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The human mitochondrial DNA polymerase (pol γ) is a nuclearly encoded 

enzyme, imported to the mitochondria, solely responsible for the replication of the 

mitochondrial genome.  I have characterized the kinetics of nucleotide incorporation, 

determined the discrimination constants for misincorporation, and calculated the overall 

fidelity of this enzyme.  Additionally, I have investigated the dependence of these 

parameters on the concentration of magnesium ion present in the reaction.   

There have been reports in the literature of pol γ having reverse transcriptase 

activity, and of attempts to determine a physiological role for this activity.  Indeed, many 

steady-state kinetic assays of this enzyme reported in the literature are reverse 

transcriptase assays.  I have characterized the kinetics of incorporation of the reverse 

transcriptase activity of polymerase γ, both in single turnover and processive 

polymerization assays.  Additionally, I have characterized the activity of the 3′-5′ 

exonuclease domain on a DNA/RNA heteroduplex. 
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For many years there has been research into the factors that contribute to 

polymerase discrimination.  Base pair hydrogen bonding, base stacking, steric 

interactions, active site tightness, and factors unknown are all believed to play a role.  

However, recent attempts to investigate the contribution to discrimination afforded by 

base pair hydrogen bonding in Klenow fragment, using “shape mimic” nucleoside 

analogs have led to the supposition that base pairing plays little, if any, role in 

discrimination.  In order to investigate the contribution of base pair hydrogen bonding to 

discrimination in pol γ, I have characterized the incorporation of natural nucleotides 

opposite the dT analog 2, 4-difluorotoluene deoxynucleoside (dF) and the dA analog 9-

(1-aza-4-methyl-benzimidazolyl)-1′-β-2′-deoxyriboside (dQ).  Additionally, the kinetic 

parameters of incorporation of dF opposite dT, and of dQ and 4-methylbenzimidazole 

(dZ) opposite dA have been determined.  The rates of 3′-5′ exonuclease removal of 

natural nucleosides paired opposite dF and dQ have been determined as well. 

The mitochondrial polymerase is the sole enzyme responsible for replication of 

the mitochondrial genome.  In the absence of accurate and efficient replication by 

polymerase γ, several clinical pathologies are observed including cardiac and neural 

myopathy, mitochondrial myopathy, anemia, and potentially fatal lactic acidosis.  These 

symptoms are known effects of oxidative damage to the mitochondrial genome and of 

toxicity associated with the treatment of HIV infection with nucleotide reverse 

transcriptase inhibitors.  Additionally, several diseases have been associated with 

mitochondrial genome mutation and depletion including Parkinson’s disease and 

Alzheimer’s disease.  A full understanding of the fidelity of the mitochondrial DNA 

polymerase and the mechanisms by which this fidelity is insured will aid in the 

understanding of diseases associated with mitochondrial damage and in the design of 

drugs used to fight HIV, lacking the potentially fatal mitochondria based toxicities. 
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Chapter 1:  Introduction 

BACKGROUND 

Mitochondrial DNA Mutation 

The mitochondrial genome encodes 13 polypeptides involved in oxidative 

phosphorylation, 2 rRNAs, and 22 tRNAs.  The observed mutation rates of regions of 

human mitochondrial DNA are 20-100 fold higher than that of nuclear DNA (1) and 

mutations within, and depletion of, the mitochondrial genome are known to cause several 

chronic degenerative diseases affecting all systems of the body.  Point mutations within 

the mtDNA are associated with diseases including but not limited to autism, hearing loss, 

cardiomyopathy, mitochondrial myopathy, and adult onset leukemia (2-6).  Large scale 

depletions are known to be associated with diseases including Kearns-Sayre syndrome 

and Leber’s hereditary optic neuropathy (7;8).   

Polymerase γ is a nuclearly encoded enzyme responsible for the replication of the 

16 kb mitochondrial genome.  Mutation rates have been estimated by other laboratories 

from results obtained from gain or loss of gene function assays, and a nucleotide 

reversion frequency for Drosophila pol γ has been estimated to be 1 in 500,000 (9-12).  

Recently, a correlation between mitochondrial DNA mutation and ageing has been 

established using homozygous knock-in mice (13).  Mice expressing an exonuclease 

deficient form of polymerase γ exhibit a 3-5 fold increase in the level of point mutations.  

This increase in mitochondrial DNA mutation is associated with the onset of age related 

phenotypes including hair loss, subcutaneous fat loss, weight loss, curvature of the spine, 

reduced fertility, enlargement of the heart, osteoporosis, and anemia (13).   
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The mitochondrial polymerase is a member of the A-family of DNA polymerases, 

along with E. coli DNA polymerase I and bacteriophage T7 DNA polymerase.  Along 

with other members of this family, it exhibits the characteristic architecture of a carboxy-

terminal polymerase domain and an amino-terminal 3′-5′ exonuclease proofreading 

domain (14).  It has been shown experimentally that aspartic acid residues 198 and 200 

are essential for exonuclease domain activity (14), and based upon sequence homology to 

T7 DNA polymerase and thermophillic Bacillus DNA polymerase I fragment (BF), the 

conserved aspartic acid residues 830 and 1135 are essential for polymerase domain 

activity. 

While the crystal structure of human pol γ has yet to be solved, it is believed that 

it shares the same structural characteristics of other A-family polymerases, namely a right 

hand structure consisting of fingers, palm, and thumb domains, where the palm forms the 

base of the polymerase active site and the 3′ end of the DNA primer strand is positioned 

where the fingers domain meets the palm (15).  The exonuclease domain of polymerase γ 

is believed to lie in the palm domain, away from the polymerase active site and requiring 

melting of the DNA duplex of up to 7 base pairs in order for exonuclease removal to be 

able to occur (16).  The fingers domain, as observed in the T7 DNA polymerase crystal 

structure, serves to wall off the polymerase active site, but this domain also contains the 

functionally important O-helix (15).  This helix has been shown to rotate its position 

based upon the presence or absence of DNA and free nucleotide.  When the correct next 

nucleotide is absent, the O-helix has been observed rotated away from the polymerase 

active site (17;18).  However, when the next correct nucleotide is present, the O-helix 

rotates toward the active site, into a ‘closed’ conformation and makes contact with the 

sugar and the entire length of the triphosphate tail of the incoming nucleotide (15).  In 

this respect, the O-helix may assist in discriminating against mismatch incorporation by 
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checking for correct alignment of the nucleotide with respect to the active site residues 

and the primer and template DNA strands. 

Oxidative Damage 

As the mitochondria are the centers of oxidative phosphorylation, the 

mitochondrial genome is a major target of reactive oxygen species, byproducts of the 

oxidative phosphorylation pathway (19;20).  It has been previously estimated that 

roughly 2% of all oxygen consumed by a cell during respiration is converted to 

superoxide radicals by electrons leaked from the electron transport chain, although others 

put this number an order of magnitude lower (21;22).   

Mitochondrial DNA (mtDNA) is susceptible to oxidative damage due to its close 

proximity to the source of reactive oxygen species, its lack of protective histones, and 

limited mechanisms to repair oxidatively damaged DNA (23;24).  Strand breaks, DNA-

DNA crosslinks, and base modification are all possible outcomes of oxidative damage, 

and it has been shown that mtDNA has approximately 10 times the damage observed in 

nuclear DNA (25).  It has also been shown that the major base modification observed is 

7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxo-dG) (26), although about 70 oxidatively 

damaged bases have been characterized including 7,8-dihydro-8-oxo-2′-deoxyadenosine, 

5-formyl-2′-deoxyuridine, and 5,6-dihydroxy-5,6-dihydrothymidine (27).   

Diseases associated with oxidative damage of the mitochondrial genome 

(mtDNA) include cancer and several degenerative diseases: Parkinson’s disease, 

Huntington’s disease, Alzheimer’s disease, Amyotrophic Lateral Sclerosis, and others 

(28).  Oxidative damage of the mtDNA has also been implicated in the mechanisms 

underlying the aging process (29).  Because oxidative damage can change the coding 

functionality of nucleobases, as in the case of 8-oxo-dG (J.W. Hanes and K.A. Johnson, 

data not published) (30;31) and abasic sites (30;32;33), an understanding of the 
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discrimination of the mitochondrial DNA polymerase (pol γ) is imperative in the battle 

against these diseases. 

Nucleoside Analog Reverse Transcriptase Inhibitors 

Nucleoside analogs are an essential part of the highly active antiretroviral therapy 

(HAART) employed in the treatment of HIV infections (34).  Currently there are eight 

nucleoside reverse transcriptase inhibitor (NRTI) drugs approved by the United States 

Food and Drug Administration for use in combination therapy: 3′-azido-2′-

deoxythymidine (zidovudine, AZT), 2′,3′-dideoxy-inosine ( didanosine, ddI but 

metabolized to ddA), 2′,3′-dideoxycytidine (zalcitibine, ddC), 2′,3′-didehydro-2′,3′-

dideoxythymidine (stavudine, d4T), (-)-cis-2-amino-1,9-dihydro-9-(4-hydroxymethyl)-2-

cyclopenten-1-yl)-6H-purine-6-one (carbovir, CBV), (-)-β-L-2′3′-dideoxy-3′-thiacytidine 

(lamivudine, (-) 3TC), R-9-(2-phosphonyl-methoxypropyl) adenine (tenofovir, PMPA), 

and (-)-β-L-2′3′-dideoxy-5′-fluoro-3′-thiacytidine (emtricitabine, (-) FTC) (35).  

Administration of these compounds causes duration-dependent mitochondrial 

dysfunction which is believed to be a result of mitochondrial DNA depletion, oxidative 

stress, and mtDNA mutation (36).  It has been proposed that the energy decline resulting 

from mtDNA depletion leads to related events of oxidative stress, which can cause 

damage to the mitochondrial genome, and ultimately lead to mutations in the 

mitochondrial genome (35).  Side effects experienced by patients being treated with 

nucleoside analogs include peripheral neuropathy, cardiac and skeletal muscle myopathy, 

pancreatitis, hepatic failure, defective mtDNA replication and mtDNA depletion, and 

bone marrow suppression (37;38).   

Zidovudine (AZT) was the first NRTI approved for the treatment of HIV 

infection.  Side effects of AZT administration include mitochondrial toxicity in rat 

skeletal muscle (39) and mitochondrial DNA oxidative damage in mouse liver tissue 
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(40).  Additionally, morphological changes in mitochondria (41), reduction in 

cytochrome c oxidase activity (42), and mtDNA depletion (43) have been observed in 

human HIV patients treated with AZT and exhibiting AZT induced myopathy.  

Zalcitibine (ddC) has been associated with painful axonal peripheral neuropathy which 

has been linked to mitochondrial neuropathy and depletion of nerve mtDNA (44), and is 

used only rarely because of the severe side effects (45).  The administration of 

lamivudine ((-) 3TC), tenofovir (PMPA), and emtricitabine ((-)FTC) have been 

associated with mild kidney dysfunction which may be a result of mtDNA depletion of 

renal proximal tubes (46-48).  Mitochondrial toxicity is presumed to be the cause of 

hepatic steatosis and lactic acidosis observed in patients being treated with didanosine 

(ddI) and stavudine (d4T) (49;50).  Of the NRTI drugs approved for the treatment of HIV 

infection, only abacavir (prodrug of CBV) appears to have side effects, such as 

hypersensitivity, that are not related to mitochondrial toxicity (51;52). 

Members of the Johnson lab have previously examined the discrimination against 

several nucleoside analog reverse transcriptase inhibitors by polymerase γ, and have 

defined a toxicity index based upon the increased time required to replicate the 

mitochondrial genome when NRTIs are present (53).  Not surprisingly, our toxicity index 

closely mirrors the pattern of toxicity observed when these NRTIs are assayed in vivo.  It 

is apparent that the toxicity that is associated with these drugs has roots in mitochondrial 

toxicity and is at least partially due to disruption of mtDNA replication by the 

mitochondrial polymerase.  Future drug design efforts, with the aim of decreasing 

toxicity, should be facilitated by a detailed understanding of the discrimination and 

fidelity of the human mitochondrial DNA polymerase. 
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Polymerase γ Discrimination and Fidelity 

In order to completely define the discrimination and fidelity of polymerase γ, I 

have endeavored to accurately quantify the kinetic parameters that define fidelity.  These 

parameters are the maximum rate of polymerization (kpol), the nucleotide ground state 

binding affinity (Kd), and the rate of exonuclease removal.  While it is true, theoretically, 

that steady-state kinetic assays should be able to accurately define the discrimination of a 

polymerase; the problem lies not in the theory but in the practical application.  When 

nucleotide ground state binding is in rapid equilibrium, as there is considerable evidence 

to suggest for polymerase γ (14), then the specificity constant (kcat/Km) is equal to kpol/Kd.  

The steady-state parameter kcat is the rate of enzymatic turnover, while the pre-steady-

state parameter kpol is the rate of product formation, and are thus governed by different 

rate limiting steps.  The rate kcat is dominated by the slowest step in turnover, which is the 

rate of product release, while kpol is defined by the slowest step in nucleotide 

incorporation, a step widely believed to be a conformational change of the enzyme, 

followed by a fast chemistry step (14;54).  Both steady-state and pre-steady-state assays 

can be employed to define the rate of product release, however, only transient-state 

methods can define the rate of nucleotide incorporation, kpol. 

The rate of DNA product release has been previously determined by pre-steady-

state kinetic assays to occur at a rate of 0.02 s-1 (55;56), which agrees well with kcat 

measurements generated by other methods employing single nucleotide incorporation 

measurements (57;58).  In Chapter 3 I describe the experiments employed in, and the 

constants generated by, pre-steady-state kinetic assays to define the discrimination of 

polymerase γ.  For the following argument I shall use a single example.   

Previously, the ground state binding affinity and maximum rate of incorporation 

of deoxyadenosine opposite a template deoxythymidine have been determined as 0.8 µM 
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and 45 s-1 respectively (14).  It has been established that kcat/Km equals kpol/Kd, and this 

value is equal to 50 s-1µM-1.  I have already established that kcat equals 0.02 s-1, and 

combining this value with the specificity constant kcat/Km yields a Km value of 0.4 nM.  

This number is well below the detection limit of the methods employed, and because of 

this, reported Km values are erroneously large, typically by as much as 100-1000 fold.   

 

 

Figure 1.1.  Minimal Polymerase Mechanism. 

Steady–state assays are relatively easy and inexpensive to perform, as enzymes 

are typically treated as trace catalysts as opposed to stoichiometric reactants and, 

therefore, only very small amounts of enzyme are required.  Additionally, reaction times 

are typically measured in minutes and/or hours, as opposed to milliseconds and/or 

seconds, and do not require sophisticated instrumentation in order to take time points.  

Because of this ease, many reports of polymerase fidelity employ steady-state assays.  

While large concentrations of enzymes and sophisticated instrumentation are not 

requirements for accurate data collection, these steady-state assays are simply not valid 

for a processive DNA polymerase and produce constants that are in error by a factor 

equal to the processivity.  Accurate pre-steady-state assays, treating the enzyme as a 

stoichiometric reactant as opposed to a trace catalyst, are a requirement for a meaningful 

quantification of the fidelity of a processive DNA polymerase like the human 

mitochondrial DNA polymerase. 
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Reverse Transcription by Polymerase γ 

It has been repeatedly shown that human pol γ is an effective reverse 

transcriptase.  RNA/DNA duplexes have been employed in steady-state assays as 

substrates designed to probe for the presence of polymerase γ and to assay its replication 

fidelity for the past 30 years (59-62).  While the physiological role of this reverse 

transcriptase activity is not known, it is possible that this activity is a function of the 

polymerase’s inherently low fidelity, and not a function of any physiological need for a 

reverse transcriptase in the mitochondria.  Because kcat is the rate of catalytic turnover, 

and because this is limited by the rate of product release in the case of DNA polymerases, 

I believe that RNA/DNA substrates have been historically used to assay for pol γ activity 

because the rate of product release is faster for a RNA/DNA heteroduplex.  However, to 

accurately address the possible function, accurate measures of the RT activity are 

required. 

Recently, pre-steady-state data has been reported, documenting the reverse 

transcriptase activity of polymerase γ, as well as several other interesting activities, in 

pre-steady-state burst and single turnover kinetic assays (63).  Also, RNase digestion of 

mammalian mitochondrial DNA has shown that there are at least 30 ribonucleotides in 

the mitochondrial genome (64).  The role and significance of these ribonucleotides are 

unknown, but could be the products of incorporation by polymerase γ (either by design or 

because of low fidelity), or possibly the remnants of RNA priming of lagging strand 

synthesis and incomplete subsequent removal. 

Shape Mimic Nucleoside Analogs 

In order to generate a complete picture of the contributors to fidelity and their 

magnitudes, researchers have endeavored to quantify the effects of base stacking, base 

pair hydrogen binding, and steric interactions on polymerase fidelity.  Research has 
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focused on the effect of base stacking on DNA stability in solution (65;66), and there are 

ongoing studies to measure the affect of base stacking on polymerase fidelity.  To date, 

however, there are no good data to support a definitive role for base stacking in 

polymerase fidelity.  There has been research to determine the magnitude of steric 

interactions within a DNA helix and within the active site of a DNA polymerase (67), and 

research to quantify the contribution from base pair hydrogen bonding to DNA stability 

in solution (68;69), to polymerase activity (14;70-73), and to polymerase fidelity (72;74-

80).   

It has been shown with T7 bacteriophage DNA polymerase that there is a 200-300 

fold contribution to fidelity associated with ground state binding (70).  It is interesting to 

note that this contribution to fidelity is nearly identical to that which is calculated from 

solution studies of base pair hydrogen bonding (81).  The majority of attempts to measure 

the base pair contribution to fidelity involve nucleoside analogs that differ from natural 

analogs in that the functional groups involved in base pairing have been either blocked 

with bulky side chains, or deleted from the structure (67;82;83).  These changes in 

structure of the nucleoside obscure and confuse the issue by combining potential changes 

in steric and ionic interactions with the proposed elimination of base pairing ability. 

