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ABSTRACT: The effect of metal ion substitution on the dynamics of translesion DNA synthesis catalyzed
by the bacteriophage T4 DNA polymerase was quantitatively evaluated through steady-state and transient
kinetic techniques. Substitution of Mn2+ for Mg2+ enhances the steady-state rate of dNMP misinsertion
opposite an abasic site by 11-34-fold. At the molecular level, the enhancement in translesion DNA synthesis
reflects a substantial increase in the rate of the conformational change preceding phosphoryl transfer for
all dNTPs that were tested. This is best illustrated by the biphasic pre-steady-state time course of dAMP
insertion opposite an abasic site which indicates that a step after chemistry is rate-limiting for steady-
state enzyme turnover. Furthermore, thekpol value of 40 s-1 measured under single-turnover reaction
conditions is 20-fold greater than thekcat value of 2 s-1 measured for steady-state enzyme turnover. Finally,
the low elemental effect (∼2.4-fold reduction inkpol) measured by substituting theR-thiotriphosphate
analogue for dATP further argues that chemistry is not rate-limiting. In contrast to the biphasic insertion
of dAMP, pre-steady-state time courses for the insertion of dCMP, dGMP, or dTMP opposite an abasic
site were linear. Nearly identicalkpol values (∼1 s-1) were measured for the insertion of dCMP, dGMP,
and dTMP opposite the abasic site using single-turnover conditions. However, the large elemental effects
of 27 and 70 measured by substituting theR-thiotriphosphate analogues for dCTP and dGTP, respectively,
suggest that phosphoryl transfer may be the rate-limiting step for their insertion opposite the abasic site.
Various models are discussed in an attempt to explain the effect of metal ion substitution on the dynamics
of translesion DNA replication.

DNA polymerases catalyze the rapid incorporation of
dNMPs across from a DNA template. These enzymes
typically maintain a remarkable degree of substrate specificity
despite the fact that dNMP incorporation changes during each
cycle of nucleotide addition as directed by the sequence of
the DNA template. The extraordinary fidelity of DNA
replication is accomplished through at least two distinct
enzymatic reactions. The first encompasses selective incor-
poration of the correctly base-paired nucleotide, while the
second involves removal of mismatched bases by the 3′ f
5′ exonuclease proofreading ability of the enzyme. These
two enzymatic activities provide an error rate of one
misincorporation event per 108 base pairs.

However, cellular exposure to exogenous and endogenous
sources of reactive chemicals and oxygen species leads to
the formation of DNA adducts (1, 2) which are potentially
miscoding and precursors to mutagenic events if replicated
by DNA polymerases (3). The miscoding potential of DNA
adducts results from the ability of the adduct to form incorrect
base pairs which may escape editing by the polymerase and/

or repair by various DNA repair systems (4). Perhaps the
most prevalent and damaging DNA adduct is an apurinic/
apyrimidinic (abasic)1 site which can arise spontaneously
under normal physiological conditions (5) as well as through
the action of base excision repair pathways (6). This DNA
lesion lacks potential hydrogen bonding capabilities and thus
presents the opportunity for the DNA replicase to incorporate
any of the four nucleosides, thereby enhancing the potential
to create a genetic mutation.

One key step in preventing the establishment and propaga-
tion of mutagenic events is the high degree of fidelity of the
DNA polymerase maintained during replication. The central
dogma of DNA replication is that the extraordinary efficiency
and fidelity of the DNA polymerase are dictated by the
hydrogen bonds formed between the template nucleobases
with incoming nucleoside triphosphates. While Watson-
Crick hydrogen bonds provide a stabilizing effect on nucleic
acid structure, it has been recently demonstrated that
hydrogen bonding is not an absolute requirement for DNA
polymerization activity (7-11). For example, Kool et al. (7)
have demonstrated that difluorotoluene deoxynucleoside, a
nonpolar mimic of thymidine, is efficiently inserted opposite
adenine. The same group has demonstrated that dPTP, a
nucleoside triphosphate with pyrene replacing the normal
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purine or pyrimidine nucleobase, is likewise incorporated
across from an abasic site (9). Furthermore, our own studies
have demonstrated that the bacteriophage T4 DNA poly-
merase is capable of preferential insertion of dAMP across
from an abasic site (11). Through a series of steady-state
and transient kinetic experiments, we further demonstrated
that the rate-limiting step for insertion across from an abasic
site is the conformational change preceding phosphoryl
transfer (11). Although the same kinetic step is also rate-
limiting during precise DNA replication, the rate of the
conformational change is reduced 660-fold in the former case
when compared to the latter. Surprisingly, the rate of the
conformational change during translesion DNA synthesis was
dependent upon the nucleoside being inserted such that the
rate is further reduced between 4000- and 17000-fold during
incorporation of the other dNMPs. These data collectively
demonstrate that the lack of hydrogen bonding does not
prevent DNA replication but instead lowers the efficiency
of nucleotide insertion.

