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providing insight into drug toxicity and mitochondrial disease
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Summary

Mitochondrial DNA polymerase gamma (Pol ) is the sole polymerase responsible for replication of
the mitochondrial genome. The study of human Pol vy is of key importance to clinically relevant issues
such as nucleoside analog toxicity and mitochondrial disorders such as progressive external
ophthalmoplegia. The development of a recombinant form of the human Pol y holoenzyme provided
an essential tool in understanding the mechanism of these clinically relevant phenomena using kinetic
methodologies. This review will provide a brief history on the discovery and characterization of
human mitochondrial DNA polymerase vy, focusing on kinetic analyses of the polymerase and
mechanistic data illustrating structure-function relationships to explain drug toxicity and
mitochondrial disease.
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1. Introduction

The presence of mitochondria in eukaryotic cells represents an important step in evolution from
prokaryotes, as it provided increased energy output by utilizing oxidative phosphorylation. The
origins of mitochondria are proposed to have occurred after envelopment of a prokaryotic cell
that adapted to serve as a “powerhouse” organelle specializing in ATP production, a hypothesis
referred to as the endosymbiotic theory [1]. The mitochondrial dual membrane, replication
analogous to binary fission within the eukaryotic cell, and circular mitochondrial genome akin
to a prokaryotic plasmid are several points of evidence that provide rationale for this theory.
Replication of mitochondrial DNA (mtDNA) is performed by a nuclear encoded protein,
mitochondrial DNA polymerase y (Pol y), the sole replicative polymerase of the mitochondrial
genome. This review will focus on the structure and function of Pol vy, as well as its clinical
relevance in fields wide ranging from toxicity of antiviral nucleoside analogs to genetic
mitochondrial disorders.

The presence of a mitochondrial DNA polymerase was first suggested in the late 1960's, with
the discovery of a polymerase in mitochondrial fractions that exhibited distinct characteristics
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from known mammalian polymerases [2,3]. Several years later, a novel human polymerase
was identified in HeLa cells that could utilize DNA/RNA primer-templates, [4] eventually
found to be the mitochondrial polymerase [5]. Pol y was characterized by its ability to utilize
synthetic DNA/RNA primer-templates for dNTP incorporation [4,6,7], sensitivity to
dideoxynucleotides [8-10], inhibition by N-ethylmalemide (NEM) [7] and resistance to
aphidicolin [11]. Comparison of the amino acid sequence demonstrated high sequence
homology with family A polymerases including T7 DNA polymerase and DNA Pol 1 [12,
13]. Inaddition to polymerization, Pol y also catalyzes additional enzymatic activities attributed
to DNA repair. A 3'-5" exonuclease proofreading activity was identified originally in Pol y
purified from chick embryos [14] and further characterized in Drosophila [15]. Pol y also
demonstrated the ability to perform base excision repair through its intrinsic 5'-
deoxyribonucleic phosphate lyase activity [16,17].

Replication of the mitochondrial genome has been extensively studied and debated. This 16.5
kb circular DNA consists of a heavy chain and light chain and contains 13 genes which encode
proteins essential for oxidative phosphorylation, as well as the 22 tRNAs and 2 rRNAs
responsible for intramitochondrial protein synthesis. Similar to nuclear DNA, the
mitochondrial genome exists in complex with proteins responsible for transcription and DNA
maintenance in structures called nucleoids (recently reviewed in [18]). Two models have been
suggested for replication of the mitochondrial genome, the strand-displacement theory and the
strand-coupled theory (Figure 1). The strand displacement theory suggests that replication is
one directional and continuous, not requiring the processing of Okazaki fragments on the
displaced strand [19,20]. Copying of the mitochondrial genome begins at the origin of heavy
chain replication in the non-coding D-loop region of the mitochondrial genome, displacing the
light chain until progressing 2/3 of the way around the circular DNA. The synthesis of the light
chain then begins after the formation of a stem-loop structure of the displaced heavy chain,
which signifies the origin of light chain replication [20]. The strand-coupled model conversely
suggests that this process occurs simultaneously and bi-directionally from multiple sites of
initiation in a zone near the origin of heavy chain replication [21,22]. Interestingly, it has also
been shown that there is a high prevalence of ribonucleotides present in the lagging strand
during mtDNA replication [23]. This has lead to an alternative view of the strand-displacement
theory, named RITOLS (RNA incorporated throughout the lagging strand) replication, in
which large patches of RNA act to protect the displaced strand during one directional
replication [24,25]. Subsequent maturation steps are then required to leave behind short RNA
templates that can be used as primers to complete replication of the lagging strand, which may
explain the lag between synthesis of the heavy and light chains of the mitochondrial genome
[24,25].