In order to minimize the effects of steric and ionic interaction when measuring the 

contribution of base pair H-bonding, “shape mimic” nucleoside analogs have been 

developed (75;78;84-88).  Steady-state kinetic measurements, which on first inspection 

give the impression that discrimination is unaltered between a natural nucleotide and its 

“shape mimic,” have led some to the conclusion that base pair hydrogen bonding does 

not play a role in polymerase fidelity (82).  In light of this, and in order to more 

accurately assess the role of base pair hydrogen bonding in polymerase fidelity, I have 

employed pre-steady-state kinetic assays to determine the parameters of incorporation of 
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natural nucleotides opposite two “shape mimic” nucleotide analogs.  The results of these 

studies are presented in Chapter 7.   

MATERIALS AND METHODS 

Enzyme Subunits 

Expression and purification of pol γA and pol γB were accomplished as 

previously described (55;56).  Experiments to access the polymerization by the 

reconstituted holoenzyme, consisting of a catalytic subunit containing a 29 amino acid 

truncation and an accessory subunit containing a hexahistidine tag and a 56-amino acid 

terminal truncation were performed previously (89).  Additionally, experiments were 

performed previously to determine the effects of the hexahistidine tag upon 

polymerization and have shown that this tag had no effect (14).  The expression, 

purification, and characterization of an exonuclease deficient mutant of pol γΑ has been 

previously reported (14), and the polymerase activity of this exonuclease deficient mutant 

has been shown to be identical that of the wild-type enzyme.  Protein concentrations were 

determined by active site titration against a known concentration of duplex DNA (56).  A 

1:5 ratio of catalytic subunit to accessory subunit was used for holoenzyme 

reconstitution, based upon a measured Kd of 35 nM (56) and a typical enzyme 

concentration of 50-100 nM. 

Reagents 

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 

IA).  Nucleotide triphosphates were purchased from Sigma-Aldrich.  All other reagents 

were purchased from Fisher Scientific unless otherwise noted. 
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Preparation of Oligonucleotide Substrates 

All oligonucleotides were purified by preparative denaturing polyacrylamide gel 

electrophoresis.  Lyophilized oligonucleotides were resuspended in water and allowed to 

hydrate at room temperature for two hours.  After hydration, 25 µL of 5X PAGE loading 

buffer was added to each oligonucleotide solution.  This was then loaded in its entirety 

onto a 15% polyacrylamide sequencing gel.  After electrophoresis, the DNA was 

visualized by UV fluorescence shadowing and the bands of interest were excised.  These 

gel pieces were then crushed and soaked in a Tris-EDTA buffer overnight at 37oC.  The 

gel pieces were subsequently removed from the mixture by filtration through a 0.2 

micron syringe filter.  The volume of the solution was reduced to 0.5 ml by n-butanol 

extraction.  The oligonucleotides were then precipitated with ethanol and pelleted by 

centrifugation.  Once dry and free of ethanol, the pellets were resuspended in 100 µL of 

water and their concentration was determined by absorbance at 260 nM.  Extinction 

coefficients at 260 nm and 280 nm are provided by Integrated DNA Technologies  

Primer strands were 5′-32P-labeled with T4 polynucleotide kinase per the 

manufacturer’s instructions (Invitrogen).  Termination of the reaction was accomplished 

by heating the reaction to 95 oC for 5 minutes.  Excess 32P-labeled nucleotide was 

removed using a Biospin 6 column (Bio-Rad).  Primer-template annealing was 

accomplished by mixing equimolar ratios of 25mer primer and 45mer template, heating 

the mixture to 95 oC, and allowing it to cool slowly to room temperature.  The sequences 

of primer-template substrates used are listed in the Materials and Methods sections of the 

chapters in which the results of the assays in which they were employed are reported. 

Polymerase Assay Conditions 

Assays reported in chapter 3 were performed at 37 oC in a reaction buffer 

containing 50mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1 mg/ml bovine serum 
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albumin, and 2.5 mM MgCl2.  The holoenzyme- DNA ternary complex was assembled in 

a MgCl2-free buffer, and then rapidly mixed at a 1:1 ratio with the appropriate nucleotide 

previously diluted into a MgCl2-containing buffer in order to initiate the reaction.  

Because mixing of the enzyme-DNA with the nucleotide is at a 1:1 ratio, each solution is 

assembled at twice the reported final concentration. 

Assays reported in Chapters 5, 6, and 7 were performed under the same 

conditions as above, except that the MgCl2 concentration was 25 mM.  Chapter 4 details 

the reasons for the switch from 2.5 mM to 25 mM MgCl2. 

Exonuclease Assay Conditions 

The final reaction conditions for the exonuclease experiments were the same as 

for the polymerase experiments above, except for the absence of dNTP.  As above, the 

enzyme-DNA complex was assembled in a buffer free of MgCl2 at twice the final 

concentration, and then rapidly mixed 1:1 with a solution containing MgCl2. 

Product Analysis 

Products were separated on 15% denaturing polyacrylamide sequencing gels, 

imaged on a Molecular Dynamics Storm 860 phosphoimager, and quantified using 

ImageQuaNT software (Molecular Dynamics, Sunnyvale, CA). 

Kd and Maximum Rate of Polymerization 

In order to examine the effects of nucleotide concentration upon the rate of 

polymerization, single nucleotide incorporation experiments were performed.  In order to 

eliminate the complications associated with multiple turnovers of the enzyme, these 

assays were carried out under single turnover conditions, with enzyme in slight excess 

over DNA.  Reactions were generally carried out from 0 to 30 minutes, although faster 

reactions were carried out over shorter times, and the time courses of product formation 
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were fit to a single exponential equation ([product] = A*e-kt + C).  Rates of 

polymerization determined from the single exponential fits were plotted against 

nucleotide concentration and fit to a hyperbola (observed rate = kpol*[dNTP]/(Kd + 

[dNTP])) to determine the dissociation constant, Kd, and the maximum rate of 

polymerization, kpol, for each nucleotide combination. 
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Chapter 2:  Expression of the Holoenzyme in E. coli 

INTRODUCTION 

Initial attempts to over-express the catalytic subunit of polymerase γ (pol γA) 

were carried out by cloning the gene for pol γA from a human cDNA library into a pET-

24a plasmid and transforming this plasmid into E. coli BL21(DE3) competent cells (55).  

Unfortunately, like the Drosophila polymerase γ, this expression method yielded protein 

of low solubility.  In fact, the protein generated was only suitable for the generation of 

polyclonal antibodies.  Expression of the pol γA gene in the baculovirus expression 

system yielded highly active and highly soluble protein in quantities suitable for kinetic 

characterization.  Identification of the accessory subunit and subsequent expression in, 

and purification from, the BL21(DE3) competent cells allowed for reconstitution of a 

highly active, highly processive, and high fidelity DNA polymerase capable of DNA 

polymerization at rates required for mitochondrial genomic replication within the known 

time of replication (14;16;56). 

For reasons unknown to anyone involved, the baculovirus expression system 

failed to produce the high yield, high purity enzyme that we had come to expect for an 

extended period of time.  As described in this chapter, during this time, I attempted to co-

express the catalytic and accessory subunits in a bacterial expression system, and to then 

purify the holoenzyme complex for study, with the hope that the accessory subunit would 

improve the solubility of the catalytic subunit.  While total expression levels were high, 

previous attempts to express the catalytic subunit alone in a bacterial expression system 

were foiled by low solubility of expressed enzyme (55).  While I made my attempt by co-

transformation of BL21 (DE3) competent cells with two plasmids, one carrying the 

catalytic subunit gene, and the other carrying the accessory subunit gene, another student 
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in the lab attempted the same feat by expression of both genes from one plasmid designed 

for dual gene expression.  Unfortunately, both attempts failed to produce the high quality 

enzyme required for our transient-state experiments.  As was the case with the earlier 

attempts, the catalytic subunit proved to be mostly insoluble when expressed in bacteria.  

However, by the time we had ended attempts to co-express the catalytic and accessory 

subunits in bacteria, the baculovirus expression system was again producing the catalytic 

subunit of satisfactory purity and activity. 

MATERIALS AND METHODS 

The accessory subunit had been previously inserted into a pET-24a vector 

(Novagen, Darmstadt, Germany) carrying a gene for kanamycin resistance (56).  A NheI 

site and a methionine codon were added to the N-terminal end of the catalytic subunit 

gene immediately before the 69th residue, along with a NotI site and a hexahistidine tag at 

the C-terminus by PCR as detailed previously (55).  This insert was cloned into a pET21a 

vector carrying a gene for ampicillin resistance.  The vector carrying the catalytic subunit 

gene, and the vector carrying the accessory subunit gene were simultaneously 

transformed into BL21 (DE3) competent cells (Novagen, Darmstadt, Germany), and the 

bacteria were then selected for transformation by ampicillin and kanamycin resistance.  

The maps of the pET21a and pET24a vectors are shown in figures 2.1 and 2.2, 

respectively. 
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Figure 2.1  Vector map of pET-21a.  The catalytic subunit of polymerase γ was cloned 
into the multiple cloning region, between the cleavage sites of NheI and NotI.  This figure 
was created from Technical Bulletin 036, which can be found on the EMB Biosciences 
website.  www.emdbioscineces.com. 



 17

 

 
Figure 2.2.  Vector Map of pET-24a.  The accessory subunit was previously cloned into 
the multiple cloning region of pET 24a (56).  This figure was created from Technical 
Bulletin 070, which can be found on the EMD Biosciences website. 
www.emdbiosciences.com. 
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BL21 (DE3) bacteria expressing both ampicillin and kanamycin resistance were 

grown in Terrific Broth (Sigma-Aldrich, St. Louis, Missouri), at 37 oC, and shaking at 

200 rpm, to an OD of 0.6 in the presence of 50 µg/ml kanamycin and 100 µg/ml 

ampicillin.  Once at an OD of 0.6, protein over-expression was induced with the addition 

of isopropyl β-D-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM, and 

carried out for 16 hours at 12oC. 

The purification protocols for the catalytic and accessory subunits have been 

previously described (55;56), and these protocols served as the basis for the co-

expression purification protocol.  The sample was maintained at a temperature of 4 oC for 

the duration of the purification procedure.  Cells were resuspended and lysed by 

sonication in a buffer containing 50 mM Tris-Cl pH 7.9, 100 mM NaCl, 0.6 M 

ammonium sulfate, 5 mM EDTA, 1 mM DTT , 0.2 mM PMSF, 0.5 µg/ml pepstatin A, 

and 0.7 µg/ml leupeptin.  After sonication, the cell lysate was centrifuged at 30,000 rpm 

for 30 minutes in a JA-80K ultracentrifuge and Ti45 rotor (Beckman-Coulter) in order to 

remove insoluble cellular debris.  The supernatant from the centrifugation was retained 

and subjected to ammonium sulfate precipitation by the addition of solid ammonium 

sulfate at 35% w/v.  After precipitation, the suspension was centrifuged at 18,000 rpm in 

a JA-25 high performance centrifuge and (Beckman-Coulter) for 30 minutes.  The 

precipitate was then resuspended in a buffer containing 50 mM Tris-Cl pH 7.9, 400 mM 

NaCl, 10 mM imidazole, and 10% glycerol v/v.  In order to remove traces of DTT and 

EDTA, which are not tolerated by the Ni++ sepharose column, the resuspended solution 

was dialyzed against 4 liters of this buffer for 2 hours.   

After dialysis, the solution was loaded onto a Ni++ Sepharose 6 Fast Flow column 

(Amersham Biosciences), with a bed volume of 5 ml, at a rate of 4 ml/min.  The column 
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was washed with a buffer containing 50 mM Tris-Cl pH 7.9, 400 mM NaCl, 50 mM 

imidazole, and 10% glycerol v/v for 10 column volumes.  The column was eluted with a 

buffer containing 50 mM Tris-Cl pH 7.9, 400 mM NaCl, 400 mM imidazole, and 10% 

glycerol v/v.  Samples from each fraction were ran on a SDS-PAGE in order to determine 

which fractions contained the catalytic and accessory subunits.  After determining those 

fractions that contained the catalytic and accessory subunits, the fractions were pooled 

and dialyzed for two hours against a buffer containing 50 mM Tris-Cl pH 7.2, 50 mM 

NaCl, 5 mM EDTA, 1 mM DTT, and 10% glycerol v/v. 

Once dialysis was completed, the solution was loaded onto a 1 ml MonoS HR 5/5 

anion exchange column (Pharmacia) at a rate of 1 ml/min.  The column was washed with 

10 column volumes of buffer at the concentrations listed above for dialysis.  A two 

column volume gradient elution to final buffer conditions of; 50 mM Tris-Cl pH 7.2, 1 M 

NaCl, 5 mM EDTA, 1 mM DTT, and 10% glycerol v/v was performed in order to elute 

the protein from the column.  Once the fractions containing the proteins of interest were 

identified, they were pooled and dialyzed against a storage buffer containing 50 mM Tris-

Cl pH 8.4, 100 mM NaCl, 5 mM EDTA, 1 mM DTT, and 50% glycerol v/v.  Because the 

MonoS column was used primarily for concentration of the fractions after Ni++ sepharose 

chromatography, only the gels from the Ni++ column are presented in this chapter. 

All of the preceding procedures were performed at 4oC and all pH values are for 

buffers at 4oC. 

RESULTS 

Figure 2.3 is a scan of a SDS-PAGE gel showing the levels of expression of the 

catalytic and accessory subunits after induction at 37oC for 4 hours.  Samples were lysed 

by sonication, and 10 µL of each sample was then mixed with 2 µL of 6X SDS sample 

buffer and ran on a SDS PAGE gel.  Expression of both subunits is readily apparent in 
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the three trial samples.  The levels of expression appear to be nearly equal, at least by 

eye.  Because this appeared to be a positive result, the next step taken was to scale up the 

expression.  While initial induction trials were carried out at 37oC for 4 hours, it was 

hoped that longer expression at lower temperature would allow for a higher fraction of 

the over-expressed catalytic subunit to exist in soluble form.  Initial attempts to express 

the catalytic subunit in bacteria were carried out with induction times of 18 hours at 20oC, 

with only a very low yield of soluble protein.  It was hoped that lowering the induction 

temperature in order to reduce the expression levels would allow for a higher fraction of 

the expressed catalytic subunit to remain soluble. 

 

 
Figure 2.3  Co-expression Induction Trials.  Induction of expression was assayed after 4 
hours of incubation at 37oC.  Expression of the catalytic and accessory subunits is readily 
apparent in the post induction lanes. 



 21

Several expression times and temperatures were attempted without a substantial 

improvement in the solubility of the catalytic subunit; while the accessory subunit was 

repeatably recovered in large quantities, the catalytic subunit was never recovered in 

comparable amounts.  Expression of the catalytic and accessory subunits for 20 hours at 

13oC did, however, allow for the recovery of a small amount of the catalytic subunit.  The 

activity of an enzyme preparation is assessed by performing a pre-steady-state single 

nucleotide incorporation (burst) assay.  These assays consist of 100 nM catalytic subunit, 

500 nM accessory subunit, 300 nM 25/45 duplex oligonucleotide substrate, and 100 µM 

deoxyribonucleotide triphosphate.  In order to determine the volume of enzyme needed to 

achieve a catalytic subunit concentration of 100 nM in the reaction, the concentrations of 

the catalytic and accessory subunits present in the enzyme preparation were determined 

by spectroscopy at 280 nm.  The results of this burst assay are presented in figure 2.4.  

The burst amplitude of 4 nM is low relative to the expected burst amplitude of 100 nM, 

and accurate measurement of the rate is difficult due to this low amplitude.  Noting this 

difficulty, the calculated rate of 19 s-1 ± 3 s-1 is approximately half the expected rate of 

incorporation of deoxyadenosine opposite a template deoxythymidine.  PAGE gels of the 

purification of the wild-type and exonuclease deficient enzyme are presented in figure 

2.5.  Note that the expression levels of both the catalytic and accessory subunits are 

readily apparent in the total cell lysate.  Note also, that nearly all of the catalytic subunit 

is lost to the insoluble fraction after centrifugation at 30,000 rpm for 30 minutes. 
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Figure 2.4  Co-expression Pre-Steady-State-Burst Experiment.  The time dependence of 
product formation from the co-expressed holoenzyme was fit to the burst equation (y = 
Ae(-kt) + lt +C) in order to assay the enzyme activity.  The amplitude of the burst was 5.0 
± 0.3 nM, the burst rate was 19 ± 3 s-1 and the steady-state rate of turnover was 0.07 ± 
0.04 s-1. 
 

 
Figure 2.5  Co-expression and Purification of the Catalytic and Accessory Subunits.  6-
His tagged wt and exo- catalytic subunit were co-expressed with the accessory subunit 
and purified by Ni++ affinity chromatography.  Elution of the protein was achieved with a 
buffer containing 400 mM imidazole. 
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A final expression trial was attempted at 13oC for 20 hours.  Sixteen liters of 

BL21 (DE3) cells were grown to an OD of 0.6 in the presence of ampicillin and 

kanamycin and then induced for 20 hours at 13 degrees.  The gel documenting the 

purification procedure is represented in figure 2.6.  Although there was expressed and 

purified a large quantity of accessory subunit, the catalytic subunit was absent. 
 

 
Figure 2.6  Over-expression of the Catalytic and Accessory Subunits.   Sixteen liters of 
Bl21 (DE3) cells at an OD of 0.6 were induced and allowed to express for 20 hours at 
13oC.  While the accessory subunit purified well, the catalytic subunit was either not 
expressed, or lost during purification. 

DISCUSSION 

There are several possible reasons for obtaining a low yield of the catalytic 

subunit from bacterial expression.  The most obvious cause is low levels of over-
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expression.  However, as documented in figures 2.3 and 2.5, the expression levels of the 

catalytic subunit were nearly equal to those of the accessory subunit.  It is clear that the 

low yield is not due to low levels of expression.  It is possible that during translation, the 

nascent end of the growing polypeptide folds into a structure that leads to precipitation, 

and thus requires a eukaryotic chaperone to assist folding.  Because the holoenzyme is at 

least a heterodimer, and there is evidence to suggest that it is in fact a heterotrimer (90), 

there could be a hydrophobic patch on the surface of the catalytic subunit that allows for 

aggregation of the catalytic subunit at high concentration (91).  While the causes of 

protein insolubility may be important, our need is only to obtain sufficient protein for our 

study of polymerase γ kinetics. 

