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single turnover conditions as described above for pre steady state
polymerization reactions. A typical reaction was performed by rapidly
mixing an aliquot of a preincubated solution of DNA polymerase
(1 μM) and DNA (500 nM) in assay buffer containing EDTA (100 μM)
with an equal volume of solution containing nucleotide analog (4 μM)
and Mg(OAc)2 (10 mM). Data obtained for single turnover DNA poly
merization assays were fitted to Eq. (3):

y Ae kt þ C ð3Þ

where A is the burst amplitude, k is the observed rate constant in fluo
rescence quenching, t is time, and C is the end point of the reaction.

2.5. Quantifying the inhibitory effects of dATP on the incorporation of
5 NapITP

The ability of dATP to inhibit 5 NapIMP incorporation opposite an
abasic site or thymine dimer was measured using the fluorescence of
the non natural nucleotide. A typical reaction was performed by rap
idly mixing an aliquot of a preincubated solution of DNA polymerase
(1 μM) and DNA (500 nM) in assay buffer containing EDTA (100 μM)
with an equal volume of solution containing 5 NapITP (4 μM),
Mg(OAc)2 (10 mM), and variable concentrations of dATP (0 500 μM).
Data obtained for these single turnover DNA polymerization reactions
were fitted to Eq. (2). Apparent Ki values, designated as Ki,app values,
were obtained using the x intercept from plots of 1/amplitude versus
dATP concentration. True inhibition constants, designated as Ki values,
were obtained using Eq. (4).

Ki Ki;app= 1þ 5−NapITP½ �=Kmð �ð Þ ð4Þ

where Ki,app is the apparent inhibition constant determined from the
Dixon plot, [NapITP] is the concentration of non natural nucleotide
substrate, and Km is the Michaelis constant for 5 NapITP. Measured
Ki values represent an average of two independent determinations.

Idle turnover measurements

Single turnover conditions were employed to measure the rates of
excision of 5 NapIMP opposite an abasic site, thymine dimer, or thy
mine. The reaction was initiated by mixing gp43 (1 μM) with 250 nM
DNA and 4 μM 5 NapITP in assay buffer containing EDTA (100 μM)
and 30 μM dATP and 10 mM Mg(OAc)2. Aliquots of the reactions
were quenched with 350 mM EDTA at variable times (5 900 s) and
products were analyzed as described [34].

Results

Incorporation of 5 NapITP opposite normal and damaged DNA

Previous work demonstrated that the exonuclease deficient T4
DNA polymerase, gp43exo−, incorporates a wide variety of non
natural nucleotides opposite an abasic site (Fig. 2B) [35 38].
5 NapITP is a particular interesting analog as it is efficiently incorpo
rated opposite this non instructional lesion with a low Kd value of
10.3±4.5 μM and a kpol of 27.1±1.5 s−1 [31]. Here, we compared
the kinetics for the incorporation of 5 NapIMP opposite this non
instructional lesion using a fluorescence quenching assay versus a
conventional radiolabeled extension assay. Comparing the rate con
stants obtained using each technique can identify the location of the
rate limiting step along the reaction pathway. As previously described
[39], the radiolabel assay measures product formation (DNAn+1) that
occurs only after phosphoryl transfer (step 4) (Fig. 1B)whereas thefluo
rescence assay can detect intermediates including ternary complexes
such as Pol:DNA:dNTP (step 2) and Pol*:DNA:dNTP (step 3) that form
prior to phosphoryl transfer (step 4). Thus, if phosphoryl transfer is

