2862 Chem. Rev. 2009, 109, 2862-2879

Mechanisms of DNA Polymerases

Anthony J. Berdis*

Department of Pharmacology, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, Ohio 44106

Contents
1. Introduction 2862
2. DNA Polymerization 2863
3. Chemical Mechanism of DNA Polymerization 2863
4. Kinetic Mechanism of DNA Polymerases 2864
4.1. Mechanism of Correct Nucleotide 2865
Incorporation
4.2. Order of Substrate Addition 2865
4.3. Rate-Determining Steps Along the Reaction 2867
Pathway
4.4. Kinetic Parameters for DNA Binding, 2868
Nucleotide Binding, and Polymerization
4.5. Structural Perspectives on Nucleotide 2869
Incorporation
4.6. Kinetic Steps After Phosphoryl Transfer 2870
4.7. Reversibility of DNA Polymerization 2870
5. Fidelity of Nucleotide Incorporation 2871

5.1. Forming a Mismatch: Alterations in the Kinetic 2871
Steps Associated with Polymerization

6. Processing a Mismatch 2872
6.1. Role of Exonuclease Proofreading in 2872
Maintaining Genomic Fidelity
6.2. Chemistry of Exonuclease Proofreading 2872
6.3. Kinetic Mechanism of Nucleotide Excision 2872
7. Polymerase Activity is Altered by DNA Damage 2873
7.1. Miscoding DNA Lesions 2873
7.2. Non-Instructional DNA Lesions 2873
7.3. Replication of Bulky DNA Lesions 2874
7.4. Thymine Dimers 2875
7.5. Replication of Cisplatin-Modified DNA 2875
8. Damage-Responsive DNA Polymerases 2876
8.1. Replication of Abasic Sites 2876
8.2. Damage-Responsive DNA Polymerase 2876
Replicate Bulky DNA Lesions with High
Fidelity
9. Therapeutic Interventions 2877
10. Conclusions 2877
11. References 2878

1. Introduction

The great Chinese strategist Sun Tsu wrote, “So it is said
that if you know your enemies and know yourself, you will
fight without danger in battles.”! This quote was originally
meant to inspire warriors toward victory on a battlefield. Over
two thousand years later, the same quote may be used to
inspire scientists toward victory in the war on cancer. To
win this war on cancer, we must completely understand the
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biological pathways that function in the oncogenic state
versus the normal, healthy state. This knowledge is necessary
to rationally design chemotherapeutic agents that selectively
kill cancer cells while sparing their healthy counterparts.
It is well-established that a cancer cell is genetically
different from its normal counterpart. Changes in genetic
composition and context can occur by mutagenic events that
are caused by inappropriate and/or dysfunctional DNA
replication. In this review, we will explore the role that DNA
polymerases play in cancer development and how their
activities are exploited in various chemotherapeutic modali-
ties. This will be accomplished by examining the mechanism
for proper DNA synthesis and how defects in polymerase
activity contribute to the initiation and progression of cancer.
At the cellular level, DNA polymerases catalyze the
incorporation of mononucleotides into a growing primer
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using a DNA template as a guide for directing each
incorporation event. These enzymes perform the repetitive
cycle of nucleotide binding, base-pairing, phosphodiester
bond formation, product release, and movement to the next
templating position at incredible rates with near-perfect
accuracy. Perhaps the most remarkable feature of DNA
polymerases is their ability to perform this cycle under the
enormous strain of selecting the correct nucleotide substrate
among four potential pairing partners. This chapter focuses
on biochemical research performed over the past 20 years
(1990 to the present) to provide insight into the mechanism
by which DNA polymerases copy genomic DNA. The
molecular events that underlie this process are understood
by defining the rate and equilibrium constants for all the
individual reactions involved in polymerization cycle that
include binding of DNA and dNTP, conformational changes,
phosphoryl transfer, and kinetic steps associated with product
release. The dynamics of these various kinetic steps are
discussed within the context of structural evidence for several
different families of DNA polymerases in the absence and
presence of DNA and nucleotide substrate. The molecular
details for maintaining the fidelity of nucleotide incorporation
are discussed with a particular emphasis on enzymatic
activities that influence nucleotide incorporation and the
kinetics of nucleotide removal by exonuclease proofreading
activity. The influence of various DNA damaging agents on
the mechanism and dynamics of DNA polymerization and
exonuclease proofreading are discussed, focusing on their
roles during cancer initiation and disease development. In
addition, the ability of specialized, error-prone DNA poly-
merases to process replication blocks caused by DNA
damaging agents is discussed. Finally, a brief description of
anticancer agents targeting the activity of DNA polymerases
is provided to highlight advances in chemotherapy. Col-
lectively, this information provides the biochemical and
biophysical basis for understanding replication fidelity and
provides the framework for understanding how the efficiency
and fidelity of DNA polymerases is altered by DNA damage
to cause cancer.

2. DNA Polymerization

DNA is considered to be “the molecule of life” since it
contains the genetic blueprint for all organisms ranging from
simple viruses and bacteria to higher eukaryotes, including
humans. The ability to accurately and efficiently duplicate
DNA is essential for the survival and proliferation of any
organism. The process of replicating an organism’s genomic
material is complex and requires the coordinated efforts of
an ensemble of proteins to initiate, propagate, and terminate
each biochemical event in a timely and orderly fashion.>™*
At the core of the replication process is the DNA polymerase,
the enzyme that catalyzes the incorporation of mononucle-
otides into a growing polymer (primer) using a DNA
template as a guide for directing each incorporation event.
DNA polymerases are enigmatic enzymes as they maintain
a remarkable degree of specificity despite the fact that the
substrate requirement changes during each cycle of nucle-
otide incorporation due to the heteropolymeric nature of the
genomic message. It is remarkable that the polymerase
maintains an incredible degree of selectivity to insert only
one of four potential deoxynucleoside 5'-triphosphates
(ANTPs) opposite a template base while possessing an
extraordinary degree of flexibility to recognize four distinct
pairing partners (adenine:thymine, guanine:cytosine, thymine:
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adenine, and cytosine:guanine). The polymerase performs
the repetitive cycle of nucleotide binding, base-pairing,
phosphodiester bond formation, product release, and move-
ment to the next templating position at a rate of nearly 1000
bp/s.> An equally impressive feature is the incredible
accuracy of this process. Replicative DNA polymerases have
an error frequency of only 1 mistake for every 10°
opportunities.~® Collectively, the speed and accuracy of most
DNA polymerases make them impressive catalysts. However,
it is also recognized that defects in their overall efficiency
can contribute significantly toward cancer initiation and
progression.

3. Chemical Mechanism of DNA Polymerization

The overall reaction catalyzed by the vast majority of
polymerases characterized to date is the template-directed
incorporation of a dNTP into a growing primer stand in a
5'—'3 direction.” The chemistry required to elongate DNA
is a simple phosphoryl transfer reaction!® in which the
o-phosphate of the incoming dNTP undergoes nucleophilic
attack by the 3'-OH of the primer strand of the nucleic acid
(Figure 1). The reaction occurs in two distinct steps and is
catalyzed with the participation of carboxylate residues that
coordinate two metal ions (typically Mg?") within the active
site of the DNA polymerase. In this mechanism, an aspartate
residue near the deoxyribose sugar of the incoming dNTP
serves as the general base to abstract the proton from the
3'-OH to generate a more reactive nucleophile.!! The
electron-rich 3'-oxygen then attacks the o-phosphate, creating
a trigonal-bipyramidal pentacoordinated transition state that
is stabilized through metal ion coordination with the oxygens
of the S—y phosphate groups. This step results in the
inversion of the a-phosphate stereochemistry and the con-
certed release of the pyrophosphate leaving group coordi-
nated to another divalent metal ion

A similar two-step mechanism has been recently proposed
by Garcia-Diaz et al.'” that is based upon structures of an
error-prone DNA polymerase (human DNA polymerase 1)
in pre- and postcatalytic complexes. In addition, ab initio
calculations reveal that significant charge transfer occurs
during the reaction between both metals and various enzy-
matic residues within the active site and suggest that a
concerted effort of metal ions and active site amino acids is
required for efficient phosphoryl transfer.'3

Detailed information regarding the nature of the transition
state of the phosphoryl transfer reaction has been provided
by studies evaluating leaving group effects on the polym-
erization reaction.'* These studies monitored the incorpora-
tion of ANTP analogues in which the [3,y-bridging oxygen
is replaced with CH,, CHF, CF,, or CCl,.'* Kinetic analyses
reveal that all analogues are incorporated opposite correct
and incorrect pairing partners with fidelity factors similar to
natural dNTPs.'* More importantly, however, is the fact that
the rate constants for incorporation vary as a function of the
modified f3,y-bridging group.!* Bronsted correlations deter-
mined from the log of the rate constant for incorporation
versus leaving group pK, for correct and incorrect incorpora-
tion reveal similar sensitivities followed by departures from
linearity.'* These analyses suggest that phosphoryl transfer
is the rate-limiting step for the correct and incorrect nucle-
otide incorporation for polymerase beta. Although it is
unlikely that this conclusion is universal for all DNA
polymerases, these data are important because they indicate
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Figure 1. Chemical mechanism for phosphoryl transfer catalyzed by DNA polymerases. In this mechanism, an aspartate residue near the
deoxyribose sugar of the incoming dNTP serves as the general base to abstract the proton from the 3'-OH to generate a more reactive
nucleophile. The electron-rich 3'-oxygen then attacks the o-phosphate, creating a trigonal-bipyramidal pentacoordinated transition state.
The release of the pyrophosphate leaving group occurs via coordination to another divalent metal ion.

how the attainment of the proper transition state can influence
polymerization fidelity.