Over-expression of proteins from plasmids in bacteria can lead to an SOS 

response and to the expression of heat shock proteins and other stress proteins that lead to 

the formation of inclusion bodies (92).  Inclusion bodies are complex aggregates of 

misfolded and partially folded proteins that are mostly biologically inactive (93).  

Although some proteins can be refolded in vitro through a laborious process that yields 

irregular results, there are no standard refolding protocols and the typical recourse when 

confronted with inclusion bodies is to search for an alternate method of expression (94).  

Unfortunately, while some problems with the over-expression of proteins have been 

satisfactorily addressed, like the prevention of proteolysis by the use of strains of E. coli 

deficient in proteases like BL21 competent cells, the genetic components of protein 

solubility have yet to be fully explored.  Typically, expression time, expression 

temperature, host strain, and codon usage are manipulated in order to minimize inclusion 

body formation.  Additionally, co-expression with chaperones has been employed in 

order to maximize soluble protein yield (95).   
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There are many advantages of bacterial expression that are lost when over-

expression of proteins is carried out in the baculovirus expression system, specifically 

with respect to cost and yield.  Because of the lower monetary cost, reduced time 

investment, and potential to produce vast quantities of high purity-high activity enzyme, 

efforts are on-going in our lab to successfully express and purify the catalytic subunit of 

polymerase γ from a bacterial expression system.  Although co-expression of the catalytic 

and accessory subunits together increased the yield of soluble protein from zero, the yield 

and activity were not sufficient for use in our kinetic studies.  Current efforts to improve 

the yield from E. coli expression include the expression of the catalytic subunit as a 

maltose binding protein fusion.  Also underway are efforts to express the enzyme as a 

thioredoxin fusion.  Fusion of thioredoxin to the N-terminal end of a protein of interest 

has been shown to be an efficient means of expression large quantities of highly soluble 

enzyme (96).  It is believed that this is due to the fact that thioredoxin is an efficient 

recruiter of cellular chaperones. 

Although bacterial expression of the catalytic subunit failed to produce highly 

soluble, highly active enzyme, 6 milliliters of 307.5 µM accessory subunit were 

recovered by affinity chromatography. 
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Chapter 3:  The Kinetics of Misincorporation by Polymerase γ 

INTRODUCTION 

Fidelity is a complex phenomenon that describes the accurate and efficient 

replication of DNA by a DNA polymerase.  In the case of polymerase γ, there are two 

contributing factors to fidelity; the intrinsic discrimination against incorrect nucleotide 

incorporation by the 5′-3′ polymerase domain and efficient removal of incorrect 

nucleotides by the 3′-5′ proofreading exonuclease domain (14;16).  In order to quantify 

the discrimination against incorporation of a particular nucleotide, two parameters must 

be determined: the specificity constant for correct nucleotide incorporation and the 

specificity constant for incorrect nucleotide incorporation.  These constants, which have 

units of µm-1s-1 and are defined as kcat/Km (kpol/Kd), describe how well the polymerase is 

able to catalyze a particular nucleotide incorporation.  The ratio 

specificitycorrect/specificityincorrect defines discrimination which is a unitless quantity, but 

reflects the number of correct nucleotide incorporations, on average, per misincorporation 

provided that all nucleotides are present at the same concentration.  The contribution to 

fidelity afforded by the proofreading exonuclease domain is calculated as the probability 

of removing a mismatch relative to the probability of burying the mismatch by continued 

polymerization (kexo/(kexo + kbury)).   

Accurate quantification of the fidelity of DNA polymerization by the human 

mitochondrial DNA polymerase γ should aid in the design of nucleotide reverse 

transcriptase inhibitors (NRTI) used in the fight against HIV.  The mitochondrial 

polymerase is a known target of NRTIs and mitochondrial toxicity due to mitochondrial 

DNA mutation and depletion are known side effects of the currently approved NRTI 

drugs (35).  Future design efforts should be focused on minimizing the effects of the 
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drugs on the mitochondrial polymerase while maximizing their effects on HIV reverse 

transcriptase. 

To date there has been no exhaustive study of the fidelity of polymerase γ, 

examining the incorporation kinetics of all 16 possible Watson-Crick base pairs.  Steady–

state experiments have suggested that the majority of errors made by polymerase γ are 

substitution errors, those caused by the incorporation of dNTPs opposite bases that are 

not their Watson-Crick base pairing partners as opposed to frame shift errors which are 

caused by misalignment of the primer and template strands and ultimately cause base pair 

additions or deletions (58).  A study using the Klenow fragment of DNA polymerase I 

(97) involving gap filling mutational assays demonstrated that of all of the 12 possible 

incorrect pairings, a dGTP incorporated onto a template dTMP was the most common 

mutation.  Additionally, single nucleotide incorporation assay showed that the fidelity of 

Klenow fragment manifests from a ~25-fold increase in the Kd for ground state binding 

and a ~3000 fold decrease in the rate of incorporation, on average.  In other words, 

incorrect nucleotides are bound more weakly than correct nucleotides, and once bound 

they are incorporated much more slowly due to improper alignment at the active site.  For 

dGTP onto a dTMP, the Kd increase is ~5-fold and the rate decrease is but ~900-fold.  

The authors suggest that the differences in kinetic data between dGTP:dTMP and 

dTTP:dGMP misincorporations may be due to the geometric asymmetry of the purine- 

pyrimidine mispairs relative to normal Watson-Crick base pairs. 

In this chapter, I will present results obtained from pre-steady-state kinetic 

measurements of the discrimination of polymerase γ.  I will also detail the proposed 

structural constraints that govern discrimination by analogy to another high fidelity 

family A DNA polymerase, the thermophillic Bacillus DNA polymerase I fragment (BF).  

As a family A DNA polymerase, BF shares the classical right hand structure 
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characteristic of other family A members and significant sequence homology to Klenow 

fragment, T. aquaticus (Taq) polymerase, and bacteriophage T7 DNA polymerase 

including the conserved aspartic acid residues at the active site of polymerization (98;99).  

The exonuclease proofreading contribution to fidelity is discussed briefly.  Also 

discussed is the possibility of bias in this work incurred from examining only a few select 

primer-template combinations. 

MATERIALS AND METHODS 

Polymerase assay conditions and exonuclease assay conditions have been 

described in chapter 1.  Oligonucleotide templates and primers were purchased from 

Integrated DNA Technologies and prepared as described in Chapter 1 under the Materials 

and Methods section- Preparation of Oligonucleotides.  Table 3.1 lists the oligonucleotide 

duplex combinations employed in the studies presented in this chapter. 

Table 3.1  Duplex Substrates for Discrimination Studies 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTAGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTGACAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTCGGAGCTAGGTTACGGCAGG 

RESULTS 

Exonuclease deficient pol γ was used for these misincorporation experiments, 

because neither creation of a mismatch nor extension beyond a mismatch are observed in 

the presence of wild-type exonuclease activity (89).  Moreover, since the rate of 

polymerization is as slow or slower than the rate of dissociation of the holoenzyme from 
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the DNA substrate, and in order to minimize the complication due to multiple enzyme 

turnovers, single-turnover single nucleotide incorporation experiments were employed to 

investigate the incorrect incorporation of nucleotides onto templates containing a dCMP, 

dGMP, or dAMP at the position of incorporation.  Previous studies have reported the 

correct incorporation kinetic parameters of all four nucleotides and for incorrect 

incorporation opposite a template dTMP (14).  Additionally, this earlier work showed 

that single nucleotide incorporation assays accurately reflect the kinetics of 

polymerization under conditions of multiple sequential incorporations.  Figure 3.1 

illustrates the kinetics of formation of an A:A mismatch.  The rates determined for the 

single exponential fits of product concentration vs. time were plotted against the 

nucleotide concentration and fit to a hyperbola to yield a Kd of 25 ± 7 and a kpol of 0.0036 

± 0.0003 s-1.  Figures 3.1 (dATP-dA), 3.2 (dGTP-dA), 3.3 (dCTP-dC), and 3.4 (dATP-

dC) are a representative of the data generated over the course of this study.  Kinetic 

parameters for the incorporation of all base pair combinations are shown in table 3.2. 
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Figure 3.1  Misincorporation of dATP onto dA.  Single turnover, single nucleotide 
incorporation assays were carried out to determine the kinetic parameters governing A-A 
mismatch formation.  Reactions were carried out to 30 minutes over a [dATP] range of 1 
µM (○) to 500 µM (▼) and the results fit to a single exponential.  The observed rates 
were fit to a hyperbola to determine the maximum rate of incorporation and the 
dissociation constant.  The results are detailed in table 3.2. 
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Figure 3.2  Incorporation of dGTP Opposite dA.   Formation of a dG-dA mismatch is 
unusual in that binding is not saturated and fits to a linear equation.  Because of this, only 
the value kpol/Kd (0.0001) can be obtained. 
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Figure 3.3  Incorporation of dCTP Opposite dC.  dCTP incorporation opposite a template 
dC was assayed over a concentration range of 25 (○)-500 (∆) µM dCTP and the observed 
rates were fit to a hyperbola.  The fit to the hyperbola generated a kpol of 0.0031 ± 0.0003 
s-1 and a Kd of 140 ± 30 µM. 
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Figure 3.4  Incorporation of dATP Opposite dC.  dATP incorporation opposite a template 
dC was assayed over a concentration range of 1 (○) - 500 (▼) µM dATP and the 
observed rates were fit to a hyperbola.  The fit to the hyperbola generated a kpol of 0.10 ± 
0.01 s-1 and a Kd of160 ± 40 µM. 
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Table 3.2  Kinetic Parameters of Nucleotide Incorporation 
Template 

Base 
dNTP kpol (s-1) Kd (µM) Specificity  

(µM-1s-1) 
Discrimination 

dT dATP* 45 ± 1 0.8 ± 0.06 57 ± 3               1 
 dTTP* 0.013 ±0.0003 57 ± 5 0.00023 ±0.00002    250,000 
 dCTP* 0.038 ±0.003 360 ± 80 0.0001 ± 0.00002    570,000 
 dGTP* 1.16 ± 0.06 70 ± 10 0.016 ± 0.002         3,563 

dG dCTP* 43 ± 2 0.9 ± 0.2 47 ± 11                1 
 dATP 0.042 ± 0.003 250 ± 40 0.00017 ±0.00003    280,000 
 dTTP 0.16 ± 0.02 200 ± 50 0.0008 ±0.0002      59,000 
 dGTP 0.066 ± 0.007 150 ± 40 0.0004 ± 0.0001    110,000 

dA dTTP* 25 ± 2 0.6 ± 0.16 39 ± 11               1 
 dCTP 0.10 ± 0.01 540 ± 100 0.00019 ±0.00004    210,000 
 dGTP   0.0001 ± 0.00002    390,000 
 dATP 0.0036 ± 0.0003 25 ± 7 0.00014 ±0.00004    280,000 

dC dGTP* 37 ± 2 0.8 ± 0.13 45 ± 8               1 
 dATP 0.10 ± 0.01 160 ± 40 0.0006 ± 0.0002      71,000 
 dCTP 0.0031 ± 0.0003 140 ± 30 20x10-6 ± 5x10-6 2,300,000 
 dTTP 0.0117± 0.0008 180 ± 30 7x10-5 ± 1x10-5    640,000 

* Values reported previously (14). 
Specificity is defined as kpol/Kd 
Discrimination is defined as Specificitycorrect/Specificityincorrect 
 
DISCUSSION 

The studies presented here expand upon previous work examining the fidelity of 

human mitochondrial DNA polymerase γ.  We have determined the Kd and the kpol for all 

16 possible base pair combinations and presented the data in table 3.2.  From these data 

we have defined a specificity constant for each combination.  The specificity constant is 

defined as kpol/Kd, and describes how well pol γ is able to catalyze the incorporation of a 

particular base opposite another.  From the comparison of specificity constants, 

discrimination is defined by the ratio (kpol/Kd)correct/(kpol/Kd)incorrect.  This number 

represents the number of correct incorporations of a particular type catalyzed per 

misincorporation event, when competing nucleotides are at the same concentration.  For 

example, a discrimination of 250,000 represents one error in 250,000 bases incorporated.  
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Figure 3.5.  Kinetic Parameters of Nucleotide Incorporation.  A.  Rates of incorporation 
(s-1) are plotted on a log scale.  The average rate of incorporation of a correct nucleotide 
is 37 s-1.  Incorporation of an incorrect nucleotide occurs at rates varying from 0.0031 s-1 
(dC onto dC) to 1.16 s-1 (dG onto dT).  B.  The dissociation constants, Kd (µM), are 
plotted on a log scale.  Ground state binding is tightest for the correct nucleotides, with an 
average Kd of 0.8 µM.  Binding of an incorrect nucleotide is substantially weaker, 
varying from 57 µM (dT onto dT) to 540 µM (dC onto dA).  C.  Specificity constants 
(µm-1s-1) for all 16 nucleotide combinations are plotted on a log scale.  The average 
specificity constant for correct incorporation is 47 µm-1s-1.  Specificity constants for 
incorrect incorporation vary between 0.00002 µm-1s-1 (dC onto dC) and 0.016  µm-1s-1 
(dG onto dT).  D.  Discrimination for all 16 base pair combinations are plotted on a log 
scale.  Discrimination is defined as 1 for correct nucleotide incorporation.  Discrimination 
against incorrect nucleotide incorporation varies from 3,563 to 2,300,000, with an 
average discrimination of 442,000, meaning that the polymerase makes one error for 
every 442,000 correct nucleotides incorporated. 
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Based upon evidence favoring a rapid equilibrium of nucleotide binding, Kd and 

kpol measured in single turnover experiments define Km and kcat, and thus define the 

specificity constant, kcat/Km.  The equality Kd = Km is not generally correct, however, it 

has been shown to be approximately correct for other polymerases for which nucleotide 

ground state binding are rapid equilibria, and evidence supporting rapid equilibrium of 

the ground state for human pol γ has been reported previously by this lab (14).  The 

specificity constant (kcat/Km) represents the limiting slope of the concentration 

dependence of the rate at low substrate concentration, and as such, it seems that one 

could measure kcat/Km under conditions where the rate of polymerization is limited by 

something other than incorporation (14).  That is, the concentration dependence of the 

rate of steady-state single nucleotide incorporation should, theoretically, give a measure 

of specificity even though this rate is limited by the rate of DNA dissociation from the 

polymerase after a single nucleotide incorporation.  However, given that the average 

kcat/Km for correct incorporation by pol γ is 46 s-1µM-1, and the rate of dissociation is 0.02 

s-1, then the expected apparent Km is 0.4 nM for steady-state single nucleotide 

incorporation experiments.  Concentrations of nucleotides required to accurately measure 

kcat/Km using steady-state methods are too low to generate a signal in the assay, and this 

could explain the aberrant results universally reported using steady-state methods 

(58;100).  Steady-state assays quantifying the kinetics of incorporation of nucleotides 

opposite a template dA have been reported to give an apparent Km of 15 nM for correct 

nucleotide binding, 37 fold higher than expected from pre-steady-state data (0.4 nM) 

(58).  Correspondingly, the discrimination against mismatch incorporation opposite dA 

are reported as 595 (dATP:dA), 19,000 (dGTP:dA), and 25,000 (dCTP:dA).  These 

discrimination values are 8.4 fold (dCTP:dA 210,000) to 470 fold (dATP:dA 280,000) 
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lower than the values reported in this chapter.  The reason for the discrepancy is that 

single nucleotide steady-state assays are not valid for a processive polymerase. 

 

Figure 3.6  Minimal Polymerase Mechanism 

Discrimination against misincorporation results from weaker ground state binding 

and slower rates catalyzed by T7 DNA polymerase, HIV-1 reverse transcriptase, and rat 

polymerase β (70;101;102) .  According to Kd and kpol values reported here and 

previously, exo- human pol γ also exhibits weaker ground state binding and decreased 

rates of polymerization for mismatched nucleotides.  A C:C mispair was formed at the 

slowest rate, while the weak binding of dGTP provided selection against the formation of 

a G:A mispair.  G:T mispairs have been observed to be relatively easily formed by other 

polymerases, and human pol γ is no exception (101;103).  While T:T and G:T 

mispairings both have similarly tight dissociation constants (57 and 71 µM respectively), 

pol γ catalyzes the incorporation of dGTP opposite a template dTMP 90-fold faster than it 

does a dTTP opposite a template dTMP.  It is thought that aberrant base pair geometry 

slows the incorporation rate, whereas base pair hydrogen bonding contributes to 

selectivity in ground state binding (81).  Although T:T and G:T mispairs both show 

similar and relatively tight ground state binding, only the G:T mispair appears to maintain 

sufficiently normal base pair geometry to afford rapid incorporation subsequent to 

binding of the incoming nucleotide.  Recently, a structural study of thermophillic Bacillus 

DNA polymerase I fragment (BF), complexed to terminally mispaired DNA strands 
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showed that T:T mispairings do not alter the enzyme conformation, however, the 

incoming nucleotide is shifted into the major groove somewhat, thus breaking a hydrogen 

bond formed between the 3′ hydroxyl and an active site residue, Asp830, corresponding 

to Asp1135 in polymerase γ, and disrupting catalytic site assembly (99).  The study also 

showed that while this enzyme adopts a distorted open conformation when bound to a 

G:T terminally mispaired DNA substrate, the G:T pair adopts a conformation similar to 

the cognate base pairing and that the 3′ hydroxyl placement for catalysis remains nearly 

intact. 