2. Kinetic characterization and analysis of human mitochondrial DNA Pol y

2.1 Initial Characterization and Cloning of the Catalytic Subunit

While human Pol y had been successfully purified from HeLa cells [26], the low yield of protein
made extensive biochemical characterization difficult. Therefore, cloning and expression of a
recombinant version was of the utmost importance for extensive biochemical analyses of Pol
v. The 140 kDa catalytic or large subunit of human Pol y was expressed and purified
successfully utilizing a baculoviral expression system to produce a truncated (mature) version
of the protein lacking the mitochondrial targeting sequence [27,28]. Initial kinetic analyses
utilizing pre-steady-state kinetics demonstrated that the catalytic subunit alone was somewhat
inefficient, with relatively weak binding affinity to DNA (39 nM) and slow maximum rate of
polymerization (3.5 s'1). Determination of processivity yielded a value of ~ 100 nucleotides
[27], similar to results establishing that Pol y incorporated ~ 50 nucleotides prior to dissociation
from the primer-template [28]. Therefore, it was apparent that the catalytic subunit alone was
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insufficient for processive replication of the mitochondrial genome, as this process would take
several hours to complete and require multiple binding events. As previous reports
demonstrated the co-purification of a second smaller molecular weight protein with human
[26] and Drosophila Pol y [29], it was hypothesized that this smaller protein could function as
an processivity factor acting in analogous fashion to the interaction between T7 DNA
polymerase and thioredoxin [30].

2.2 Characterization of Pol y Holoenzyme: Role of the Accessory Subunit

Later publications demonstrated that this in fact was the case, in experiments showing that
recombinant Xenopus laevis [31], mouse [32] and human polymerase y accessory subunits
[32-34] could significantly enhance processivity of the catalytic subunit of human Pol v.
Processivity was found to increase from 50 to hundreds of nucleotides for the catalytic subunit
alone [27,28] to up to thousands of nucleotides after association with stoichiometric amounts
of the accessory subunit [33,34]. Kinetic analysis demonstrated that the accessory and catalytic
subunit bound with a Kq of 35 nM and that the enhancement of processivity provided by this
interaction was not linked to a significant decrease in the dissociation rate of the holoenzyme
from primer/template [34]. Although kg is largely not affected (from 0.03 s1 to 0.02 s1), the
accessory subunit provided a 3.5-fold increase in DNA binding affinity. The formation of the
holoenzyme also results in ~ 5-fold enhancement of kpo) (8.7 + 1.1 s1to45+1.0s1)and ~
6-fold decreased Ky (4.7 = 2.0 uM to 0.78 £ 0.065 uM) for dATP incorporation compared to
the catalytic subunit alone. This established that the increase in Ky is the largest determinant
of the increase in processivity, defined as Kpoi/Koff [34]. Furthermore, this indicates that the
interaction between subunits is enhancing the rate of the hypothesized rate limiting
conformational change in the enzyme that limits processive dNTP incorporation. Preliminary
experiments also indicated that the functional complex of human mitochondrial DNA
polymerase was a heterodimer of p140 and p55 accessory subunits [33,34], similar to what had
been established for Drosophila Pol y [35]. Binding of the accessory subunit to the catalytic
subunit was also found to provide tolerance to physiological salt concentrations as well as
protection from NEM inhibition [33].

Interestingly, the accessory subunit demonstrated high sequence homology with glycyl-tRNA
synthetases [31,36], enzymes responsible for attachment of glycine to its cognate tRNA
(reviewed in [37]). This indicated that the accessory subunit may also play a role in primer
recognition [31,36], as the formation of DNA secondary structure is important in the initiation
of light chain synthesis [20]. This similarity was confirmed by the crystal structure of the
murine Pol y accessory subunit, illustrating that it was a homodimer [38]. Experiments by
Yakubovskaya et al. demonstrated that the human Pol y holoenzyme was in fact a heterotrimer,
of one catalytic subunit bound to the homodimeric accessory subunit [39]. Utilization of
mutants of the accessory subunit that prevented dimerization illustrated that a monomer alone
bound to the catalytic subunit with similar binding affinity as the dimeric accessory subunit.
This indicates that the interactions of the subunits of the heterotrimeric holoenzyme
predominantly occurs between one half of the accessory subunit complex and the catalytic
subunit [39]. Elucidation of the cryo-EM structure of Pol y provided further rationale for these
findings, demonstrating that one subunit of the accessory subunit complex contacts the catalytic
subunit through interaction with the spacer region of the polymerase between the exonuclease
and polymerase domains, whereas the other subunit provides little surface interaction [40]. In
addition to kinetic experiments demonstrating no significant decrease in the rate of primer-
template release upon accessory subunit binding [34], this provides evidence that the accessory
subunit complex is likely not acting as a processivity clamp that encircles the primer-template
as had previously been suggested [41].
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Recently, a crystal structure of the Pol y heterotrimeric holoenzyme [42] was solved by Lee,
et al., providing additional insight into the mechanism of processivity enhancement by the
accessory subunit (Figure 2). As had been previously predicted [39,40], the majority of the
interaction between subunits occurs between one monomer of the dimeric accessory subunit
and the catalytic subunit. Several unique features were evident in the crystal structure. One
such feature is an intrinsic processivity subdomain in the spacer region, thought to impart
additional processivity of the catalytic subunit relative to other family A polymerases, due to
additional interactions with the primer-template [42]. The accessory interacting determinant
(AID) subdomain of the spacer region, nearly 50 A from the polymerase domain, provides
rationale for the mechanism of DNA binding enhancement (Figure 2). This subdomain forms
extensive hydrophobic interactions between the L-helix of the catalytic subunit with the
proximal accessory subunit. Modeling of the holoenzyme bound to primer-template suggests
that this interaction exposes a positively charged tract of residues predicted to interact with the
negatively charged sugar phosphate backbone of the primer-template resulting in enhanced
DNA binding affinity [42].