completely rate limiting, the rate constant in fluorescence quenching
(step 2 and/or step 3) should be faster than that of measuring product
formation via the radiolabel assay. In contrast, identical rate constants
would indicate that the conformational change preceding phosphoryl
transfer is the rate limiting step. The data provided in Fig. 3A suggests
that this latter mechanism is operative with the high fidelity T4 poly
merase as the time course in fluorescence quenching of 5 NapITP oppo
site an abasic site is essentially identical to its incorporation opposite the
DNA lesion. Fits of each time course to a single exponential process val
idate that the rate constant of 5.4±0.1 s−1 in fluorescence quenching
(kquench) is identical to that of 5.5±0.1 s−1 for incorporating the
non natural nucleotide (kinc). The kinc value of 5.5 s−1 measured
here is significantly slower than the kpol value of 27.1 s−1 previ
ously reported [31]. This low kinc of 5.5 s−1 was measured using
a concentration of 4 μM of 5 NapITP that is 2.5 times below the
Kd value of 10.3 μM. In fact, application of the Michaelis Menten
equation (kobs=(kpol∗[5 NapITP])/(Kd+[5 NapITP])) indicates that
themeasured kinc of 5.5 s−1 is nearly identical to the predicted rate con
stant of 7.7 s−1.

The identity in the fluorescence quenching and nucleotide incorpo
ration rate constants argues that the conformational change step pre
ceding phosphoryl transfer is the rate limiting step for incorporating
5 NapIMP opposite an abasic site. To further validate this, we measured
the incorporation of 5 NapIMP opposite this non instructional DNA le
sion using pseudo first order reaction conditions in which the concen
tration of DNA and 5 NapITP were maintained in molar excess versus
DNA polymerase. The time course provided in Fig. 3B shows that prod
uct formation is biphasic as there is a rapid initial “burst” in product for
mation followed by a second, slower phase. This biphasic time course
indicates that a kinetic step after phosphoryl transfer is rate limiting
for enzyme turnover [40]. In addition, the initial burst in product forma
tion is identical to the amount of polymerase used in the reaction. The
stoichiometric burst in product formation argues that phosphoryl trans
fer is not rate limiting for the insertion of 5 NapIMP opposite an abasic
site. This was subsequently confirmed by comparing the kinetics of
5 NapIMP incorporation opposite an abasic site usingHCl or EDTA as de
naturing versus non denaturingquenching agents, respectively. As illus
trated in Fig. 3C, the time courses in product formation are independent
of quenching agent, and this result is consistent with a mechanism in
which the conformational change step preceding phosphoryl transfer
is the rate limiting step for 5 NapIMP incorporation opposite an abasic
site [41]. Furthermore, the kinetic dissociation constant (Kd) as well as
the maximal rate constant for the fluorescence quenching (kmax quench)
of 5 NapITP opposite an abasic site was measured by varying the con
centration of the non natural nucleotide from 1 to 16 μM using single
turnover reaction conditions. Fig. 3E shows the concentration depen
dency of 5 NapITP on fluorescence quenching. Note that the amplitude
in fluorescence quenching decreases as a function of increasing
5 NapITP concentrations, and the reduction prohibits accurately mea
suring rate constants at 5 NapITP concentrations greater than 16 μM.
Regardless, kquench values at all concentrations of 5 NapITP tested here
(1 16 μM) were defined by fitting each time course to the equation
for a single exponential decay (Eq. (3)). The plot of kquench versus
5 NapITP concentration is hyperbolic (Fig. 3E) and a fit of the data to
the Michaelis Menten equation provides a KD 5-PhITP of 9.2±1.4 μM
and a kmax quench value of 38±10 s−1. The hyperbolic dependency of
the rate constant on 5 NapITP concentration is indicative of a two step
binding mechanism in which the conformational change preceding
phosphoryl transfer is the rate limiting step for nucleotide incorporation
opposite the abasic site. Finally, the identity in kinetic parameters mea
sured using this fluorescence quenching assay versus a radiolabeled ex
tension assay [31] is consistent with this mechanism.

We next evaluated if this mechanism is lesion dependent by mea
suring the kinetics of 5 NapIMP incorporation opposite a thymine
dimer, a miscoding DNA lesion that is structurally distinct from an
abasic site (Fig. 2B). In this case, the kquench of 1.03±0.05 s−1 is
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analysis (Fig. 5D) followed by correction for the concentration of
5 NapITP using the Cheng Prusoff equation [43] yields a true Ki value
of 125±20 μM for dATP opposite the thymine dimer.