Perhaps more interesting than the comparison of T:T and G:T mispairs is the 

comparison of a G:T to a T:G mispairing.  Our data suggest that base pair hydrogen 

bonding of the T:G mispair does not stabilize it to the same degree as for the G:T mispair 

(~3-fold higher Kd), and that the base pair geometry is more perturbed in the case of T:G 

than it is for G:T (~7-fold slower kpol).  Data from the BF structural study (99) indicates 

that while the enzyme adopts a similar open conformation for both combinations, a BF-

DNA contact is disrupted in the T:G mispair structure, and that an interaction between 

the primer 3′ hydroxyl and an active site residue (Asp 830) is at least partially disrupted 

(99).  No crystal structure is available for human pol γ as yet, though efforts are currently 

underway in our lab and in others, but the kinetic parameters presented here suggest that 

binding of pol γ to terminally mispaired DNA substrates may be similar to that observed 

with BF. 

Nucleotide discrimination can be calculated by dividing the specificity constant 

for correct nucleotide binding by the constant for incorrect binding.  The resulting 

number represents the number of correct dNTP insertions catalyzed per misinsertion 

event, when all nucleotides are present at the same concentration.  For example, the 

specificity constant for T:A incorporation is 41.7 s-1µM-1 and the specificity constant for 
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A:A misincorporation is 7.6 x 10-5 s-1µM-1 resulting in a discrimination value of 550,000, 

meaning that for every A:A misinsertion event the enzyme catalyzes 550,000 correct 

dTTP incorporations.  We have previously calculated and reported an average 

discrimination of pol γ polymerization to be 1 error in 280,000 base pairs catalyzed.  The 

studies presented in this chapter allow us to calculate a more complete average 

discrimination against mismatch incorporation of 1 error in 442,000 bases incorporated.  

Pre-steady-state kinetic studies of exonuclease activity have defined the exonuclease 

proofreading contribution to fidelity of pol γ as a 4 to 200 fold increase (14).  Combining 

the fidelity contributions from polymerization and exonuclease proofreading allows us to 

refine the previously reported overall fidelity of 1 error in 1.1 to 60 x 106, to a new 

overall fidelity of 1 error in 1.8 x 106 to 8.8 x 107 bases incorporated. 

Fidelity of nucleotide incorporation by a DNA polymerase is a complex 

phenomenon created by a host of interactions including, but not limited to, Watson-Crick 

interactions, base stacking, nearest neighbor interactions, and enzyme-substrate contacts 

within the active site of the polymerase.   Experiments in aqueous solution have shown a 

trend in base stacking interactions, where deoxyguanosine stacks most strongly, followed 

by deoxyadenosine, deoxycytosine, and deoxythymidine respectively (99).  Additionally, 

it has been shown that due to the exclusion of water in the active site of DNA 

polymerases, base stacking interactions are stronger than would otherwise be expected in 

solution (99;104).  In the experiments that are presented in this paper, only a single DNA 

primer was employed to investigate the fidelity of nucleotide incorporation.  Because 

only deoxyadenosine was tested as the base directly 5′ of the position of incorporation, 

the results presented here may be biased.  However, because only one primer sequence 

was employed, the data are more easily compared directly, as primer sequence is 

removed as a possible source of variability.  It has been previously shown with T4 DNA 
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polymerase that replication fidelity is highest when either deoxyguanosine or 

deoxyadenosine are present in the primer directly 5′ of the site of incorporation (105).  

While experiments to determine the effects of nearest neighbors on discrimination have 

not been carried out with polymerase γ, data from T4 DNA polymerase suggest that the 

overall discrimination that we have calculated for pol γ may be a slight over estimate.  

Further experimentation employing primers and templates differing in sequence from 

those used previously should allow for further refinement of the estimate of nucleotide 

discrimination by human mitochondrial DNA polymerase γ without ambiguity or bias.  
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Chapter 4:  Magnesium Concentration Effects on the Kinetics of 
Polymerization 

INTRODUCTION  

Magnesium metal ions play a vital role in many cellular processes.  Mg++ ions 

stabilize nucleic acid and protein structure (106;107), mediate many Mg++ dependent 

enzymatic reactions (108), and are required for both incorporation and removal of 

nucleotides by DNA polymerases (109).  The concentration of free Mg++ is maintained at 

around 1mM in resting mammalian cells while the total cellular Mg++ concentration is 

around 20 mM (110), and evidence points to almost all of the Mg++ present in the cell 

existing in a bound state or being sequestered in cellular organelles (111).  Mitochondria 

are known stores of Mg++ (112-114) so it is reasonable to suggest that the concentration 

of Mg++ in the mitochondria is higher than that of the cell as a whole. 

DNA polymerases catalyze a metal assisted nucleophilic attack of the 3′ hydroxyl 

group of a DNA strand on to the α-phosphate of an incoming nucleotide (115).  

Substitution of magnesium with manganese in in vitro assays reduces to varying degrees 

polymerase fidelity in bacteriophage T7 DNA polymerase (116), the Klenow fragment of 

polymerase I (117), and the human mitochondrial DNA polymerase (J.W. Hanes and 

K.A. Johnson, data not published).  In this chapter I address the effect of magnesium 

concentration on replication rates and fidelity.  This series of experiments was undertaken 

based upon preliminary results that suggested that the concentration of Mg++ in our in 

vitro assays has a direct effect on nucleotide ground state binding affinity and the rate of 

polymerization.  Mg++ concentrations used in polymerase assays vary between 2 mM and 

20 mM (14;33;54;117-120), depending on the identity of the polymerase and the 
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investigator.  Indeed, different investigators may use different Mg++ concentration while 

assaying the same polymerase (14;119). 

MATERIALS AND METHODS 

Primer/template combinations used in this study are listed in table 4.1.  All 

procedures used in the experiments reported in this chapter have been documented in 

earlier chapters.  Buffers used in the following experiments are identical to those 

employed in chapter 3, except that the final concentration of MgCl2 is varied from 1.25 

mM to 100 mM. 

Table 4.1  Oligonucleotide Duplexes Substrates for [Mg++] Studies 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTGACAGCTAGGTTACGGCAGG 

RESULTS 

Kd Mg and Maximum Rate of Polymerization 

Reactions are normally initiated by mixing an enzyme-DNA complex formed in 

the absence of Mg++ with a solution containing nucleotide and Mg++ (2.5 mM).  This is 

done to prevent the low level of exonuclease activity from degrading the DNA.  I noted 

that preincubation of an exonuclease deficient holoenzyme-DNA complex with 2.5 mM 

MgCl2 enhanced the rate and amplitude of polymerization.  It was this observation that 

led to the conclusion that 2.5 mM MgCl2 may be lower than the optimal concentration 

and thusly led to an investigation into the concentration effect of Mg++ on 

polymerization.  Figure 4.1 shows the result of preincubation of the enzyme-DNA 

complex with MgCl2.  Rapid mixing of a solution containing 100 nM holoenzyme and 

300 nM DNA in a reaction buffer lacking MgCl2, with a solution containing 100 µM 
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dATP and 5 mM MgCl2 led to a pre-steady-state burst of product formation at a rate of 

22 s-1 with an amplitude of 91 nM.  Rapid mixing under the same conditions, except for 

the presence of 2.5 mM MgCl2 in both solutions, led to a burst of product formation at a 

rate of 112 s-1 with an amplitude of 100 nM. 

 

 

Figure 4.1  Preincubation with Mg++ Increases the Burst Rate.  Incubation of the 
exonuclease deficient polymerase γ-DNA complex with 2.5 mM Mg++ increased the rate 
of polymerization to 112 s-1 (●).  The rate of polymerization when the enzyme-DNA 
complex is not preincubated with 2.5 mM Mg++ was determined to be 22 s-1 (○). 

The results from the previous experiment imply that some step involving Mg++ 

binding to the enzyme-DNA complex may be rate limiting when Mg++ is added with the 

nucleotide.  To examine the effects of magnesium on the maximum rate of 

polymerization, the holoenzyme activity was measured at several concentrations of 

MgCl2.  Figure 4.2a shows the time dependence of product formation at several 

concentrations of MgCl2 added solely with the nucleotide.  These data were fit to a single 
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exponential in order to quantify the rate of product formation.  Figure 4.2b shows the rate 

of product formation plotted against MgCl2 concentration, which was fit to a hyperbola in 

order to determine the concentration dependence.  The single exponential equation and 

the hyperbolic equation are discussed in the Materials and Methods section of Chapter 1. 



 45

 

 

Figure 4.2  Determination of the Apparent Kd for Mg++.  In order to determine the Kd for 
Mg++, the rate of incorporation at a saturating concentration of dATP was determined at 
several concentrations of Mg++, from 1.25 (○) to 100 mM (▼).  The plot of the observed 
rates to the [Mg++] concentration was fit to a hyperbola to yield a maximum rate of 210 ± 
10 s-1 and an apparent Kd of 8 ± 1 mM. 
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It was noted that as the concentration of MgCl2 was elevated above a 

concentration of 20 mM, the amplitude of the reaction under burst conditions, but not 

single turnover conditions, was reduced.  Figure 4.3 shows the results of two pre-steady-

state burst experiments that demonstrate this phenomenon.  In order to maximize the rate 

of polymerization and the amplitude of the burst phase, the remainder of experiments 

presented in this chapter were initiated by mixing an enzyme-DNA complex formed in 

the absence of Mg++ with a solution containing deoxyribonucleotide triphosphate and 50 

mM MgCl2, to have a concentration of 25 mM Mg++ in the reaction after mixing. 

 

 
Figure 4.3  High Concentrations of Mg++ Reduces the Reaction Amplitude.  Increasing 
concentrations of Mg++ above a certain level decreases the amplitude of the pre-steady-
state burst.  At a post-mix Mg++ concentration of 20 mM (●), the rate of the reaction is 
140 ± 10 s-1 and the amplitude is 86 ± 3 nM.  Although the rate increases to 230 ± 20 s-1 

when the post-mix concentration of Mg++ in the reaction is increased to 100 mM (○), the 
amplitude is decreased by 25% to 61 ± 2 nM. 
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Kinetics of Correct Incorporation at 25 mM MgCl2 

Incorporation of dATP Opposite dT. 

In order to determine the effect of increased Mg++ concentration on the kinetics of 

correct incorporation, single turnover experiments were carried out at varying 

concentrations of dATP, from 0.5 µM to 10 µM and a post-mix Mg++ concentration of 25 

mM.  Figure 4.4a plots the time dependence of product formation, and figure 4.4b plots 

the nucleotide concentration dependence of the rate.  From the fit to the hyperbolic 

equation, the maximum rate of incorporation of dATP opposite a template dT was140 s-1 

± 10 s-1, with a ground state binding affinity of 3.1 µM ± 0.3 µM.  Thus, at 25 mM Mg++, 

the specificity constant (45 ± 5 µM-1s-1) was largely unchanged (57 ± 4 µM-1s-1 at 2.5 

mM Mg++), although the rate and Kd increased three fold. 

Incorporation of dTTP Opposite dA. 

The incorporation of dTTP onto a template dA was characterized over a 

concentration range of 0.5 to 6 µM dTTP at 25 mM Mg++.  As has been observed 

previously, the kinetics of incorporation vary from that of dATP onto dT, although, the 

specificity constant for incorporation of correct nucleotides remained largely unchanged.  

The time dependence of nucleotide incorporation is plotted in figure 4.5a, and the 

concentration dependence of the rate of incorporation is plotted in figure 4.5b.  From the 

hyperbolic fit to the concentration dependence of the rate, the dissociation constant for 

dTTP and the maximum rate of incorporation were calculated to be 2.1 ± 0.3 µM and 86 

± 7 s-1 respectively. 
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Figure 4.4  Incorporation of dATP at 25 mM Mg++.  The incorporation of dATP opposite 
dT was characterized at 25 mM Mg++ and varying concentrations of dATP.  The observed 
rates were plotted against [dATP] and fit to a hyperbola.  The hyperbolic fit gave a kpol of 
140 ± 10 s-1 and a Kd of 3.1 ± 0.4 µM and a specificity constant of 45 ± 5 µM-1s-1. 
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Figure 4.5  Incorporation of dTTP at 25 mM Mg++.  The incorporation of dTTP opposite 
dA was characterized at 25 mM Mg++ and varying concentrations of dTTP.  The observed 
rates were plotted against [dTTP] and fit to a hyperbola.  The hyperbolic fit calculated a 
kpol of 87 ± 7 s-1 and a Kd of 2.1 ± 0.3 µM and a specificity constant of 41 ± 7 µM-1s-1. 
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Kinetics of Mismatch Incorporation at 25 mM MgCl2  

Incorporation of dGTP Opposite dT. 

The kinetic parameters governing misincorporation of dGTP opposite a template 

dT were investigated in order to determine the effects of increased MgCl2 concentration 

on fidelity.  Single turnover experiments were carried out at 25 mM MgCl2 and varying 

concentrations of dGTP, from 1 µM to 500 µM and the time dependence of product 

formation at each concentration were fit to a single exponential equation.  Figure 4.6a 

depicts these data, and figure 4.6b shows the fit of the concentration dependence of the 

observed rate to the hyperbolic equation.  From these data, the maximum rate of 

polymerization was calculated to be 2.3 s-1 ± 0.2 s-1, and the ground state binding affinity 

was calculated to be 470 µM ± 60 µM.  The specificity constant (0.0049 ± 0.0009 µM-1s-

1) defines a discrimination against G-T versus A-T of 9000. 

Incorporation of dTTP Opposite dG. 

Incorporation of dTTP opposite dG was tested at dTTP concentrations from 1 µM 

to 500 µM and the time dependence of product formation at each concentration were fit 

to a single exponential equation, depicted in figure 4.7a.  The observed rates were plotted 

against dTTP concentration and fit to the hyperbolic equation to generate a maximum 

rate of polymerization of 0.54 s-1 ± 0.06 s-1, and a ground state binding affinity of 380 

µM ± 80 µM, as shown in figure 4.7b.  The kinetic parameters of incorporation at 25 mM 

Mg++ are summarized in table 4.2.  Because it was determined that the change from 2.5 

mM to 25 mM Mg++ has a minimal effect on the specificity of incorporation, the 

specificity constant previously reported for dCTP incorporation opposite dG was used in 

order to calculate the discrimination value reported for dTTP incorporation opposite dG 

in table 4.2.   
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Figure 4.6  Misincorporation of dGTP Opposite dT at 25 mM Mg++.  Incorporation of 
dGTP opposite dT was characterized at 25 mM Mg++ and varying concentrations of 
dGTP, from 1 (○) to 500 (▲) µM.  The observed rates were fit to a hyperbola to 
determine a kpol of 2.3 ± 0.2 s-1 and a Kd of 470 ± 60 µM. 
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Figure 4.7  Misincorporation of dTTP onto dG at 25 mM Mg++.  Incorporation of dTTP 
opposite dG was characterized at 25 mM Mg++ and at varying concentrations of dTTP 
from 1 µM (○) to 500 µM (▼).  The observed rates were fit to a hyperbolic equation to 
determine a kpol of 0.54 ± 0.06 s-1 and a Kd of 380 ± 80 µM. 
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Table 4.2  Kinetic Parameters of Incorporation at 25 mM Mg++ 

Template 
Base 

dNTP Maximum 
Rate (s-1) 

Dissociation 
Constant (µM) 

Specificity  
(µM-1s-1) 

Discrimination

dT dATP 140 ± 10 
(45 ± 1) 

3.1 ± 0.4 
(0.8 ± 0.06) 

45 ± 0.5 
(57) 

1 
 

 dGTP 2.3 ± 0.2 
(1.16 ± 0.06) 

470 ± 60 
(70 ± 10) 

0.0049 ± 0.0008 
(0.016) 

9,000 
(3,563) 

dG dTTP 0.54 ± 0.06 
(0.16 ± 0.02) 

380 ± 80 
(200 ± 50) 

0.0014 ± 0.0003 
(0.00080) 

32,000 
(59,000) 

dA dTTP 87 ± 7 
(25 ± 2) 

2.1 ± 0.3 
(0.6 ± 0.16) 

41 ± 7 
(39) 

1 

Parentheses indicate values determined at 2.5 mM Mg++ and previously reported in 
Chapter 3. 

Exonucleic Removal of Nucleotides 

In order to determine the effect of increased MgCl2 concentration on the 

exonuclease activity of polymerase γ, exonuclease experiments were carried out with 

wild-type holoenzyme.  Figure 4.8 depicts the results of these experiments, one carried 

out with a correct terminal base pair (dA-dT), and one carried out with a terminal dG-dT 

mismatch.  The time dependence of substrate depletion for the correctly paired duplex fits 

a single exponential and, the 3′ terminal base of this correctly paired primer is removed at 

a rate of 0.021 s-1 ± 0.002 s-1.  The time dependence of substrate depletion of the 3′ 

terminally mismatched primer fits to a double exponential, where 67% of the mismatched 

nucleotide is removed at a rate of 3.3 s-1 ± 0.2 s-1, and the remaining 33% is removed at a 

rate of 0.46 s-1 ± 0.06 s-1.The results of the exonuclease experiments are summarized in 

table 4.3. 



 54

 
Figure 4.8  Exonuclease Removal of Nucleotides at 25 mM Mg++.  Removal of a 
correctly paired nucleotide (■) occurred at a single rate of 0.021 ± 0.002 s-1.  Removal of 
an incorrectly paired nucleotide (●) occurred at a fast rate of 3.3 ± 0.2 s-1 and a slow rate 
of 0.46 ± 0.06 s-1. 

Table 4.3  Exonucleic Removal of Nucleotides at 25 mM Mg++ 

Temp. 
Base 

Primer 
Base 

Rate of Fast 
Phase (s-1) 

Amp. of Fast 
Phase (nM) 

Rate of Slow 
Phase (s-1) 

Amp. of Slow 
Phase (nM) 

dT dA 0.021 ± 0.002 78 ± 3 NA NA 

 dG 3.3 ± 0.2 57 ± 2 0.46 ± 0.06 29 ± 3 

Incorporation to Bury a Mismatch 

The kinetic parameters governing the incorporation of nucleotides to bury a 

mismatch was characterized in order to determine the exonuclease proofreading 

contribution to fidelity.  Incorporation of dCTP opposite dG to bury a G-T mismatch was 

quantified over a dCTP concentration range of 10 µM to 500 µM.  Due to their double 

exponential nature, the data were fit by simulation, using the KinTekSim simulation 
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program, to the mechanism shown in figure 4.9.  The results of this fitting by simulation 

are shown in figure 4.10. 

