral nucleoside analogs (24). Mutation to cysteine dramatically
decreases fidelity of nucleotide incorporation (10) and exhibits high Km for nucleotides, low
catalytic activity and low processivity (11). This change is associated with the most severe
form of autosomal dominant PEO (7,11).

In the Y955C mutant pol γ model structure (Fig. 3E), the 8-oxo-dG template base with incoming
dCTP appears similar to the wild-type model with 8-oxo-dG (compare with Fig. 3C). However,
the substitution of cysteine not only weakens some of these interactions as seen with a normal
template base but the smaller residue now allows for more room for the rotation of the 8-oxo-
dG base. This extra room in the mutant Y955C active site now allows for dATP to base pair
with the syn-conformation of the 8-oxo-dG base (Fig. 3F).

Superimposition of these models allows for the direct comparison between the T7 structure
and the pol γ models (Fig. 4). Superimposition of the models with incoming dCTP shows no
obvious structural hindrance to the dCTP:8-oxo-dG hydrogen bonding (Fig. 4A). However,
examination of the WT pol γ model with incoming dATP shows close Van der Waals overlaps
and steric hindrance between the Tyr955 and Phe961 and the syn conformation of the 8-oxo-
dG template base (blue in Fig. 4B). But when either Tyr955 is substituted for Cys in human
pol γ or Lys536 is substituted for Ala in T7 pol, then enough space exists for the syn
conformation of the 8-oxo-dG template base (green and yellow in Fig. 4B). This orientation
of the 8-oxo-dG can now bind with the incoming dATP by Hoogsteen base-pairing. Thus, the
allosteric gate offered in the wild-type structure that prevents rotation of the 8-oxo-dG base by
the combined efforts of Phe961 and Tyr955 side chains is lost in the Y955C situation.
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Discussion
Oxidative respiration in the mitochondria is thought to be the main source of endogenous
oxidative stress and the generation of reactive oxygen species, which ultimately generates 8-
oxo-dG as one of the main products. Because pol γ is the only known DNA polymerase in the
mitochondria, the burden of dealing with this oxidized base by attenuating the incorporation
of 8-oxo-dGMP and preventing incorrect synthesis past the 8-oxo-dG lesion once it is in DNA
falls on pol γ. The mitochondria reduce the chance for oxidative mutagenesis through concerted
action of the base excision repair machinery. The MTH1 gene product is imported in the
mitochondria and nucleus and functions to sanitize 8-oxo-dGTP pools (30), thus reducing the
chance for pol γ to encounter this modified nucleotide. If 8-oxo-dGTP is incorporated into
mtDNA or oxidation of the base occurs in DNA, the OGG1 and MUTYH gene products
function in the mitochondria to excise 8-oxo-dG opposite cytosine or opposite adenine,
respectively (31). However, if the 8-oxo-dG in DNA escapes this repair pathway pol γ must
deal with the lesion. We demonstrate here that incorporation opposite a 8-oxo-dG template
base by the wild-type human DNA pol γ holoenzyme was blocked 95% of the time and that
the remaining 5% nucleotide incorporation occurred in an error-free manner. Nonetheless,
insertion of the other three nucleotides was detected and followed the general order: dCTP >
> > dATP > dGTP≫ dTTP. This is in agreement with earlier work with the Xenopus pol γ and
more recent work with the human enzyme (17,25). DNA pol γ belongs to the family A class
of DNA polymerases which includes T7 DNA polymerase. The relative error-free
incorporation opposite 8-oxo-dG followed a similar trend of bypass and error-free replication
past 8-oxo-dG by T7 DNA polymerase (20–22).

Previously, the error rate of the chick embryo pol γ with equal molar 8-oxo-dGTP and dNTPs
(each at 100 μM) was determined to be 3.7 × 10−3 with the M13 gap filling assay followed by
transfection into E. coli (32). We found that pol γ incorporated 8-oxo-dGTP only 1 in every
10 000 dGMP incorporation events opposite dC. This level of discrimination is based on equal
molar concentrations of 8-oxo-dGTP and dGTP which suggests that DNA mutagenesis should
be even lower at the expected low physiological concentrations of 8-oxo-dGTP relative to
dGTP levels. However, recent pre-steady-state kinetic analysis suggests that the level of
incorporation of 8-oxo-dGTP opposite dA may be even higher opposite dC (25). If the 8-oxo-
dGTP does get incorporated opposite a template dA, then it is likely to be fixed as a mutations
because this mispair appears to evade proofreading by the pol γ exonuclease (25,33).