4. Kinetic Mechanism of DNA Polymerases

DNA polymerases perform this simple phosphoryl transfer
reaction under the enormous strain of selecting the correct
nucleotide substrate among four potential pairing partners.
This ability has historically been attributed to hydrogen-
bonding interactions that are often used to explain how each
incorporation event occurs efficiently and selectively. Figure
2 shows the hydrogen bonding scheme for T:A and C:G base
pairs, respectively. At the atomic level, the NH groups of
the bases are good hydrogen bond donors (denoted as d)
while the electron pairs on the oxygens of C=0 groups and
on the ring nitrogens are hydrogen bond acceptors (denoted
as a). The hydrogen bonding capability of an T:A base pair
uses complementarity of d-a-(-) to a-d-a, while the C:G base
pair uses complementarity of a-d-d to d-a-a. In planar base
pairs, the hydrogen bonding pattern yields a geometry that
gives an interglycosyl distance (C-1" to C-1") of 10.60 £

0.40 A and an angle of 55 + 2° between the glycosylic bonds
for both the T:A and C:G base pairs. The geometry afforded
by these parameters indicates that all four base pair
combinations—A:T, T:A, G:C, and C:G—can exist within
the regular framework of duplex DNA.

Unfortunately, the groups that provide favorable hydrogen
bonding interactions are highly reactive and, thus, susceptible
to modifications that can influence the mechanism and fidelity
of DNA polymerases. As illustrated in Figure 3, simple
alkylating agents such as methyl methane sulfonate (MMS)
and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) prefer-
entially react with the N3 and N7 positions of adenine and
the O6 and N7 position of guanine.”>”!” Alkylation at the
06 position of guanine changes both the hydrogen bonding
capabilities and tautomeric form of guanine, which increases
the frequency of misincorporation events. In addition,
alkylating agents can create abasic sites by enhancing the
hydrolysis of N-glycosidic bond that occurs nonenzymatically '3
or via the action of various DNA glycosylases.?’"?? Later
sections will describe how inappropriate alterations to the
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Figure 2. Hydrogen bonding interactions between Watson—Crick
base pairs (A) thymine:adenine and (B) cytosine:guanine. Hydrogen
bond donors are denoted as d, while hydrogen bond acceptors are
denoted as a. Using this scheme, the hydrogen bonding capability
of a T:A base pair uses complementarity of a-d-a to d-a-(-) while
the C:G base pair uses complementarity of d-a-a to a-d-d.

hydrogen bonding potential of a templating base can lead to
mutagenesis and induce carcinogenesis.

4.1. Mechanism of Correct Nucleotide
Incorporation

To define the mechanism of correct nucleotide incorpora-
tion by any DNA polymerase, it is necessary to first
understand the rate and equilibrium constants for all indi-
vidual reactions involved in DNA synthesis. Data from a
series of kinetic,” 2 mutational,>* 33 and structural®**3
studies have been collectively used to describe DNA po-
lymerization via the multiplicative mechanism outlined in
Figure 4. This is an ordered kinetic mechanism in which
the DNA polymerase binds DNA substrate prior to the
binding of dNTP. The first point for generating catalytic
efficiency and maintaining fidelity occurs during the binding
of dNTP to the polymerase:DNA complex (Step 2). After
dNTP binding, a conformational change (Step 3) in the
polymerase and nucleic acid is proposed to align the
incoming dNTP into a precise geometrical conformation that
allows for phosphoryl transfer (Step 4). The involvement of
the conformational change is consistent with a proposed
“induced-fit” mechanism that imposes discrimination against
dNTP misincorporation since misaligned intermediates dis-
rupt the geometry of the polymerase’s active site to hinder
the chemical step.?®

After the nucleotide is covalently added to the growing
primer, there is a conformational change step in the poly-
merase that relaxes the E':DNA,,+:PP; to the E:DNA,,+:PP;
species (Step 5). Following this step, the first product, PP;,
is released from the polymerase (Step 6) upon which the
enzyme presumably translocates to the next templating
position. At this point, the polymerase can remain bound to
the product DNA (DNA, ) to continue synthesis on the
same nucleic acid substrate (Step 7) or dissociate from the
DNA, 1, to renew polymerization on another substrate (Step
8).

The following sections describe key experiments employ-
ing steady-state and presteady-state kinetic approaches to
validate the mechanism of this DNA polymerization pathway.
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These techniques have been reviewed elsewhere**® and the
reader is referred to these sources for further details. Briefly,
steady-state kinetic measurements are performed in which
the concentration of DNA and dNTP substrates is maintained
in molar excess versus the concentration of DNA polymerase.
This approach has several important advantages. First, these
experiments require relatively low amounts of polymerase
and do not require specialized equipment to obtain data.
Furthermore, steady-state techniques have proven useful in
determining the order of substrate binding and product release
as well as giving information regarding the location of the
rate-limiting step(s) during nucleotide incorporation and
enzyme turnover. Unfortunately, steady-state methods are
limited in their inability to directly measure dissociation and
kinetic rate constants that precede and/or follow the rate-
limiting step of the reaction.** As a result, presteady-state
methods capable of examining the polymerization reaction
on a millisecond time scale are used to provide this
information. One advantage is the ability to monitor for bursts
in polymerization products that occur upon mixing poly-
merase and substrates under pseudofirst-order conditions
(DNA in excess of enzyme). Experiments can also be
performed using single turnover conditions in which the
concentration of polymerase is maintained in excess versus
DNA substrate. This condition allows kinetic steps associated
with initial product formation to be accurately measured since
complications caused by the involvement of potential rate-
limiting steps that occur after phosphoryl transfer are avoided.
Major disadvantages of employing presteady-state techniques
include the use of higher concentrations of polymerase and
DNA substrate as well as the requirement for specialized
equipment* to monitor the reaction on a short time scale
(millisecond to seconds).

4.2. Order of Substrate Addition

Theoretically, the binding of DNA and dNTP substrates
to the polymerase can be random, sequential, or strictly
ordered. However, efficient polymerization would be optimal
through the strictly ordered binding of DNA substrate prior
to dNTP, since the converse order of substrate addition
(initial binding of dNTP prior to DNA) would be correct
only once out of four opportunities. High-fidelity polymerases
involved in chromosomal DNA synthesis are expected to
display an obligatory order of substrate addition of binding
DNA prior to nucleotide. However, a different scenario could
be used by error-prone DNA polymerases that are involved
in replicating damaged DNA. In this instance, the order of
substrate addition becomes important since error-prone DNA
polymerases generally incorporate a single nucleotide without
using “correct” templating information. As a result, error-
prone polymerases could bind dNTP substrate prior to
interacting with damaged DNA.

The order by which high-fidelity polymerases bind DNA
and dNTP is generally assessed by one of three general
methods. Early work focused on steady-state inhibition
studies by PP; to deduce the overall kinetic mechanism of
polymerization.”® Inhibition by PP; at varying dNTP con-
centrations gave a series of parallel lines on a double
reciprocal plot, indicative of uncompetitive inhibition. In
contrast, inhibition by PP; at different concentrations of DNA
yielded a mixed inhibition pattern, suggesting that PP; forms
a dead-end complex with the E:DNA, species or noncom-
petitively inhibits the E:DNA:dNTP complex. The collective
PP; inhibition patterns were consistent with an ordered
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Figure 3. Nonenzymatic modifications to (A) adenine and (B) guanine. See text for further discussions.

sequential binding mechanism in which the polymerase binds
to DNA prior to dNTP.

The second method for determining the order of binding
is the use of isotope trapping techniques.?* In these experi-
ments, the polymerase was first incubated with labeled dNTP
followed by the addition of DNA and a large excess of
unlabeled dNTP substrate to initiate the reaction. The lack
of product formation measured under these conditions
indicates that any bound dNTP substrate is either diluted into
the unlabeled pool via dissociation or, more likely, that DNA
must bind prior to dNTP. This latter conclusion can be
confirmed by demonstrating product formation under condi-
tions in which the polymerase is incubated with labeled DNA

followed by initiation of the addition of ANTP and a large
excess of unlabeled DNA substrate.