 

 
Figure 4.9  Incorporation to Bury a Mismatch Simulation Mechanism.  Incorporation to 
bury a mismatch fit to a mechanism where DNA partitions equally between the 
polymerase and exonuclease sites.  This accounts for the double exponential nature of the 
reaction. 

 

 
Figure 4.10  Incorporation to Bury a Mismatch.  Incorporation of dCTP to bury a G-T 
mismatch was quantified over a concentration range of 10 (▲) to 500 µM ( ) dCTP and 
fit by simulation.  The fit generated a kpol of 12 s-1 and a Kd of 400 µM. 



 56

DISCUSSION 

A serendipitous error occurred during a routine polymerase assay, in that an 

exonuclease deficient holoenzyme-DNA complex was reconstituted in a reaction buffer 

containing 2.5 mM MgCl2.  The result, documented in figure 4.1, was a 5 fold increase in 

the rate of incorporation, with a small enhancement in the amplitude of the burst phase of 

the reaction, and no change in the steady-state rate of enzymatic turnover.  This result led 

to a study of the effects of Mg++ concentration on the activity of an exonuclease deficient 

mutant of polymerase γ.  While this initial result was obtained from an experiment where 

the enzyme-DNA complex was constructed in the presence of Mg++, considerations for 

the requirements of the wild-type enzyme prevented further experimentation.  Because 

the wild-type enzyme has a fully functional exonuclease domain, and the only 

requirements for its function are Mg++ and a substrate to act upon, incubation of the 

enzyme-DNA complex in the presence of Mg++ leads to DNA depletion before the 

reaction can be measured (data not shown).  Instead, final concentrations of Mg++ were 

established by mixing solutions containing the enzyme-DNA complex in the absence of 

Mg++, with a solution containing a dNTP and twice the final concentration of Mg++. 

The calculated apparent Kd for Mg++ binding to polymerase γ is 8 mM ± 1 mM, 

and it is interesting to note that this value is larger than the concentration of Mg++ 

employed by any polymerase γ study reported to date.  The question that immediately 

comes to mind is, does this affect the kinetic parameters generated to date, and if so, 

how?  In order to address these questions, and to test the validity of several years of 

study, I assayed the kinetics of incorporation of two correct incorporations and two 

incorrect incorporations.   
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Nucleotide Incorporation at 25 mM Mg++. 

For historical reasons, incorporation of dATP onto a template dT has been the 

“gold standard” by which polymerase γ activity has been compared among different 

enzyme preparations, and is the base pair that most of the work reported in this chapter 

employs.  Incorporation of dTTP onto dA was initially characterized in order to compare 

results that are presented in chapter 7, however, it is presented in this chapter because it 

compliments the other data presented here.  The Watson-Crick wobble base pair dG-dT is 

interesting because there is an asymmetry in the kinetics of incorporation for dGTP:dT 

versus dTTP:dG based upon the identity of the free nucleotide.  Earlier fidelity studies 

have shown that the discrimination against dGTP when dT is the templating base is low, 

however, discrimination against dTTP is high when dG is the templating base.  This 

phenomena results from the observed asymmetry of the two resulting base pairs (99).  

While the dGTP–dT base pair fits well into the active site, with the 5′ α-phosphate of the 

dGTP aligned for attack by the 3′ hydroxyl of the upstream base, the dTTP-dG base pair 

is puckered into the minor groove of the DNA helix, perturbing the DNA structure and 

preventing proper alignment of the 5′ α-phosphate of dTTP to the upstream 3′ hydroxyl. 

Incorporation of dATP opposite a template dT occurs at a rate of 140 s-1 ± 10 s-1 

with a ground state binding affinity of 3.1 µM ± 0.4 µM.  From these numbers a 

specificity constant can be calculated, and is equal to 45 µM-1s-1.  The specificity constant 

calculated for dATP incorporation at 2.5 mM Mg++ is 57 µM-1s-1, and from the 

comparison of these two numbers it appears that there is a negligible effect of Mg++ 

concentration on the specificity of dATP incorporation.  Likewise, although there were 

rather large changes in the Kd and kpol for incorporation of dTTP onto dA, the change in 

specificity remained small, 39 s-1µM-1 to 41 s-1µM-1.  Table 4.2 lists the relevant kinetic 

parameters of incorporation at 25 mM Mg++, and at 2.5 mM Mg++ for comparison.   
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Figure 4.11  Correct Incorporation at 25 mM Mg++ 

Several interesting results are immediately obvious.  The specificity constant for 

incorporation of dGTP opposite dT has been reduced by 3 fold, denoting that pol γ is less 

likely to incorporate a dGTP opposite a dT at 25 mM Mg++ than it is at 2.5 mM Mg++.  

Conversely, the specificity for incorporation of dTTP opposite dG is almost 2 fold larger, 

implying that pol γ is more likely to incorporate a dTTP opposite a dG at 25 mM Mg++ 

than it is at 2.5 mM Mg++.  However, even though pol γ is less likely to make a dGTP-dT 

base pair and more likely to make a dTTP-dG base pair at 25 mM Mg++ than at 2.5 mM 

Mg++, the specificity constant for dGTP-dT is still 3.5 fold larger than the specificity 

constant for dTTP-dG.  The end result of this number comparison is, while the numbers 

are somewhat different at 25 mM Mg++ than they are at 2.5 mM Mg++, the conclusions 

that can be drawn are still the same.  There is an apparent asymmetry between the 

structure of a dGTP-dT base pair and a dTTP-dG base pair, and that the dGTP-dT is more 

properly aligned for catalysis than the dTTP-dG, probably due to the transgression of the 

dTTP-dG base pair into the minor groove of the DNA duplex.  According to the crystal 

structures of T7 bacteriophage DNA polymerase (15) and that of thermophillic Bacillus 

DNA polymerase I fragment (99), many of the enzyme-DNA contacts are made along the 

minor groove of the DNA duplex, and may serve as a way for the enzyme to “sense” 

mispairs prior to incorporation. 
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3′-5′ Exonucleic Removal of Nucleotides at 25 mM Mg++. 

Rates of exonuclease removal of correct and incorrectly paired bases were 

examined to complete the characterization of pol γ activity at 25 mM Mg++.  The rate of 

removal of correctly paired base was determined by single turnover exonuclease assay to 

be 0.02 s-1, which is comparable to the previously determined rate at 2.5 mM Mg++ of 

0.05 s-1 (16).  Interestingly, the removal of dG from a terminal dG-dT mispair fit to a 

double exponential (figure 4.11), with 67% of the substrate being depleted at a rate of 3.3 

s-1 and 33% of the substrate being depleted at a rate of 0.46 s-1.  The reported removal of 

a terminally mispaired base from this oligonucleotide duplex also fit to a double 

exponential (16).  The fast phase had an amplitude of 31% of the total and a rate of 1.1 s-

1, while the slow phase had an amplitude of 69% of the total and a rate of 0.04 s-1.  It has 

been hypothesized that the double exponential nature of the removal of mismatched 

nucleotides is a function of partitioning between the polymerase site and the exonuclease 

site, where the amplitude of the fast phase represents substrate bound to the exonuclease 

site at the beginning of the reaction and the rate of this phase represents the rate of 

exonuclease removal.  The amplitude of the slow phase, then, represents substrate bound 

to the polymerase site and the rate of the slow phase represents the rate of melting of the 

primer strand from the polymerase site to the exonuclease site.  This is confused 

somewhat, however, by data previously reported showing that inclusion of the next 

correct nucleotide in a exonuclease assay increases the rate of removal from ~ 1 s-1 to ~ 

35 s-1 (16).  It has been postulated that the next nucleotide may act as a wedge to force the 

primer strand from the polymerase site to the exonuclease site.   

The cost of proofreading is a value that reflects the probability of removing a 

correctly paired nucleotide.  It is calculated as the ratio of the exonuclease rate relative to 

the forward polymerization rate.  The cost of proofreading at 2.5 mM Mg++ has been 
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previously defined as 0.14%.  In other words, one in 740 correct nucleotides will be 

mistakenly removed by the exonuclease domain, a small price to pay for a possible 200 

fold increase in the overall fidelity of polymerization.  However, at 25 mM Mg++, the cost 

of proofreading is 0.015%, or, one correct nucleotide in 6800 will be inadvertently 

removed.   

 

 
Figure 4.12  Cost of Proofreading.  The rate of forward polymerization (140s-1) is much 
faster that the rate of exonuclease removal of a correct nucleotide (0.02 s-1), however, 1 in 
6800 correct nucleotides are removed as a result of the exonuclease domain. 

Our model predicts that at 25 mM Mg++, the internal equilibrium apparently 

favors binding of the mismatched primer to the exonuclease site over the polymerase site 

by 2 to 1(67% of the total reaction amplitude is in the fast phase and 33% in slow phase), 

while at 2.5 mM Mg++ the internal equilibrium favors binding of the mismatched primer 

to the polymerase site by 2 to 1 (31% of the total reaction amplitude is in the fast phase, 

and 69% in the slow phase).  Additionally, the rate of removal of an incorrect base is 3 

fold faster at the higher Mg++ concentration, and the rate of the slow phase is 10 fold 

faster than at 2.5 mM Mg++.  The kinetics of incorporation of the next correct nucleotide 

following a mismatch at 25 mM Mg++ indicate that the ground state binding of the next 

correct nucleotide is approximately 100 fold weaker, and incorporation to bury a 

mismatch occurs at a rate approximately 10 fold slower, than incorporation past a correct 

nucleotide (figures 4.9 and 4.10).  Figure 4.11 depicts the mechanism of burying a 
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mismatch, where the first nucleotide incorporation is the formation of the mismatch and 

the second is incorporation to bury the mismatch.   

 
Figure 4.13  Incorporation to Bury a Mismatch Mechanism 

Upon first inspection, the rate of removal of the mismatch relative to the rate of 

incorporation to bury the mismatch would indicate that only 21% (3.3/(12+3.3)) of errors 

would be corrected by the exonuclease domain.  However, it has been previously 

reported that the rate of removal can be increased to as much as 40 s-1 if the next correct 

nucleotides are present in the reaction (16).  It is hypothesized that the nucleotides act as 

a wedge to push the primer strand into the exonuclease domain.  This effect was observed 

at a Mg++ concentration of 2.5 mM, and the “wedge effect” of correct nucleotides could 

be greater at 25 mM Mg++, however, this possibility has yet to be investigated. 

 
Figure 4.14  Wedge Effect of Correct Nucleotides 

It has been shown for hepatitis C virus RNA dependent RNA polymerase that the 

Kd for Mg++ binding is in 3.3 mM, that binding of the metal ion leads to a conformational 

change in the enzyme, and that the conformational change does not significantly 

stimulate binding of RNA or ribonucleotide substrates (121).  It is possible that Mg++ 

binding induces a similar conformational change in polymerase γ, however, this 

possibility has not been tested. 
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Chapter 5.  Reverse Transcription by The Human mtDNA Polymerase 

INTRODUCTION 

Reverse transcription is the process of copying DNA from RNA.  As discussed in 

chapter 1, reverse transcriptase assays have been employed to study polymerase γ for the 

past 30 years.  It is interesting to note that the γ family of polymerases was characterized 

by their ability to transcribe DNA from RNA.  Because RT assays have been used in 

steady-state experiments to characterize the discrimination of polymerase γ, I 

characterized the reverse transcriptase activity of pol γ in order to assess the validity of 

these assays and to evaluate the possible physiological significance of the reverse 

transcriptase activity. 

Reverse transcriptase is used to generate cDNA libraries from cellular mRNA, 

and in this capacity is an extremely powerful tool for the molecular biologist.  There is a 

considerable amount of interest in the isolation or generation of a high fidelity reverse 

transcriptase with an active proofreading exonuclease domain.  Because pol γ has been 

shown to be a capable reverse transcriptase, and one that possesses an exonuclease 

domain, it seemed that pol γ was a good candidate to fill this niche.  In this chapter I 

detail the results of several experiments designed to characterize the reverse transcriptase 

activity of an exonuclease deficient mutant of polymerase γ  in order to quantify the 

fidelity and processivity without the complications introduced by the exonuclease 

activity.  Additionally, in this chapter are the details of experiments designed to 

characterize the activity of the wild-type exonuclease domain on a 25d/45r heteroduplex.  

Finally, experiments designed to test the reverse transcriptase activity in a processive 

polymerization mode are detailed and discussed. 



 63

MATERIALS AND METHODS 

The assay conditions for polymerization and exonuclease experiments have been 

discussed in earlier chapters.  All experiments were carried out under single turnover 

conditions unless otherwise stated.  Catalytic subunit at a concentration of 100 nM and 

500 nM accessory subunit were employed for all experiments.  Single turnover 

experiments were carried out in the presence of 90 nM DNA and burst experiments were 

carried out in the presence of 300 nM DNA.  Processive sequential polymerization was 

examined in the presence of 100 µM of each dNTP unless otherwise specified.  The 

sequences of the oligonucleotides employed in this series of experiments are detailed in 

table 5.1. 

 

Table 5.1  DNA/RNA Heteroduplexes employed for Reverse Transcriptase Studies 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTAGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTCGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTGACAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCAG 
3’AGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG 

 

RESULTS 

Correct incorporation of all four nucleotides was characterized in order to 

determine the specificity for incorporation of deoxyribonucleotides during reverse 
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transcription.  Representative data from this study are presented in figure 5.1.  According 

to the fit of the concentration dependence of the observed rate to the hyperbolic equation, 

incorporation of dCTP during reverse transcription by polymerase γ occurs at a maximum 

rate of 39 ± 2 s-1 and the ground state binding affinity of 18 ± 4 µM. According to these 

values, the specificity constant for incorporation of dCTP during reverse transcription is 

2.2 µM-1s-1; a value approximately 20 fold lower than with a DNA template.  Results of 

the “correct” incorporation assays are detailed in table 5.2. 

Once the specificity constant for “correct” deoxyribonucleotide incorporation was 

determined with an RNA template, the misincorporation of dNTPs opposite a template U 

was assayed, in order to quantify discrimination by polymerase γ during reverse 

transcription.  Table 5.2 details the parameters of misincorporation, and figure 5.2 depicts 

an example of the data generated during this series of experiments.   

Table 5.2  Kinetic Parameters of Reverse Transcription by Polymerase γ 
Template 

Base 
dNTP kpol (s-1) Kd (µM) Specificity  

(µM-1s-1) 
Discrimination

U dATP 5.5 ± 0.2 12 ± 1 0.5 ±0.05           1 

 dTTP 0.0008 ± 0.0001  8 ± 3 10x10-5 ± 4x10-5    5,000 

 dCTP 0.0016 ± 0.0002 60 ± 10 30x10-6 ± 6x10-6 16,700 

 dGTP 0.0014 ± 0.0001 60 ± 30 2x10-5 ± 1x10-5 25,000 

G dCTP 39 ± 2 18 ± 4 2.2 ± 0.5           1 

C dGTP 8 ± 2 10 ± 10 1 ± 1           1 

A dTTP 1.79 ± 0.08 2.4 ± 0.9 0.8 ± 0.3           1 
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Figure 5.1  Correct Incorporation of dCTP During Reverse Transcription.  The kinetic 
parameters of dCTP incorporation during reverse transcription were assayed over a 
concentration range of 10 (○) - 250 µM (∆) dCTP.  The observed rates were plotted 
against [dCTP] and fit to a hyperbola.  The hyperbolic fit generated a kpol of 39 ± 2 s-1 
and a Kd of 18± 4 µM. 
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Figure 5.2  Misincorporation of dCTP onto U During Reverse Transcription.  The kinetic 
parameters of dCTP misincorporation onto U during reverse transcription were assayed 
over a concentration range of 10 (○) -1000 µM ( ) dCTP.  The observed rates were 
plotted against [dCTP] and fit to a hyperbola.  The hyperbolic fit generated a kpol of 
0.0016 ± 0.0002 s-1 and a Kd of 58 ± 10 µM. 
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Exonuclease removal of Nucleotides from 25d/45r 

Removal of correct (A-U) and incorrect (G-U) base pair from a 25d/45r substrate 

was assayed to determine the rate of exonuclease removal, in order to calculate the 

contribution to fidelity afforded by the exonuclease activity when polymerase γ is 

employed as a reverse transcriptase.  The time dependence of substrate depletion is 

depicted in figure 5.3 for the removal of a correctly paired dA and for an incorrectly 

paired dG from the 3’ terminus of the primer strand.  The results from these assays are 

summarized in table 5.3.  Interestingly, unlike removal of a mismatch from a 25d/45d 

substrate, removal of a mismatch from a 25d/45r substrate appears to fit to a single 

exponential, however, the reaction was only followed to 55% completion.  In order to 

generate the fit, an end point of zero was assumed. 

 

 
Figure 5.3  Exonuclease Removal of dNMPs from a 25d/45r Duplex.   Removal of 
dNTPs from a 25d-45r duplex was fit to a single exponential, assuming an end point of 
zero.  Removal of a correctly paired dA (●) occurred at a rate of 0.034 ± 0.004 s-1 and 
removal of the incorrectly paired dG (○) occurred at a rate of 0.0021 ± 0.0002 s-1. 