These findings however, did not address the mechanism of accessory subunit enhancement of
Kpotl, Which provides the largest improvement of processivity [34]. A follow-up study by Lee,
et al. delved further into the contribution of each accessory subunit monomer (distal and
proximal) to processivity enhancement [43]. By comparing pre-steady state incorporation
kinetics of holoenyzmes formed with dimerization deficient accessory subunit mutants, it was
established that the proximal monomer alone tightens the binding affinity between Pol y and
the primer-template. This is not surprising, as the crystal structure demonstrates that the AID
subdomain predominantly interacts with the proximal monomer (Figure 2) [42]. However, rate
enhancement is only achieved in the presence of the dimeric accessory subunit, indicating a
role for the distal monomer of the accessory subunit complex. The authors speculate that
perhaps this effect could be mediated through proper positioning of the primer-template that
is only accomplished when the catalytic subunit is bound to the dimeric accessory subunit
[43].

The accessory subunit has also demonstrated the ability to bind nucleic acids, an uncommon
trait of processivity factors [38,44]. Specifically it had been demonstrated that the accessory
subunit preferentially bound dsDNA and that tight binding required interaction from both
subunits of the dimer [44]. Deletion of regions important for the DNA binding properties of
the accessory subunit did not affect its ability to enhance Pol y polymerization [38]. This
indicated a potential role of DNA binding in a function not directly related to enhancement of
processivity. A recent report has illustrated that the nucleic acid binding of the accessory
subunit may play a role in mitochondrial DNA maintenance, specifically having a role in
organization of mtDNA in nucleoids [45]. The authors showed that altering expression levels
of the accessory subunit using RNAi modulated the number of genomes per nucleoid in
cultured cells. The Pol y accessory subunit was found to preferentially bind plasmids containing
a D-loop region significantly more tightly than dsDNA, indicating that it is likely a
physiologically significant interaction with the mitochondrial genome that may mitigate these
effects. [45].

2.3 Fidelity and Exonuclease Activity of Pol y

Fidelity of a polymerase is determined by the ability of the polymerase to actively discriminate
against the incorporation of improper base pairs at the active site of the enzyme. If an error
does occur, polymerases having a 3'-5’ exonuclease activity are able to correct these errors
providing an increase in replication fidelity. In the case of Pol y, mispairs are highly
discriminated against through impairing both rate of incorporation and the binding affinity of
mismatched bases [46,47]. If a misincorporation does occur, formation of proper base pair
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incorporation after a mismatch is unfavorable, as the rate and binding affinity decrease by 80-
and 440-fold respectively, causing the polymerase to stall [46]. This allows for shuttling of the
primer-template to the exonuclease active site, where the mispair can be excised [48]. This has
been shown to occur without dissociation of the primer-template [49], allowing processive
DNA synthesis to continue immediately following exonuclease proofreading. Alternatively,
dissociation of the mismatched primer-template may also occur, as Kqgf is increased compared
to properly base paired primer-templates. The exonuclease rate also increases significantly
when presented with a buried mismatch, indicating an ability to repair buried mispairs as well
[49]. The kinetic scheme for dNTP incorporation by Pol y as determined by pre-steady-state
kinetics is shown in Figure 3. A later study provided a full kinetic analysis of all possible
mispairs and provided a fidelity for Pol y of 1 error in every 440,000 nucleotides incorporated
[47]. The fidelity of the polymerase is increased by 4- 200-fold due to the exonuclease activity
[49], which would imply an overall fidelity of 1 error in 1.8 million to 36 million bases
incorporated [47].