These observations beg the fundamental question regarding
the efficacy of DNA replication; i.e., what truly dictates the
high degree of fidelity during DNA polymerization if
hydrogen bonds are not essential for efficient DNA replica-
tion? One reasonable answer is provided by the “induced
fit” model for the maintenance of fidelity. The induced fit
model is generally viewed as a substrate selection gate by
which initial “loose” binding of the correct substrate triggers
a conformational change that leads to an active configuration
of the enzyme (12). In this active configuration, transition-
state stabilization for catalysis is provided when key active
site residues are brought into proper alignment. In most
instances, the binding of an incorrect dNTP causes an
inappropriate fit by disturbing precise geometry needed for
proper alignment of the incoming nucleobase with the
template. The net result is that the conformational change
preceding phosphoryl transfer occurs at a slower rate to
substantially retard nucleoside insertion. At the molecular
level, this mode of inappropriate dNTP binding is presumed
to reflect perturbations in the proper hydrogen bonding
network normally observed during correct nucleoside triphos-
phate insertion. However, the differences in free energy
caused by formation of improper hydrogen bonds (∼0.2-
4.0 kcal/mol) (13-15) cannot entirely account for the high
degree of fidelity. Thus, alternative or augmenting models
must be invoked. Our previously published kinetic data
revealed a distinctive correlation between the efficiency of
nucleoside insertion (11) with the potential for the nucleobase
to be in an intrahelical versus extrahelical configuration (16).
The nucleotide dependency on the rate of the conformational
change suggests that the dynamics of nucleotide insertion
across from and beyond the abasic site are not dictated by
hydrogen bonding potential but instead are predominantly
controlled by the relative configuration of the formed
dNMP-abasic site mispair. Our data, in conjunction with
the demonstration of efficient insertion of nonpolar nucleo-
side analogues (7-10), suggest that base stacking may
compensate for the lack of proper hydrogen bond formation
in playing a large role in aiding the polymerase in properly
binding and incorporating nucleotides.

In this report, we have further investigated the dynamics
of translesion DNA synthesis by evaluating the role of
divalent metal ion in the maintenance of fidelity. Although

it has been demonstrated that Mn2+ is a potent mutagen both
in vivo and in vitro (refs17-19 for example), the molecular
mechanism accounting for this phenomenon is poorly
defined. Within this context, we asked if Mn2+ would
enhance the rate of dNMP insertion opposite an abasic site,
and if so, was this accomplished through lowering the
binding energy of an incorrect dNTP and/or by enhancing
the rate of conformational change preceding phosphoryl
transfer? In this report, we provide kinetic evidence that
substitution of Mn2+ for Mg2+ significantly enhances the rate
of dNTP insertion opposite an abasic site. Furthermore,
evidence is provided that Mn2+ changes the rate-limiting step
for steady-state polymerase turnover during translesion DNA
synthesis. The Mn2+-induced change in the rate-limiting step
is accomplished through a large enhancement in the rate of
the conformational change preceding chemistry without a
substantial effect on the intrinsic ground-state binding of
dNTP opposite an abasic site.

MATERIALS AND METHODS

Materials

[γ-32P]ATP and [R-32P]dATP were purchased from New
England Nuclear. Unlabeled dNTPs (ultrapure) were obtained
from Pharmacia. MgCl2, MnCl2, and all buffers were from
Sigma. All other materials were obtained from commercial
sources and were of the highest available quality. Oligo-
nucleotides, including those containing a tetrahydrofuran
moiety mimicking an abasic site, were synthesized by Operon
Technologies (Alameda, CA). Single-stranded and duplex
DNA were purified and quantified as previously described
(20). T4 exonuclease-deficient polymerase D129A (Asp219
to Ala mutation) was purified and quantified as previously
described (21).

Methods

The assay buffer used in all kinetic studies consisted of
25 mM Tris-OAc (pH 7.5), 150 mM KOAc, and 10 mM
2-mercaptoethanol. All assays, including rapid quench
experiments using the instrument described by Johnson (22),
were performed at 25°C. Polymerization reactions were
monitored by analysis of the products on 20% sequencing
gels as described by Mizrahi et al. (23). Gel images were
obtained with a Molecular Dynamics PhosphorImager.
Product formation was quantified by measuring the ratio of
32P-labeled extended to nonextended primer. The ratios of
product formation are corrected for substrate in the absence
of polymerase (zero point). Corrected ratios are then
multiplied by the concentration of the primer-template
species used in each assay to yield total product.

Steady-State Incorporation Assays.Steady-state rates of
dNTP incorporation across from the abasic site were
measured as previously described (11). Briefly, initial rates
of primer extension were measured using a fixed amount of
T4 exo- polymerase (50 nM), DNA substrate (1000 nM),
and metal ion (10 mM MnCl2 or 10 mM MgCl2) at various
concentrations of dNTP (0.01-5 mM). Aliquots of the
reaction were quenched into EDTA (0.5 M, pH 7.4) at times
ranging from 5 to 600 s. Samples were diluted 1:1 with
sequencing gel load buffer, and products were analyzed for
product formation by denaturing gel electrophoresis. In all
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cases, steady-state rates were obtained from the linear portion
of the time course. Data obtained for steady-state rates in
DNA polymerization measured under pseudo-first-order
reaction conditions were fit to eq 1

wherem is the slope of the line,b is they-intercept, andt is
time.

Pre-Steady-State Nucleotide Incorporation Assays.Time
courses of dNTP incorporation were examined using either
13/20T-mer or 13/20SP-mer (Figure 1) using a rapid quench
instrument (22). A preincubated solution of 200 nM T4 exo-

polymerase, 1000 nM 5′-labeled DNA, and 100µM EDTA
was mixed with an equal volume of a solution containing
20 mM MnCl2 and variable concentrations of dNTP in the
same reaction buffer. The reaction was then terminated at
various times by adding 500 mM EDTA. Polymerization
products were analyzed as described above. Data were fit to
eq 2 which defines a burst in product formation followed
by a steady-state rate

where A is the burst amplitude,k is the first-order rate
constant,B is the steady-state rate,t is time, andC is the
apparent burst amplitude determined from extrapolation of
the steady-state phase to time zero.