Finally, the order of substrate binding can be independently
confirmed by measuring the processivity of the polymerase.
Processivity is defined as the number of nucleotides incor-
porated by a polymerase during a single binding event to a
DNA substrate. Values for processivity range from 1 for a
completely distributive enzyme to hundreds or thousands of
nucleotide incorporation events for more processive poly-
merases. One approach to evaluate polymerase processivity
is a template challenge experiment that employs two different
DNA substrates. Early experiments simply added an excess
of poly(dC)*oligo (dG) and dGTP to a reaction in which
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Figure 4. Kinetic mechanism for most DNA polymerases. Step 1
is the binding of polymerase (E) to DNA substrate. Step 2 involves
dNTP binding to the polymerase/DNA complex. Step 3 represents
a conformational change in the polymerase:DNA complex that is
followed by phosphoryl transfer (Step 4). After the nucleotide is
covalently added to the growing primer, there is a conformational
change step in the polymerase that relaxes the E':DNA, 1 :PP; to
the E:DNA,+:PP; species (Step 5). Following this step, PP; is
released as the first product from the polymerase (Step 6). At this
stage, the polymerase can remain bound to the product DNA
(DNA,,11) to continue synthesis on the same nucleic acid substrate
(Step 7) or dissociate from the DNA, 4 to renew polymerization
on another substrate (Step 8).

the polymerase was actively replicating a poly(dA)*oligo(dT)
substrate.”> The length of time required for the cessation of
dTTP incorporation provides a measure of polymerase
processivity. An alternative method is a pulse-chase experi-
ment in which the polymerase is first incubated with labeled
DNA followed by the sequential addition of ANTP to initiate
the reaction and a large excess of unlabeled DNA to “chase”
any polymerase that has dissociated from the labeled DNA
substrate. The number of nucleotides added to the labeled
DNA after the addition of the “chase” provides a direct
indication of polymerase processivity. In general, poly-
merases such as the bacteriophage T4 DNA polymerases*’
and the eukaryotic pol 6*® that are involved in chromosomal
replication have high processivity factors of >100 that are
significantly increased by association with various accessory
factors.*>>° In contrast, polymerases involved in specialized
functions such as DNA repair (Klenow fragment and pol f3)
or lesion bypass (pol 7, pol ¢, pol {) have low processivity
factors of 10 or less and are, thus, more distributive in
nature.>! %6

4.3. Rate-Determining Steps Along the Reaction
Pathway

The rate-limiting step for polymerization could be the
phosphoryl transfer step or physical steps flanking either side
of this chemistry step that include substrate association,
conformational changes, or steps associated with product
release. Again, steady-state experiments were instrumental
in providing evidence that a step after phosphoryl transfer
is rate-limiting for polymerase turnover. In these experiments,
extrapolation of the time course in product formation back
to zero time showed an intercept above the y-axis rather than
through the origin.?® This time course is indicative of “burst”
or biphasic kinetics. Biphasic kinetic behavior could reflect
heterogeneity in enzyme and/or substrate or, more likely,
the participation of more than one kinetic event in the
observed rate in product formation. Indeed, quantitative
analyses indicated that the bursts in product formation were
proportional to the concentration of polymerase used in the
reaction and provided evidence for a reaction mechanism
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catalyzed by most replicative DNA polymerases in a reaction
performed using DNA and dNTP substrate in excess of polymerase.
In general, the burst amplitude reflects the concentration of active
enzyme. The observed rate constant for the burst phase (k,s) defines
the rate constant for the first nucleotide incorporation event. The
state-steady rate defines the overall rate of product formation for
multiple enzyme turnovers and reflects the rate-limiting step of the
polymerization reaction.

with rapid initial ANTP incorporation followed by a slower
rate that is rate-limiting in the steady state.

However, precise quantification of the burst rate and
amplitude in product formation required the utilization of
presteady-state kinetic techniques. Excellent reviews on rapid
chemical-quench and stopped-flow spectroscopic techniques
used in these studies can be found elsewhere.’’® The primary
advantage of using presteady-state techniques is the ability
to monitor the reaction on a millisecond time scale.”’ Figure
5 illustrates a typical biphasic time course for nucleotide
incorporation in a polymerization reaction performed while
maintaining the concentration of DNA and dNTP substrate
in excess of polymerase. The data can be fit to the equation
defining a single exponential followed by a linear function
(y = A e %' 4+ Bt + C). The amplitude of the fast “burst”
phase is stoichiometric with the amount of polymerase
present in the reaction.’® The ks defines the first-order rate
constant for the fast phase. This value is independent of
polymerase concentration but dependent on dNTP concentra-
tion (vide supra). The second, slower phase reflects the
steady-state rate of dNTP incorporation and, in contrast to
the first phase, is dependent on polymerase concentration
but independent of dNTP concentration. Reducing the
concentration of dNTP decreases the rate constant of the fast
phase but not the rate of the slow phase. This behavior
indicates that the polymerization mechanism involves an
initial rapid step followed by a slower, first-order process.
This is indicative of rapid incorporation of one dNTP per
enzyme-bound molecule followed by a slow dissociation of
product DNA, which is rate-limiting for polymerase turnover.
Using the E. coli Klenow fragment as a model,”’ the ko
value for the “burst phase” is 50 s~! while the rate constant
for polymerase turnover (k.,) is significantly slower at ~0.1
s~ 1. With the bacteriophage T4 and T7 DNA polymerase
systems, ko values range from 100—250 s~ while the ke
value is approximately 50-fold slower at ~2 s~'.2% In all
cases, the differences between rate constants in initial
nucleotide incorporation and enzyme turnover clearly indicate
that a kinetic step after phosphoryl transfer such as product
release is rate-limiting for enzyme turnover.

If product release is the rate-limiting step for polymerase
turnover, then what limits the rate for the incorporation of
the first nucleotide? The answer to this question is important
because it provides essential information regarding how
kinetic step(s) such as nucleotide binding, conformational
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changes, and/or phosphoryl transfer participate in regulating
fidelity. One of the earliest (and arguably most controversial)
probes used to evaluate the location of the rate-limiting step
has been the application of thio-substituted nucleotides on
the rate of nucleotide incorporation. Because of decreased
electronegativity, a nonbridging sulfur atom is predicted to
be less effective than oxygen at stabilizing electron density
for an associative transition state during a phosphoryl transfer
reaction. As such, one can measure the magnitude of a “thio
effect” (rate with 0-O-dNTP divided by the rate with a-S-
dNTP) as a diagnostic indication of whether chemistry is
rate-limiting. If chemistry is the rate-limiting step, then a
large thio-elemental effect (>10) will be observed. In contrast,
a small thio-elemental effect of <2 will be observed if another
kinetic step such as a conformational change preceding
phosphoryl transfer is rate-limiting and insensitive to this
type of substitution.

In the case of the E. coli Klenow fragment and the
bacteriophage T4 DNA polymerase, substitution of an o-S-
dNTP for the corresponding o-O-dNTP led to a slight
decrease (<2) in the rate constant of the fast, burst phase.?’
The minimal reduction upon this substitution suggests that
chemical bond formation during the phosphoryl transfer step
does not limit the incorporation of the first nucleotide. Further
support for this mechanism is derived from a series of
spectroscopic studies monitoring the enzymatic incorporation
of dTTP opposite 2-aminopurine (2-AP) present in the
template strand.®® 2-AP is a highly fluorescent constitutional
analogue of adenine. The fluorescence of 2-AP is strongly
quenched via hydrogen bonding and base-stacking interac-
tions.%! As a result, the incorporation of a ANTP opposite
2-AP can be easily monitored via a change in fluorescence
caused by nucleotide incorporation and compared to rates
obtained using conventional radiolabeled assays. Indeed, the
kinetics of dTTP incorporation opposite 2-AP were initially
evaluated by Frey et al.%®° using the E. coli Klenow fragment
and bacteriophage T4 DNA polymerases as models. Their
studies with the Klenow fragment demonstrated an identical
rate constant of 7 s~! for dTTP incorporation opposite 2-AP
using either rapid-quenching techniques or stopped-flow
fluorescence methods.®® The identity in rate constants using
either assay suggests that the quenching of 2-AP is associated
with the conformational change step that precedes phosphoryl
transfer. Similar results were obtained using the bacterioph-
age T4 DNA polymerase.®’ Collectively, the data indicate
that the rate constant for the fast phase of nucleotide
incorporation reflects a rate-limiting conformational change
of the E:DNA,:dNTP complex to E":DNA:dNTP that pre-
cedes chemical bond formation.

It should be noted that there is significant debate regarding
if the conformational change step preceding phosphoryl
transfer is rate-limiting for all DNA polymerases. This
controversy involves using the magnitude of a thio-elemental
effect to unambiguously define the rate-limiting step for
nucleotide incorporation.®*%* For example, Showalter and
Tsai® argue that thio-elemental effects are unreliable because
the effect on the enzyme-catalyzed phosphoryl transfer
reaction is assumed to be identical to that on the uncatalyzed
reaction. However, this assumption cannot be made if the
molecular details of the transition state for the enzymatic
reaction are not accurately defined. Furthermore, it is argued
that the uncatalyzed phosphoryl transfer reaction occurs in
an achiral environment in which all nonbridging oxygens
make an equal inductive contribution toward stabilizing an
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associative transition state.®® The same conclusion is unlikely
for the enzyme-catalyzed reaction since metal ion coordina-
tion occurs exclusively with one nonbridging oxygen and
would generate a lower thio-effect for the enzyme-catalyzed
reaction.%

Additional arguments are supplied by spectroscopic studies
monitoring nucleotide incorporation by pol 3. Stopped-flow
fluorescence studies of correct nucleotide incorporation reveal
two fluorescence transitions that occur prior to and after the
chemical step.®* Surprisingly, the rate constant for the
fluorescence transition that occurs prior to phosphoryl transfer
is at least 5 times faster than the rate constant for nucleotide
incorporation. As described earlier, Bronsted correlations
determined from the log of the rate constant for incorporation
versus leaving group pK, for nucleotide incorporation also
suggest that phosphoryl transfer is rate-limiting for pol 3. '4
Collectively, these data argue that, for pol S, the rate-limiting
step for nucleotide incorporation is phosphoryl transfer and
not a conformational change step. It is not clear whether other
DNA polymerases show similar kinetic behavior. However,
this information indicates that, while polymerases catalyze
the same chemical reaction, they employ different strategies
to achieve rate enhancements and fidelity during nucleotide
incorporation. More detailed kinetic studies are needed to
evaluate the nature of the rate-limiting step for other DNA
polymerases, especially with respect to error-prone poly-
merases that are involved in processing damaged DNA.