2.4 Reverse Transcription by Pol y

As mentioned previously, one of the earliest characteristics of Pol y was the ability to utilize
synthetic DNA/RNA primer-templates. Initially, the biological significance of this was not
understood until it was demonstrated that ribonucleotides are present in detectable quantities
throughout the mitochondrial genome [23]. Our lab demonstrated that Pol y can in fact perform
reverse transcription with similar efficiency as HIV-1 RT, with comparable ko values [50].
Furthermore, Pol y can perform exonuclease cleavage of mismatched dNMPs opposite a RNA
template [50]. The reverse transcriptase activity of Pol y was later found to be not processive,
incorporating one dNTP and dissociating from the primer/template [51]. This indicates that
the physiological significance of this phenomenon may be linked to single ribonucelotides
present throughout the template strand. The weaker interaction between Pol y and DNA/RNA
primer-templates also serves to explain the increased steady-state rate of incorporation versus
DNA/DNA primer-templates, as the steady-state rate is governed by the rate of primer-template
release [51].

3. Importance of Pol y in Nucleoside Analog Therapy

3.1 Nucleoside Analogs and Molecular Basis for Potent ddNTP Inhibition

Nucleoside analogs have a long history of clinical use in the treatment of cancer and viral
infection. Nucleoside RT inhibitors (NRTIs) represent the first FDA approved class of
therapeutics for treatment of HIV infection (Figure 4). As substrate analogs, NRTIs are
competitive inhibitors administered as prodrugs that must be transported into the cell and
phosphorylated to the metabolically active triphosphate in order to exert their therapeutic effect
(reviewed in [52]). All currently approved NRTIs lack a 3'-hydroxyl group required to perform
nucleophilic attack on an incoming dNTP, therefore AZT and other NRTIs elicit their antiviral
effect by halting primer extension [53]. These NRTIs can also serve as substrates for inhibition
of host cell polymerases, leading to host cell toxicity.

The sensitivity of Pol y to dideoxynucleoside therapies might have been predicted, as one of
the initial defining characteristics of Pol y was susceptibility to dideoxynucleotide inhibition
[8-10]. Early experiments linked inhibition of Pol vy to side effects of NRTIs, illustrating high
susceptibility to inhibition by the triphosphate form of NRTI, ddC [54] and that treating cells
with ddC provoked a reversible decrease in mtDNA levels [55]. Later clinical findings also
suggested mitochondrial toxicity in response to treatment with various NRTIs (reviewed in
[56]). The most common side effects of AZT treatment include bone marrow suppression
[57] and myopathies [58] with concomitant decreases in mtDNA [59], and cardiomyopathy
[60]. ddC and d4T treatment are associated with peripheral neuropathy [61,62]. More rare and
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severe toxicities to NRTI treatment include lactic acidosis and pancreatitis [56]. The
similarities of these side effects to genetic mitochondrial disorders lead to the hypothesis that
Pol y inhibition was the primary source of NRTI mitochondrial toxicity [63-65].

The molecular basis of this sensitivity was explained by experiments demonstrating that one
single amino acid acts as a “gatekeeper” for ddNTP susceptibility in family A polymerases
[66,67]. DNA Pol I, which demonstrates high selectivity against ddNTP incorporation, has a
phenylalanine residue on the highly conserved O-helix, opposite the 3'-OH of the bound dNTP.
Other family A polymerases that efficiently incorporate ddNTPs, such as T7 DNA polymerase,
have a tyrosine at the analogous position on the O-helix. Mutation of this residue to tyrosine
in Pol | was demonstrated to decrease ddNTP discrimination thousands of fold [66,67]. It was
hypothesized that the phenolic hydroxyl group of the tyrosine residue could substitute for the
missing 3'-OH of the bound ddNTP, allowing efficient incorporation. Molecular modeling of
the Pol vy active site illustrated that the analogous residue, tyrosine 951 was responsible for
dideoxynucleotide sensitivity [28,68] (Figure 5), which ultimately results in susceptibility to
NRTI inhibition and subsequent mitochondrial toxicity. It is important to recognize toxicity is
a multifactorial phenomenon which encompasses metabolic activation by cellular kinases and
transport into the mitochondria in addition to inhibition of Pol y.

3.2 Toxicity of FIAU Marks A Call for Understanding NRTI Toxicity

The failure of hepatitis B inhibitor FIAU illustrated the importance of understanding the
mechanism of mitochondrial toxicity attributed to nucleoside analog therapy (Figure 4).
Tragically, 5 patients in a phase Il clinical trial died and 5 others required liver transplants after
exhibiting hallmark symptoms of mitochondrial dysfunction. These side effects included liver
failure, lactic acidosis, skeletal- and cardiomyopathies, neuropathy, and pancreatitis [69,70].
The effect of FIAU on hepatic cell lines was examined after the clinical trial ended, illustrating
induced lactic acid production and enlarged mitochondria with lipid droplet formation [71,
72]. Although FIAUTP was demonstrated to be a substrate and potent competitive inhibitor of
Pol y [72-74], the presence of FIAUMP in mtDNA [71,75] suggested that it serving as a
substrate for Pol y, but not acting as a chain terminator. Studies also demonstrated that FIAU
treatment was not associated with a decrease in mtDNA in response to FIAU treatment [71,
76], indicating a unique mechanism of toxicity compared to dideoxynucleotides. After the
failure of FIAU, it became clear that considerations had to be made to ensure that new
nucleoside analogs were potent against virus, but also did not inhibit the mitochondrial
polymerase.