Single-TurnoVer Nucleotide Incorporation Assays.T4 exo-

polymerase (300 nM) was incubated with 150 nM DNA (13/
20SP-mer) in assay buffer containing 100µM EDTA and
mixed with variable concentrations of dNTP (0.01-4 mM)
and 20 mM MnCl2. The reactions were quenched with 500
mM EDTA at variable times (0.005-30 s) and analyzed as
described above. Data obtained for all single-turnover DNA
polymerization assays were fit to eq 3

where A is the burst amplitude,k is the first-order rate
constant,t is time, andC is the measured end point in product
formation. Data for the dependency ofkobs as a function of
dNTP concentration were fit to the Michaelis-Menten
equation

wherekobs is the observed first-order rate constant,kpol is
the rate of DNA polymerization,Kd is the equilibrium
dissociation constant for dNTP, and [dNTP] is the concentra-
tion of nucleotide substrate.

RESULTS AND DISCUSSION

Manganese Enhances the OVerall Efficiency of Translesion
DNA Synthesis.The effect of substituting Mn2+ for Mg2+

on the efficiency of nucleotide incorporation across from an
abasic site was evaluated using the 13/20SP-mer DNA
substrate (Figure 1). Rates were monitored through the
addition of each dNTP singly to a preincubated solution of
50 nM T4 exo- with 1000 nM 5′-labeled 13/20SP-mer in
the presence of either divalent metal (10 mM). To compare
the effect of metal ion substitution, the concentration of dNTP
was maintained fixed at its respectiveKm value previously
reported using Mg2+ (11). Representative data presented in
Figure 2A clearly show an enhancement in the rate of dAMP
insertion in the presence of Mn2+ as opposed to Mg2+. This
enhancement is not limited to dAMP insertion since the rates
of incorporation for each dNTP were 11-34-fold faster when
Mn2+ was substituted for Mg2+ (Table 1).

Similar steady-state analysis was performed using the 13/
20T-mer DNA substrate (Figure 1) to evaluate the effect of
Mn2+ on the kinetics of misincorporation. As presented in
Table 1, the rates of dNTP misincorporation opposite T are
also enhanced in the presence of Mn2+. In general, the
magnitude of the rate enhancement for misincorporation (7-
14-fold) is similar to that observed for misinsertion opposite
the abasic site (11-34-fold).

Change in the Rate-Limiting Step during dAMP Insertion
Opposite an Abasic Site.As depicted in Figure 2B, the time
course of dAMP insertion across from the abasic site in the
presence of Mg2+ is linear. During nucleotide insertion

FIGURE 1: DNA substrates used for kinetic analysis. Sp denotes
the tetrahydrofuran moiety designed to mimic an abasic site.

y ) mt + b (1)

y ) Ae-kt + Bt + C (2)

y ) Ae-kt + C (3)

kobs) kpol[dNTP]/Kd + [dNTP] (4)

FIGURE 2: Manganese enhances the rate of dAMP insertion opposite
an abasic site. (A) Representative data for the insertion of dAMP
opposite an abasic site in the presence of either Mg2+ or Mn2+.
(B) Time course for dAMP insertion opposite an abasic site in the
presence of either Mg2+ (b) or Mn2+ (O).

Table 1: Summary of Initial Velocity Rates for dNTP Incorporation
Opposite an Abasic Site or T in the Presence of Mn2+ or Mg2+ a

13/20SP-mer 13/20T-mer

rate (nM/s) rate (nM/s)

dNTP Mn2+ Mg2+
fold

increaseb Mn2+ Mg2+
fold

increase

dATP ∼100 8.3( 0.7 12 >100 >100 NDc

dCTP 1.7( 0.3 0.05( 0.01 34 5.9( 0.8 0.9( 0.11 7
dGTP 11.1( 0.7 0.64( 0.09 17 2.9( 0.7 0.30( 0.05 10
dTTP 12.8( 0.9 1.21( 0.11 11 11.3( 0.7 0.83( 0.09 14

a Rates were monitored through the addition of each dNTP singly
to a preincubated solution of 50 nM T4 exo- with 1000 nM 13/20SP-
mer or 13/20T-mer in the presence of either 10 mM Mg2+ or 10 mM
Mn2+. The concentration of dNTP was fixed as follows: 50µM dATP,
1 mM dCTP, 150µM dGTP, and 700µM dTTP. b Refers to the fold
enhancement in replication efficiency when Mn2+ is substituted for
Mg2+. c No difference detected under these conditions.

Mechanism of Translesion DNA Synthesis Biochemistry, Vol. 41, No. 15, 20024773



opposite an abasic site, this linear time course indicates that
the rate-limiting step for enzyme turnover is the conforma-
tional change preceding chemistry (11). Perhaps the most
surprising effect of Mn2+ is the observation of an apparent
burst in dAMP insertion across from the abasic site (Figure
2B). This apparent burst suggests that the conformational
change preceding chemistry is no longer rate-limiting for
enzyme turnover. To further evaluate the dynamics of this
process, the kinetics of dAMP insertion opposite the abasic
site were monitored on a millisecond time scale (∆t ) 10-
750 ms) using a rapid quench instrument (22). The time
course obtained under pseudo-first-order reaction conditions
using Mn2+ is biphasic (Figure 3A), characterized by a rapid
initial burst in product equivalent to the concentration of
enzyme followed by a second, slower phase in product
formation representing product release and subsequent
utilization of the remaining substrate. The time course was
fit to the equation for a single exponential followed by a
steady-state phase (eq 2), yielding akobs of 14.9 ( 4.1 s-1

and akcat of 2.4 ( 0.3 s-1 (obtained by dividing the steady-
state rate by the burst amplitude).