Examination of the origins of mtDNA mutations suggests that most of the fixed mutations may
occur from spontaneous DNA replication errors and less from DNA damage (34). The
inefficient incorporation efficiencies seen in our study by the wild-type pol γ support this
hypothesis. This suggests that the endogenous base excision glycosylases, OGG1 and
MUTYH, as well as the MTH1 activity to remove 8-oxo-dGTP from dNTP precursor pools,
are sufficient to handle the normal load of oxidized lesions. However, studies in yeast and
mammalian cell systems do indicate that a defect in one or more steps in these repair pathways
results in enhanced mutation rate (35–38). Thus, unlike the nucleus which has redundant base
excision repair pathways, mitochondria do not and any genetic mutation that attenuates this
process would be predicted to accelerate mtDNA mutations as well as aging. This is reinforced
by animal models such as the MTH1-null mice which exhibit a greater accumulation of 8-oxo-
dG in mtDNA when compared with nuclear DNA (39) or OGG1 null mice that show
accumulation of mtDNA mutations (40,41). A naturally occurring mutation in the POLG gene
could also show a similar effect of enhanced susceptibility to oxidative lesions. The Y955C
disease mutation appears to fit this scenario.
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Structural implications of the Tyr to Cys substitution
Substitution of Tyr955 with cysteine severely diminished the overall enzyme performance
while at the same time leading to lower selectivity when performing synthesis opposite 8-oxo-
dG. The order of efficiency of dNTP incorporation was similar to that of the wild-type enzyme,
dCTP ≫ dATP > dGTP > dTTP, but incorporation events were higher compared to the normal
nucleotide. Substitution of tyrosine to the smaller cysteine increased misinsertions opposite 8-
oxo-dG lesion, when compared with incorporation opposite dG in the template. This is
consistent with what we described previously for this disease variant (10).

In DNA pol β, the interaction of Lys280 and Tyr271 with the 8-oxo-dG base seem to fix the
rotamer in the anti conformation to enable error-free bypass of the lesion (19). The unfavorable
interactions of Tyr271 and the incoming dATP form a steric gate that prevents the mutagenic
syn conformation of the 8-oxo-dG residue and help explain why pol β prefers to insert dCTP
opposite 8-oxo-dG (42). Recently, Brieba et al. (20,23) determined in T7 DNA polymerase
that Lys536 is important in attenuating the mutagenic potential of 8-oxo-dG in the template.
The Lys536 side chain is normally in a position to prevent the syn conformation of the 8-oxo-
dG base, which confers the mutagenic dA:8-oxo-dG Hoogsteen base pair. Replacement of
Lys536 by Ala removes the steric block and the 8-oxo-dG base can rotate into the syn
conformation. This substitution caused T7 DNA pol to make dA:8-oxo-dG mutations more
readily than the wild-type enzyme (23).

The analogous position of T7 DNA pol Lys536 in the human pol γ is Phe961. Like the Lys536
residue in T7 DNA pol, the Phe961 in the human pol γ model appears to be in close contact to
the 8-oxo-dG template. As in T7 pol, this larger Phe residue most likely attenuates against the
syn conformation which prevents the dAMP:8-oxo-dG Hoogsteen base pairing. On the
opposite side of the 8-oxo-dG base, the Tyr955 also helps attenuate against the syn rotamer
when dA attempts to bind via Hoogsteen hydrogen bonding. In the wild-type structure, this is
seen as a steric clash between the 8-oxo-dG base and the Tyr955 side chain. These close Van
der Waals interactions account for the 2200-fold discrimination against dATP insertion
opposite 8-oxo-dG in the wild-type enzyme. The molecular model of the pol γ demonstrates
that substitution of Tyr to Cys permits greater flexibility and space in the active site which can
easily accommodate the syn rotamer and the dATP:8-oxo-dG Hoogsteen base pair. This is
revealed biochemically by a 100-fold loss of discrimination from 2200 to 24. The relaxation
of nucleotide incorporation by the Y955C was not limited to incorporation opposite 8-oxo-dG
in the template. The Y955C pol γ also displayed over a 200-fold increase in incorporating 8-
oxo-dGTP relative to dGTP opposite dC in the template. Thus, the Y955C pol γ displays
enhanced 8-oxo-dGTP insertion as well as increased incorporation opposite 8-oxo-dG relative
to the normal nucleotides.