4.4. Kinetic Parameters for DNA Binding,
Nucleotide Binding, and Polymerization

A variety of kinetic techniques have been used to measure
the binding affinity of DNA substrates to various DNA
polymerases. Early attempts using steady-state approaches
measured turnover rates at various concentrations of DNA.
The linear time courses were extrapolated back to time zero
and revealed a burst in primer elongation that was equivalent
to the amount of E:DNA complex present prior to initiating
the reaction.”’ Presteady-state techniques have also measured
the burst amplitudes and rate constants for nucleotide
incorporation.?® In either case, the K; for DNA substrate is
obtained using the quadratic equation: [E:DNA] = 0.5(K,
+ [E] + [DNA] — 0.25(Ky) + [E] + [DNA])?> — [E:DNA]Y
2, where [E] is the concentration of T4 DNA polymerase,
[DNA] is the concentration of nucleic acid, E:DNA is the
burst amplitude, and Kj is the dissociation binding constant
for DNA. With the bacteriophage T4 DNA polymerase, the
binding affinity for DNA (K4 pna) is high at 10 nM and
relatively independent of sequence context.?®?° The associa-
tion rate constant, k,,, for DNA binding to polymerase is
calculated from the relationship Ky = kog/kon. Using the
bacteriophage T4 DNA polymerase as an example, a ko,
value of ~10” M~! s7! is calculated using a K of 10 nM
and a ko value of 2 s,

A similar approach can be used to empirically measure
the binding affinity (Ky antp) for nucleotide substrate and the
maximal rate constant of polymerization, ky,. In these
experiments, the rate constant of the burst phase (ko) is
measured as a function of variable dNTP concentration
(Figure 6A). Plotting the data as ks versus ANTP concentra-
tion (Figure 6B) is a rectangular hyperbola that, when fit to
the Michaelis—Menten equation (kobs = kpot[dNTP]/(Kyq +
[dNTP])), defines the kinetic parameters Kg, kpoi, and kpo/
Ky. For most DNA polymerases, the Ky value for the
incorporation of a ANTP opposite its Watson—Crick partner
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Figure 6. Representative data analyses used to measure the kinetic
parameters for nucleotide incorporation, Kq gxrp and k. (A) The
rate constant of the burst phase (ko) varies as a function of ANTP
concentration. However, the burst amplitude and steady-state rate
for nucleotide incorporation remain independent of ANTP concen-
tration. (B) A plot of the data as ks versus dNTP concentration
yields a rectangular hyperbola that, when fit to the Michaelis—Menten
equation (kgps = kyo[dNTP]/(Kyq + [dNTP])), provides the kinetic
parameters Kq, kpor, and kpo/Kq.

is ~10 uM.% For replicative DNA polymerases, ky, values
for the incorporation of a ANTP opposite its Watson—Crick
partner generally range from 25—400 s~'. Thus, the overall
catalytic efficiency (kpu/Ky) for enzymatically forming a
Watson—Crick base pair is ~10” M ™! s™!, a value that places
DNA polymerases in the upper hierarchy of most proficient
enzymes.

4.5. Structural Perspectives on Nucleotide
Incorporation

Kinetic characterization of the enzymatic reaction provides
the basic framework for understanding the mechanism of
correct DNA polymerization. However, the dynamics of the
various kinetic steps have been elucidated by solving the
structures of various DNA polymerases in the absence and
presence of DNA and nucleotide substrate. The most
extensively characterized families of DNA polymerases are
the A and B families, which include the Klenow fragments
of DNA polymerase I from Escherichia coli**~*" and Bacillus
subtillus,** % Thermus aquaticus DNA polymerase,* the
bacteriophage T7 DNA polymerase,*>* and the bacterioph-
age RB69 DNA polymerase.®®”% The model provided in
Figure 7 shows that DNA polymerases possess a common
structural architecture resembling a “right hand” containing
fingers, palm, and thumb subdomains.” The palm domain
is the most closely conserved structural feature because it is
responsible for catalyzing the phosphoryl transfer reaction.
The palm domain contains at least two carboxylic acid amino
acids (aspartate and/or glutamate) that function to coordinate
the two catalytically essential metal ions that participate in
phosphoryl transfer. The fingers domain interacts with the
incoming dNTP as well as the templating base and thus plays
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an important role in maintaining fidelity. The thumb domain
plays dual roles by positioning duplex DNA for the incoming
dNTP as well as in the processivity and translocation of the
polymerase. Models correlating structural movements with
kinetic phenomenon suggest that ANTP binds to the poly-
merase:DNA complex in a template-independent manner first
by interacting with the fingers domain. This initial binding
event is followed by a rotation of the fingers domain that
induces “tighter” binding with the templating nucleobase and
reflects the conformational change step. This is illustrated
in Figure 7 showing the model of the KlenTaq polymerase
in an “open” conformation (Figure 7A) going to a “closed”
conformation (Figure 7B) due to rotation of the fingers
domain.”! This rotation is proposed to provide the driving
force required to align the incoming dNTP with its comple-
mentary partner as well as to orient the 3'-hydroxyl of the
primer for attack on the bound dNTP. Similar open and
closed conformations have been observed in error-prone (X-
family) DNA polymerases,’>’® B-family polymerases,’* "8
and HIV reverse transcriptase.’” 8!

Perhaps the most surprising feature from the A-family
polymerase structures is that, in the “open” conformation,
the templating base exists in an extrahelical conformation
that precludes direct physical interactions with the incoming
dNTP. In the case of the Bacillus stearothermophilus
polymerase, a conserved tyrosine (Tyr-714) stacks within
the DNA template and replaces the coding nucleobase. This
interaction blocks direct access of the incoming nucleotide
with any templating nucleobase.?>%3 Although the templating
base is initially positioned in an extrahelical conformation,
DNA polymerization still occurs using the crystal of the B.
stearothermophilus polymerase,®>® indicating that this un-
usual conformation is catalytically active. The transition from
“open” to “closed” state is limited to rigid-body motions of
the finger subdomain with additional conformational changes
in three hinge regions in the fingers.®® These data suggest
that conformational changes can occur within the crystal and
function to position the templating base into an intrahelical
position that permits phosphoryl transfer to occur. The
observation of an extrahelical templating base is not unique
to the B. stearothermophilus polymerase as structural data
from the B-family eukaryotic pol a® and archeal DNA
polymerases®>86 also reveal its existence. In fact, the ternary
complex of the RB69 DNA polymerase shows a 90° rotation
of the templating base along the DNA backbone, which
places the nucleobase in the center of a helix—loop—helix
motif constrained by a conserved tyrosine and two conserved
glycines.®

The presence of an extrahelical templating base is not
universal. Crystal structures of the eukaryotic pol 3% and
HIV reverse transcriptase,”” 8! both of which have lower
fidelity than A- and B-family polymerases, do not show
evidence for distortion of the DNA template. In addition,
recently published structures of the error-prone DNA poly-
merase, Dpo4, show that the DNA template exists in a linear
conformation as it enters the active site.’ These observations
make it tempting to speculate that positioning of the
templating nucleobase in an intrahelical conformation actu-
ally has a a negative impact on fidelity. The provacative
implication is that polymerases that rely on forming direct
hydrogen bonding contacts between the incoming dNTP and
templating base are more likely to display lower fidelity
compared to polymerases that avoid direct contacts via
distortion of the templating DNA.
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A. Polymerase in “Open” Conformation
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B. Polymerase in “Closed” Conformation
“Thumb”

Figure 7. Structural models for the large fragment of Thermus aquaticus DNA polymerase I (KlenTaq) in an (A) “open” conformation
and (B) “closed” conformation. In these projections, the transition of the polymerase from the “open” to “closed” conformation occurs via
movement of the fingers subdomain toward the palm subdomain, thereby squeezing the incoming dNTP more tightly into the active site of
the polymerase. The ternary complex structures were prepared using the available crystal structures of Thermus aquaticus DNA polymerase
I and the PDB ID codes 2KTQ (“open”) and 3KTQ (“closed”). MOE (www.chemcomp.com) was used for all structural modeling.

4.6. Kinetic Steps After Phosphoryl Transfer

Following phosphoryl transfer, there is a conformational
change step that precedes the release of the first product,
PP;. After this step, the polymerase presumably translocates
to the next templating position, where it can remain bound
and continue polymerization on the same nucleic acid
substrate or dissociate from the elongated DNA to renew
synthesis on another DNA substrate. As described below,
the existence of a conformational change following phos-
phoryl transfer has been demonstrated by examining the
reversal of polymerization (vide infra). For now, we focus
our attention on the most intriguing and least understood
kinetic step in the polymerization cycle—translocation of the
polymerase along DNA. Insights into the dynamics of this
process have come from structural studies of the B. stearo-
thermophilus DNA polymerase.®>%3 These studies demon-
strate successive translocations of the polymerase along DNA
duplex after nucleotide incorporation. In addition, it reveals
how all four Watson—Crick base pairs exist within the
confines of the polymerase’s active site. In general, steric
complementarity exists between each Watson—Crick base
pair. The conserved geometry of minor groove hydrogen
bond acceptors appear to be required for polymerase move-
ment. Despite this structural information, however, the
driving force for the translocation event remains enigmatic.
Several models have been proposed arguing that polymerase
movement is linked with the energy derived from PP;
release.”® However, further kinetic and structural studies are
needed to fully define the dynamics of polymerase translo-
cation, especially within the context of misreplicating dam-
aged DNA.