3.3 Mechanistic Studies of Pol y Inhibition by Antiviral Nucleoside Analogs

Whereas the goal of designing antiviral nucleoside analogs is to maximize incorporation
efficiency by the target polymerase, it became clear that the potency of these compounds must
be weighed against their inhibition of the mitochondrial polymerase. Studies by our lab and
others have illustrated that inhibition of Pol y is correlated to the clinical toxicity of nucleoside
analogs [77-79]. Inhibition of Pol y can be assayed by determining the kinetic parameters for
incorporation of the NRTI, as well as the exonuclease removal of the NRTI from the 3'-termini
of chain-terminated primers. Pre-steady-state kinetic studies from our laboratory demonstrated
the mechanism of mitochondrial toxicity of cytidine analogs with varying degrees of
mitochondrial toxicity in vivo [77]. The high toxicity of ddC was explained by kinetic data
indicating that ddCTP was incorporated only 3-fold less efficiently than the natural substrate
by Pol y with high binding affinity (41 nM versus 1.1 uM for dCTP), while the rate of
exonuclease removal was nearly undetectable (< 0.0001 s™1). In contrast unnatural L-
enantiomer (-)3TC, which demonstrates low clinical toxicity, is incorporated ~ 2900-fold less
efficiently than the natural substrate, caused by a 350-fold drop in incorporation rate and an 8-
fold decrease in binding affinity. The rate of exonuclease removal of (-)3TC however, was
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comparable to the removal rate of the natural substrate [77]. A comprehensive study of FDA
approved NRTIs at the time provided further mechanistic information combining incorporation
and removal data, yielding a hierarchy of Pol y inhibition that mirrored mitochondrial toxicity
in the clinic as follows (ddC > ddA > d4T > (-)3TC > PMPApp > AZT > CBV) [79,80]. Pre-
steady-state kinetic analysis of the most recently approved NRTI, (-) FTC also demonstrated
a further decrease in Pol y incorporation efficiency compared to (-)3TC [81]. Mechanistic
information regarding the severe toxicity associated with FIAU also was examined, which is
unique with respect to currently approved anti-HIV nucleoside analogs as it is not a chain
terminator. Incorporation of the next correct nucleotide after FIAUMP incorporation was
several fold faster than the exonuclease rate, indicating FIAU gets internalized into mtDNA
[79]. This internalization allows FIAU to act as a mutagen, which explains its delayed and
severe toxicity that is not reversible upon cessation of treatment.

These studies have shown that several design aspects of newer generation NRTIs have
dramatically decreased Pol y inhibition, including the use of unnatural L-nucleosides ((-)3TC
and (-)FTC), acyclic nucleosides (tenofovir) and carbocyclic nucleosides (abacavir). The use
of L-nucleosides such as (-)3TC and (-)FTC allows for potent inhibition of RT while serving
as poor substrates for the mitochondrial polymerase imparting low mitochondrial toxicity
[77,81-83]. Fluorination of the C-5 position of cytosine base in (-)FTC results in further
decreased incorporation by Pol y compared to (-)3TC [81]. Acyclic nucleoside analog PMPA
and carbocyclic analog carbovir, the active metabolites of tenofovir and abacavir respectively,
present among the highest therapeutic indicies by also minimizing incorporation by Pol y
[79]. Utilization of pre-steady-state kinetics in the analysis of nucleoside analog therapeutics
represents a powerful tool in understanding and predicting mitochondrial toxicity. Recent
publications have utilized a similar approach to examine inhibition of Pol y by anti-cancer
agent gemcitabine [84] and herpes simplex virus drug acyclovir (Figure 4) [85].

Although use of L-nucleosides typically provides an improved toxicity profile compared to
their D-enantiomers, it should be noted there are exceptions to this generalization. One notable
example is highly toxic L-nucleoside analog troxacitabine (L-dioxolane cytosine)[86,87],
which is in phase Il clinical trials as an anti-cancer agent. Furthermore, phase 11 clinical trials
of clevudine (L-FMAU) for the treatment of HBV infection were recently halted due to
unexpected mitochondrial toxicity [88-90], which was undocumented in preclinical studies
(Figure 4) [91,92]. Biochemical analysis showed L-FMAUTP was not a substrate of Pol y or
other host polymerases [93], suggesting the possibility of an alternative mechanism of
mitochondrial toxicity. Further study is required to understand the mechanism of clevudine
toxicity.

