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Manganese Substantially Alters the Dynamics of Translesion DNA Synthesis
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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 Mihfor Mg?*t enhances the steady-state rate of ANMP misinsertion
opposite an abasic site by-134-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, the value of 40 s! measured under single-turnover reaction
conditions is 20-fold greater than tkg:value of 2 s* measured for steady-state enzyme turnover. Finally,

the low elemental effect~2.4-fold reduction ink,,) measured by substituting treethiotriphosphate
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 identici)o 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 thx#hiotriphosphate 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 or repair by various DNA repair systemd)( Perhaps the
dNMPs across from a DNA template. These enzymes most prevalent and damaging DNA adduct is an apurinic/
typically maintain a remarkable degree of substrate specificity apyrimidinic (abasid) site which can arise spontaneously
despite the fact that dNMP incorporation changes during eachunder normal physiological conditions)@s well as through
cycle of nucleotide addition as directed by the sequence ofthe action of base excision repair pathwa§s This DNA
the DNA template. The extraordinary fidelity of DNA lesion lacks potential hydrogen bonding capabilities and thus
replication is accomplished through at least two distinct presents the opportunity for the DNA replicase to incorporate
enzymatic reactions. The first encompasses selective incor-any of the four nucleosides, thereby enhancing the potential
poration of the correctly base-paired nucleotide, while the to create a genetic mutation.
second involves removal of mismatched bases by the 3 One key step in preventing the establishment and propaga-
5" exonuclease proofreading ability of the enzyme. These tion of mutagenic events is the high degree of fidelity of the
two enzymatic activities provide an error rate of one DNA polymerase maintained during replication. The central
misincorporation event per $®ase pairs. dogma of DNA replication is that the extraordinary efficiency

However, cellular exposure to exogenous and endogenousand fidelity of the DNA polymerase are dictated by the
sources of reactive chemicals and oxygen species leads tdlydrogen bonds formed between the template nucleobases
the formation of DNA adductsl( 2) which are potentially ~ With incoming nucleoside triphosphates. While Watson
miscoding and precursors to mutagenic events if replicated Crick hydrogen bonds provide a stabilizing effect on nucleic
by DNA p0|ymerasesm_ The miscoding potentia| of DNA acid structure, it has been recently demonstrated that
adducts results from the ability of the adduct to form incorrect hydrogen bonding is not an absolute requirement for DNA

base pairs which may escape editing by the polymerase andPolymerization activity {—11). For example, Kool et al.7}
have demonstrated that difluorotoluene deoxynucleoside, a

nonpolar mimic of thymidine, is efficiently inserted opposite
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purine or pyrimidine nucleobase, is likewise incorporated it has been demonstrated that ¥is a potent mutagen both
across from an abasic sit@)( Furthermore, our own studies in vivo and in vitro (refsl7—19for example), the molecular
have demonstrated that the bacteriophage T4 DNA poly- mechanism accounting for this phenomenon is poorly
merase is capable of preferential insertion of dAMP across defined. Within this context, we asked if ¥ would
from an abasic sitell). Through a series of steady-state enhance the rate of ANMP insertion opposite an abasic site,
and transient kinetic experiments, we further demonstratedand if so, was this accomplished through lowering the
that the rate-limiting step for insertion across from an abasic binding energy of an incorrect dNTP and/or by enhancing
site is the conformational change preceding phosphoryl the rate of conformational change preceding phosphoryl
transfer (1). Although the same kinetic step is also rate- transfer? In this report, we provide kinetic evidence that
limiting during precise DNA replication, the rate of the substitution of MA" for Mg?* significantly enhances the rate
conformational change is reduced 660-fold in the former caseof dNTP insertion opposite an abasic site. Furthermore,
when compared to the latter. Surprisingly, the rate of the evidence is provided that Mhchanges the rate-limiting step
conformational change during translesion DNA synthesis was for steady-state polymerase turnover during translesion DNA
dependent upon the nucleoside being inserted such that thesynthesis. The Mit-induced change in the rate-limiting step
rate is further reduced between 4000- and 17000-fold duringis accomplished through a large enhancement in the rate of
incorporation of the other dNMPs. These data collectively the conformational change preceding chemistry without a
demonstrate that the lack of hydrogen bonding does notsubstantial effect on the intrinsic ground-state binding of
prevent DNA replication but instead lowers the efficiency dNTP opposite an abasic site.
of nucleotide insertion.