4.7. Reversibility of DNA Polymerization

Pyrophosphorolysis is the microscopic reverse of the
nucleotide incorporation reaction. This enzymatic activity has
been extensively studied since pyrophosphorolysis plays an
important role in drug resistance to certain antiviral agents
used in the treatment of HIV.°! By reversing the polymer-
ization reaction, the virally encoded reverse transcriptase
(RT) catalyzes the efficient removal of chain-terminating

nucleotide analogues that are designed to inhibit viral DNA
synthesis.””> Removal of the chain-terminator allows viral
DNA synthesis to be reinitiated.

The mechanism of pyrophosphorolysis is complex and,
in the case of HIV RT, involves the development of several
mutations in polymerase’s active site to achieve significant
activity required for drug resistance.’® In this mechanism,
RT can position the 3'-OH of the primer into two distinct
locations denoted as the priming site (P-site) or the nucle-
otide-binding site (N-site).”> During DNA synthesis, RT
binds the 3'-OH in the P site while dNTP binding occurs in
the N-site. After phosphoryl transfer, the newly extended
primer is transferred from the N-site to the P-site so that the
catalytic cycle can continue. However, this cycle changes
when a chain-terminating nucleotide is incorporated. In the
absence of a usable 3'-OH, primer elongation cannot occur
such that the binding of the next correct ANTP in the N-site
forms a dead-end ternary complex that prohibits viral DNA
synthesis. However, the viral polymerase can also partition
the chain-terminated primer from the P-site back into the
N-site. This favors the binding of PP; and allows pyrophos-
phorolysis to occur. The chain-terminator is then excised to
generate dNTP and a viable 3'-OH so that DNA synthesis
can resume.

From a mechanistic perspective, an examination of the
pyrophosphorolytic activity of the E. coli Klenow fragment
and bacteriophage T4 DNA polymerase has provided more
detailed information regarding the conformational change
steps that flank the phosphoryl transfer step. The kinetic
parameters of pyrophosphorolysis for either polymerase have
been quantified by measuring the rate of appearance of dNTP
as a function of different PP; concentrations. The K, for PP;
with the Klenow fragment is 230 «M,** while that for the
T4 polymerase is ~10 mM.? Despite the large difference
in relatively binding affinity for PP;, the maximal rate
constant for pyrophosphorolysis, kpyro, is similar at 0.3 and
0.5 s~! for the Klenow fragment and T4 DNA polymerase,
respectively.?* In both cases, the rate constants for pyro-
phosphorolysis are much slower than the kp, values of >50
s~ ! measured for the forward reaction. This indicates that
the equilibrium constant for the chemical step is highly
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Figure 8. Kinetic pathway for the formation and processing of a
mismatch. Step A represents formation of the mismatch. Step B
represents dissociation of the mismatched DNA from the poly-
merase. Step C represents the ability of the polymerase to extend
beyond the mismatched primer-template. Step D represents removal
of the mismatch via exonucleolytic proofreading.

favored in the direction of polymerization. In addition, a burst
in dNTP production caused by pyrophosphorolysis is not
detected with the Klenow fragment, indicating the presence
of a slow step that follows formation of E":DNA,;:PP; in
the direction polymerization.**

As previously described, decay of the E:DNA,:PP;
species to generate DNA,; and PP; can occur via two
mutually exclusive pathways. The first involves release of
PP; from the E":DNA,,;:PP; followed by a conformational
change that relaxes the resulting E':DNA, ., species to
E:DNA, +,. The second pathway involves PP; release after
relaxation of the E':DNA,,+,:PP; complex to E:DNA,,;:PP;.
Differentiation between these two mechanisms was achieved
by comparing the rates of pyrophosphorolysis with pyro-
phosphate exchange.®® Pyrophosphate exchange is measured
as the rate of *P-dNTP appearance into a pool of cold INTP
by the addition of [*?P]PP;. With the E. coli Klenow fragment,
identical rates in pyrophosphorolysis and pyrophosphate
exchange were measured, arguing for the presence of a
second conformational change from E':DNA, ;. :PP;toE:DNA, 4 ;:
PP; that precedes PP; release. If pyrophosphate exchange was
faster than pyrophosphorolysis, then PP; exchange with the
E":DNA, +, species would have occurred and circumvented
the slow reversal of the conformational relaxation step from
E:DNA, +:PP; to E'DNA,,,:PP;.

5. Fidelity of Nucleotide Incorporation

Mutagenesis of an individual’s genome often correlates
with the development of disease and/or resistance to drugs
designed to combat the pathogenic state. The most critical
step in mutagenesis arguably occurs during DNA replication
and is caused by the misincorporation of a dNTP opposite
normal or damaged DNA followed by subsequent elongation
beyond the mismatch (Figure 8). In the absence of exogenous
DNA damaging agents, mutagenic events rarely occur as
indicated by in vitro error rates corresponding to one error
per 10*—10° bases replicated by high-fidelity DNA poly-
merases. This degree of fidelity is remarkable since the
energy differences between a correct and incorrect base pair
are only 1—3 kcal/mol. This low energy difference predicts
a high error rate of 1 error per 100 bases replicated.”® Thus,
the remarkable low mutation frequency observed in many
organisms must therefore reflect several enzymatic processes
that enhance replication fidelity. We describe these enzymatic
activities into those that are influenced by the kinetics of
nucleotide incorporation versus those that are controlled by
nucleotide removal catalyzed by the exonuclease proofread-
ing activity associated with most replicative DNA polymerases.
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5.1. Forming a Mismatch: Alterations in the
Kinetic Steps Associated with Polymerization

A powerful approach toward understanding the mechanism
of mutagenesis is to compare and contrast the kinetic
behavior of DNA polymerases during nucleotide incorpora-
tion opposite a correct (AATP opposite thymine) versus an
incorrect (dATP opposite cytidine) pairing partner. The
simplest approach is to quantify the rates of nucleotide
incorporation in both cases by measuring primer elongation
as a function of time. Other analyses involve comparing V,./
K, values for incorrect versus correct DNA synthesis. Vip,/
K., values reflect the apparent second-order rate constant for
productive substrate binding and are often associated with
the well-known “specificity constant” for an enzymatic
reaction. Furthermore, the ratio of Viyu/Km incorrect 10 Vinax/ Km
carrect provides a factor that indicates the intrinsic fidelity of
a DNA polymerase.

The molecular events underlying reductions in misincor-
poration rates are typically interpreted with respect to
perturbations in the formation of correct hydrogen bonds
between the incoming dNTP and its mismatched partner.
Simply put, the rates for misincorporating a dNTP are slow
since the functional groups required for proper Watson—Crick
interactions do not line up properly. As outlined in Figure
4, these alterations can perturb ground-state binding (Step
2), reduce the rate of the conformational change (Step 3),
and/or reduce the rate of phosphoryl transfer (Step 4). As
such, it is often more appropriate to classify discrimination
against misincorporation events through perturbations in
binding affinity (Ky effect), reductions in the rate constant
for incorporation (k,, effect), or a combination of the two.
For example, misincorporation of dATP opposite C catalyzed
by the bacteriophage T4 DNA polymerase is disfavored
~330 000-fold compared to correct incorporation of dATP
opposite T.%7 In this case, the Ky for dATP incorporation
opposite C is 1 100 uM and is >100-fold higher than the K,
of 10 uM measured for dATP incorporation opposite T.?
In addition, the rate constant of dATP incorporation opposite
C is ~0.03 5,77 which is 3 300-fold slower than the ko
value of 100 s~! measured for the correct incorporation of
dATP opposite T.? Despite this reduction, the conforma-
tional change preceding the chemistry step remains the rate-
limiting step for incorporation. Finally, the catalytic effi-
ciency (kpo/Ky) for creating an A:C mismatch is 27 M~ ™/,
while that for forming the proper Watson—Crick base pair
(A:T) is 10’ M~ ! s, The difference in catalytic efficiencies
corresponds to a predicted error frequency of one mistake
every 1 000 000 incorporation events, which is close to the
values determined by in vivo measurements using the
exonuclease deficient T4 DNA polymerase.”

Two major differences in the mechanism for correct versus
incorrect DNA synthesis are noted with the E. coli Klenow
fragment.”” First, a change in the rate-limiting step occurs
during misincorporation in which phosphoryl transfer rather
than the conformational change step preceding chemistry
limits the overall rate of misincorporation. This is evident
by a significant elemental effect of >10 measured for
substituting an a-S-dNTP for a-O-dNTP during misincor-
poration compared to a small elemental effect during correct
DNA synthesis.”” In addition, the rate of the second con-
formational change following misincorporation is slower.”
This reduction in the second conformational change is
proposed to provide a kinetic barrier that prevents elongation
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Figure 9. Kinetic pathway for the exonuclease proofreading capabilities of the bacteriophage T4 DNA polymerase. Step A represents
initial strand separation of mismatched primer template. Step B represents translocation of the primer-terminus from the polymerase active
site into the exonuclease active site. Step C represents hydrolysis of the phosphodiester bond to excise the terminal nucleotide. Step D
represents repositioning of the 3'-end of the primer from the exonuclease active site back to the polymerase active site.

of the mismatch by allowing the 3'-exonuclease activity of
the Klenow fragment to remove the mismatch.”