The insertion of dAMP opposite T was assessed in the
presence of Mn2+ to directly compare translesion DNA
synthesis with precise DNA replication. As anticipated, the
time course displayed an initial burst in DNAn+1 production
followed by a second, slower phase in DNAn+1 formation

(Figure 3B). Thekobsvalue of 160( 30 s-1 measured in the
presence of Mn2+ is identical, within experimental error, to
the rate constant of 180( 25 s-1 measured using Mg2+ (data
not shown). During precise replication, the release of
polymerase from extended DNA (DNAn+1) also appears to
be insensitive to metal ion since akcat value of 2.3( 0.2 s-1

is obtained in either case and is identical to previously
published values (20, 21). Values forkobs and kcat during
precise and translesion DNA synthesis in the presence of
either Mn2+ or Mg2+ are summarized in Table 2.

Single-turnover experiments were then performed to
measure the maximal polymerization rate constant,kpol,
across from the abasic site. In these experiments, the kinetics
of dAMP insertion were monitored on a millisecond time
scale (∆t ) 5-5000 ms) by rapidly mixing a preincubated
solution of T4 exo- polymerase (300 nM) and 5′-labeled
13/20SP-mer (150 nM) with an equal volume of a solution
containing 10 mM MnCl2 and variable concentrations of
dATP (10-1000µM). All time courses of primer extension
were best defined as a single-exponential process (Figure
4A) and fit to eq 3. As shown in Figure 4B, the plot ofkobs

versus dATP concentration is hyperbolic, yielding akpol of
40 ( 3 s-1 and aKd of 150 ( 25 µM. Values forkpol, Kd,
andkpol/Kd using dATP are summarized in Table 3.

The elemental effect on the kinetics of dAMP insertion
was then measured employing single-turnover conditions
using either 50µM R-S-dATP orR-O-dATP (concentrations
that were lower thanKd). In each case, the time course of
DNAn+1 production was fit to a single exponential to yield
kobs values of 3.5( 0.3 and 8.5( 0.9 s-1 with R-S-dATP
and R-O-dATP, respectively (data not shown). Although
substitution ofR-S-dATP for R-O-dATP slows the rate of
polymerization by 2.4-fold, this relatively low elemental
effect suggests that phosphoryl transfer does not limit dAMP
incorporation across from the abasic site.2

On the basis of the biphasic time course as well as the
near identity in thekcat values obtained in the presence of
Mn2+ or during precise DNA replication (vida supra;20,
21), we denote the rate-limiting step for steady-state enzyme
turnover as the release of enzyme from product DNA. The
change in the rate-limiting step directly contrasts the dynam-
ics of translesion DNA synthesis using Mg2+ as the divalent
metal ion in which the conformational change preceding
chemistry is completely rate-limiting for enzyme turnover
(11). Direct comparison of the rate constants in primer
elongation (kpol) across from the abasic site reveals an∼270-

FIGURE 3: (A) Pre-steady-state time course of dAMP insertion using
13/20SP-mer in the presence of Mn2+ (O) or Mg2+ (b). Assays
were performed by mixing a preincubated solution of 200 nM T4
exo- polymerase and 1000 nM 5′-labeled 13/20SP-mer with an
equal volume of a solution containing 20 mM Mn2+ and 200µM
dATP or 20 mM Mg2+ and 200µM dATP in the same reaction
buffer using a rapid quench instrument (22). The reaction was
terminated at the various times denoted by adding 500 mM EDTA.
The solid line for the time course was obtained by fitting the data
to the kinetic model depicted in Scheme 1 in which the rate-limiting
step for enzyme turnover is the release of polymerase from extended
DNA (step 7). (B) Pre-steady-state time course of dAMP insertion
using 13/20T-mer in the presence of Mn2+. Assays were performed
by mixing a preincubated solution of 200 nM T4 exo- polymerase
and 1000 nM 5′-labeled 13/20T-mer with an equal volume of a
solution containing 20 mM Mn2+ and 200µM dATP in the same
reaction buffer using a rapid quench instrument (22). The reaction
was terminated at the various times denoted by adding 500 mM
EDTA. The solid line for the time course was obtained by fitting
the data to the kinetic model depicted in Scheme 1 in which the
rate-limiting step for enzyme turnover is the release of polymerase
from extended DNA (step 7).