These observations beg the fundamental question regardingdATERIALS AND METHODS
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- [y-32P]ATP and f-*P]dATP were purchased from New

tion? One reasonable answer is provided by the “induced gpygjand Nuclear. Unlabeled dNTPs (ultrapure) were obtained
fit” model for the maintenance of fidelity. The induced fit  fom Pharmacia. MgGJ MnCl,, and all buffers were from

model is generally viewed as a substrate selection gate bygjgma. All other materials were obtained from commercial
which initial “loose” binding of the correct substrate triggers qurces and were of the highest available quality. Oligo-
a conformational change that leads to an active configurationcleotides, including those containing a tetrahydrofuran
of the enzyme 12). In this active configuration, transition- moiety mimicking an abasic site, were synthesized by Operon
state stabilization for catalysis is provided when key active Technologies (Alameda, CA). Single-stranded and duplex
site residues are brought into proper alignment. In most pNA were purified and quantified as previously described

instances, the binding of an incorrect dNTP causes an ) T4 exonuclease-deficient polymerase D129A (Asp219
inappropriate fit by disturbing precise geometry needed for 1, Aja mutation) was purified and quantified as previously
proper alignment of the incoming nucleobase with the gescribed 71).

template. The net result is that the conformational change
preceding phosphoryl transfer occurs at a slower rate to pMethods
substantially retard nucleoside insertion. At the molecular
level, this mode of inappropriate dNTP binding is presumed  The assay buffer used in all kinetic studies consisted of
to reflect perturbations in the proper hydrogen bonding 25 mM Tris-OAc (pH 7.5), 150 mM KOAc, and 10 mM
network normally observed during correct nucleoside triphos- 2-mercaptoethanol. All assays, including rapid quench
phate insertion. However, the differences in free energy experiments using the instrument described by Johr22)n (
caused by formation of improper hydrogen bond€.2— were performed at 28C. Polymerization reactions were
4.0 kcal/mol) (3—15) cannot entirely account for the high monitored by analysis of the products on 20% sequencing
degree of fidelity. Thus, alternative or augmenting models gels as described by Mizrahi et a3). Gel images were
must be invoked. Our previously published kinetic data obtained with a Molecular Dynamics Phosphorimager.
revealed a distinctive correlation between the efficiency of Product formation was quantified by measuring the ratio of
nucleoside insertiorld) with the potential for the nucleobase *?P-labeled extended to nonextended primer. The ratios of
to be in an intrahelical versus extrahelical configuratit).( product formation are corrected for substrate in the absence
The nucleotide dependency on the rate of the conformationalof polymerase (zero point). Corrected ratios are then
change suggests that the dynamics of nucleotide insertionmultiplied by the concentration of the primetemplate
across from and beyond the abasic site are not dictated byspecies used in each assay to yield total product.
hydrogen bonding potential but instead are predominantly Steady-State Incorporation Assateady-state rates of
controlled by the relative configuration of the formed dNTP incorporation across from the abasic site were
dNMP—abasic site mispair. Our data, in conjunction with measured as previously describdd)( Briefly, initial rates
the demonstration of efficient insertion of nonpolar nucleo- of primer extension were measured using a fixed amount of
side analogues7(10), suggest that base stacking may T4 exo polymerase (50 nM), DNA substrate (1000 nM),
compensate for the lack of proper hydrogen bond formation and metal ion (10 mM MnGlor 10 mM MgCh) at various
in playing a large role in aiding the polymerase in properly concentrations of dNTP (0.655 mM). Aliquots of the
binding and incorporating nucleotides. reaction were quenched into EDTA (0.5 M, pH 7.4) at times
In this report, we have further investigated the dynamics ranging from 5 to 600 s. Samples were diluted 1:1 with
of translesion DNA synthesis by evaluating the role of sequencing gel load buffer, and products were analyzed for
divalent metal ion in the maintenance of fidelity. Although product formation by denaturing gel electrophoresis. In all

Materials



Mechanism of Translesion DNA Synthesis
13/20-MER

5’ -TCGCAGCCGTCCA
3/ -AGCGTCGGCAGGTTCCCAAA

13/20SP-MER
5/ ~TCGCAGCCGTCCA
3’ -AGCGTCGGCAGGTSpCCCARA

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

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

y=mt+b 1)

wheremi is the slope of the lingj is they-intercept, and is
time.