Comparing the kinetic mechanisms of correct and incorrect
incorporation for several DNA polymerases has led to a
model invoking three distinct stages for maintaining fidel-
ity.'% The first step occurs during the kinetic step encom-
passing dNTP binding and phosphodiester bond formation.
During this stage, selectivity of 10*—10° is achieved. With
polymerases such as the E. coli Klenow fragment, the
contribution of a second conformational change step adds
another ~60-fold selectivity by providing additional time to
excise mismatches before DNA dissociation (Stage 2). As
discussed below, the final stage of selectivity occurs via a
~10—100-fold reduction in the rate for extending a mismatch
compared to extending a correctly paired primer-terminus.
The combination of all three stages predicts an overall
selectivity of 1 error per every 10'° opportunities during
correct DNA synthesis.

6. Processing a Mismatch

If the polymerase does misincorporate, additional macro-
scopic steps illustrated in Figure 8 contribute to further
reducing the error frequency. One obvious kinetic step is
polymerase dissociation from DNA after misinsertion (Figure
8, Step B) caused by the altered geometry of the formed
mispair.'”! The net effect is that the extension beyond the
mismatch is prevented so that the mismatch can be removed
by various cellular nucleases. However, most replicative
polymerases possess accessory proteins that increase the
processivity of the polymerase and, thus, reduce the fre-
quency of dissociation.® > The increased processivity
predicts that the polymerase would be forced to extend
beyond the mismatch rather than dissociate (Figure 8, Step
C). However, this mechanism appears inaccurate since the
efficiency for elongating a formed mismatch is reduced
compared to extending beyond a correct base pair.'°>!% The
reduced rate of extension for a mispair provides an op-
portunity for the primer-terminus to be processed by exo-
nuclease activity.

6.1. Role of Exonuclease Proofreading in
Maintaining Genomic Fidelity

The last line of defense to prevent misincorporation is
through the proofreading capacity of the DNA polymerase
catalyzed by its associated exonuclease activity (Figure 8,
Step D). The proofreading process is more complicated as

it encompasses translocation of the primer-terminus from the
polymerase active site into the exonuclease active site, strand
separation of several nucleotides, positioning of the 3'-end
of the primer in the exonuclease active site, and hydrolysis
of the phosphodiester bond to excise the terminal nucleotide
(Figure 9). In addition to erasing the mismatch, proofreading
also returns the polymerase to a correct primer-terminus,
which allows for the renewal of “correct” DNA synthesis
without polymerase dissociation and rebinding.

6.2. Chemistry of Exonuclease Proofreading

Exonuclease proofreading activity has been extensively
studied using the bacteriophage T4 enzyme as the model
system.'%~1% The primary advantage of this system has been
the ability to combine classical genetic selection with site-
directed mutagenesis to rapidly screen a variety of mutant
DNA polymerases possessing defects in 3'—5" exonuclease
activity.!™~1% These studies indicate that exonuclease activity
requires the binding of two catalytically important metals
through conserved carboxylates.'®~'% In vivo analyses reveal
that the D324A, D219A and D112A/E114A mutant T4 DNA
polymerases are defective in 3'—5" exonuclease activity and
have a 1 000-fold increase in the development of spontaneous
mutations compared to wild-type polymerase.'”® In vitro
analyses confirm that D324 binds one of the required metal
ions and is the single-most important amino acid for the
hydrolysis reaction.'® The exonuclease activity of the D324A
mutant is 10°-fold lower than wild-type polymerase, while
reductions of 10°- to 10*fold have been reported for the
D219A- and D112A/E114A-DNA polymerases, respectively.
pH studies of exonuclease activity suggest that a water
molecule coordinated by one metal ion forms a metal-
hydroxide ion that is oriented to attack the phosphodiester
bond.'®

6.3. Kinetic Mechanism of Nucleotide Excision

Mismatched DNA is the preferred substrate for exonu-
clease activity as rates for excising mismatched base pairs
are 100-fold higher than for correctly matched base pairs.!%”
The overall mechanism for nucleotide excision involves a
competition between the enzyme’s polymerase and exonu-
clease active sites for the 3'-end of the primer strand.'® As
outlined above, polymerization is stalled after formation of
the mismatch due to misorientation of the 3'-hydroxyl group
of the primer-terminus that subsequently hinders the incor-
poration of the next correct nucleotide. Polymerase stalling
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Figure 10. Formation of O%methylguanine and consequences of misreplicating the miscoding DNA lesion.

increases the probability of excision due to shuttling of the
mispaired primer away from the polymerization domain. In
addition, a mismatched base pair destabilizes duplex DNA
and enhances the binding of the partially melted 3'-single-
stranded primer into the exonuclease site.

The details of the kinetic mechanism for the proofreading
pathway of bacteriophage T4 DNA polymerase have been
elucidated through presteady-state kinetic studies* ' coupled
with mutational analyses.'® 1% Ag illustrated in Figure 9,
polymerase stalling at the mismatch allows the enzyme to
first partially melt the primer-terminus, which facilitates
transfer of the primer from the polymerase active site into a
pre-exonuclease complex (Step A). This appears to be the
rate-limiting step for the proofreading pathway since stopped-
flow fluorescence analysis with 2-AP containing DNA shows
that this step occurs with a rate constant, k;, of ~4 s™!, which
is essentially identical to that of 5 s~! measured using rapid-
quench techniques.? Further strand separation (Step B) forces
the primer-terminus to bind in the exonuclease active site
and occurs with a faster rate constant, k,, of ~20 s™%. Finally,
hydrolysis of the phosphodiester bond (Step C) occurs with
a fast rate constant of ~100 s~!. Repositioning of the primer
in the polymerase active site is rapid (Step D). It is important
to emphasize that both Steps A and B are significantly slower
than either the hydrolysis rate constant of 100 s~! measured
for Step C or the rate constant of ~400 s~! measured for
extending a correct base pair (28). These differences provide
kinetic evidence for the formation of proofreading intermedi-
ates generating kinetic barriers that prevent indiscriminate
excision of correctly base-paired DNA.

In addition, this kinetic barrier allows for idle turnover,
the process of repetitive addition, excision, and addition of
a dNTP. This activity not only inhibits mispair elongation
but allows the DNA polymerase to remain “stalled” on DNA.
This activity may act to coordinate replication with other
biological pathways including DNA repair, DNA recombina-
tion, and/or the bypass of certain DNA lesions.

7. Polymerase Activity is Altered by DNA
Damage

DNA damaging agents such as temozolomide, chloram-
bucil, and cisplatin are widely used in the treatment of
various cancers including brain tumors, ovarian and prostate
cancers, malignant melanomas, and hematological disor-
ders.!'® By damaging DNA, these agents block replication
and transcription as well as activate DNA repair pathways
to induce apoptosis.''! Unfortunately, the DNA lesions
caused by these agents can be misreplicated to generate
resistance as well as to create potential genetic errors. Indeed,
translesion DNA synthesis, the ability of a DNA polymerase
to replicate damaged DNA and extend it, represents a major

complication in the widespread use of DNA damaging
agents. In the following sections, we examine the effects of
various DNA lesions on the mechanism and fidelity of
various DNA polymerases.

7.1. Miscoding DNA Lesions

O%methylguanine (O%-MeG) is a prototypical miscoding
DNA lesion that is caused by alkylating agents including
methyl methanesulfonate''> and chemotherapeutic agents
such as temozolomide''® and cyclophosphamide.''* As il-
lustrated in Figure 10, this lesion is potentially miscoding
since alkylation at the O6-position of guanine changes the
hydrogen bonding potential of the nucleobase through
modification to the keto oxygen. This modification changes
the Watson—Crick hydrogen bonding pattern of guanine from
a:d:d to (-)-a:-d such that it now resembles adenine rather
than guanine.

Nucleotide incorporation opposite O°-MeG has been
quantified using several different DNA polymerases, includ-
ing the E. coli Klenow fragment'!®> and bacteriophage T4
DNA polymerase.!!'%!7 Using the exonuclease-deficient E.
coli Klenow fragment, Spratt and Levy reported that the
catalytic efficiency for dTTP incorporation is 3-fold higher
than that for dCTP.!'> The preferential incorporation of dTTP
does not arise through an effect on nucleotide binding since
the K., values for dTTP and dCTP are identical at ~100 4M.
Instead, the higher catalytic efficiency reflects the faster k¢,
value measured for dTTP incorporation. The T4 DNA
polymerase likewise shows a preference for incorporating
dTTP rather than dCTP opposite O°-MeG."'*!'7 Presteady-
state analyses reveal that the binding affinity for dCTP is
significantly higher compared to that for dTTP (A. Berdis,
unpublished results). However, the higher catalytic efficiency
for dTTP incorporation arises from a 10-fold faster rate
constant for incorporations compared to that for dCTP
incorporation (A. Berdis, unpublished results). In addition,
the polymerase extends beyond the T:0%-MeG base pair more
efficiently compared to the C:0%-MeG mispair,!!” even in
the presence of exonuclease proofreading''” (A. Berdis,
unpublished results). Collectively, the in vitro demonstration
for the preferential incorporation and extension of dTTP
opposite O%-MeG is consistent with in vivo observations of
the pro-mutagenic potential of this lesion.