Table 2: Kinetic Constants for dATP Incorporation Catalyzed by
T4 Exo- DNA Polymerase

dNTP DNA substrate kobs (s-1) kcat (s-1)

dATPa 13/20T-mer (Mg2+) 160( 30 2.3( 0.2
dATPa 13/20T-mer (Mn2+) 180( 25 2.3( 0.2
dATPb 13/20SP-mer (Mg2+) NDc 0.12( 0.03
dATPd 13/20SP-mer (Mn2+) 14.9( 4.1 2.4( 0.3

a Correct incorporation of dATP across from T was assessed under
pseudo-first-order reaction conditions using 100 nM T4 exo-, 500 nM
13/20T-mer, and 100µM dATP in the presence of either 10 mM Mg2+

or 10 mM Mn2+. b Data previously reported by Berdis (11). Briefly,
incorporation of dATP across from an abasic site was assessed using
100 nM T4 exo-, 500 nM 13/20SP-mer, and 100µM dATP in the
presence of 10 mM Mg2+. c No burst detected.d Incorporation of dATP
across from an abasic site was assessed using 100 nM T4 exo-, 500
nM 13/20SP-mer, and 50µM dATP in the presence of 10 mM Mn2+.
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fold enhancement in the rate of the conformational change
preceding chemistry induced by Mn2+ [compare the value
of 0.15 s-1 obtained using Mg2+ (11) with the value of 40
s-1 obtained using Mn2+]. Surprisingly, although the rate of
the conformational change is enhanced, the level of binding
of dATP to the polymerase-DNA complex actually de-
creases 3-fold [compare the value of 50µM reported with
Mg2+ (11) to the value of 165µM obtained using Mn2+].

Phosphoryl Transfer Is Rate-Limiting for the Incorporation
of dCTP, dGTP, and dTTP.Substitution of Mn2+ for Mg2+

also enhances the rate of dCMP, dGMP, and dTMP misin-
sertion opposite the abasic site. We further evaluated the
dynamics of this process by monitoring the kinetics of their
insertion opposite an abasic site on the millisecond time scale.
Time courses were generated in the presence of Mn2+, using
either 1 mM dCTP or 1 mM dTTP while the concentration
of dGTP was maintained at 150µM.3 All time courses were
linear and devoid of a measurable burst in DNAn+1 produc-

tion (Figure 5). These linear time courses are distinctively
different from that obtained with dATP and suggest that
either phosphoryl transfer or a kinetic step preceding
phosphoryl transfer is rate-limiting for enzyme turnover with
these dNTPs. A fit of each data set to the equation for a
straight line (eq 1) yielded steady-state rates of 12, 120, and
64 nM/s for the insertion of dCMP, dGMP, and dTMP,
respectively.

Single-turnover experiments were then performed by
varying the concentration of dCTP or dTTP from 0.01 to
2.5 mM (data not shown) to measure the maximal poly-
merization rate constant for insertion opposite an abasic site.
Insertion opposite the abasic site was observed at all dNTP
concentrations that were employed, and the time courses were
fit to the equation describing a single-exponential process
to yield values reflectingkobs. The plots ofkobs versus dCTP
or dTTP concentration were hyperbolic (data not shown). A
kpol value of 0.62( 0.8 s-1 and aKd value of 750( 75 µM
were measured with dCTP. Using dTTP, thekpol value was
0.72( 0.11 s-1 while theKd value was 165( 15µM. Values
for kpol, Kd, andkpol/Kd are summarized in Table 3.

The elemental effect on the kinetics of dCMP insertion
opposite the abasic site was measured under single-turnover

2 There has been much debate regarding the utility of thio elemental
effects as a quantitative assessment of which kinetic step is rate-limiting
for catalysis (24-27). For example, using the Klenow fragment as the
DNA polymerase, Mizrahi et al. (24) originally observed a small
elemental effect of 1.6 in the direction of polymerization and a relatively
large effect of 18 in the direction of pyrophosphorolysis. This difference
was partially attributed to the increase inKeq upon replacement ofR-O-
dNTP withR-S-dNTP (24). Likewise, substitution ofR-O-dNTP with
R-S-dNTP can affect the secondary structure of nucleic acid (25), which
can lead to perturbations in processes other than phosphoryl transfer.
It should be noted that in our study, the relative magnitude of the
measured elemental effects is being utilized as preliminary evidence
for whether phosphoryl transfer is the rate-limiting step for insertion
of a dNMP opposite an abasic site. Further experimentation is clearly
required to fully evaluate if the measured elemental effect reflects events
associated solely with chemistry or other physical processes involving
protein and/or nucleic acid.

3 In the presence of Mn2+, substrate inhibition at high dGTP
concentrations (>750 µM) was observed. Thus, the concentration of
dGTP was maintained at 150µM to evaluate the presence of a burst in
dGMP insertion. If a step after phosphoryl transfer were rate-limiting,
a burst in initial product formation would be observed even atKm levels
of dGTP. However, the rate of the burst phase would be slower than
if saturating (10Km) dGTP concentrations were maintained.

FIGURE 4: dATP concentration dependence on the apparent burst
rate under single-turnover conditions. (A) T4 exo- polymerase (300
nM) and 5′-labeled 13/20SP-mer (150 nM) were preincubated and
mixed with increasing concentrations of Mn2+ and dATP to initiate
the reaction, and the reaction was quenched with 500 mM EDTA
at variable times (0.01-2 s). The incorporation of dATP was
analyzed by denaturing gel electrophoresis. The dATP concentra-
tions were 10 (O), 25 (0), 50 (b), 100 (×), 250 (+), 500 (4), and
1000µM (1). The solid lines represent the fit of the data to a single
exponential. (B) The observed rate constants for dATP incorporation
(b) were plotted against dATP concentration and fit to a hyperbola
to determine values corresponding toKd andkpol.