4. Predisposition to NRTI Toxicity

4.1 Identification and characterization of R964C mutation

Although significant strides have been made in characterizing the toxicity of NRTIs, one
question that remains unclear was why certain individuals tolerate treatment with NRTIs,
whereas others encounter issues with mitochondrial toxicity. Clearly, this is a multi-factorial
problem, but one possible answer could be found in a genetically inherited predisposition to
NRTI toxicity caused by a mutation or polymorphism in the Pol y coding sequence. In 2007,
Yamanaka, et al. described the identification and initial characterization of the first such
proposed mutation of Pol y linked to stavudine (d4T) mediated mitochondrial toxicity [94]. In
this report, an HIV infected individual undergoing stavudine treatment, presenting to the clinic
with lactic acidosis, was found to harbor a homozygous R964C mutation in Pol y. Steady-state
inhibition assays using the exonuclease proficient catalytic subunit alone suggested little
change in K values for inhibition by ddTTP, AZTTP, or d4TTP between mutant and wild type
Pol y. However, a decrease in specific enzyme activity, as well as steady-state dTTP
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incorporation rate, was noted [94]. This preliminary kinetic data, coupled with data from
experiments demonstrating a significant decrease in mtDNA levels in hetero- and homozygous
R964C cultured lymphaoblast cell lines in response to d4T treatment, lead the authors to
speculate that the mutation impaired the normal enzymatic activity of the polymerase. Further
challenge with d4T treatment then was hypothesized to overcome a threshold for mitochondrial
toxicity, leading to lactic acidosis [94].

To address this question at a molecular level, we recently performed a pre-steady-state kinetic
analysis to assess the functional impact of this mutation and to determine its effect on natural
dNTP and d4TTP binding and incorporation. [95]. Our experiments determined that the R964C
mutation imparted a 25% decrease in overall dTTP incorporation efficiency relative to wild
type. This was caused by a decrease in the maximum rate of polymerization, with no significant
change in nucleotide binding affinity. The mutation also imparted a 2-fold increased binding
affinity for d4TTP by the R964C mutant versus wild type with similar incorporation rates,
resulting in a 2-fold increased incorporation efficiency. Therefore, the mutant enzyme was 3-
fold less able to discriminate between the natural substrate and d4TTP, implying a mechanism
of increased stavudine-induced mitochondrial toxicity [95]. Identification of a Pol y mutant
that demonstrates greater susceptibility to NRTI inhibition represents an important step in
utilizing pharmacogenomics to prevent antiviral drug toxicity.

4.2 Future Possibilities in Pharmacogenomics for NRTI therapy

This goal of pharmacogenomics in NRTI therapy is limited by the identification of additional
mutations attributable to the side effects and the prevalence of such mutations. A recent report
predicted a link between the E1143G polymorphism, one of seventeen documented
polymorphisms of Pol y, and an increased prevalence of lipodystrophy in response to d4T
treatment [96]. E1143G is found combination with the W748S mutation in patients with ataxia-
neuropathy syndrome and progressive external ophthalmoplegia patients (described in greater
detail in the following section) [97,98]. Biochemical analyses of the single mutants and the
double mutant were performed illustrating the effect of each mutation on Pol vy activity. The
E1143G polymorphism demonstrated increased steady-state catalytic activity, DNA binding
affinity and thermostability relative to the wild-type enzyme, with no apparent change in
fidelity [99]. This improvement in polymerase activity served to counteract the decrease in
DNA binding and catalytic activity of the W748S mutant, as the double mutant exhibited
increased DNA binding affinity and polymerase activity compared to the W748 mutant alone,
albeit with decreased thermostability [99]. Therefore, it is currently unclear how the E1143G
mutation alone may be affecting d4T mediated toxicity. Future experiments will focus on
understanding this phenomenon, as well as serve as a call for more genetic analysis of patients
demonstrating lactic acidosis and mitochondrial toxicity in response to NRTI treatment.

5. Mutation of the Mitochondrial DNA Polymerase and Genetic Disorders

5.1 Linking Pol y Mutation to Genetic Disease

Mutation of Pol y has been linked to several different genetic mitochondrial disorders. These
include progressive external ophthalmoplegia (PEO), Alpers syndrome, parkinsonism, male
infertility, SANDO (sensory ataxic neuropathy, dysarthria, and ophthalmoparesis) among
others (reviewed by Chan and Copeland [100]). As the majority of mutations to Pol y are
associated with PEQ, this review will focus on the molecular mechanisms of several mutations
of Pol vy linked to this disease. PEO is a rare autosomal disorder, characterized by
ophthalmoplegia, general muscle weakness and wasting, peripheral neuropathy, and ataxia
[101-104]. A number of genetic loci have been linked to PEO, including ANT1, an adenine
nucleotide translocator [105]; Twinkle, the mitochondrial helicase [106]; and mitochondrial
DNA polymerase vy catalytic (POLG1) [107] and its accessory subunit (POLG?2) [108]. All of
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these genes encode proteins with critical functions for stability of the mitochondrial genome.
Age of onset varies from between the ages of 18-40 depending on the severity of the disease
and initially presents with progressive weakening of the eye muscles leading to
ophthalmoparesis. Muscle biopsies from PEO patients demonstrate hallmarks of mitochondrial
dysfunction, including electron dense “parking lot inclusions” in the mitochondria and
concentric cristae. These effects have been linked to depletion of mtDNA, as well as deletions
and mutations in the mitochondrial genome [109].