Pre-Steady-State Nucleotide Incorporation Assdysie
courses of dNTP incorporation were examined using either
13/20-mer or 13/20SP-mer (Figure 1) using a rapid quench
instrument 22). A preincubated solution of 200 nM T4 exo
polymerase, 1000 nM'8abeled DNA, and 10@M EDTA
was mixed with an equal volume of a solution containing
20 mM MnCl, 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 tadGTP 11.1+ 0.7 0.64+ 0.09

eq 2 which defines a burst in product formation followed
by a steady-state rate

y=Ae “+Bt+C 2)

where A is the burst amplitudek is the first-order rate
constantB is the steady-state ratejs time, andC is the
apparent burst amplitude determined from extrapolation of
the steady-state phase to time zero.

Single-Turneer Nucleotide Incorporation Assays4 exo
polymerase (300 nM) was incubated with 150 nM DNA (13/
20SP-mer) in assay buffer containing 100 EDTA and
mixed with variable concentrations of dNTP (0-864 mM)
and 20 mM MnC}. The reactions were quenched with 500
mM EDTA at variable times (0.06530 s) and analyzed as
described above. Data obtained for all single-turnover DNA
polymerization assays were fit to eq 3

y=Ae “+C (3)

where A is the burst amplitudek is the first-order rate
constantt is time, andC is the measured end point in product
formation. Data for the dependency laf,s as a function of
dNTP concentration were fit to the Michaelidenten
equation

Kops = KooldNTPJ/Ky + [ANTP] 4)

wherekqys is the observed first-order rate constaky, is

the rate of DNA polymerizationKy is the equilibrium
dissociation constant for ANTP, and [dNTP] is the concentra-
tion of nucleotide substrate.

RESULTS AND DISCUSSION

Manganese Enhances the@all Efficiency of Translesion
DNA SynthesisThe effect of substituting M1 for Mg?*
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FiGURe 2: Manganese enhances the rate of JAMP insertion opposite
an abasic site. (A) Representative data for the insertion of dAMP
opposite an abasic site in the presence of eithefMg Mn2*,

(B) Time course for dAMP insertion opposite an abasic site in the
presence of either Mg (®) or Mn?* (O).

Table 1: Summary of Initial Velocity Rates for dNTP Incorporation
Opposite an Abasic Site or T in the Presence ofMor Mg?+2

13/20SP-mer 13/26mer
rate (nM/s) fold rate (nM/s) fold
dNTP  Mr?* Mgt  increase Mn2+ Mg2"  increase
dATP ~100 8.3+ 0.7 12 >100 >100 NDF
dCTP 1.7£0.30.05+£0.01 34 59408 09+0.11 7
17 2.9+0.7 0.30+0.05 10
dTTP 12.8+£0.91.21+0.11 11 11.3t 0.7 0.83+0.09 14

@ Rates were monitored through the addition of each dNTP singly
to a preincubated solution of 50 nM T4 exwith 1000 nM 13/20SP-
mer or 13/2@-mer in the presence of either 10 mM ftgor 10 mM
Mn?2*. The concentration of dNTP was fixed as follows: /8@ dATP,

1 mM dCTP, 15QuM dGTP, and 70«M dTTP. " Refers to the fold
enhancement in replication efficiency when Mris substituted for
Mg?*. ¢ No difference detected under these conditions.

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 B-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 respectig, value previously
reported using Mg (11). Representative data presented in
Figure 2A clearly show an enhancement in the rate of dAMP
insertion in the presence of Mhas opposed to Mg. This
enhancement is not limited to dAMP insertion since the rates
of incorporation for each dNTP were +B4-fold faster when
Mn?* was substituted for Mg (Table 1).

Similar steady-state analysis was performed using the 13/
20r-mer DNA substrate (Figure 1) to evaluate the effect of
Mn?* on the kinetics of misincorporation. As presented in
Table 1, the rates of ANTP misincorporation opposite T are
also enhanced in the presence of ¥nin general, the
magnitude of the rate enhancement for misincorporatien (7
14-fold) is similar to that observed for misinsertion opposite
the abasic site (1134-fold).

Change in the Rate-Limiting Step during dAMP Insertion
Opposite an Abasic Sit&s depicted in Figure 2B, the time
course of dJAMP insertion across from the abasic site in the
presence of MY is linear. During nucleotide insertion
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Ficure 3: (A) Pre-steady-state time course of JAMP insertion using
13/20SP-mer in the presence of Mn(O) or Mg?" (@). Assays
were performed by mixing a preincubated solution of 200 nM T4
exo polymerase and 1000 nM-fabeled 13/20SP-mer with an
equal volume of a solution containing 20 mM Rtnand 200uM
dATP or 20 mM Mg+ and 200uM dATP in the same reaction
buffer using a rapid quench instrumert2). 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