Table 3: Kinetic Rate and Equilibrium Constants for dNTP
Incorporation Opposite an Abasic Site in the Presence of Mn2+ a

dNTP kpol (s-1) Kd (µM)
kpol/Kd

(M-1 s-1)

dATP 40( 3
(0.15( 0.01)b

165( 25
(35 ( 5)

2.42× 105

(4.3× 103)
dCTP 0.62( 0.08

(0.008( 0.001)
750( 75

(250( 50)
830 (32)

dGTP 1.4( 0.1
(0.023( 0.005)

50 ( 5
(130( 20)

2.8× 104

(180)
dTTP 0.72( 0.11

(0.055( 0.011)
165( 15

(1200( 200)
4.2× 103

(46)
a Assays performed under single-turnover conditions used 300 nM

T4 exo- DNA polymerase, 150 nM 13/20SP-mer, and variable
concentrations of dNTP in the presence of 10 mM MnCl2. b Values in
parentheses are those previously published using Mg2+ as the divalent
metal ion (11) and are provided for comparison.

FIGURE 5: Pre-steady-state time course of dCMP (O), dGMP (b),
or dTMP (1) insertion opposite an abasic site using Mn2+ as the
divalent metal ion. Assays were performed by rapidly mixing a
preincubated solution of 200 nM T4 exo- polymerase and 1000
nM 5′-labeled 13/20SP-mer with an equal volume of a solution
containing 20 mM Mn2+ with 300 µM dGTP or 2 mM dCTP or
dTTP in the same reaction buffer. The reaction was terminated at
times varying from 0.01 to 2 s byadding 500 mM EDTA. The
solid lines for each time course were obtained by fitting the data
to the kinetic model depicted in Scheme 1 in which the rate-limiting
step for enzyme turnover is phosphoryl transfer (step 4).
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conditions. Using 1 mMR-S-dCTP, the time course of
DNAn+1 production was linear under the time frame that was
examined (0.025-20 s) and directly contrasts the single-
exponential time course obtained using 1 mMR-O-dCTP
(Figure 6). Computer simulation using KinSim (28) was
performed as previously described (11) to obtain individual
rate constants for either time course. Each time course was
fit to the minimal kinetic scheme depicted in Scheme 1 to
providekobs values of 0.35( 0.03 s-1 usingR-O-dCTP and
0.013 ( 0.004 s-1 using R-S-dCTP. The ratio of the rate
constants,ko/ks, reveals a significant elemental effect of∼27,
thus suggesting that phosphoryl transfer is at least partially
rate-limiting for dCMP insertion opposite the abasic site.

Single-turnover experiments were likewise performed by
varying the concentration of dGTP from 0.01 to 2.5 mM.
Extension opposite and beyond the abasic site was observed
at all dGTP concentrations that were tested since dGTP is
the correct triphosphate for the next three incorporations (data
not shown). However, the reaction kinetics were simplified
by assessing only the depletion of the 13-mer substrate as a
function of time. Surprisingly, the rate of 13-mer depletion
in the presence of Mn2+ was retarded using dGTP concentra-
tions of >750 µM. Although the reason for this apparent
substrate-induced inhibition is currently unknown, the plot
of kobs versus dGTP concentrations ranging from 10 to 750
µΜ (data not shown) is hyperbolic, yielding akpol of 1.4 (
0.1 s-1 and aKd of 50 ( 5 µM. Values for kpol, Kd, and
kpol/Kd using dGTP are summarized in Table 3.

Under single-turnover conditions, utilization of 500µM
R-S-dGTP yields a rate constant of 0.02 s-1 for insertion

across from the abasic site (data not shown). When compared
to the rate constant of 1.4 s-1 directly measured for the
insertion of 500µM R-O-dGTP, the large elemental effect
of 70 argues that phosphoryl transfer is the rate-limiting step
for the insertion of dGMP across from the abasic site. It
should be noted that the large elemental effect of 70 observed
in the presence of Mn2+ directly contrasts the relatively low
value of 3.1 previously reported with Mg2+ as the metal
cofactor (11).

Effect of Mn2+ on the Mechanism of dCTP Misincorpo-
ration Opposite T.As discussed earlier, substitution of Mn2+

for Mg2+ also enhances the efficiency of misincorporation
of dCTP, dGTP, and dTTP opposite T. To further evaluate
the dynamics of misincorporation induced by Mn2+, the time
course of dCMP misinsertion opposite T was measured on
a millisecond time scale. Under pseudo-first-order reaction
conditions, the time course of misincorporation is linear
(Figure 7). Since a saturating concentration of dCTP (2 mM)
was employed, akcat value of 0.17( 0.03 s-1 was obtained
by dividing the steady-state rate by the active enzyme
concentration. When the reaction is monitored under single-
turnover conditions, the resulting time course is best defined
by a single-exponential process (data not shown), yielding
a kobs value of 0.18( 0.01 s-1, essentially identical to the
rate constant obtained under pseudo-first-order reaction
conditions. The identity in rate constants coupled with the
lack of a detectable burst in primer extension indicates that
the insertion of dCMP opposite T, even in the presence of
Mn2+, is limited by the conformational change preceding
phosphoryl transfer. Furthermore, utilization ofR-S-dCTP
under pseudo-first-order (Figure 7) and single-turnover
reaction conditions (data not shown) yields low elemental
effects of 2.8 and 2.4, respectively, suggesting that phos-
phoryl transfer is not rate-limiting for dCTP misincorporation
in the presence of Mn2+. Collectively, these data indicate
that the dynamics of dCTP misincorporation differ substan-
tially from those of dCMP misinsertion opposite an abasic
site.