Exonuclease proofreading is lesion dependent

Exonuclease proofreading plays an important role inmaintaining ge
nomic fidelity by removing misincorporated nucleotides. This activity
was evaluated during normal and translesion DNA synthesis by moni
toring the stable incorporation of 5 NapIMP opposite undamaged and
damaged DNA by wild type DNA polymerase. Fig. 6A compares time
courses in the fluorescence change of 5 NapITP with gp43 (blue line)
and gp43exo− (red line) during the replication of an abasic site. Both
polymerases display a rapid decrease in fluorescence that is associated
with base stacking of 5 NapITP caused by the incorporation of the
non natural nucleotide opposite the lesion. The kquench values are
independent of exonuclease proofreading as both wild type and
exonuclease deficient polymerases yield identical rate constants of
5.6±0. 1 s−1. However, the time course with gp43 is distinct due to
the presence of a second, slower phase of fluorescence recovery. It is
unlikely that this recovery in fluorescence is caused by polymerase
dissociation since a similar phenomenon is not observed using the
exonuclease deficient DNA polymerase under identical conditions. As
such, this fluorescence recovery phase could reflect two distinct kinetic
steps: 1.) exonucleolytic removal of 5 NapIMP from DNA or 2.)
“unstacking” of the non natural nucleotide via partitioning between po
lymerase and exonuclease active sites.

To distinguish between these possibilities, idle turnover experiments
were performed using a modified gel electrophoresis protocol [34] to
measure the kinetics of incorporation and excision of the non natural
nucleotide. The process of idle turnover occurs when a DNA polymerase
incorporates a dNTP and then excises it in the absence of the next

required nucleotide triphosphate. This activity likely occurs under in
vivo conditions since the polymerase should be bound and stalled at
the DNA lesion. Idle turnover was quantified using a modified gel elec
trophoresis protocol that monitors the amount of extension and subse
quent excision of the primer as a function of time. Since experiments are
performed using single turnover reaction conditions, the rate constants
in product formation reflect the kinetics of insertion and excision rather
than polymerase dissociation from the mispair. Fig. 6B shows that the
time course for incorporating and excising 5 NapIMP opposite an abasic
site (blue line) differs significantly from the corresponding time course
measuring fluorescence quenching and recovery (black line). Kinetic
simulation of the time courses in nucleotide incorporation and excision
using the radiolabeled assaywas performed as previously described [34]
to calculate the kexo value. In the case of an abasic site, the kexo value of
0.024±0.004 s−1 is ~7 fold slower than the krecovery of 0.17±0.01 s−1

measured from the fluorogenic assay. The difference in rate constants is
consistent with a mechanism in which the incorporated 5 NapITP be
comes “un stacked” via the formation of a pre exonuclease complex,
and that formation of this complex precedes enzymatic hydrolysis in
the exonuclease active site.

To investigate if this mechanism is influenced by the nature of the
templating nucleobase, similar experiments were performed using
DNA containing a thymine dimer or unmodified thymine. Time courses
provided in Fig. 6C show similar trends in the fluorescence quenching
and recovery phases using DNA containing thymine (green line), a
thymine dimer (red line), or an abasic site (blue line). The time courses
in each case show an initial decrease in fluorescence reflecting
5 NapIMP incorporation which is followed by a second, slower phase
in fluorescence recovery. As before, the rate constants for 5 NapITP in
corporation vary as a function of DNA lesion (vide supra). However, sig
nificant differences are also observed in the fluorescence recovery
phase with these different DNA substrates (Table 2). In particular, the