Biological consequence of the Y955C and 8-oxo-dG
Although the Y955C enzyme predominantly causes replication stalling (11,43), our results
suggest that patients harboring the Y955C mutation have an added complication and are more
likely to suffer from 8-oxo-dG mutagenesis as compared to an individual with wild-type pol
γ. Our data offer a molecular and kinetic explanation for part of this oxidative mutagenesis. It
is unclear whether the inability of the Y955C pol γ to discriminate against oxidative lesions
has a role in the parkinsonism observed in these patients. Of the >100 disease mutations in
POLG, adPEO with parkinsonism has been associated with the G737R, Y831C, R853W,
Y955C and A1105T mutations (8,44,45). In one study, four out of seven families with
POLG mutations causing PEO with parkinsonism contained the Y955C mutation (8). Y831C
was also found in non-parkinsonism control groups suggestive of other factors needed in
conjunction with the Y831C mutation to cause parkinsonism (46). The link between Parkinson
disease and mitochondrial dysfunction in the substantia nigra has been previously suggested
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(47) and mtDNA deletions were recently shown to accumulate to a higher degree in the
dopaminergic neurons of Parkinson patients when compared with control subjects (48,49).
Furthermore, inhibition of the mitochondrial complex I by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or rotenone is well established (50). Inhibition of complex I by
MPTP or rotenone promotes electron leakage increasing the formation of reactive oxygen
species and leads to Parkinson disease. In addition, the substantia nigra neurons have been
shown to have a high oxidative capacity and oxidative stress (51). Several studies have found
significant increases of 8-oxo-dG in mtDNA from the substantia nigra and dopaminergic
neurons of Parkinson patients (52–56). These observations suggest that mitochondrial
dysfunction and oxidative stress is a strong component in Parkinson and parkinsonism. The
benefits of Coenzyme Q10 as an electron acceptor and potent antioxidant have shown promise
as a therapy in early Parkinson disease (57) and help to strengthen the role of oxidative stress
in these diseases. Since mtDNA deletions are characteristic of generalized PEO, it is tantalizing
to speculate that the additional inability of the DNA pol γ to discriminate against oxidative
lesions may partially account for the parkinsonism symptoms.

In yeast, the equivalent substitution of Tyr to Cys at this position (Y757C) in the MIP1 gene
not only causes depletion of mtDNA but also displayed elevated mtDNA damage (13).
Furthermore, it has been shown recently that many of the phenotypical results associated with
the Y757C mutations in the yeast MIP1 gene can be partially rescued by antioxidants (14).
Interestingly, in the mouse transgenic model that overexpresses the Y955C human POLG
cDNA we found elevated levels of 8-oxo-dG in heart mtDNA (12). Collectively, these reports
suggest that patients harboring this mutation may have elevated levels of oxidative stress and
DNA damage due to 8-oxo-dG incorporation and/or translesion synthesis. The parkinsonism
symptoms associated specifically with the Y955C mutation may be partly due to the inability
of this mutant polymerase to discriminate against oxidative lesions. Finally, anti-oxidative
therapy may be beneficial for these patients in alleviating some of the symptoms.

Materials and Methods
Enzymes

The exonuclease deficient form of wild type human DNA pol γ, as well as Y955C mutant form
of the enzyme, were purified to homogeneity from baculoviral-infected insect cells as described
(10,58). The accessory subunit (p55) was purified to homogeneity from E. coli, and the
heterotrimeric forms of the polymerase were reconstituted as previously described (59).

Oligonucleotides
Following oligonucleotides were purchased from The MIDLAND Certified Reagent
Company: primers (25-mers) 5′-AATTTCTGCAGGTCGACTACATAGG-3′ and 5′-
AATTTCTGCAGGTCGACTACATACC-3′ and templates (45-mers). 3′-
TTAAAGACGTCCAGCTGATGTATCCGATTGGGCCAT GGCTCGACC-5′ (‘G’
template), 3′-TTAAAGACGTCCAG CTGATGTATCC8-oxo-
dGATTGGGCCATGGCTCGACC-5′ (‘8-oxo-dG’ template), 5′-
CCAGCTCGGTACCGGGTTGACC TATGTAGTCGACCTGCAGAAATT-3′(‘C’
template) and 5′-CCAGCTCGGTACCGGGTTACGGTATGTAGTCGACCT
GCAGAAATT-3′ (‘A’ template).