Conclusions.The fidelity of DNA replication is ac-
complished through a multistep pathway catalyzed by the
DNA polymerase. Arguably, the most important kinetic step
in this pathway is the conformational change step that is
flanked by kinetic steps involving initial dNTP binding and
phosphoryl transfer (Scheme 1, steps 2-4). We have

FIGURE 6: Elemental effect on dCMP insertion opposite an abasic
site in the presence of Mn2+. Assays were performed by rapidly
mixing a preincubated solution of 200 nM T4 exo- polymerase
and 1000 nM 5′-labeled 13/20SP-mer with an equal volume of a
solution containing 20 mM Mn2+ with either 2 mMR-O-dCTP (b)
or 2 mM R-S-dCTP (O) in the same reaction buffer. The reaction
was terminated at times varying from 0.01 to 20 s by adding 500
mM EDTA. The solid lines for each time course were obtained by
fitting the data to the kinetic model depicted in Scheme 1 in which
the rate-limiting step for enzyme turnover is phosphoryl transfer
(step 4).

Scheme 1: Kinetic Mechanism for the Bacteriophage T4
DNA Polymerase

FIGURE 7: Pre-steady-state time course of dCMP misincorporation
opposite T using Mn2+ as the divalent metal ion. Assays were
performed by rapidly mixing a preincubated solution of 150 nM
T4 exo- polymerase and 1000 nM 5′-labeled 13/20T-mer with an
equal volume of a solution containing 20 mM Mn2+ with either 2
mM R-O-dCTP (b) or 2 mM R-S-dCTP (O) in the same reaction
buffer. The reaction was terminated at times varying from 0.01 to
10 s by adding 500 mM EDTA. The solid lines for each time course
were obtained by fitting the data to the kinetic model depicted in
Scheme 1 in which the rate-limiting step for enzyme turnover is
the conformational change preceding phosphoryl transfer (step 3).

4776 Biochemistry, Vol. 41, No. 15, 2002 Hays and Berdis



previously evaluated the importance of the conformational
change preceding phosphoryl transfer within the context of
translesion DNA synthesis (11). Using Mg2+ as the divalent
metal ion, this kinetic step is the rate-limiting step for
polymerase turnover during dNMP insertion opposite an
abasic site (11). The kinetic data described in this report
clearly indicate that substitution of Mn2+ for Mg2+ greatly
enhances the rate of dNMP insertion opposite an abasic DNA
lesion. This rate enhancement is caused primarily by a metal-
ion induced change in the rate-limiting step for polymerase
turnover during translesion DNA synthesis. This is most
evident in the case of dAMP insertion in which, under
pseudo-first-order reaction conditions, the biphasic time
course of primer elongation indicates that a step after
phosphoryl transfer is rate-limiting for enzyme turnover. We
have denoted this step as the release of polymerase from
extended DNA (Scheme 1, step 7). However, it should be
emphasized that the rate-limiting step for dAMP insertion
opposite the abasic site is the conformational change preced-
ing chemistry (Scheme 1, step 3). Consistent with this
argument is the fact that thekpol value of 40 s-1 measured
under single-turnover conditions is 20-fold greater than the
measuredkcat value of ∼2 s-1. Furthermore, the lack of a
significant elemental effect in dAMP insertion indicates that
phosphoryl transfer is not rate-limiting for insertion opposite
the abasic site. Thus, thekpol value of 40 s-1 reflects the rate
of the conformational change preceding the chemical event,
indicating that Mn2+ enhances the rate of this kinetic step
270-fold [compare a value of 40 s-1 with Mn2+ vs a value
of 0.15 s-1 with Mg2+ (11)].

As was the case using Mg2+ as the divalent metal ion, the
dynamics of insertion opposite an abasic site are still dNTP-
dependent in the presence of Mn2+. This is best exemplified
by the qualitative change in the time course for dNMP
insertion as a function of dNTP. For example, under pseudo-
first-order conditions, a biphasic time course of primer
elongation is obtained with dATP while linear time courses
were observed for the insertion of dCMP, dGMP, and dTMP
opposite the abasic site under nearly identical reaction
conditions. The linear time course is consistent with the
conformational change preceding phosphoryl transfer being
the rate-limiting step for polymerase turnover as previously
demonstrated (11). However, the significant elemental effects
of ∼27 and∼70 measured for the insertion of dCMP and
dGMP, respectively, argue that phosphoryl transfer is
predominantly rate-limiting for the incorporation of these
nucleoside triphosphates. By inference, the rate of the
conformational change preceding phosphoryl transfer must
be faster or at least as fast as the chemistry step. If correct,
then thekpol values of∼1 s-1 measured for the insertion of
dCMP, dGMP, and dTMP reflect the rate constant for
phosphoryl transfer, and represent a 103-fold reduction when
compared to the rate constant assigned during precise DNA
polymerization (20).

It is important to note that Mn2+ does not alter the rate-
limiting step in enzyme turnover for typical misincorporation
events. This is evident in the case of dCMP misincorporation
opposite T in which the rate of misinsertion is at least 7-fold
faster with Mn2+ than with Mg2+. However, the linear time
course of primer elongation coupled with a low elemental
effect (ca. 2.8) suggests that Mn2+-induced misincorporation
is solely limited by the conformational change preceding

phosphoryl transfer as is the case using Mg2+ (11). Thus,
the dynamics by which the T4 DNA polymerase performs
misinsertion and misincorporation differ substantially.