 68

Table 5.3  Exonuclease Removal by Polymerase γ 

Template base dNMP Rate (s-1) 

dU dA 0.0021 ± 0.0002 

 dG 0.034 ± 0.004 

Incorporation of the Next Correct Nucleotide after a Mismatch 

To fully assess the contribution to fidelity afforded by the exonuclease domain of 

polymerase γ, when employed as a reverse transcriptase, it was necessary to determine 

the kinetic parameters governing the forward polymerization to bury a mismatch.  The 

incorporation of a dCTP opposite a template G to bury a terminal G-U mispair was 

characterized at 100, 250, and 500 µM dCTP.  From these experiments, the kpol for 

burying a mismatch was calculated to be 5.5 x 10-5 ± 0.4 x10-5 s-1, and the ground state 

binding affinity was determined to be 150 ± 30 µM.  The time dependence of product 

formation is presented in figure 5.4a and the concentration dependence of the observed 

rate is depicted in figure 5.4b.  In order to generate a fit to the data, the end point of 

product formation was constrained in each of the three time courses to 90 nM, the 

concentration of oligonucleotide duplex present in the reaction.  The amplitudes of the 

product formation observed are very low, and therefore the errors of the rate 

determinations are large, but it is clear that the rate of burying a mismatch is slow.  At 

physiological substrate concentration (100 µM) the rate of correct incorporation on top of 

a mismatch is only 0.00002 s-1.   
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Figure 5.4  Incorporation of a Correct dCTP after a Mismatch.  Incorporation of a dCTP 
after a mismatch was assayed at three concentrations of dCTP, and the observed rates 
were plotted against [dCTP] and fit to a hyperbola.  In order to generate a fit to the data, 
the end point of product formation was constrained in each of the three time courses to 90 
nM, the concentration of oligonucleotide duplex present in the reaction.  The fit to the 
hyperbola generated a kpol of 5.5 x 10-5 ± 0.4 x10-5 s-1 and a Kd of 150 ± 30 µM. 
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Processive Reverse Transcription 

In order for polymerase γ to function as a competent reverse transcriptase it is 

required to incorporate multiple dNTPs sequentially.  Processivity is not only a hallmark 

of a polymerase, but it is a requirement for rapid and efficient replication of a strand of 

DNA, or RNA.  In order to test the processivity of polymerase γ when acting as reverse 

transcriptase, a series of experiments was designed to assay for multiple processive 

incorporations.  The wild-type enzyme DNA complex was rapidly mixed with a solution 

containing 100 µM of each dNTP and allowed to react for a defined amount of time.  An 

autoradiogram of the products of these experiments is presented in figure 5.5. 

It is obvious from the autoradiogram that the exonuclease domain is highly active 

towards the oligonucleotide duplex substrate.  Although there are many products from 

this single assay, an attempt was made to quantify the results of this experiment.  At each 

time point, all products longer than the substrate 25mer were summed and treated as the 

total product of forward polymerization.  All products shorter than the substrate 25mer 

were summed and treated as the total product of exonuclease removal. The time 

dependence of the formation of polymerase products and of the formation of exonuclease 

products is presented in figure 5.6.  Because the data is convoluted and each product is a 

possible substrate for the polymerase domain and the exonuclease domain, little can be 

inferred from the numbers generated from this analysis.  Both plots fit best to a double 

exponential equation, and the values generated are presented in table 5.4.  Formation of 

polymerase products essentially stalls after the incorporation of the first nucleotide, 

although minor amounts of longer products can be seen.  Although the phase is not well 

resolved, the fast phase of formation of polymerase products occurs at a rate of 6 s-1.  The 

fast phase of formation of exonuclease products occurs at a rate of 0.004 s-1.   
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Figure 5.5  Processive Reverse Transcription by wt Polymerase γ.  100 nM wild-type pol 
γ was incubated with 100 µM of all four dNTPs and 90 nM 25d-45r and allowed to react 
for 30 minutes.  Time points were collected periodically and assayed by PAGE and 
autoradiography. 
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Figure 5.6  Formation of Polymerase and Exonuclease Products over 30 minutes.  At 
each time point, products of the polymerase domain were summed and fit to a double 
exponential equation.  Products of the exonuclease domain were also fit to a double 
exponential equation.  The values from these two fits are presented in table 5.4. 

Table 5.4  Fitted Parameters from Processive Reverse Transcription Assay. 

Activity Fast Rate (s-1) Fast Amp (nM) Slow Rate (s-1) Slow Amp. (nM) 

Polymerase 6 15 0.0026 17 

Exonuclease 0.0036 65 0.0015 29 

Because the exonuclease domain was an impediment to processive 

polymerization, and because it was thought that this activity may be the reason for the 

stalling of the polymerase after the first incorporation, the processive polymerization 

experiment was repeated with the exonuclease deficient enzyme.  The autoradiogram of 

this experiment is presented in figure 5.7a.  All products longer than the substrate, at each 

time point, were summed, plotted against the time course of the reaction, and fit to a 

single exponential equation.  This fit generated rate of product formation of 13 ± 1 s-1 and 
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an amplitude of 56 ± 2 µM.  The time dependence of product formation for the 

exonuclease deficient enzyme is depicted in figure 5.7b. 

 
Figure 5.7  Processive Reverse Transcription by Exo- Pol γ.  A.  The autoradiogram of 
product formation during processive polymerization shows that the enzyme stalls after 
the first incorporation.  B.  All products, at each time point longer than the substrate 
25mer were summed and fit to a single exponential.  This fit generated a rate of 13 ± 1 s-1 
and an amplitude of 56 ± 2 nM for the reaction. 
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The exonuclease deficient enzyme proved to be no better than the wild-type 

enzyme in carrying our processive reverse transcription.  At this point it was thought that 

possible sequence context was preventing the polymerase from continuing past a single 

incorporation.  The following experiment was designed to test the possibility that the 

sequence of our synthetic oligonucleotide duplex was preventing processive 

polymerization.  The wild-type holoenzyme (100 nM) was mixed in excess over the 

oligonucleotide duplex (90 nM) and then allowed to react with 100 µM of each 

nucleotide before the collection of time points at 10 and 20 seconds.  After 20 seconds of 

reaction, HIV RT was added to the mixture and allowed to react and time points were 

collected after 30 , 60 , and 90 seconds of reaction with RT.  The results of this 

experiment are depicted in figure 5.8. 

 

 
Figure 5.8  Processive Reverse Transcription Assay Including HIV RT.  Wild-type 
polymerase γ was mixed with oligonucleotide duplex and all four nucleotides and 
allowed to react for 20 seconds before the addition of HIV RT.  The autoradiogram 
shows that while pol γ stalls after a single incorporation, HIV RT polymerizes to the end 
of the template. 

DISCUSSION 

Single Nucleotide Incorporation Assays 

In order to determine the specificity of incorporation of dNTPs by polymerase γ 

into a growing 25d/45r oligonucleotide duplex, single nucleotide incorporation assays 
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were preformed.  As shown in figure 5.1, the time dependence of product formation fit to 

a double exponential equation.  While the rate of the fast phase varied with the 

concentration of dCTP in the reaction, the rate of the slow phase did not.  In line with 

previous models for DNA polymerization, the concentration dependence of the rate of the 

fast phase is indicative of the ground state binding affinity and the approach to a 

maximum rate of polymerization (14;54;70;122).  The rate of the slow phase is most 

likely a function of the release of the oligonucleotide duplex from the polymerase and 

subsequent rebinding of the enzyme to the substrate from solution.  This weakened 

binding of the enzyme to the oligonucleotide duplex is the basis for the low amplitudes 

observed in these reactions.  The specificity for correct nucleotide incorporation ranged 

from a high of 2.2 µM-1s-1 to a low of 0.5 µM-1s-1 as detailed in table 5.2.  These figures 

for RNA dependent DNA polymerization are roughly 25 to 100 fold lower than the 

specificity constant observed for DNA dependent DNA replication under single turnover 

conditions.  This loss of specificity is most likely due to differences in specific contacts 

between the oligonucleotide duplex and the enzyme.  RNA/DNA heteroduplexes have 

been previously shown to differ in structure from either DNA/DNA or RNA/RNA 

structures (123).  The RNA strand of the heteroduplex tends toward an A-form 

conformation, while the DNA strand tends toward a B-form conformation.  Overall, the 

duplex tends to be more A-form than B-form, which leads to a fatter duplex and a 

narrower and deeper major groove. 

Reverse transcriptase assays have often been employed of steady-state kinetic 

measurements of discrimination by polymerase γ for the past 30 years, apparently 

because the rates of steady-state single nucleotide incorporation assays are faster than 

with DNA.  The steady-state rates are limited by the rate of release of DNA from the 

enzyme and RNA templates provide a faster steady-state rate because they are poorer 
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substrates.  The limitations of steady-state methods in determining specificity and 

discrimination constants have been discussed in earlier chapters.  In order to assess the 

validity of using reverse transcription assays to characterize the discrimination of a DNA 

polymerase, transient state single turnover assays were employed to determine the 

specificity of incorporation of incorrect nucleotides opposite a template U.   

 
Figure 5.9  Mechanism for Incorporation of dNTPs onto a 25d/45r heteroduplex  

From these values and the specificity constants calculated for the correct 

incorporation of dATP opposite U, the discrimination against misincorporation was 

calculated.  These values are presented in table 5.2.  While the discrimination against a 

G-U (25,000) is higher than the corresponding discrimination against a G-T (3600), the 

average discrimination against misincorporation during reverse transcription (17,000) is 

17 fold lower than discrimination during DNA replication (250,000).  Clearly, reverse 

transcription assays are not valid assays for the characterization of discrimination by 

polymerase γ during DNA dependent DNA replication.  However, the average fidelity is 

high enough that pol γ could be employed as a passable reverse transcriptase if it could be 

shown to possess a highly active, highly specific exonuclease proofreading domain. 

Exonuclease Removal of Nucleotides from a 25d/45r. 

In order to test the activity and specificity of the exonuclease domain of 

polymerase γ, single turnover assays were performed to determine the rate of removal of 

a correctly paired and an incorrectly paired nucleotide.  The results of these experiments 
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are detailed in table 5.3.  The rate of removal of a correctly paired nucleotide was 

determined to be 16 fold slower than the removal of a mismatch, showing that the 

exonuclease domain is both active against a 25d-45r oligonucleotide duplex and specific 

for mismatched nucleotides.   

In order to determine the contribution to fidelity afforded by the exonuclease 

domain, the rate of incorporation to bury a mismatch was measured.  Incorporation of 

dCTP to bury a dG-U mismatch was assayed at three concentrations and the resulting 

observed rates were plotted against the dCTP concentration and fit to a hyperbola.  The 

maximum rate of incorporation to bury a mismatch was calculated to be 5.5 x 10-5 ± 0.4 

x10-5 s-1 and the ground state binding affinity was estimated to be 150 ± 30 µM.  The 

contribution to fidelity by the exonuclease proofreading activity can be thought of as the 

probability of a mismatch being excised relative to that of polymerization to bury the 

mismatch (16).  Therefore, the contribution to fidelity can be calculated as kexo/(kexo + 

kbury).   

 
Figure 5.10  Incorporation to Bury a Mismatch.  The first nucleotide incorporation is the 
incorporation to form a mismatch.  The second incorporation is to bury the mismatch.  
The rate of removal is that of removal of a mismatch. 

In the case of revere transcription by polymerase γ, 99.9% of mismatches will be 

corrected by the exonuclease proofreading activity before they are buried by forward 

polymerization.  Put another way, the proofreading activity of polymerase γ yields an 

additional 1000 fold to the fidelity of the polymerase when acting as a reverse 
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transcriptase.  Correspondingly, the exonuclease domain only contributes a 4 to 200 fold 

enhancement to the fidelity of the polymerase when replicating a DNA/DNA 

oligonucleotide substrate (16).  There is a significant difference in the rate of forward 

polymerization.  While pol γ will incorporate a dNTP over a mismatch during DNA 

replication at a rate of 12 s-1, it incorporates a dNTP to bury a mismatch in a 25d/45r 

200,000 fold slower.  This difference is most likely due to differences in the structure of 

the RNA/DNA substrate and the subsequent contacts that are made with the polymerase, 

and the intrinsic rates of incorporating a second deoxyribonucleotide opposite an RNA 

template. 

Processive Reverse Transcription 

In order to determine the ability of polymerase γ to function as a processive 

reverse transcriptase, a series of experiments were preformed with the wild-type and 

exonuclease deficient enzymes.  The results of these experiments are presented in figures 

5.5 through 5.8.  As shown in figures 5.5 and 5.6, the exonuclease activity of the 

polymerase prevented easy analysis of polymerization products, and processive 

polymerization essentially stalled after the first incorporation.  The assay was repeated 

with the exonuclease deficient enzyme, in order to determine whether or not the stalling 

of the polymerase was due to the proofreading exonuclease activity (figure 5.7).  The rate 

of formation of the first product was essentially the same as for the wild-type polymerase, 

such that stalling of the polymerase occurred after the first incorporation.  The pulse-

chase experiment, depicted in figure 5.8, and employing HIV-RT to assay for free 

oligonucleotide duplex in solution, shows that essentially all of the oligonucleotide is 

capable of being converted to full length product by HIV RT.  The results of this 

experiment demonstrate that polymerase γ binds weakly to a RNA/DNA duplex.  Active 

site titrations used to determine the binding affinity of the polymerase and the 



 79

oligonucleotide duplex proved to be problematic because of the low amplitude of the 

burst phase of product formation during pre-steady-state RNA dependent DNA 

polymerization assays, and an accurate measure of the binding affinity of polymerase γ to 

a RNA/DNA heteroduplex was not obtained.  However, this weak binding, as determined 

by the pulse-chase experiment, explains the low amplitude observed under single 

turnover single nucleotide incorporation assays, and the apparent double exponential 

nature of these reactions.  While the enzyme is mixed in excess over the 25d/45r, less 

than all of the substrate is bound by the enzyme at the beginning of the reaction, leading 

to low amplitudes and a slow second phase of the reaction as bound enzyme releases 

from product and unreacted substrate is bound by enzyme from solution.  For this reason 

it is not believed that polymerase γ can be employed as a viable reverse transcriptase for 

molecular biological applications.  Mutagenesis to increase the binding of the polymerase 

to the RNA/DNA duplex may allow for polymerase γ to function as a processive reverse 

transcriptase, however, this may not be biochemically feasible or economically viable. 
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Chapter 6:  Discrimination Against Ribonucleotides by Polymerase γ 

INTRODUCTION 

It has been previously shown that the mitochondrial genome contains stably 

incorporated ribonucleotides, and this observation coupled with the apparent single-

stranded nature of replicating mitochondrial DNA ultimately led to the proposal of the 

strand asymmetric model of DNA replication of the mitochondrial genome (124).  In this 

model there are only two initiation sites of replication, one on each strand, that are 

spatially separate (64).  Replication starts at the initiation site for replication of the heavy 

strand and proceeds until the light strand initiation site is displaced and replication of the 

light strand can begin.  In this model replication is continuous for both strands, meaning 

that there are no Okazaki fragments formed by lagging strand synthesis.  Treatment of 

non-replicating mtDNA preparations, from rat liver, with RNase H, RNase one, and S1 

nuclease revealed short, sparse patches of RNA with no apparent strand bias (64).  The 

authors suggest that this data, along with the observation that replicating mitochondrial 

DNA is almost entirely double-stranded, argue in favor of a strand coupled mechanism of 

mtDNA replication, but do not rule out the asymmetric model for certain circumstances. 

The presence of ribonucleotides in the mitochondrial genome leads to several 

questions, including how do they get there and what do they mean for polymerase 

fidelity.  In order to answer these questions I carried out a series of experiments.  The 

discrimination against rNTPs was characterized with a 25d/45d, a 25d/45r, and a 25r/45d 

substrate.  Characterization of the incorporation of dNTPs onto a 25d/45d has been 

reported previously (14) and in chapter 3.  Incorporation of dNTPs onto a 25d/45r was 

discussed in chapter 5.  In order to round out the study, and to assess the effects of an 
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RNA primer on the incorporation of dNTPs, I characterized the incorporation of dNTPs 

onto a 25r/45d, and these experiments are presented here as well. 

MATERIALS AND METHODS 

All polymerase and exonuclease assay procedures have been detailed in preceding 

chapters.  Single turnover reactions were carried out at final concentrations of 100 nM 

catalytic subunit, 500 nM accessory subunit, and 90 nM oligonucleotide duplex substrate, 

while burst assays differed in that they employed 300 nM oligonucleotide substrate.  The 

reaction buffer conditions have been detailed in preceding chapters as well, and contained 

a final concentration of 25 mM MgCl2.  Oligonucleotide duplex combinations used in the 

following studies are presented in table 6.1 
 
Table 6.1  Duplex Substrates used in rNTP Discrimination Studies. 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTAGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTCGGAGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCA 
3’AGGAGCGTCGGCAGGTTGGTTGAGTGACAGCTAGGTTACGGCAGG 
RNA primers and templates were of the same sequences as DNA primers and templates 
employed. 

RESULTS 

Discrimination Against rNTP Incorporation Into a 25d/45d 

In order to determine the kinetic parameters that govern the discrimination against 

ribonucleotides by polymerase γ, single turn over, single nucleotide incorporation assays 

were performed at varying concentrations of the incoming rNTP.  Single turnover assays 
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were conducted in favor of burst experiments in order to eliminate the possible 

contribution of the rate of DNA release, which was expected to be faster than the rate of 

nucleotide incorporation.  Figure 6.1 illustrates representative data showing the 

incorporation of UTP onto a dA, where the oligonucleotide substrate employed is a 

25d/45d duplex.  The kinetic parameters governing the incorporation of rNTPs into a 

25d/45d oligonucleotide duplex are detailed in table 6.2.  Interestingly, over the 

concentration range of 1 to 500 µM, the rate of ATP incorporation opposite dT did not 

saturate, and therefore the only value that can be generated is kpol/Kd (0.00006 µM-1s-1), 

which is the slope of the line to which the concentration dependence of the rate was fit. 
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Figure 6.1  Incorporation of UTP onto dA.  The kinetic parameters of UTP incorporation 
onto dA were assayed over a concentration range of 1 (○) - 500 µM (▲) UTP.  The 
observed rates were plotted against [UTP] and fit to a hyperbola.  The hyperbolic fit 
generated a kpol of 0.0059 ± 0.0005 s-1 and a Kd of 510 ± 70 µM. 
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Table 6.2  Incorporation of rNTP into a 25d/45d Duplex. 
Template 

Base 
rNTP kpol (s-1) Kd (µM) Specificity  

(µM-1s-1) 
Discrimination 

dA UTP 0.0059 ± 0.0005 510 ± 70 12x10-6 ± 2x10-6 3,250,000 

dT ATP   6x10-5 ± 1x10-5 950,000 

dG CTP 0.03 ± 0.004 100 ± 20 30x10-5 ± 7x10-5 157,000 

dC GTP 0.017 ± 0.001 24 ± 3 70x10-5 ± 1x10-5 64,000 

Because we were interested in the ability of polymerase γ to function as a reverse 

transcriptase, a DNA primer duplexed to a RNA template was employed to characterize 

the discrimination against rNTPs when polymerase γ was functioning as an RNA 

dependent DNA polymerase.  Figure 6.2 shows the incorporation of GTP into a 25d/45r 

oligonucleotide duplex, as a representative of the data generated.  Note that after sixty 

minutes of incubation the reaction has not reached completion.  This was not an 

uncommon result in that none of the assays of incorporation of rNTPs into a 25d/45r 

reached completion after a 1 hour incubation, even at a concentration of 1 mM rNTP.  