7.2. Non-Instructional DNA Lesions

Perhaps the most prevalent and pro-mutagenic class of
DNA lesion is an abasic site (Figure 11). This noninstruc-
tional DNA lesion is formed by the hydrolysis of the bond
between the C1' of ribose and the N9 of a purine or the N1
of a pyrimidine. Although abasic sites arise spontaneously
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Figure 11. Nonenzymatic formation of an abasic site, a noninstructional DNA lesion.

under normal physiological conditions,!!® their formation is

enhanced by exposure to ionizing radiation and chemothera-
peutic agents'’® as well as through the action of DNA
glycosylases that excise damaged nucleobases.'?* While most
abasic sites are repaired by the base excision repair path-
way,!?! a small fraction persist and can be replicated to yield
a high probability of mutagenesis. The lack of coding
information at an abasic site predicts that all four dNTPs
should be incorporated with equal efficiencies and forecasts
a 75% chance for a misincorporation event that could cause
a genetic mutation. Despite the lack of coding information
present at an abasic site, however, high fidelity DNA
polymerases such as eukaryotic pol d,'?? the E. coli Klenow
fragment,'>* and the bacteriophage T4 DNA polymerase'?*
preferentially insert dATP opposite the lesion. This kinetic
phenomenon is commonly referred to as the “A-rule” of

translesion DNA synthesis.'?’

The mechanism for misreplicating an abasic site has been
extensively studied using the bacteriophage T4 DNA poly-
merase'?* and Klenow fragment'?* as models. With the T4
polymerase, the catalytic efficiency for incorporating dATP
opposite the lesion is ~100-fold higher than that for the other
three natural dNTPs.'?* The higher efficiency results from a
significant increase in binding affinity coupled with a faster
kpot value.'** It is surprising that the binding affinity for JATP
opposite the lesion is only 3-fold worse than that for
incorporation opposite the correct pairing partner thymine.
Instead, the most sensitive parameter is the kp, value, which
is decreased from 100 s~! during correct incorporation
opposite thymine to 0.15 s™! for insertion opposite an abasic
site.’?* Thus, discrimination is caused by a 1 000-fold
reduction in the &, value rather than perturbations in binding
affinity. This is consistent with the induced-fit model for
polymerase fidelity?® because the rate-limiting step for
nucleotide incorporation is the conformational change step
preceding phosphoryl transfer as validated by thio-elemental
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effects studies,'** pulse-chase experiments,'?® and fluores-

cence measurements of nucleotide incorporation.'?” Further-
more, extension beyond an abasic site is reduced ~1 000-
fold compared to extension beyond a correct base pair.'**
Surprisingly, the kinetics of elongation appear to be limited
by the phosphoryl transfer step based upon the observation

of a significant (>10-fold) thio-elemental effect.!?8

The E. coli Klenow fragment is similar to the bacterioph-
age T4 DNA polymerase in that it also incorporates dATP
~10-fold more efficiently opposite an abasic site compared
with any other natural nucleotide.!?® This suggests that the
mechanism of translesion DNA replication is identical
between these polymerases. However, subtle differences in
the measured kinetic parameters argue otherwise. Specifi-
cally, the Klenow fragment binds dATP 4-fold weaker
compared to the T4 polymerase. In addition, the maximal
rate constant for incorporating dATP is 5-fold faster with
Klenow fragment than with the bacteriophage polymerase.
Furthermore, significant differences in the kinetic parameters
for various non-natural nucleotides have been reported,'?*
indicating that the mechanism of nucleotide incorporation
opposite an abasic site differs between DNA polymerases.
The differences observed during the misreplication of dam-
aged DNA emphasize the subtleties employed during nucle-
otide incorporation to maintain genomic fidelity.'?

7.3. Replication of Bulky DNA Lesions

Numerous types of bulky lesions have been identified both
in vitro and in vivo.'** However, thymine dimers and
cisplatin-induced DNA cross-links (Figure 12) are two of
the most extensively studied lesions due to their importance
in cancer. Although the primary causative agent of skin
cancer is solar UV light, DNA lesions such as thymine
dimers and other dipyrimidine photoproducts are the direct
cause for mutagenesis associated with cancer initiation.!'?
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Figure 12. Structures of bulky DNA lesions such as (A) cisplatinated guanines and (B) a thymine dimer. See text for discussion on the
formation and effects of these lesions of the efficiency and fidelity of DNA replication.

At the other end of the spectrum is cis-diaminedichloro-
platinum(II) (cisplatin), a widely used anticancer drug that
reacts with adjacent guanine bases in DNA to predominantly
form intrastrand cross-links. The shear bulk of this DNA
lesion provides a significant roadblock that impedes the
synthetic capabilities of various DNA polymerases and
causes cytostatic and cytotoxic effects. The following sec-
tions describe the influence of these bulky DNA adducts on
the mechanism and fidelity of DNA polymerases.

7.4. Thymine Dimers

UV radiation causes a variety of covalently modified DNA
lesions. However, the most prevalent form of damage is the
cis,syn-thymine dimer. Although thymine dimers are repaired
by several distinct DNA repair pathways,'** they are also
inappropriately replicated by various DNA polymerases.'?! =13
As illustrated in Figure 12, the hydrogen bonding groups
required for base-pair recognition are not altered at a thymine
dimer. Instead, this lesion induces various deformations in
the helical structure of DNA'** that are proposed to create a
cavity that functionally resembles the noninstructional abasic
site. Indeed, recent studies reveal that high-fidelity DNA
polymerases replicate a thymine dimer more similarly to a
noninstructional lesion rather than as a miscoding lesion.'?
This model for misreplication was first proposed based upon
structural evidence of the bacteriophage T7 DNA polymerase
when bound to a thymine dimer.!* In this structure, the
polymerase places the lesion outside the helical structure of
DNA to create a cavity that mimics an abasic site.'*> This
mechanism was subsequently confirmed by kinetic studies
demonstrating that the T7 DNA polymerase preferentially
incorporates a non-natural nucleotide, pyrene triphosphate,
rather than dATP opposite the thymine dimer DNA lesion
and is similar to the kinetic preference displayed at an abasic
site.136

The mechanism for replicating a thymine dimer has also
been investigated using a series of non-natural nucleotides
with the bacteriophage T4 DNA polymerase.'*” Results from
these studies demonstrate that this high-fidelity DNA poly-

merase replicates a thymine dimer via a mechanism that is
similar, but not identical, to that reported for the misrepli-
cation of an abasic site."**!¥” The catalytic efficiency for
nucleotide incorporation opposite both lesions is linked with
the overall sr-electron surface area of the incoming nucle-
otide. However, the rate constant for the conformational
change step at a thymine dimer is considerably slower than
those measured at an abasic site. This difference likely
reflects the influence of steric hindrance imposed by the bulky
lesion. Data from these kinetic studies were interpreted with
a model in which the 3'-T of the lesion exists predominantly
in an extrahelical position that creates an intermediate
resembling an abasic site.'’” However, the covalent bond
between the 5'-T and 3'-T hinders the overall mobility of
the lesion such that the rate constant for the conformational
change step preceding phosphoryl transfer is significantly
slower compared to that for a genuine abasic site.

Despite differences in the mechanism of nucleotide
incorporation between an abasic site or thymine dimer, the
T4 DNA polymerase processes mismatches present at either
lesion similarly with respect to extension and exonuclease
proofreading. Extension beyond both DNA lesions is inef-
ficient and reduced 1,000-fold compared to extension beyond
a correct base pair.'?*!*7 In addition, the kinetics for excising
dAMP from either DNA lesion are identical and significantly
faster than dAMP excision from an unmodified thymine.'?>!¥
This enhancement likely reflects the enzyme’s ability to
partition the misaligned primer from the polymerase active
site into its exonuclease domain and contributes toward the
lack of extension beyond either mispair.

7.5. Replication of Cisplatin-Modified DNA

The effects of a site-specific cisplatin adduct on DNA
polymerization have been investigated using two replicative
DNA polymerases, HIV RT, and the bacteriophage T7 DNA
polymerase.'* HIV RT binds cisplatin-containing DNA with
a similar affinity to unmodified DNA, whereas the T7 DNA
polymerase binds the cisplatin-DNA cross-link with signifi-
cantly worse affinity. However, both polymerases show
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strong pausing at the cross-linked guanine as well as one
nucleotide preceding the DNA lesion.!*® Single nucleotide
incorporation at each pause site revealed that polymerization
occurs with biphasic kinetics, which is consistent with the
previously described two-step reaction mechanism outlined
for correct DNA synthesis. However, the burst amplitudes
in nucleotide incorporation opposite the damaged DNA are
significantly smaller than expected. This indicates that the
polymerases bind the lesion nonproductively compared to
unmodified DNA. In addition, both polymerases extend
beyond the lesion ~10*fold more slowly compared to
unmodified DNA. In this case, the cisplatin lesion has large
downstream effects on the kinetics of nucleotide incorpora-
tion with the T7 DNA polymerase because ground-state
binding for the next correct nucleotide is weakened by the
adduct. HIV RT, however, appears to be more tolerant since
the binding affinity for nucleotide substrates remain unaf-
fected at downstream positions. This difference may reflect
the ability of HIV RT to utilize diverse nucleic acid substrates
that include RNA/RNA, DNA/RNA, and DNA/DNA.!¥

Collectively, the inability of high-fidelity polymerases to
efficiently incorporate dNTPs opposite bulky lesions such
as thymine dimers and cisplatin-induced adducts reflects an
important step in preventing the generation of mutations
during chromosomal DNA synthesis. As described below,
these DNA-replication blocks can be rescued by the activity
of various damage-responsive DNA polymerases.