Fig. 5. (A) Time courses showing that increasing concentrations of dATP inhibit the fluorescence quenching of 5-NapITP during the replication of an abasic site. The following color code is
used to represent reactions performed with the following concentrations of dATP: aqua (0 μM), red (5 μM), blue (10 μM), green (25 μM), black (50 μM), and pink (100 μM). (B) The ap-
parent Ki value of 90±5 μM for dATP was determined via Dixon plot analyses (1/amplitude versus dATP concentration). (C) Time courses showing increasing concentrations of dATP that
inhibit the fluorescence quenching of 5-NapITP during the replication of a thymine dimer. The following color code is used to represent reactions performedwith the following concentra-
tions of dATP: red (0 μM), blue (100 μM), green (200 μM), black (400 μM), and pink (800 μM). (D) The apparent Ki value of 180±10 μM for dATPwas determined via Dixon plot analyses
(1/amplitude versus dATP concentration).
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constants reflect interactions of 5 NapIMP paired with a templating
partner rather than effects of the non natural nucleotide itself. Experi
ments measuring the excision of 5 NapIMP from single stranded DNA
were performed under single turnover by mixing 1 μM gp43 with 250
nM 14Nap mer in the presence of 10 mM Mg2+. The time course pro
vided in Fig. 6E shows an increase in fluorescence signal that reflects
the generation of free 5 NapIMP caused by the hydrolysis of the
non natural nucleotide from single stranded DNA. A rate constant of
10.6±0.2 s−1 is obtained from the fit of the data to the equation for a
single exponential process (Eq. (2)). The kexo value of ~10 s−1 for excis
ing 5 NapIMP with single stranded DNA is >400 times faster than the
corresponding rate constants from opposite an abasic site or a thymine
dimer. This large difference indicates that the slow kexo values for excis
ing 5 NapIMP from duplex DNA are not caused by an inability of the
polymerase to efficiently process the non natural nucleobase. Instead,
the measurable differences in rate constants with various duplex DNA
substrates suggest that 5 NapIMP becomes “un stacked” via the forma
tion of a pre exonuclease complex that occurs prior to enzymatic hy
drolysis in the exonuclease active site. In addition, “un stacking” of
the non natural nucleotide depends upon the physical composition of
the templating nucleobase.

Polymerase translocation competes with exonuclease proofreading

Replicative fidelity is achieved, in part, by balancing the switch be
tween polymerase and exonuclease active sites [44]. Our previous
experiments evaluated the transition between active sites under condi
tions that would not allow the formed mispair to be elongated.
However, under physiological conditions, the presence of dNTPs could
prevent partitioning of the mispair to the exonuclease domain and
could allow the polymerase to extend the mispair. Indeed, increases in
cellular levels of dNTPs via overexpression of ribonucleotide reductase
in E. coli cause an increase in spontaneousmutagenesis [45]. In addition,
a recent report by Fuchs and co workers indicates that increasing dNTP
pools also plays an important role in induced mutagenesis in E. coli
during the DNA damage response [46]. To test if similar effects could
be observed with the bacteriophage T4 DNA polymerase, we used the
spectroscopic properties of 5 NapITP to determine if adding the next
correct nucleotide (dGTP) affects the formation of the pre excision
complex during normal or translesion DNA synthesis. Representative
data provided in Fig. 7A show that the addition of 150 μM dGTP has a
minimal effect on the initial fluorescence quenching phase or the subse
quent recovery phasewhen using DNA containing an abasic site. Higher
concentrations of dGTP (>200 μM) reduced the amplitude of the initial
fluorescence quenching phase without affecting the recovery phase
(data not shown). The ability of dGTP to lower the amplitude of this

initial phase indicates competition betweendGTP and5 NapITP for bind
ing opposite the abasic site. However, the inability of dGTP to attenuate
the fluorescence recovery phase suggests that the addition of the next
correct nucleotide does not influence the transition between exonucle
ase to polymerase active site during the replication of an abasic site.