Table 6.3 lists the results of incorporation of rNTPs into a 25d/45r oligonucleotide 

duplex. 

Table 6.3  Incorporation of rNTPs into a 25d/45r Duplex. 

Template 
Base 

rNTP kpol (s-1) Kd (µM) Specificity (µM-1s-1) 

A U 0.0009 ± 0.0001 50 ± 10 20x10-6 ± 5x10-6 

U A 0.00001± 4x10-6 14 ± 4 7x10-7 ± 3x10-7 

G C 0.0028 ± 0.0002 77 ± 20 4x10-5 ± 1x10-5 

C G 0.0003 ± 0.00003 390 ± 90 8 x 10-7 ± 2x10-7 
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Figure 6.2  Incorporation of GTP into a 25d/45r Oligonucleotide Duplex.  The kinetic 
parameters of GTP incorporation into a 25d/45r oligonucleotide duplex were assayed 
over a concentration range of 5 (○) -1000 µM (▲) GTP.  The observed rates were plotted 
against [GTP] and fit to a hyperbola.  The hyperbolic fit generated a kpol of 0.0003 ± 
0.00003 s-1 and a Kd of 390 ± 90 µM. 
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After demonstrating that polymerase γ could incorporate ribonucleotides during 

the course of DNA replication, although very slowly, I attempted to determine what 

effect, if any, these incorporated rNTPs would have on discrimination against 

ribonucleotides during the next incorporation.  In order to answer this question, I 

employed a RNA primer/ DNA template duplex in single turnover, single nucleotide 

incorporation assays.  An example of the data generated during this series of assays is 

presented in figure 6.3.  CTP incorporation into a 25r/45d duplex occurred at a rate of 

0.0048 ± 0.0004 s-1, and the ground state binding affinity was 68 ± 8 µM.  The results of 

this series of experiments are presented in table 6.4.   

Figure 6.4 depicts the incorporation of dCTP into a 25r/45d and is representative 

of the data generated from the set of experiments characterizing the kinetics of 

incorporation of dNTPs into a 25r/45d.  Assays to characterize the incorporation of 

dNTPs onto a 25r/45d substrate were carried out under burst conditions, with enzyme at a 

final concentration of 100 nM and the 25d/45r at a concentration of 300 nM.  The data 

generated from this series of experiments are also presented in table 6.4. 

Table 6.4  Incorporation of rNTPs and dNTPs into a 25r/45d Duplex. 
Template 

Base 
NTP kpol (s-1) Kd (µM) Specificity (µM-1s-1) 

dT ATP 0.0135 ± 0.003 700 ± 200 20x10-6 ± 7x10-6 

 dATP 1.5 ± 0.1 1.2 ± 0.3 1.3 ± 0.3 

dA UTP 0.0004 ± 3x10-5 60 ± 10 7 x 10-6 ± 1 x 10-6 

 dTTP 4.8 ± 0.3 10 ± 3 0.5 ± 0.1 

dC GTP 0.0045 ± 0.0005 19 ± 3 200x10-6 ± 40x10-6 

 dGTP 2.5 ± 0.5 1 ± 0.1 2.5 ± 0.6 

dG CTP 0.0048 ± 0.0004 68 ± 8 70x10-6 ± 10x10-6 

 dCTP 1.3 ± 0.2 22 ± 9 0.06 ± 0.03 
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Figure 6.3  Incorporation of CTP into a 25r/45d Duplex.  The kinetic parameters of CTP 
incorporation into a 25r/45d oligonucleotide duplex were assayed over a concentration 
range of 5 (○) -500 µM (▲) CTP.  The observed rates were plotted against [CTP] and fit 
to a hyperbola.  The hyperbolic fit generated a kpol of 0.0048 ± 0.0004 s-1 and a Kd of 68 
± 8 µM. 
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Figure 6.4  Incorporation of dCTP onto a 25r/45d Oligonucleotide Duplex.  The kinetic 
parameters of dCTP incorporation into a 25r/45d oligonucleotide duplex were assayed 
over a concentration range of 5 (○) -500 µM (▲) dCTP.  The observed rates were plotted 
against [dCTP] and fit to a hyperbola.  The hyperbolic fit generated a kpol of 1.3 ± 0.2 s-1 
and a Kd of 22 ± 9 µM. 
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DISCUSSION 

The one conclusion that is immediately obvious from this series of experiments is 

that polymerase γ shows greater discrimination during the incorporation of dNTPs than 

the incorporation of rNTPs, regardless of the primer-template context.  Moreover, the 

rates of rNTP incorporation are quite slow.  The discrimination against GTP:dC versus 

dGTP:dC is 64,000, discrimination against CTP:dG versus dCTP:dG is 156,000, 

discrimination against ATP:dT versus dATP:dT is 950,000, and discrimination against 

UTP:dA versus dTTP:dA is 3,250,000.  With respect to the 25d/45d duplex, dNTP 

mismatches opposite a dT and a dA are roughly 10 times more likely to occur than the 

incorporation of a correctly paired rNTP, based upon the average discrimination against 

incorporation of a mismatch onto these bases.  Misincorporation of dNTPs onto a dC and 

a dG are roughly as likely to be incorporated as the correct rNTPs.   

Based on the average specificity for misincorporation of dNTPs into a 25d/45r, 

pol γ is 70 times more likely to incorporate a mispaired dNTP than a correctly paired 

rNTP, when both are present in the same concentrations.  And, although mismatch 

incorporation of dNTPs has not been characterized with a 25r/45d substrate, polymerase γ 

is, on average, 36,000 times more likely to incorporate a dNTP than an rNTP.  It is 

apparent that there are specific contacts between the polymerase and the 2′ hydroxyl of 

the incoming rNTP that allows for efficient discrimination against incorporation of these 

nucleotides by polymerase γ.  Based upon these data, it is reasonable to propose that the 

presence of rNTPs in the mitochondrial genome are most likely not due to the action of 

polymerase γ, and are most likely remnants of inefficient RNA primer removal by 

mitochondrial enzymes. 

RNA primed DNA synthesis is interesting, in that this is a required step in the 

replication of the mitochondrial genome.  There are currently two proposed models for 
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the replication of the mitochondrial genome, the strand-asymmetric model (125) and the 

strand-coupled model (126).  While these two models may differ considerably, both 

require initiation of replication by an RNA primer.  From the study of RNA primed DNA 

synthesis it is clear that incorporation occurs rapidly enough to be physiologically 

relevant.  Although an in depth study into the kinetic parameters governing the 

misincorporation of dNTPs during RNA primed DNA synthesis has not been undertaken, 

as the specificity for correct incorporation onto a 25r/45d is significantly higher than the 

average specificity for misincorporation onto a 25d/45d, it appears that polymerase γ 

exhibits sufficient specificity for correct nucleotide incorporation during RNA primed 

DNA synthesis to be physiologically relevant as well. 
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Chapter 7:  Incorporation Opposite “Nonpolar” Nucleoside Analogs 

INTRODUCTION 

In order for a DNA polymerase to faithfully replicate a DNA molecule it is 

required to accurately discriminate between correct and incorrect deoxyribonucleotides 

(dNTPs).  However, the dNTPs the polymerase must discriminate against are the 

substrates that it requires for replication in alternating steps of polymerization.  The 

question that arises naturally from this seemingly paradoxical statement is, ‘how can a 

polymerase accurately discriminate against twelve possible misincorporations, while 

efficiently incorporating the four correct base pairs, when the mispairs are combinations 

of substrates required for accurate and efficient DNA replication?’   

In chapter 3 I described how the ground state binding affinity is reduced when the 

polymerase is challenged with an “incorrect” nucleotide, and that the rate of 

polymerization is greatly reduced as well.  Together these two effects lead to a reduction 

in the specificity for nucleotide incorporation, and it is this reduction in specificity that is 

the basis for polymerase fidelity.  Likewise, I described in chapter 6 a reduction in the 

ground state binding affinity and rate of polymerization when the polymerase is 

challenged with a ribonucleotide.  Taken together, these two conclusions lead us to the 

suggestion that there are several factors that govern DNA polymerase fidelity.  These 

factors include, but are most likely not limited to, steric interactions between the enzyme-

DNA complex and the substrate nucleotide, ionic interactions between the enzyme 

complex and the nucleotide, base stacking interactions, desolvation, and base pair 

hydrogen bonding (67;82). 

In order to assess the contribution to discrimination afforded by base pair 

hydrogen bonding, nucleotide mimics lacking hydrogen bond forming capability, but 
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retaining the overall steric shape of the natural nucleotide have been synthesized (84;127-

129).  Oligonucleotides containing two of these “shape mimics” have been employed as 

templates for pre-steady-state kinetic analysis of the coding ability of these analogs.  

These oligonucleotide templates were obtained from Dr. Eric Kool, one containing a 

deoxyadenosine “shape mimic” (dQ) and the other containing a deoxythymidine “shape 

mimic” (dF).  Additionally, dFTP, dQTP, and dZTP (another dATP “shape mimic”) were 

assayed in order to determine the kinetic parameters of incorporation of these free 

nucleotides onto natural template nucleotides. 

Data from steady-state exonuclease assays, designed to examine the removal of a 

single natural base pair opposite either a dF or dZ, have been used to argue that the 

geometry of a base pair plays little if any role in the proofreading efficiency of a 

polymerase (130).  This argument is based upon the structural similarity of an A-T base 

pair and an A-F base pair in solution, and the observation that A paired opposite F is 

removed much more rapidly than A paired opposite T.  In fact, the rate of removal of A 

from F is nearly equal to that of C, G, and T removal from T.  If A-F is structurally 

similar to A-T, but is removed as a mismatch, then the base-pair geometry plays little if 

any role in proofreading efficiency, or so goes the argument.  To obtain definitive data 

using single turnover conditions, I measured the rates of incorporation and removal of A, 

T, C, and G paired opposite dF and dQ. 

MATERIALS AND METHODS 

Single nucleotide incorporation assays were carried out as previously described in 

chapters 3, 4, and 5.  The polymerase reaction buffer contains 50 mM Tris-Cl, 100 mM 

NaCl, 25 mM MgCl2, 1 mM EDTA, and 0.1 mg/ml BSA.  The reaction was mixture was 

constructed by mixing the catalytic subunit, accessory subunit, and oligonucleotide 

substrate in the absence of MgCl2, then rapidly mixing this solution with one containing 
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MgCl2 and varying concentrations of dNTP, as described in chapters 3-5.  

Oligonucleotide combinations used in the following assays are listed in table 7.1.  The 

chemical structures of the “shape mimic” nucleotide analogs, dF, dQ, and dZ are detailed 

in figure 7.1. 

Oligonucleotide templates containing the nucleotide analogs dF and dQ were 

provided by Dr. Eric Kool (Stanford University) and were employed in incorporation 

assays without purification.  The triphosphate forms of the nucleotide analogs dF, dQ, 

and dZ were also provided by Dr. Kool and were used in incorporation assays without 

further purification as well. 

Table 7.1  Duplex Substrates used in Nonpolar Analog Studies  
5’TCCTCGCAGCCGTCCAACCAACTCAAC 
3’CGGAGCGTCGGCAGGTTGGTTGAGTTGFCGCTAGGTTACGGCAGG 
 
5’TCCTCGCAGCCGTCCAACCAACTCAAC 
3’CGGAGCGTCGGCAGGTTGGTTGAGTTGQCGCTAGGTTACGGCAGG 
 

5’TCCTCGCAGCCGTCCAACCAACTCA 
3’CGGAGCGTCGGCAGGTTGGTTGAGTTGTCGCTAGGTTACGGCAGG 
 

5’TCCTCGCAGCCGTCCAACCAACTCA 
3’CGGAGCGTCGGCAGGTTGGTTGAGTAGCCGCTAGGTTACGGCAGG 

 
Figure 7.1  Nonpolar Nucleoside Analogs. 
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RESULTS 

Incorporation of dNTPs Opposite dF 

Incorporation assays were performed for the incorporation of all four natural 

nucleotides onto a template dF at concentrations of free nucleotide from 1 µM to 500 

µM.  Figure 7.2a depicts the time dependence of product formation for dATP 

concentrations from 1 µM to 500 µM, and the [dATP] dependence of the observed rates 

is plotted in figure 7.2b.  For comparison, figure 7.3 depicts the results of incorporation 

of dTTP onto dF.  Note the difference in time scale.  The results from these assays are 

summarized in table 7.2.  The most striking result from this series of experiments is that 

the maximum rate of incorporation is much greater for dATP onto a dF than for any of 

the other combinations assayed.  Note that although there is roughly a 1000 fold 

difference between the rate of “correct” and “incorrect” incorporation, there is at most a 

10 fold difference in the ground state binding affinity.   

Incorporation of dNTPs Opposite dQ 

The specificity of nucleotide incorporation opposite a dQ was characterized for all 

four natural nucleotides.  Reactions were carried out at dNTP concentrations from 1 µM 

to 500 µM over 90 seconds.  Interestingly, unlike dF, there does not seem to be a strong 

preference for the incorporation of any one nucleotide over any other nucleotide.  In fact, 

except for the rate of incorporation of dGTP and the ground state binding affinity of 

dATP, the calculated kinetic parameters are statistically indistinguishable for all four 

nucleotides.  Figure 7.4 shows the results of incorporation of dTTP onto dQ, and for 

comparison, figure 7.5 depicts dGTP incorporation onto dQ. 
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Figure 7.2  Incorporation of dATP onto dF.  The incorporation of dATP opposite dF was 
tested at several concentrations of dATP from 1 (○) to 500 µM (▲).  The observed rate 
of incorporation was plotted against [dATP].  The best fit to the hyperbolic equation 
yielded a kpol of 110 ± 10 s-1 and a Kd of 80 ± 10 µM. 
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Figure 7.3  Incorporation of dTTP onto dF.  dTTP incorporation onto dF was 
characterized at dTTP concentrations from 1 (○) to 500 µM (▼).  The observed rates 
were plotted against [dTTP] and fit to a hyperbola to yield a kpol of 0.072 ± 0.008 s-1 and 
a Kd of 130 ± 20 µM. 
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Figure 7.4  Incorporation of dTTP onto dQ.  dTTP incorporation opposite dQ was 
assayed at dTTP concentrations from 1 µM (○) to 500 µM ( ).  The observed rates were 
fit to a hyperbola to obtain a kpol of 0.08 ± 0.01 s-1 and  Kd of 160 ± 30 µM. 
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Figure 7.5  Incorporation of dGTP onto dQ.  The observed rates calculated from the time 
dependence of product formation were plotted against [dGTP] and fit to a hyperbolic 
equation.  This fit yielded a kpol of 0.047 ± 0.009 s-1 and a Kd of 170 ± 50 µM. 
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Table 7.2  Incorporation Opposite Nonpolar Analogs. 
Template 

Base 
dNTP kpol (s-1) Kd (µM) Specificity  

(mM-1s-1) 
Discrimination 

dF dATP 110 ± 10 80 ± 10 1.4 ± 0.2 1 
 dGTP 0.11 ± 0.04 800 ± 300 0.00014 ± 0.00007 10,000 
 dTTP 0.072 ± 0.008 130 ± 20 0.0006 ± 0.0001 2500 
 dCTP 0.10 ± 0.01 350 ± 50 0.00028 ± 0.00005 5000 

dQ dTTP 0.08 ± 0.01 160 ± 30 0.0005 ± 0.0001 1 
 dGTP 0.047 ± 0.009 170 ± 50 0.0003 ± 0.0001 1.8 
 dATP 0.07 ± 0.01 40 ± 10 0.002 ± 0.0006 0.25 
 dCTP 0.09 ± 0.02 290 ± 70 0.0003 ± 0.0001 1.6 

dA dTTP 87 ± 7 2.1 ± 0.3 41 ± 7 1 
 dFTP 9 ± 1 49 ± 9 0.18 ± 0.04 228 

dT dATP 140 ± 10 3.1 ± 0.4 45 ± 5 1 
 dQTP 1.6 ± 0.1 460 ± 40 0.0035 ±0.0004 13,000 
 dZTP 0.17 ± 0.01 240 ± 30 0.0007 ± 0.0001 64,000 

Incorporation of Shape Mimics Nucleotide Analogs 

The kinetic parameters of incorporation of dZTP and dQTP opposite dT, and 

dFTP opposite dA were characterized in order to further investigate the contribution to 

fidelity afforded by base pair hydrogen bonding.  Incorporation of dFTP opposite dA 

exhibited a 10 fold lower specificity constant as compared to dATP incorporation 

opposite dFTP.  The time dependence of product formation for the incorporation of dFTP 

opposite dA is depicted in figure 7.6a.  The concentration dependence of the maximum 

rate of incorporation is depicted in figure 7.6b.  Interestingly, but not unexpectedly, pol γ 

discriminated against dZTP with 5 fold higher efficiency than it does dQTP, when 

incorporating opposite dT.  It is believed that specific interactions with the enzyme and 

the minor groove of the DNA duplex are the cause of this difference in incorporation 

between these two very similar molecules (131).  The plots of product formation for 

dQTP and dZTP incorporation onto dT are presented in figures 7.7 and 7.8, respectively.  