Hays and Berdis

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

dNTP DNA substrate Kobs (71 Keat(s71)
dATP®  13/20-mer (M@") 160+ 30 2.3+ 0.2
dATP2 13/2G-mer (Mr#h) 180+ 25 2.3+0.2
dATP®  13/20SP-mer (M§)  NDF 0.1240.03
dATPd 13/20SP-mer (MfY) 149+ 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 ¢%®0 nM
13/2G--mer, and 10:M dATP in the presence of either 10 mM Kfg
or 10 mM Mr¢*. b Data previously reported by Berdi41). Briefly,
incorporation of dATP across from an abasic site was assessed using
100 nM T4 exa, 500 nM 13/20SP-mer, and 1QM dATP in the
presence of 10 mM M. ¢ No burst detected! Incorporation of dATP
across from an abasic site was assessed using 100 nM T4 &30
nM 13/20SP-mer, and 5@M dATP in the presence of 10 mM Mn.

(Figure 3B). Thekyysvalue of 1604 30 st measured in the
presence of M#t is identical, within experimental error, to
the rate constant of 188 25 s measured using Mg (data

not shown). During precise replication, the release of
polymerase from extended DNA (DNA) also appears to

be insensitive to metal ion sincekg:value of 2.3+ 0.2 s1

is obtained in either case and is identical to previously
published values20Q, 21). Values forkg,s and ke during
precise and translesion DNA synthesis in the presence of

step for enzyme turnover is the release of polymerase from extendedsjther Mr#+ or Mg?* are summarized in Table 2.

DNA (step 7). (B) Pre-steady-state time course of dAMP insertion
using 13/20T-mer in the presence of MnAssays were performed
by mixing a preincubated solution of 200 nM T4 exoolymerase
and 1000 nM 5labeled 13/20T-mer with an equal volume of a
solution containing 20 mM M# and 200uM dATP in the same
reaction buffer using a rapid quench instrumetf})( 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

Single-turnover experiments were then performed to
measure the maximal polymerization rate constp,
across from the abasic site. In these experiments, the kinetics
of dAMP insertion were monitored on a millisecond time
scale At = 5—-5000 ms) by rapidly mixing a preincubated
solution of T4 exo polymerase (300 nM) and'abeled
13/20SP-mer (150 nM) with an equal volume of a solution

rate-limiting step for enzyme turnover is the release of polymerase containing 10 mM MnGCl and variable concentrations of

from extended DNA (step 7).

dATP (10-1000uM). All time courses of primer extension
were best defined as a single-exponential process (Figure

opposite an abasic site, this linear time course indicates that4A) and fit to eq 3. As shown in Figure 4B, the plotlfs

the rate-limiting step for enzyme turnover is the conforma-
tional change preceding chemistrylj. Perhaps the most
surprising effect of M is the observation of an apparent
burst in dAMP insertion across from the abasic site (Figure

versus dATP concentration is hyperbolic, yieldingya of
40 &+ 3 st and aKq of 150 & 25 uM. Values forky, K,
andkgo/Kg using dATP are summarized in Table 3.

The elemental effect on the kinetics of dAMP insertion

2B). This apparent burst suggests that the conformationalwas then measured employing single-turnover conditions

change preceding chemistry is no longer rate-limiting for
enzyme turnover. To further evaluate the dynamics of this

using either 5tM a-S-dATP oro-O-dATP (concentrations
that were lower tharKy). In each case, the time course of

process, the kinetics of dAMP insertion opposite the abasic DNA,;; production was fit to a single exponential to yield

site were monitored on a millisecond time scal £ 10—
750 ms) using a rapid quench instrumeB2)( The time

kobs Values of 3.5+ 0.3 and 8.5 0.9 s with a-S-dATP
and a-O-dATP, respectively (data not shown). Although

course obtained under pseudo-first-order reaction conditionssybstitution ofa-S-dATP for a-O-dATP slows the rate of

using Mr?* is biphasic (Figure 3A), characterized by a rapid
initial burst in product equivalent to the concentration of

polymerization by 2.4-fold, this relatively low elemental
effect suggests that phosphoryl transfer does not limit dAMP

enzyme followed by a second, slower phase in product incorporation across from the abasic Site.
formation representing product release and subsequent On the basis of the biphasic time course as well as the

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), yieldindg of 14.94 4.1 st

and akg, of 2.4+ 0.3 s* (obtained by dividing the steady-
state rate by the burst amplitude).

near identity in thek.,; values obtained in the presence of
Mn?* or during precise DNA replication (vida suprap,