5.2 Molecular Mechanisms of Mitochondrial Toxicity Linked to Pol y Mutation

The most prominently studied and identified mutations involved in these disorders are linked
to Pol vy, specifically adPEO. Mutations span the entire coding region of the mitochondrial
DNA polymerase (http://tools.niehs.nih.gov/polg/), indicating the possibility of several
mechanisms of inhibiting the natural function of the polymerase. Effects of autosomal
dominant mutations near the polymerase active site of Pol y have been the most studied,
specifically focusing on the Y955C mutation, the first mutation identified linking PEO to
mutation of the mitochondrial polymerase [107]. Subsequently Y955C was illustrated to be
one of the most severe mutations with rapid onset of disease symptoms. Y955 is an invariant
member of the highly conserved O-helix of family A polymerases (Figure 6). The analogous
residue in T7 DNA polymerase, Y530 hydrogen bonds with steric gate residue E408 to prevent
incorporation of ribonucleotides. Along with residue Y526 (analogous to Pol y Y951), these
residues form a hydrophobic pocket for binding of the incoming dNTP [110]. The effect of
this mutation on polymerase function was first characterized in 2002 [111], demonstrating
severe impairment of nucleotide binding affinity, resulting in compromised polymerization
efficiency. Furthermore, it was demonstrated that the mutation decreased the fidelity of the
polymerase rendering a mutator phenotype that may contribute to the disease severity [111].

This study was followed by a more comprehensive report that examined several mutations
associated with adPEQ localized to the active site of the enzyme, G923D, R943H, Y955C, and
A957S (Figure 6) [112]. The authors of this study demonstrated structure-activity relationships
between these mutants using biochemical assays and molecular modeling to correlate their
results with disease phenotype [112]. As predicted by the severity of the phenotype, Y955C
imparted the largest decrease in steady-state polymerization efficiency (3800-fold relative to
wild type), as well as severe decreases in processivity and fidelity. R943 is another highly
conserved residue on the O-helix analogous to R518 that hydrogen bonds to the y-phosphate
of the incoming dNTP in the T7 DNA polymerase structure [110]. Mutation to histidine then
demonstrates a 475-fold impairment of steady-state incorporation and decreased processivity.
This is predicted to be caused by improper orientation of the triphosphate tail of the bound
dNTP, impairing catalysis. Mutation of G923 and A957 to D and S respectively were found
to decrease steady-state polymerization approximately 5-fold with minimal effects on
processivity and fidelity, in line with their mild phenotype in heterozygous patients. Further
analysis of these mutants forms of Pol y were analyzed utilizing a yeast model system, which
has commonly been used as a powerful tool in the understanding of mitochondrial disorders
(reviewed by Shadel [113]). Stuart et al. determined the viability of yeast as a model system
for understanding the cellular mechanisms of PEO caused by mutation of Pol vy, yielding results
that parallel the severity of the clinical phenotype of several mutations [114].

The A467T mutation is the most common Pol y mutation and is associated with Alper's
syndrome, and arPEO. Initially thought to reside in the spacer region, A467 is part of the
conserved y1 segment conserved amongst mtDNA polymerases across species. Deletion or
mutation of several residues of this conserved segment in Pol y from Drosophila demonstrated
several catalytic defects, including decreased polymerase activity and a weakened interaction
between the catalytic and accessory subunits [115]. Initial experiments demonstrated that the
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mutation impaired polymerization catalyzed by the catalytic subunit, with only 4% of steady-
state activity [116]. The authors also demonstrated that several biochemical features provided
by binding of the accessory subunit were lost, namely the increase in processivity and
protection from NEM inactivation associated with formation of the holoenzyme. Impairment
of the binding of catalytic and accessory subunits was further verified using
immunopreciptation experiments, demonstrating a weak interaction between the subunits
[116]. Although the decrease in activity caused by the A467T was also seen in a later
publication, it was also demonstrated that this effect could be ameliorated by addition of the
accessory subunit [117]. However, a majority of evidence for the impairment of this interaction
is further supported by the cryo-EM and crystal structures [40,42] of the polymerase gamma
holoenzyme suggesting that only one monomer of the accessory subunit dimer interacts with
the p140 subunit in the region of A467. Recently, the crystal structure indicated that A467
actually is part of the thumb subdomain which is known to interact with the primer-template
and is very near the interface of the catalytic subunit and the accessory subunit [42]. Mutation
to threonine could impair enzymatic function by disrupting hydrophobic interactions in this
area, altering the orientation of the thumb subdomain, impairing DNA binding and decreasing
the binding affinity of the catalytic and accessory subunits. Furthermore, the association of
arPEO with mutations to the accessory subunit and experiments denoting impaired interaction
between p140 and p55 provides further rationale that impaired interaction between these
subunits can lead to mitochondrial dysfunction [108].