DNA polymerase reactions
DNA pol γ reactions (10 μl final volume) contained 25 mM Hepes-OH (pH 7.5), 5 mM
MgCl2, various concentrations of the four dNTPs, 2 mM 2-mercaptoethanol, 50 μg/ml bovine
serum albumin, 0.1 mM EDTA, 1 pmol 5′-32P-labeled 25-mer annealed to 1.1 pmol of 45-mer
template and various concentrations of dNTP similar to what has been previously described
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(11,60). Reactions were started by addition of DNA pol γ (30 fmol of the wild-type enzyme
and 300 fmol of its Y955C form) in complex with the accessory subunit (1:2 molar ratio).
Samples were incubated for 10 min at 37°C. For kinetic studies of each of the four dNTPs
incorporation opposite 8-oxo-dG in the template, as well as incorporation of 8-oxo-dGTP
opposite A or C by wild-type and Y955C form of DNA pol γ, incubations of 5 min for the
wild-type enzyme and 10 min for its Y955C form were performed. Reactions were stopped by
addition of 10 μl of 95% aqueous formamide containing 25 mM EDTA and gel sequencing
dye solution, followed by heating in a boiling water bath.

Michaelis-Menten kinetic constants for the incorporation of 8-oxo-dGTP or dGTP were
determined by non-linear plot of rate versus dNTP concentration as described (26). The
apparent kcat values represent the aggregate contributions of the competing association (kon),
catalytic (kpol), and dissociation (koff) rate constants. The relative contributions of kon and
koff are small for unrestricted DNA synthesis, so kpol values are closely approximated by
apparent kcat values. Because kcat/Km(dNTP) ≈ kpol/Kd(dNTP), Km(dNTP) values are a good
indicator of nucleotide affinity during unrestricted DNA synthesis, even though Kd(dNTP)
values are not strictly accessible through steady-state measurements. In contrast, during
distributive or otherwise restricted DNA synthesis, dissociation of the enzyme from the primer-
template becomes rate limiting, and koff becomes the principle component of the measured
kcat value. Now kcat ≠ kpol, and Km(dNTP) values are no longer good indicators of nucleotide
affinity. In fact, since Km(dNTP) ≈ kcat(Kd(dNTP)/kpol), one can easily see how Km(dNTP) could
increase due to a decrease in kpol with no change in Kd(dNTP). Thus, restriction of DNA synthesis
limits the utility of kcat and Km(dNTP) values as independent parameters. However, with
saturating primer-template concentrations the ratio of kcat/Km(dNTP) does not change upon
restriction of DNA synthesis (61), and kcat/Km(dNTP) remains a valid parameter for comparing
mutant derivatives of pol γ. Similarly, since steady-state parameters do not account for the
expected differences in Kd(dNTP) for normal nucleotides and 8-oxo-dGMP, comparisons of
differential insertion by a given enzyme are best described as, DF = (kcat/Km)8oxoGTP /(kcat/
Km)dNTP. Individual kinetic parameters are presented with the relevant kcat/Km(dNTP) ratios
and DF values.

Incorporation analysis
Reaction products were separated on 15% polyacrylamide/7 M urea gels. Following
electrophoresis, the gels were exposed to a PhosphorImager screen and analyzed on a Storm
860 PhosphorImager (Molecular Dynamics). Radioactive bands were quantified with NIH
Image software (version 1.63). Linear least-squares curve fitting of double-reciprocal plots
yielding kcat and Km values were calculated using PRISM software for a nonlinear regression.
Relative values of kcat/Km were used to calculate misincorporation efficiency and 8-oxo-dGTP
incorporation opposite A or C in the template.

Molecular modeling
The wild-type pol γ and Y955C mutant pol γ model structures, with native dG:dCTP nucleotide
insertion, were developed based on coordinates from the solved T7 polymerase structure
coordinates with native dG:dCTP insertion (PDB entry: 1T8E) (20), using the Schrodinger
Prime version 1.2 Homology Modeling Software Suite. A structural alignment of family A
polymerase crystal structures was performed using the DALI structural alignment program
(62). The sequences of Thermus aquaticus DNA polymerase I (Klentaq), Bacillus
stearothermophilus DNA polymerase I, E. coli DNA polymerase I (Klenow) and T7 DNA
polymerase (PDB structures: 2KTQ, 3DBP, 1D8Y, and 1T7P, 1T8E respectively) were utilized
in the structural alignment and the pol γ sequence was aligned to the sequences of T7 and to
the other family A polymerase structures using the T-Coffee sequence alignment algorithm
(63).
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Models of the wild type and Y955C mutant pol γ structure with mutagenic 8-oxo-7,8-
dihydro-2′–deoxyguanosine (8-oxo-dG) lesions: 8-oxo-dG:dCTP, insertion, 8-oxo-dG:dC post
insertion and 8-oxo-dG:dATP post insertion, were also developed based on the coordinates for
the reported structures for T7 polymerase (PDB entries 1TK0, 1TKD and 1TK8, respectively)
(20). Energy minimization and model structure refinement were performed using the
Schrodinger Prime protein-optimized OPLS2000 all-atom force field with a Surface
Generalized Born continuum solvation model. Protein structure validation checks were
performed using the program WHATIF (64,65).