Although Mn2+ enhances the rate of misincorporation and
misinsertion, the molecular mechanism accounting for this
phenomenon remains elusive. The kinetic data presented here
clearly indicate that during translesion DNA synthesis, the
rate of the conformational change preceding phosphoryl
transfer is affected by Mn2+. During DNA polymerization,
this conformational change is viewed as the kinetic step in
which the DNA polymerase places the incoming dNTP into
the proper geometric arrangement for phosphoryl transfer
to occur (12). The underlying implication is that this kinetic
step reflects formation of hydrogen bonds between the
incoming dNTP and template nucleobase. It is intuitively
obvious that the lack of potential hydrogen bonds at an abasic
site should slow the rate of conformational change since
binding of any dNTP presumably results in an inappropriate
fit in the enzyme’s active site. While the slow rates measured
for the conformational change using Mg2+ as the divalent
metal ion are consistent with this model (11), the ability of
Mn2+ to significantly accelerate the conformational change
preceding phosphoryl transfer at this type of lesion is
intriguing.

A thermodynamic analysis was performed using the kinetic
rate and equilibrium constants provided in Table 3 to evaluate
the relative free energy change (∆∆G°) associated with the
metal ion-induced enhancement in translesion DNA synthe-
sis.4 Direct comparison ofkpol/Kd values for dAMP insertion
using either Mg2+ or Mn2+ reveals an overall decrease in
∆∆G° of ∼2.9 kcal/mol.5 This value reflects the overall
efficiency of translesion DNA synthesis and is composed of
two kinetically distinct components, one intimately associated
with ground-state binding and the other associated with the
conformational change preceding chemistry. On the basis
of differences in theKd for dATP, the∆∆G° for ground-
state binding is roughly 0.65 kcal/mol higher in the presence
of Mn2+ [compare a value of 35µM with Mg2+ (11) vs a
value of 165µM with Mn2+]. Thus, initial binding of dATP
is actually disfavored in the presence of Mn2+. However,
the faster rate of conformational change induced by Mn2+

corresponds to a substantial lowering of∆∆G° of 3.31 kcal/
mol [compare a value of 0.15 s-1 with Mg2+ (11) vs a value
of 40 s-1 with Mn2+]. Surprisingly, the decrease of 3.31 kcal/
mol falls within the values of ca. 0.2-4 kcal/mol associated
with base pair formation (13-15).

Proper base pair formation is dependent upon both
hydrogen bonding and nucleobase-stacking interactions

4 Note that this analysis can only be performed for dAMP insertion
opposite the abasic site since the conformational change is rate-limiting
for nucleotide insertion using Mg2+ or Mn2+. Our kinetic data suggest
that phosphoryl transfer is rate-limiting for dCMP, dGMP, and dTMP
insertion in the presence of Mn2+ while the conformational change is
rate-limiting in the presence of Mg2+ (11). Thus, the difference in kinetic
steps precludes an accurate thermodynamic comparison.

5 ∆∆G° values were calculated using the equation∆∆G° ) RT ln
K, whereR ) 1.9872 cal mol-1 K-1, T ) 298 K, andK is the ratio of
respective kinetic equilibrium or rate constants. In this instance, the
∆∆G° value for the overall catalytic efficiency was calculated using
thekpol/Kd value of 4.3× 103 M-1 s-1 for insertion of dAMP opposite
an abasic site in the presence of Mg2+ (11) and thekpol/Kd value of 2.4
× 105 M-1 s-1 for insertion of dAMP opposite an abasic site in the
presence of Mn2+ (vida supra).
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(reviewed in ref29). It is tempting to speculate that Mn2+

lowers the∆∆G° for dAMP insertion by providing hydrogen
bonds required for proper execution of the enzyme-mediated
conformational change. Conceptually, this could be ac-
complished by the recruitment of additional water molecules
into the active site in providing hydrogen bonding stabiliza-
tion for the incoming dNTP. However, this mechanism is
unlikely since it cannot account for the preferential insertion
of dAMP opposite the abasic site when compared to the other
dNTPs.

We previously hypothesized that during tranlesion DNA
synthesis, the conformational change preceding phosphoryl
transfer reflects nucleobase stacking rather than hydrogen
bond formation between the incoming dNTP with the
template nucleobase (11). This model was based upon
correlating the dNTP dependency on the rate of the confor-
mational change with NMR structures of nucleic acid
containing any of the four nucleosides positioned opposite
an abasic site (16, 30). In these structures, dAMP is stacked
in an intrahelical configuration when opposite an abasic site
while dGMP exists in an inter- or extrahelical conformation
(16, 30). Our previous kinetic analyses using Mg2+ revealed
that dATP and dGTP are inserted opposite the abasic site
more efficiently that dCTP and dTTP, potentially by being
stacked in the more energetically favorable intrahelical
configuration. It is tempting to speculate that Mn2+ facilitates
nucleobase stacking of the various dNMPs while opposite
the abasic site. A formal possibility is that Mn2+ may enhance
the rate of conformational change by stabilizing the intra-
helical conformation of the nucleobase opposite the abasic
site. Unfortunately, the data presented here cannot unam-
biguously identify the biophysical reason for such a stabiliz-
ing effect induced by Mn2+. In fact, the rate enhancement
in the conformational change could result from dynamic
protein and/or nucleic acid movements that are completely
distinct from that of the nucleoside to be inserted. We are
currently employing transient fluorescent techniques in
evaluating if Mn2+ affects the conformation of the nucleic
acid, the DNA polymerase, or both.
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