8. Damage-Responsive DNA Polymerases

There exist a wide variety of specialized DNA poly-
merases, known as translesion or damage-responsive DNA
polymerases, that can overcome the replication blocks caused
by DNA damaging agents.'*"1%> These polymerases are
enigmatic as they display extremely low fidelity while
replicating undamaged DNA yet show surprisingly high
fidelity when replicating damaged DNA. Indeed, these
polymerases display paradoxical effects in vivo as their
uncontrolled participation in normal DNA synthesis presents
a threat to genome stability.'*> However, their absence in
response to DNA damage is linked with mutagenesis and
disease development.'* The following sections explore this
interesting paradox by examining the activity of various
translesion DNA polymerases toward replicating abasic sites,
thymine dimers, and cisplatin-modified DNA.

8.1. Replication of Abasic Sites

While high-fidelity DNA polymerases preferentially in-
corporate dATP opposite an abasic site, several error-prone
polymerases prefer to incorporate other natural nucleotides.
For example, pol ¢ preferentially incorporates dGTP opposite
this noninstructional DNA lesion by actively discriminating
against dATP incorporation.'*® Another polymerase that
defies the “A-rule” is the yeast Revl DNA polymerase that
preferentially incorporates dCTP opposite the noninstruc-
tional lesion.!*! Rev1 is unique because it is highly special-
ized for the insertion of dCTP opposite a variety of DNA
lesions including abasic sites and modified guanines.'*> The
ternary crystal structure of yeast Revl bound to DNA and
dCTP reveals that the polymerase does not use the coding
information provided by the DNA substrate.'* Instead, the
polymerase uses hydrogen bonding interactions provided by
active site amino acids to guide the preferential incorporation
of dCTP.'¥ In this mechanism, the templating nucleobase
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is “flipped” out of the DNA helix such that the incoming
dCTP pairs with an active site arginine rather than the
templating base. This mechanism ensures that dCTP is
preferentially incorporated and provides an efficient way to
catalyze error-free DNA synthesis on modified guanine
residues.

8.2. Damage-Responsive DNA Polymerase
Replicate Bulky DNA Lesions with High Fidelity

Damage-responsive polymerases such as pol 7 catalyze
efficient and error-free replication through thymine dimers
and other types of bulky lesions. The participation of pol #
in translesion DNA synthesis is best understood by its role
in the UV-sensitivity syndrome, xeroderma pigmentosum-
variant (XP-V).!¥” Mutation of the POLH gene encoding pol
77 is linked with the inability to accurately bypass UV-induced
cyclobutane pyrimidine dimers.'*” Furthermore, complete
inactivation of pol # in humans results in cancer-prone
syndrome, a variant form of xeroderma pigmentosum.'*®

Mechanistic studies reveal that pol # is insensitive to
distortions in the geometry of the lesion and directly
incorporates nucleotides opposite the thymine dimer using
the intrinsic base-pairing capabilities of the DNA lesion.'#
Crystallographic studies of another error-prone polymerase,
Dpo4, complexed with a cis,syn-thymine dimer reveals that
the 3" -T of the dimer forms a Watson—Crick base pair with
the correct pairing partner, dATP.!3° While the 5' -T is also
replicated faithfully, there are significant differences in the
mechanism of nucleotide incorporation. Specifically, the 5'-T
forms a Hoogsteen base pair with dATP in syn- rather than
anti- conformation. '

Pol 1 can bypass other DNA damage adducts including
those induced by cisplatin.!>! Recent structural data reveals
that pol # binds the cisplatin lesion in an open conforma-
tion."? Nucleotide incorporation requires that the lesion rotate
into an active conformation in a process that is driven by
the formation of Watson—Crick hydrogen bonds between
the 3'-G of the lesion and dCTP. While the 3'-G is accurately
replicated, bypass of the 5'-G is less efficient and more
promiscuous as dATP is incorporated with an efficiency
similar to that of dCTP.'>? The facile incorporation of dATP
may be caused by the formation of a “transient-abasic site”
intermediate as proposed for the cross-linked thymine dimer
since the bulky lesion may be unable to fit within the active
site of the “error-prone” polymerase.

It is argued that drug resistance to cisplatin arises from
the ability of pol 7 to perform translesion synthesis beyond
the cross-linked DNA adducts.'>*!3* XP-V cell lines that are
defective in pol 7 are significantly more sensitive to cisplatin
treatment compared to isogenic cell lines complemented with
functional pol #.!5® Similar results were obtained with the
DNA damaging agents, carboplatin and oxaliplatin,'> and
collectively suggest that pol # activity is absolutely required
to provide tolerance to platinum-based drugs. In addition, a
recent report by Albertella et al.'>* reveals that a lack of pol
17 expression causes an increase in cisplatin-induced S-phase
arrest. This suggests that the inability to perform translesion
DNA synthesis causes cell-cycle arrest and argues that pol
7 activity is an important determinant of cellular responses
to cisplatin.

A provocative implication of these studies is that modulat-
ing the activity of this error-prone polymerase could provide
a beneficial response to platinum-based chemotherapeutic
agents. Support for this argument comes from in situ studies
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Figure 13. Structures of various nucleomde analogues that function as (A) antiviral and (B) anticancer agents. See text for further details

regarding their mechanism of action.

demonstrating that pol 7-deficient cells are ~10-fold more
sensitive to the combined treatment of cisplatin and gem-
citabine compared to normal human fibroblast cells.!>*
Biochemical analyses suggest that the increased sensitivity
to this drug combination reflects the inability of the pol
n-deficient cells to restart stalled DNA synthesis presumably
caused by the incorporation of gemcitabine opposite cispl-
atin-induced DNA adducts.'>® Thus, inhibiting pol 7 may
provide a new strategy to improve the effectiveness and
potency of existing chemotherapeutic agents that damage
DNA.

9. Therapeutic Interventions

This kinetic framework highlights the importance of
various enzymatic steps that can be exploited to inhibit DNA
polymerases to influence cellular proliferation. The current
paradigm for therapeutic intervention is the use of chain-
terminating nucleotides that are efficiently incorporated into
DNA but cannot be extended. As previously outlined,'>* the
development of an effective chain-terminating nucleotide
depends upon several interrelated features that include (i)
high catalytic efficiency for incorporation, (ii) no potential
for subsequent elongation, (iii) poor excision after incorpora-
tion, (iv) selective utilization by the polymerase(s) respon-
sible for the pathogenic state, and (v) efficient metabolism
of the parental nucleoside to the corresponding nucleoside
triphosphate. Figure 13 compares the structures of several
therapeutically relevant nucleoside analogues that are used
as antiviral or anticancer agents. A common feature that
distinguishes most antiviral nucleoside analogues (Figure
12A) from their natural counterparts is the absence of the
3'-OH group that is required for primer elongation after
incorporation. For example, AZT-TP is an effective chain-
terminator due to the simple replacement of the hydroxyl
group with an azide (—Nj3). Since the coding potential of
the antiviral agent is not altered, the overall catalytic

efficiency (ky/Kq value) for a modified nucleotide is
comparable to its natural counterpart.'’~!5® Nucleoside
analogues such as fludarabine, gemcitabine, and cytarabine
(Figure 12B) represent an important class of chemothera-
peutic agents used mainly in the treatment of hematological
disorders."> Their mechanism of action is similar to previ-
ously discussed antiviral agents such as AZT because the
ribose moiety that is essential for primer elongation is
modified compared to the natural nucleoside. A major
difference, however, is that the deoxyribose sugar is replaced
with arabinose or some other modified sugar. This simple
replacement make these analogues effective anticancer agents
through multiple mechanisms that include direct inhibition
of DNA and RNA synthesis as well as altering intracellular
nucleotide pools.!*

10. Conclusions

DNA replication is a key biological process that is essential
for the survival of any organism and for the proliferation of
a species. The ability of a DNA polymerase to accurately
copy an organism’s genome is of paramount importance in
the process. Numerous biophysical, kinetic, and structural
studies have provided key insight into the mechanism and
dynamics of DNA polymerization. Mechanistic studies reveal
that the efficiency and fidelity of replicative DNA poly-
merases is achieved through a series of conformational
changes within the polymerase and DNA that enhance
incorporation of the correct nucleotide and prevent misin-
sertion of an incorrect nucleotide. Surprisingly, there is
significant structural evidence indicating that this process is
not dependent upon initial hydrogen-bonding contacts made
between the incoming nucleotide and the templating nucleo-
base. As expected, DNA damaging agents, especially those
used in chemotherapy, alter the mechanism and dynamics
of DNA replication. In some cases, lesions are misreplicated
via the inappropriate action of high-fidelity DNA poly-
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merases involved in chromosomal DNA synthesis. Surpris-
ingly, error prone polymerases are intimately involved in
replicating damaged DNA and ironically appear to be
essential for maintaining genomic fidelity in the presence of
DNA damage. While we understand the function of DNA
polymerases at the cellular and molecular levels, we are just
beginning to elucidate the intimate details of how they
interact with each other to coordinate DNA synthesis.
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