Similar analyses were performed using undamaged DNA to deter
mine if the presence of templating information influences translocation.
Data provided in Fig. 7B show that increasing the concentration of the
next correct nucleotide (100 400 μM) causes an attenuation in thefluo
rescence recovery phasewith aminimal effect on the initialfluorescence
quenching phase. The ability of the next correct nucleotide to hinder the
“un stacking” of 5 NapIMP suggests that gp43 translocates to the next
templating position when provided with the next correct nucleotide.
Collectively, the difference in fluorescence recovery by the addition of
the next correct dNTP as a function of DNA substrate suggests that
gp43 not only senses damaged DNA differently from undamaged DNA
but also appears to sense and respond differently to structurally diverse
DNA lesions.

Discussion

Themisreplication of damaged DNA is a leading cause of mutagene
sis that is correlated with disease development [15 17] and drug resis
tance [47 49]. While the link between mutagenesis and dysfunctional
DNA replication is obvious, the molecular details describing how poly
merases initiate and propagatemutagenic events still remain poorly de
fined. One particular aspect lacking fundamental knowledge is with
respect to the coordination of polymerization and exonuclease proof
reading activities during normal and translesion DNA synthesis. In this
report, we used the spectroscopic properties of the non natural nucleo
tide, 5 NapITP, to evaluate how these activities function independently
and collaboratively during normal and translesion DNA synthesis using
gp43, the high fidelity bacteriophage T4 DNA polymerase, as a model.
We chose this polymerase as a model for several reasons. First, gp43 is
functionally homologous to eukaryotic DNA polymerases such as pol
delta and pol epsilon that function during chromosomal DNA synthesis
[50,51]. Secondly, the bacteriophage DNA polymerase possesses high
sequence identity with other high fidelity DNA polymerases [52], and
this sequence identity often correlateswith structural identity in critical
regions of the DNA polymerases associated with polymerization and
exonuclease activities. Finally, we have previously demonstrated that
gp43 uses 5 NapITP as a “universal” substrate when replicating
unmodifiedDNA and structurally diverseDNA lesions [38,41]. In this re
port, we validate that 5 NapITP is utilized as a novel fluorescent nucle
otide analog to monitor the replication of damaged and unmodified
DNA. Table 1 summarizes the rate constants for fluorescence quenching
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Fig. 7. (A) Time course in fluorescence recovery of 5-NapITP during the replication of an abasic site catalyzed by gp43. The red line represents the reaction performed in the absence of
dGTP, the next correct nucleotide. The green line represents the reaction performed in the presence of 150 μMdGTP. (B) Time course in the fluorescence recovery of 5-NapITP during the
replication of unmodified thymine by gp43. The following color codewas used to represent reactions performedwith the following concentrations of dGTP: 0 μM=green line, 100 μM=
blue line, 200 μM=red line, and 400 μM=black line.
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non instructional abasic site. This difference in binding affinity is sur
prising since a thymine dimer contains potential coding information
while the abasic site lacks direct coding information. It is possible
that crosslinking two adjacent thymines causes significant distortion
in the DNA template and disrupts nucleotide binding more signifi
cantly than the complete lack of templating information at an abasic
site. Indeed, it is well known that alterations to a templating base in
DNA can adversely affect the mechanism of DNA synthesis. This is
borne out from the numerous structures of different DNA polymer
ases bound to various forms of DNA damage including abasic sites
[53 56] and thymine dimers [19,57]. Each structure illustrates how
perturbations in DNA sequence affect the conformation of templating
DNA and/or polymerase to alter the efficiency and fidelity of nucleo
tide incorporation. However, these structures only provide snapshots
of thermodynamically favored species. Our studies using 5 NapITP
have the advantage of measuring the kinetic pathways associated
with nucleotide selection, incorporation, and excision as a function
of DNA lesion. In fact, the data provided here collectively show that
kinetic behavior of the high fidelity bacteriophage T4 DNA polymer
ase is differentially influenced by the physical nature of DNA lesion.
The next logical step is to combine structural analyses of DNA poly
merases with this spectroscopic probe to fully define differences be
tween normal and translesion DNA synthesis.