This data is summarized in table 7.2. 
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Figure 7.6.  Incorporation of dFTP Opposite dA.  The incorporation of dFTP opposite dA 
was assayed at [dFTP] concentrations from 10 µM (○) to 500 µM (▲).  The hyperbolic 
fit of the concentration dependence of the rate yielded a kpol of 9 ± 1 s-1 and a Kd of 49 ± 
9 µM. 
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Figure 7.7.  Incorporation of dQTP Opposite dT.  The incorporation of dQTP opposite dT 
was assayed over a concentration of 10 (○) to 500 µM (▲) and exhibited a kpol of 1.6 ± 
0.1 s-1 a Kd of 460 ± 40 µM. 
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Figure 7.8.  Incorporation of dZTP Opposite dT.   The incorporation of dZTP opposite dT 
was assayed over a [dZTP] concentration range of 10 (○) to 500 mM (▲) and fitting the 
rates versus [dZTP] generated a kpol of 0.17 ± 0.01 s-1 and a Kd of 240 ± 30 µM. 
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Exonuclease Removal of Natural Nucleotides 

Removal of nucleotides paired opposite the nonpolar analogs dF and dQ were 

assayed under single turnover conditions and the time course of substrate depletion for all 

eight assays fit best to a double exponential.  The time courses of substrate depletion for 

all eight combinations assayed are presented in figure 7.9.  As can be clearly seen from 

the graph, the kinetics of removal are nearly indistinguishable irrespective of the base 

pair assayed.  The fitted parameters are presented in table 7.3.  Like removal of 

mismatches reported in chapter 4, the removal of all combinations assayed occurred as a 

double exponential, as opposed to removal of a correct base which occurs as a single 

exponential.  Additionally, the average rates of both phases very nearly equal those of 

mismatch removal reported in chapter 4. 

 

 

Figure 7.9.  Removal of Natural Nucleotides Paired Opposite Nonpolar Analogs.  
Removal of dA, dT, dC, and dG paired either dF or dQ proceeded as a double 
exponential.  The average rate of the fast phase of the reaction was 4.3 s-1 and the average 
rate of the slow phase of the reaction was 0.23 s-1. 



 104

Table 7.3 Removal of Natural Nucleotides 

Temp. Primer Rate 1 (s-1) Amp 1 (nM) Rate 2 (s-1) Amp 2 (nM) 
dF dA 6 ± 1 46 ± 7 0.3 ± 0.1 36 ± 6 

 dC 4.4 ± 0.7 39 ± 4 0.24 ± 0.06 48 ± 3 
 dG 5 ± 1 36 ± 3 0.27 ± 0.06 48 ± 3 
 dT 4.5 ± 0.2 38 ± 1 0.24 ± 0.01 48 ± 1 

dQ dA 6 ± 1 47 ± 4 0.24 ± 0.07 38 ± 3 
 dC 3.6 ± 0.4 37 ± 2 0.22 ± 0.03 47 ± 2 
 dG 1.1 ± 0.6 47 ± 12 0.14 ± 0.04 38 ± 12 
 dT 4.1 ± 0.2 41 ± 1 0.16 ± 0.01 45 ± 1 

dT dA 0.021 ± 0.002 78 ± 3 NA NA 
 dG 3.3 ± 0.2 57 ± 2 0.45 ± 0.06 29 ± 2 

DISCUSSION 

Difluorotoluene deoxynucleoside (dF) is a nonpolar analog of deoxythymidine 

(132).  In place of the carbonyl oxygen atoms of dT are fluorine atoms in dF.  This 

compound has been shown to lack base pair hydrogen bonding ability with dATP in 

solution, even in chloroform, a solvent that strongly favors hydrogen bond formation 

(133;134).  Additionally, when opposite a dA in a DNA duplex, dF destabilized the 

duplex to the same degree that would be expected from the removal of hydrogen 

bonding.  In spite of the differences between dF and dT, dF retains nearly the exact shape 

of dT. 

9-Methyl-1-H-imidazo [(4,5)-b] pyridine deoxyribose (dQ) is a nonpolar shape 

mimic of deoxyadenosine (135), and has been shown by in vivo studies to code 

efficiently and specifically for dT (84).  However, in depth kinetic studies have not been 

undertaken to characterize the specificity of polymerization with dQ either as a free 

nucleotide, or as a templating base.  4-Methylbenzimidazole (dZ) is also a shape mimic 

of adenosine.  As with dQ, dZ has been shown to be structurally similar to adenosine and 

to lack the ability to base pair either as free nucleotide in solution, or as part of a DNA 
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duplex(133;136;137).  And, like dQ, it has yet to be subjected to rigorous biochemical 

assays to determine the kinetics of its incorporation. 

Steady-state studies of the incorporation of nucleotides opposite a dF suggest that 

misincorporation is discriminated against to the same degree that it is discriminated 

against with a dT in the template (129).  In chapters 1 and 3 I detailed the inherent 

difficulties in attempting to characterize the discrimination of a polymerase by steady-

state kinetic assays.  Because of these difficulties, and the confusion wrought by steady-

state polymerase assays, I have characterized the specificity of incorporation of dNTPs 

opposite two “shape mimic” nucleoside analogs, dF and dQ.  I have also characterized 

the incorporation of dFTP, dQTP, and dZTP onto dA and dT. 

Incorporation of Natural Nucleotides on to Nonpolar Analogs 

The most interesting result from this study is the rapid rate of incorporation of 

dATP onto dF.  This, perhaps, implies that the loss of hydrogen bonding does not 

seriously alter the orientation of the nucleotide bound at the active site of the polymerase, 

given that the nucleotide shape is otherwise unaltered.  It also lends credibility to the 

assertion that the size and shape of the base pair are important contributors to polymerase 

fidelity.  However, further studies point to the important role played by hydrogen 

bonding. 

As was noted in chapter 3, discrimination against incorporation of a G-T mispair 

(specificity of G-T incorporation 0.016 µM-1s-1) is 16 fold lower than for the converse T-

G base pair(specificity of T-G incorporation 0.0008 µM-1s-1), and this is believed to be 

due to the asymmetry between the G-T and the T-G base pairs.  That is, the T-G base pair 

protrudes into the minor groove of the DNA duplex, unlike the G-T pair, and may be able 

to be sensed by the polymerase.  The magnitude of discrimination against the 

incorporation of a G-T base pair is also 120 fold less than that of any other base pair 
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(average discrimination of 442,000), and this is most likely due to the nature of the 

wobble base pair.  A graphical representation of the G-T wobble base pair is presented in 

figure 7.10.  Not only does the wobble base pair allow for the formation of two hydrogen 

bonds, but it also has only a minor effect on the position of the α-phosphate relative to 

the 3′ hydroxyl of the primer strand.  Unlike the G-T base pair, the G-F base pair is 

unable to be stabilized by hydrogen bonds.  Because of this lack of base pair stabilization, 

it only makes sense that the specificity for incorporation of G opposite T is higher than 

for G incorporation opposite F.   

 

 
Figure 7.10.  The G-T Wobble Base Pair. 

Unlike the G-F base pair, where specificity for incorporation is lower than for G-

T, the T-F and C-F base pairs exhibit a 2 and 3 fold higher specificity for incorporation 

relative to T-T and C-T mispairs respectively.  This is most likely due to better fit 

afforded to the T-F and C-F due to the replacement of the carbonyl oxygen atoms of T 

with fluorine atoms in F.  Because the T and C are more easily fit into the active site 

when F is present, relative to T, the enzyme is not able to discriminate against their 

incorporation to the same degree as it can with T in the template. 
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One of the major arguments made about dF is that misincorporations opposite dF 

are discriminated against to nearly the same degree as misincorporations opposite dT 

(129;138).  While it is true that the specificity for incorporation of C, T, and G opposite F 

and T fall within the fairly narrow range of 0.0001 µM-1s-1 to 0.00055 µM-1s-1 (except for 

the above mentioned G-T pair), discrimination is defined as a the ratio of the specificity 

for correct incorporation relative to misincorporation.  The specificity constant for the 

incorporation of dA opposite dT is 45 µM-1s-1, however, the specificity constant for the 

incorporation of dA opposite dF is 1.4 µM-1s-1.  Polymerase γ exhibits an average 

discrimination against misincorporation opposite a template dT of 270,000, while it 

exhibits an average discrimination against misincorporation opposite a template dF of 

only 5,800.  Although rigorous pre-steady-state kinetic assays have yet been employed to 

study the effect of the loss of hydrogen bonding ability on Klenow fragment fidelity, it 

may yet be determined that base pair formation does not play a role in fidelity for this 

fragment of a low fidelity repair enzyme.  However, this is certainly not true for 

polymerase γ, nor is it the case for the higher fidelity enzyme T7 bacteriophage DNA 

polymerase (data not shown). 

Because the observed parameters for the kinetics of incorporation of various 

nucleotides opposite a dQ are statistically indistinguishable, the most accurate conclusion 

that can be drawn is that dQ is not a terribly good shape analog of dA.  Unfortunately, we 

were unable to secure an oligonucleotide sample containing dZ for comparison to dQ.  It 

would be interesting to compare these two in the context of template base, as there is 

evidence to support the presence of enzyme-minor groove interactions that could be 

disrupted by the elimination of the nitrogen atom at position 1 of the purine structure. 

It is interesting to note the similarity between all of the observed ground state 

binding affinities, for incorporation onto both nucleoside analogs.  Given that the Kd for 
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dATP incorporation opposite a dT at 25 µM Mg++ is 3 µM, and the spread of observed Kd 

for incorporation onto the analogs is from 40-800 µM, we can calculate the contribution 

of base pair hydrogen bonding to fidelity to be between a 12 and 270 fold increase 

depending on the identity of the base pair in question.  This is not surprising in that the 

contribution to fidelity afforded by ground state binding has been previously estimated to 

be roughly 200-300 fold (70).  This study serves to reaffirm that ground state binding 

may not be the sole contributor to polymerase discrimination, but it does play a 

significant role, and cannot be discounted from a discussion of polymerase fidelity. 

Incorporation of Nonpolar Analogs onto Natural Nucleotides 

The incorporation of dFTP was assayed only in the context of a template dA.  

While it would be interesting to determine the kinetic parameters governing the 

misincorporation of dFTP opposite dG, dT, and dC, I was limited by the amount of dFTP 

available, and therefore focused my efforts on the dFTP-dA pair.  Relative to a dTTP-dA 

base pair, there was observed a 20 fold reduction in ground state binding affinity, as 

determined by a 20 fold increase in the Kd for nucleotide binding.  This is nearly equal to 

the 22 fold change in ground state binding observed for dATP-dF relative to dATP-dT.  

Unlike the dATP-dF pair, however, is the 10 fold reduction in the rate of polymerization 

relative to the dTTP-dA pair.  The rate of incorporation of dATP opposite dF (114 s-1) is 

nearly equal to that of dATP opposite dT (140 s-1).  The roughly 10 fold reduction in rate 

of incorporation combined with the roughly 20 fold increase in the Kd for nucleotide 

incorporation leads to a 200 fold reduction in specificity and by definition, a 

discrimination value of 228.  While the discrimination against dFTP opposite dA is 

approximately 1000 fold lower than the average discrimination against misincorporation, 

it is apparent that dFTP is not incorporated opposite dA with the same efficiency as 

dTTP.  It has been previously established that dFTP is structurally very similar to dTTP 
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(129;138), and if this is the case then it is apparent that the difference in discrimination 

between dFTP and dTTP is due to the loss of hydrogen bonds. 

dQTP and dZTP are structurally very similar, and have been previously shown to 

be structurally similar to dATP.  It was believed that this structural similarity would 

allow these two molecules to be employed as efficient shape analogs of dATP.  The 

kinetic data argue, however, that dQTP and dZTP are either not good mimics of the 

structure of dATP, or that hydrogen bonding plays a critical role in the efficient 

incorporation of dATP opposite dT.  Because there are large changes in both the rate of 

polymerization and the Kd for nucleotide binding relative to dATP incorporation, it is 

difficult to draw firm conclusions.  The 5 fold difference in the specificity constant for 

incorporation of dQTP and dZTP is interesting because the only difference in the 

structures of these two molecules is the presence of a nitrogen atom at the 1 position of 

the purine structure in dQTP, however, polymerase γ exhibits a 5 fold higher 

discrimination against dZTP than dQTP.  It has been previously posited that there are 

interactions between the polymerase and the minor groove of the DNA duplex.  It is 

apparent that the presence of this nitrogen atom at position 1 of the purine ring has a 

beneficial effect on the incorporation kinetics, and perhaps this is due to favorable 

interactions between the enzyme and dQTP due to this nitrogen. 

Exonuclease Removal of Natural Nucleotides paired Opposite Nonpolar Analogs 

As was discussed in chapter 4, correct nucleotides are removed by the 3′-5′ 

exonuclease domain of polymerase γ at a rate of 0.02 s-1.  Incorrect nucleotides, however, 

are removed in a biphasic reaction, the fast phase occurring at a rate of 3.3 s−1 and the 

slow phase occurring at a rate of 0.46 s−1.  It is believed that the biphasic nature of the 

removal of incorrectly paired nucleotides is due to the partitioning of the primer strand 

between the polymerase site and the exonuclease site.  Due to the lack of base pair 
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hydrogen bonding to keep the mispaired primer strand in the polymerase site, the reaction 

is believed to begin with a majority of the primer strand in the exonuclease domain.  The 

rate of exonuclease removal that is observed in the fast phase reflects the rate of 

chemistry to remove the nucleotide from the primer.  The rate of the slow phase reflects 

the rate of translocation of the primer strand from the polymerase domain to the 

exonuclease domain.  It has been previously shown that the rate of removal of dA paired 

opposite dF is much faster than the rate of removal of dA paired opposite dT (130).  In 

fact, the rate of removal of dA paired opposite dF is roughly equivalent to the rates of 

removal of dC, dG, and dT paired opposite dT.  I have shown that not only is this true, 

but the kinetics of removal of dA, dC, dG, and dT paired opposite dF are all of a biphasic 

nature and that the rates observed are nearly equivalent.  I have also shown that the 

kinetics of removal of these nucleotides paired opposite dQ do not deviate significantly 

from those nucleotides paired opposite dF.   

The earlier steady-state data, demonstrating that dA is removed much faster when 

paired opposite dF than dT, has been used to argue that the geometric shape of the base 

pair plays little if any role in removal efficiency.  It is my contention that in contrast to 

the earlier steady-state data, the pre-steady-state data presented in this chapter argue that 

base pair hydrogen bonding plays a critical role in mismatch removal efficiency.  All 

nucleotides paired opposite dF and dQ are removed with the same reaction kinetics as a 

mismatch paired opposite dT.  In particular, dT paired opposite dQ and dA paired 

opposite dF (both correct pairs according to the geometric shape theory of polymerase 

discrimination) are both removed in a biphasic nature at rates that match or exceed the 

removal of a mismatch from dT.  I have previously suggested that the fast phase of 

removal of a mispair from dT is due to pre-equilibration of the primer strand in the 

exonuclease domain because of a lack of hydrogen bonding in the terminal base pair.  It 
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is apparent that the removal kinetics of nucleotides paired opposite dF and dQ are due to 

the lack of hydrogen bonds and not due to geometric constraints. 

SUMMARY 

The human mitochondrial DNA polymerase γ is a highly processive, high fidelity 

polymerase capable of accurately and efficiently discriminating against ribonucleotides 

and incorrect deoxyribonucleotides during processive DNA polymerization.  Based upon 

the average rate of polymerization (37 s-1) relative to the rate of DNA release (0.02 s-1), 

polymerase γ is capable of incorporating 1800 bases per binding event, at 2.5 mM Mg++.  

While polymerizing at an average rate of 37 s-1, it exhibits an average discrimination 

against incorrect deoxyribonucleotides of 442,000 and an average discrimination against 

ribonucleotides of 1,300,000.  Overall, polymerase γ is 3 fold more likely to incorporate 

an incorrectly paired deoxyribonucleotide than a correctly paired ribonucleotide.  When 

the contribution to fidelity afforded by the exonuclease proofreading domain (4-200 fold) 

is taken into consideration, the overall fidelity of polymerase γ is 1 error in 1,700,000 to 

86,000,000 nucleotides incorporated.  Surprisingly, polymerase γ accurately incorporates 

a deoxyadenosine opposite a difluorotoluene analog of deoxythymidine.  However it does 

so with a ground state binding affinity that is weaker by a factor that is approximately 

equal to that expected by the loss of two hydrogen bonds (3.1 µM versus 80 µM for a 20 

fold effect) (54;70).  From this data is it apparent that base pair hydrogen bonding may 

not be the only contributor to discrimination, but it is an important contributor none the 

less. 

In order for a nucleotide reverse transcriptase inhibitor to be effective it must 

exhibit high bioavailability, that is, it must be able to enter the cell and be modified from 

its inactive form to its active form.  NRTIs are administered as non-phosphorylated 

compounds that must be phosphorylated by host enzymes in order to gain activity (139).  
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As such, these compounds must retain sufficient chemical characteristics of the 

molecules they mimic that they are efficient substrates for the cellular mechanisms that 

convert them to their active forms.  For example, AZT must be an efficient substrate for 

the thymidine kinases which convert it from AZT to triphosphorylated AZT-TP, which is 

the active form of the molecule (140).  At the same time, these drugs must exhibit low 

host toxicity while maintaining high target efficacy.   

Changes in the ribose ring are employed in order to maximize the discrimination 

against these compounds by cellular polymerases (35;53).  As was detailed in chapter 

five, the simple addition of a hydroxyl to the 2′ position of the incoming nucleotide has a 

drastic effect on the discrimination against incorporation by polymerase γ.  Continued 

research into ribose ring modification and the subsequent effects on fidelity will 

hopefully lead to NRTIs with lower host toxicities and less severe clinical pathologies.  

Mitochondrial toxicity associated with mtDNA depletion, and caused by NRTI treatment, 

can only be reduced by developing drugs that are not substrates for polymerase γ, but are 

incorporated efficiently by HIV-RT. 
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