6. Conclusions

Research of the mitochondrial polymerase y has provided tremendous insight into
understanding of mitochondrial replication, nucleoside analog toxicity, and mitochondrial
disorders. What remains unclear however is exactly how impairment of the mitochondrial
polymerase by mutation or nucleoside analogs can yield such, in some cases, drastically
different phenotypes. Accumulation of mutations in mtDNA has also been associated with
aging as transgenic mice expressing an exonuclease deficient form of Pol y develop a progeroid
phenotype [118]. However, mutations in the exonuclease domain demonstrated to increase the
prevalence of mtDNA mutations and deletions are linked to mitochondrial disorder such as
PEO. In some cases, the exact same mutation of Pol vy is linked to multiple diseases with
different phenotypes. Side effects of NRTIs also vary greatly, although inhibition of Pol y is
considered the main cause for NRTI toxicity. Only recently has a report surfaced demonstrating
the appearance of PEO-like symptoms in individuals undergoing NRTI treatment for HIV
infection [119]. One patient noted symptoms of ptosis that decreased upon ceasing NRTI
treatment, although underlying genetic disease cannot be ruled out as no genetic analysis was
performed to assess mutation in the Pol y gene, or other genetic loci linked to PEO [119].

Although homology modeling allows for accurate predictions of active site residues of Pol y
[112], the mechanism of accessory subunit enhancement of the rate limiting conformational
change has yet to be explained by current structural data, calling for a structure with primer-
template and dNTP bound. Moreover, comprehensive structure-function studies are essential
for delineating mechanisms of mitochondrial disease, as well as the design of safer, less toxic
nucleoside analogs. Many mutations of Pol y associated with mitochondrial disease have yet
to be characterized biochemically. We believe that using a pre-steady-state kinetic approach
to examine mutant forms of Pol y will allow more precise assessment of nucleotide
incorporation efficiency and may yield important mechanistic data that would contribute to
understanding mitochondrial disease.
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Figure 1. Proposed models of mitochondrial genome replication

Schematic representation of strand displacement, strand-coupled and RITOLS replication of
the mitochondrial genome. (Reprinted from Trends in Biochemical Sciences, Vol 34 / issue 7,
lan J. Holt, Mitochondrial DNA replication and repair: all a flap, Pages 358-365, Copyright
2009, with permission from Elsevier)
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Figure 2. Crystal structure of Pol y holoenzyme

Image depicts the crystal structure of the heterotrimeric Pol y holoenzyme [42]. Fingers
(orange), palm (green) and thumb (blue) subdomains of the canonical right hand organization
of the polymerase domain are shown. Additional domains highlighted include the
mitochondrial localization sequence (yellow), exonuclease (red) and spacer subdomain
(purple). The proximal (cyan) and distal (light cyan) monomers of the dimeric accessory
subunit are shown.
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Figure 3. Kinetic Scheme for Pol y Polymerization
Schematic demonstrating rate constants for ANTP incorporation and removal by Pol y as

determined by pre-steady state kinetic analysis. Figure adapted from [49].
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Figure 4. Structures of selected clinically relevant nucleoside analogs
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Figure 5. Molecular basis for Pol y sensitivity to ddNTP inhibition

A) Pol 1 is resistant to dideoxynucleotide inhibition, which has been linked to the presence of
aphenyalanine at position 667 on the O-helix, shown in fuschia. Image created from the ternary
complex of the catalytic subunit ternary complex of Klentaq [120]. B) Molecular model of the
Pol y active site [112] demonstrates the phenolic hydroxyl group of Y951 mimicking the 3'-
OH of a bound dNTP, allowing efficient incorporation of ddNTPs. ddCTP is shown bound to
the Pol 1 and Pol y active sites in green, with coordinated Mg2* ions (gray), and catalytic
residues shown in stick form.
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Figure 6. Molecular Model of Pol y Active Site

Several residues mutated in PEO and discussed in the text are shown in cyan. NRTI
susceptibility is linked to mutation of R964, shown in hot pink. ddCTP is shown bound to the
active site in grey. Molecular model was created using the ternary structure of T7 polymerase
and was previously described [112].
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