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-

The insertion of dAMP opposite T was assessed in the ics of translesion DNA synthesis using Ktcas the divalent

presence of M# to directly compare translesion DNA
synthesis with precise DNA replication. As anticipated, the
time course displayed an initial burst in DNA production
followed by a second, slower phase in DNAformation

metal ion in which the conformational change preceding
chemistry is completely rate-limiting for enzyme turnover
(112). Direct comparison of the rate constants in primer
elongation Kyo) across from the abasic site reveals-e2i0-
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2 20 : nM 5'-labeled 13/20SP-mer with an equal volume of a solution
x° ] containing 20 mM MA* with 300 uM dGTP or 2 mM dCTP or

1

B dTTP in the same reaction buffer. The reaction was terminated at

: o ‘ SN times varying from 0.01a 2 s byadding 500 mM EDTA. The
200 A0 AP 0 1w solid lines for each time course were obtained by fitting the data
K to the kinetic model depicted in Scheme 1 in which the rate-limiting
Ficure 4. dATP concentration dependence on the apparent burststep for enzyme turnover is phosphoryl transfer (step 4).
rate under single-turnover conditions. (A) T4 exmwlymerase (300
nM) and 3-labeled 13/20SP-mer (150 nM) were preincubated and iy (Figure 5). These linear time courses are distinctively

mixed with increasing concentrations of frand dATP to initiate . . .
the reaction, and the reaction was quenched with 500 mM EDTA different from that obtained with dATP and suggest that

at variable times (0.012 s). The incorporation of dATP was €ither phosphoryl transfer or a kinetic step preceding
analyzed by denaturing gel electrophoresis. The dATP concentra-phosphoryl transfer is rate-limiting for enzyme turnover with
tions were 10Q), 25 (), 50 (@), 100 (x), 250 (t), 500 @), and these dNTPs. A fit of each data set to the equation for a
1000uM (). The solid lines represent the fit of the data to a single straight line (eq 1) yielded steady-state rates of 12, 120, and

exponential. (B) The observed rate constants for dATP incorporation . .
(®) were plotted against dATP concentration and fit to a hyperbola 64 NM/s for the insertion of dCMP, dGMP, and dTMP,

to determine values correspondingkg andKkpo. respectively.
Single-turnover experiments were then performed by
Table 3: Kinetic Rate and Equilibrium Constants for dNTP varying the concentration of dCTP or dTTP from 0.01 to
Incorporation Opposite an Abasic Site in the Presence of®in 2.5 mM (data not shown) to measure the maximal poly-
Kpol/Ka merization rate constant for insertion opposite an abasic site.
dNTP Kool (5°71) Ka (uM) (M~ts™) Insertion opposite the abasic site was observed at all ANTP
dATP  40+3 165+ 25 2.42x 10° concentrations that were employed, and the time courses were
(0.15£0.01y (35+5) (4.3x 10) fit to the equation describing a single-exponential process
dctp 0'?&5&180'001) 75?;;02 50) 830 (32) to yield values refleptin%bs The plots .oﬂ<obS versus dCTP
dGTP  1.4+01 504+ 5 28x 10¢ or dTTP concentration were hyperbolic (data not shown). A
(0.023+ 0.005) (1304 20) (180) kool Value of 0.62+ 0.8 s'* and aKgy value of 750+ 75 uM
dTTP  0.72£0.11 165+ 15 42x 10° were measured with dCTP. Using dTTP, the value was
(0.055+0.011) (1200 200) (46) 0.72+ 0.11 st while theKq value was 165 15uM. Values

2 Assays performed under single-turnover conditions used 300 nM for kg, Kg, @andkyo/Kq are summarized in Table 3.
T4 exo DNA polymerase, 150 nM 13/20SP-mer, and variable o olemental effect on the kinetics of dCMP insertion

concentrations of dNTP in the presence of 10 mM MnE€WValues in . o .
parentheses are those previously published usingf Mg the divalent opposite the abasic site was measured under single-turnover

metal ion (1) and are provided for comparison.