Models of the wild type and Y955C mutant pol γ structure with mutagenic 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxo-dG):dATP insertion were developed based on the crystal
structure of the K536A T7 mutant (PDB entry: 1ZYQ) (23). This pol γ model with dATP
insertion opposite the lesion was developed using the same sequence alignment as the previous
models. Modeler 9.0 Protein Homology Modeling algorithm (66) as implemented in the
Accelrys Discovery Studio 1.7 modeling software package was used to develop the wild type
and Y955C mutant pol γ 8-oxo-dG:dATP model. The Protein Health implementation within
the Accelrys DS 1.7 software package of the Profiles-3D method (67) was used to verify the
quality of the model along with the DOPE energy method (68). In all the pol γ model structures,
there are three major loop insertions relative to the T7 DNA polymerase structures, between
residues 916–925, 1005–1023 and 1053–1094. These loop insertions do not involve residues
involved in catalysis and do not structurally impact the configuration of the polymerase active
site.
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Figure 1.
Rotamer conformations of 8-oxo-dG template base. (A) Watson-Crick hydrogen bonding
between the 8-oxo-dG base and the dCTP base when 8-oxo-dG assumes the anti conformation.
(B) Hoogsteen hydrogen bonding between the 8-oxo-dG base and the dATP base when 8-oxo-
dG assumes the syn conformation.
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Figure 2.
Translesion synthesis past 8-oxo-dG by wild type and Y955C. (A) Incorporation of depicted
nucleotides opposite a normal dG or a 8-oxo-dG lesion in the template by the wild type or
Y955C mutant pol γ in the absence of the p55 accessory subunit. (B) Incorporation of depicted
nucleotides opposite a normal dG or a 8-oxo-dG lesion in the template by the wild type or
Y955C mutant pol γ in the presence of the p55 accessory subunit. In both panels, reactions
were performed in the presence of all four dNTPs (4) or by the single dNTPs (dATP or dTTP
or dGTP or dCTP). The total dNTP concentration was 200 μM. Products of the reactions were
separated through a 15% polyacrylamide sequencing gel and analyzed as described in the
‘Materials and Methods’. The arrows depict the site of either the dG or 8-oxo-dG lesion.
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Figure 3.
Modeled structure of the wild type, Y955C pol γ or the T7 DNA pol structure with 8-oxo-dG
in the template. (A) T7 DNA pol with incoming dCTP. (B) T7 DNA pol with incoming dATP.
(C) Wild-type pol γ with incoming dCTP. (D) Wild-type pol γ with incoming dATP. (E) Y955C
mutant pol γ with incoming dCTP. (F) Y955C mutant pol γ with incoming dATP. The 8-oxo-
dG is labeled in each panel and is shown in the anti-conformation in A, C and E, and shown
in the syn-conformation in B, D, and F. The structure of the wild-type T7 pol with 8-oxo-dG
in panel A was derived from PDB: 1TKO (20) with Lys536 and Tyr530 labeled. The structure
of the K536A derivative of T7 pol in B was derived from PDB: 1ZYQ (23) with Ala536 labeled.
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Figure 4.
Superimposition of the T7 DNA polymerase structure and the human DNA pol γ model with
8-oxo-dG in the template and an incoming dCTP or dATP. (A) Superimposition of WT T7,
WT pol γ and Y955C pol γ with incoming dCTP showing 8-oxo-dG in the anti-conformation.
(B) Superimposition of K536A T7, WT pol γ and Y955C pol γ with incoming dATP showing
8-oxo-dG in the syn-conformation. The color scheme follows that shown in Fig. 3 and are as
follows; WT pol γ with incoming dCTP (turquoise), Y955C pol γ with incoming dCTP (red)
and WT T7 DNA pol with incoming dCTP (pink), WT pol γ with incoming dATP (blue),
Y955C pol γ with incoming dATP (green) and K536A T7 pol (yellow). The amino acid residues
are labeled by their amino acid number with the pol γ amino acid position preceding T7 pol.
The structure of the wild type T7 pol with 8-oxo-dG was derived from PDB: 1TKO (20) with
Lys536 and Tyr530 labeled. The structure of the K536A derivative of T7 pol was derived from
PDB: 1ZYQ (23) with Ala536 labeled.
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