The spectroscopic properties of 5 NapITP also confirmed the pres
ence of a pre excision complex that forms prior to hydrolysis of the
mispaired primer. This is evident as the rate constant in fluorescence
quenching is significantly faster than the rate constant for excising
5 NapIMP (Table 2). These rate constants in fluorescence recovery
and excision vary as a function of templating base and again reiterate
that processing of a mispaired primer template is dependent upon its
physical nature. In particular, faster rate constants are measured
when 5 NapIMP is paired opposite an abasic site compared to either
thymine dimer or unmodified thymine. This trend is somewhat
surprising since we predicted that 5 NapIMP would be excised
much slower when paired opposite an abasic site due to better
base stacking interactions of the non natural nucleotide with the
non instructional DNA lesion. This prediction is based on the fact
that there is usually an inverse correlation between the rates of
dNMP excision (kexo) with the rates of dNTP incorporation (kpol). In
general, polymerases are more proficient at excising a mispair that
is kinetically more challenging to form. Indeed, we demonstrated
that this correlation exists during the insertion and excision of
dAMP opposite an abasic site as the rate constant for excising dAMP
from the lesion (kexo ~28 s−1) is much faster than incorporating
dAMP opposite an abasic site (kpol ~0.15 s−1) [34]. However, this
mechanism does not appear to function when non natural nucleotides
are placed in the primer as the results provided in Table 2 indicate that
the 5 naphthylindole:thymine and 5 naphthylindole:thymine dimer
mispairs are actually degraded more slowly despite being predicted to
be less thermodynamically stable than 5 napthylindole:abasic site.
This paradox can be explained if exonuclease proofreading is activated
through an inability to translocate to the next templating position rath
er than through simply sensing the nucleobase in the primer strand.
This argument is based on data demonstrating that gp43 rapidly excises
5 NapIMP as it is unable to translocate to the next templating base
when supplied with the next correct nucleotide. Likewise, the slower
rate constants for excising 5 NapIMP from opposite a templating thy
mine could be caused by the ability of gp43 to translocate rather than
partition the non natural nucleotide into the exonuclease active site.

This last aspect is of particular importance toward understanding the
cellular mechanisms of lesion bypass. Under cellular conditions, most
replicative DNA polymerases are complexed with accessory proteins
that enhance the overall processivity of the DNA replication process
[58]. When replicating undamaged DNA, the interaction of the circular
“clamp” protein with the DNA polymerase decreases the rate constant
of polymerase dissociation fromDNA to greatly increase its low intrinsic

processivity [59]. In addition, these circular clampproteins act as a cellu
lar scaffold to recruit specialized DNA polymerase that can efficiently
replicate various DNA lesions that typically serve as strong replication
blocks to high fidelity DNA polymerases [60]. Our results showing that
exonuclease proofreading is activated by the inability of a DNApolymer
ase to translocate beyond a DNA lesion have important ramifications for
this potential cellularmechanism. For example, the interactions of a rep
licative DNA polymerasewith its processivity factor would hinder disso
ciation from the DNA lesion and essentially force the polymerase to
remain bound and stalled at the site of DNA damage. Stalling of the rep
licative polymerase directly at the lesion would preclude access to spe
cialized DNA polymerases that could maintain the continuity of
cellular DNA synthesis by efficiently inserting and/or extending beyond
the lesion. However, the activation of exonuclease activity would allow
the replicative polymerase to move back several bases downstream
and allow a specialized DNA polymerase access to the DNA lesion.
While this is a hypothetical model, we envision that non natural nucle
otides such as 5 NapITP can be used as chemical tools to further define
the mechanism and dynamics of intramolecular movements between
polymerization and exonuclease active sites and how this influences
the coordination of polymerase switching during lesion by pass. Since
the bacteriophage T4 system is limited to a single DNA polymerase,
the prokaryotic E. coli system provides the next simplest system to eval
uate this mechanism.
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