2 There has been much debate regarding the utility of thio elemental

fold enhancement in the rate of the conformational change effects as a quantitative assessment of which kinetic step is rate-limiting
for catalysis R4—27). For example, using the Klenow fragment as the

precedlngl ChemIStry |n.duced by W[_Compare the value DNA polymerase, Mizrahi et al.2d) originally observed a small
of 0.15 s* obtained using Mg (11) with the value of 40 elemental effect of 1.6 in the direction of polymerization and a relatively
s 1 obtained using M#']. Surprisingly, although the rate of large effect of 18 in the direction of pyrophosphorolysis. This difference

i i inding Was partially attributed to the increaselg, upon replacement af-O-
the conformational change is enhanced, the level of binding dNTP witho-S-dNTP 4). Likewise. substitution 0b-O-dNTP with

of dATP to the polymeraseDNA complex actually de- ;s 4NTP can affect the secondary structure of nucleic 28 which
creases 3-fold [compare the value of &8I reported with can lead to perturbations in processes other than phosphoryl transfer.
Mg?* (11) to the value of 165«M obtained using M#']. It should be noted that in our study, the relative magnitude of the

it ; measured elemental effects is being utilized as preliminary evidence
Phosphoryl Transfer Is Rate-Limiting for the Incorporation for whether phosphoryl transfer is the rate-limiting step for insertion

of dCTR dGTP, and dTTP Substitution of MA* for Mg2* of a dNMP opposite an abasic site. Further experimentation is clearly
also enhances the rate of dACMP, dGMP, and dTMP misin- required to fully evaluate if the measured elemental effect reflects events

sertion opposite the abasic site. We further evaluated theassociated solely with chemistry or other physical processes involving
. . Lo L . protein and/or nucleic acid.
dynamics of this process by monitoring the kinetics of their ™3 e presence of M, substrate inhibition at high dGTP

insertion opposite an abasic site on the millisecond time scale.concentrations ¥ 750 «uM) was observed. Thus, the concentration of
Time courses were generated in the presence éf Mising dGTP was maintained at 150 to evaluate the presence of a burst in

either 1 mM dCTP or 1 mM dTTP while the concentration dGMP insertion. If a step after phosphoryl transfer were rate-limiting,
a burst in initial product formation would be observed eveliatevels

of dGTP was maintained at 1504.° All time courses were  of gGTP. However, the rate of the burst phase would be slower than
linear and devoid of a measurable burst in DNAproduc- if saturating (1&,,) dGTP concentrations were maintained.
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FiIGURE 6: Elemental effect on dCMP insertion opposite an abasic Ficure 7: Pre-steady-state time course of dCMP misincorporation
site in the presence of Mh. Assays were performed by rapidly  opposite T using M# as the divalent metal ion. Assays were
mixing a preincubated solution of 200 nM T4 expolymerase performed by rapidly mixing a preincubated solution of 150 nM
and 1000 nM 5labeled 13/20SP-mer with an equal volume of a T4 exo polymerase and 1000 nM-fabeled 13/20T-mer with an
solution containing 20 mM Mt with either 2 mMa-O-dCTP @) equal volume of a solution containing 20 mM Ktrwith either 2

or 2 mM o-S-dCTP Q) in the same reaction buffer. The reaction mM a-O-dCTP @) or 2 mM o-S-dCTP Q) in the same reaction
was terminated at times varying from 0.01 to 20 s by adding 500 buffer. The reaction was terminated at times varying from 0.01 to
mM EDTA. The solid lines for each time course were obtained by 10 s by adding 500 mM EDTA. The solid lines for each time course
fitting the data to the kinetic model depicted in Scheme 1 in which were obtained by fitting the data to the kinetic model depicted in
the rate-limiting step for enzyme turnover is phosphoryl transfer Scheme 1 in which the rate-limiting step for enzyme turnover is
(step 4). the conformational change preceding phosphoryl transfer (step 3).

_ 10 15 2
Time (seconds)

Scheme 1: Kinetic Mechanism for the Bacteriophage T4

across from the abasic site (data not shown). When compared
DNA Polymerase

to the rate constant of 1.4 sdirectly measured for the

dNTP insertion of 500uM a-O-dGTP, the large elemental effect
E:DNA E-DNA.<dNTP Conformationa of 70 argues t.hat phosphoryl transfer is the rate-limiting step
T NTP Bin dng \@ ange for the insertion of dGMP across from the abasic.slte
@ A Binds \\E,‘DNA ANTP should be noted that the large elemental effect of 70 observed
e e in the presence of M directly contrasts the relatively low
E + DNA Phosphoryl @ value of 3.1 previously reported with Mg as the metal
" Transfer cofactor (L1).
Enm:\\(@ PP, @ E":DNA,.:PP; Effect of l\/'lrif+ on th'e Mechanism of dCTP Misincorpo-
Dissosiation / ration Opposite TAs discussed gqrher, substl_tu_non of R?'tn_
E:DNA,4 E:DNAy.1:PP; Confg;r::;ieoml for Mg?" also enhances the efficiency of misincorporation

of dCTP, dGTP, and dTTP opposite T. To further evaluate
the dynamics of misincorporation induced by ¥Mnthe 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)
(Figure 6). Computer simulation using KinSin28) was was employed, &4 value of 0.174 0.03 st was obtained
performed as previously describell) to obtain individual by dividing the steady-state rate by the active enzyme
rate constants for either time course. Each time course wasconcentration. When the reaction is monitored under single-
fit to the minimal kinetic scheme depicted in Scheme 1 to turnover conditions, the resulting time course is best defined

Pyrophosphate
Release

conditions. Using 1 mMa-S-dCTP, the time course of
DNA+1 production was linear under the time frame that was
examined (0.02520 s) and directly contrasts the single-
exponential time course obtained using 1 nMO-dCTP

providekops values of 0.35+ 0.03 st usinga-O-dCTP and
0.013+ 0.004 st usinga-S-dCTP. The ratio of the rate
constantsko/ks, reveals a significant elemental effecte27,

by a single-exponential process (data not shown), yielding
a kops value of 0.18+ 0.01 s%, essentially identical to the
rate constant obtained under pseudo-first-order reaction

thus suggesting that phosphoryl transfer is at least partially conditions. The identity in rate constants coupled with the

rate-limiting for dACMP insertion opposite the abasic site.

lack of a detectable burst in primer extension indicates that

Single-turnover experiments were likewise performed by the insertion of dCMP opposite T, even in the presence of
varying the concentration of dGTP from 0.01 to 2.5 mM. Mn?", is limited by the conformational change preceding
Extension opposite and beyond the abasic site was observeghosphoryl transfer. Furthermore, utilization @fS-dCTP
at all dGTP concentrations that were tested since dGTP isunder pseudo-first-order (Figure 7) and single-turnover
the correct triphosphate for the next three incorporations (datareaction conditions (data not shown) yields low elemental
not shown). However, the reaction kinetics were simplified effects of 2.8 and 2.4, respectively, suggesting that phos-
by assessing only the depletion of the 13-mer substrate as ghoryl transfer is not rate-limiting for dCTP misincorporation
function of time. Surprisingly, the rate of 13-mer depletion in the presence of Mii. Collectively, these data indicate
in the presence of M was retarded using dGTP concentra- that the dynamics of dCTP misincorporation differ substan-
tions of >750 uM. Although the reason for this apparent tially from those of dCMP misinsertion opposite an abasic
substrate-induced inhibition is currently unknown, the plot site.
of kops Versus dGTP concentrations ranging from 10 to 750 Conclusions.The fidelity of DNA replication is ac-
uM (data not shown) is hyperbolic, yieldingkg, of 1.4 + complished through a multistep pathway catalyzed by the
0.1 st and aKq of 50 + 5 uM. Values forky,, K¢, and DNA polymerase. Arguably, the most important kinetic step
koo/Kq Using dGTP are summarized in Table 3. in this pathway is the conformational change step that is

Under single-turnover conditions, utilization of 5@aM flanked by kinetic steps involving initial ANTP binding and
o-S-dGTP yields a rate constant of 0.02 for insertion phosphoryl transfer (Scheme 1, steps42. We have
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previously evaluated the importance of the conformational phosphoryl transfer as is the case using?M¢lL1). Thus,
change preceding phosphoryl transfer within the context of the dynamics by which the T4 DNA polymerase performs
translesion DNA synthesid {). Using Mg*" as the divalent  misinsertion and misincorporation differ substantially.

metal ion, this kinetic step is the rate-limiting step for  Ajthough Mr?* enhances the rate of misincorporation and
polymerase turnover during dNMP insertion opposite an mjsinsertion, the molecular mechanism accounting for this
abasic site 11). The kinetic data described in this report phenomenon remains elusive. The kinetic data presented here
clearly indicate that substitution of Mhfor Mg?* greatly  clearly indicate that during translesion DNA synthesis, the
enhances the rate of ANMP insertion opposite an abasic DNAate of the conformational change preceding phosphoryl
lesion. This rate enhancement is caused primarily by a metal-transfer is affected by M. During DNA polymerization,

ion induced change in the rate-limiting step for polymerase thjs conformational change is viewed as the kinetic step in
turnover during translesion DNA synthesis. This is most \yhich the DNA polymerase places the incoming dNTP into
evident in the case of dAMP insertion in which, under the proper geometric arrangement for phosphoryl transfer
pseudo-first-order reaction conditions, the biphasic time to occur (12). The underlying implication is that this kinetic
course of primer elongation indicates that a step after step reflects formation of hydrogen bonds between the
phosphoryl transfer is rate-limiting for enzyme turnover. We incoming dNTP and template nucleobase. It is intuitively
have denoted this step as the release of polymerase fromypyious that the lack of potential hydrogen bonds at an abasic
extended DNA (Scheme 1, step 7). However, it should be sjte should slow the rate of conformational change since
emphasized that the rate-limiting step for dAMP insertion binding of any dNTP presumably results in an inappropriate
opposite the abasic site is the conformational change precedsit in the enzyme’s active site. While the slow rates measured
ing chemistry (Scheme 1, step 3). Consistent with this for the conformational change using Rigas the divalent
argument is the fact that thgq value of 40 s* measured  metal ion are consistent with this modatly, the ability of
under single-turnover conditions is 20-fold greater than the pjn2+ to significantly accelerate the conformational change

measuredc, value of ~2 s™. Furthermore, the lack of a8 preceding phosphoryl transfer at this type of lesion is
significant elemental effect in dAMP insertion indicates that jntriguing.

phosphoryl transfer is not rate-limiting for insertion opposite
the abasic site. Thus, the, value of 40 s? reflects the rate
of the conformational change preceding the chemical event
indicating that MA* enhances the rate of this kinetic step
270-fold [compare a value of 40 5with Mn?" vs a value
of 0.15 st with Mg?* (11)].

As was the case using Mpas the divalent metal ion, the
dynamics of insertion opposite an abasic site are still ANTP-
dependent in the presence of MnThis is best exemplified

A thermodynamic analysis was performed using the kinetic
rate and equilibrium constants provided in Table 3 to evaluate
‘the relative free energy chang&AG°) associated with the
metal ion-induced enhancement in translesion DNA synthe-
sis# Direct comparison oky/Kq values for dAMP insertion
using either Mg" or Mn?" reveals an overall decrease in
AAG® of ~2.9 kcal/mol This value reflects the overall
efficiency of translesion DNA synthesis and is composed of
o : . two kinetically distinct components, one intimately associated
_by th? qualitative _change in the time course for dNMP with ground-state binding and the other associated with the
'.r‘se”"’” as af“f‘?“o” OdeTP' Eor gxample, under psgudo- conformational change preceding chemistry. On the basis
first-order conditions, a biphasic time course of primer of differences in theq for dATP, the AAG® for ground-

elongation is obtained with dATP while linear time courses S . :
. ) state binding is roughly 0.65 kcal/mol higher in the presence
were observed for the insertion of dACMP, dGMP, and dTMP of Mn2* [compare a value of 36M with Mg2* (11) vs a

opposite the abasic site under nearly identical reaction, ;e of 165,M with Mn2]. Thus, initial binding of JATP
conditions. The linear time course is consistent with the is actually disfavored in the presence of MnHowever,

conformqtio_nal change preceding phosphoryl transfer_ beingthe faster rate of conformational change induced byMn
the rate-limiting step for polymerase turnover as previously corresponds to a substantial lowering/okG° of 3.31 kcal/
demonstratedi(l). However, the significant elemental effects mol [compare a value of 0.155with Mg2* (11) vs a value
of ~27 and~70 measured for the insertion of dCMP and 15 <1 yitn Mn2*]. Surprisingly, the decrease of 3.31 kcal/

dGMP, 'respectively., argue that phosphory] transfer is mol falls within the values of ca. 0-24 kcal/mol associated
predominantly rate-limiting for the incorporation of these with base pair formation13—15)

nucleoside triphosphates. By inference, the rate of the ) i )

conformational change preceding phosphoryl transfer must  Proper base pair formation is dependent upon both
be faster or at least as fast as the chemistry step. If correctydrogen bonding and nucleobase-stacking interactions
then thek,o values of~1 s measured for the insertion of
dCMP, dGMP, and dTMP reflect the rate constant for  “Note that this analysis can only be performed for dAMP insertion

phosphoryl transfer, and represent &fiddd reduction when opposite the abasic site since the conformational change is rate-limiting

; : ; for nucleotide insertion using Mg or Mn?*. Our kinetic data suggest
compared to the rate constant assigned during precise DNAthat phosphoryl transfer is rate-limiting for dACMP, dGMP, and dTMP

polymerization 20). insertion in the presence of Mhwhile the conformational change is
It is important to note that Mt does not alter the rate-  rate-limiting in the presence of Mgy(11). Thus, the difference in kinetic

limiting step in enzyme turnover for typical misincorporation Sting’éﬁcbg?fgsaxeigcggﬂﬁl;?:émg?g;?r:’g%ggg‘ﬁg?’l 5T
events_. Th|§ is e\_/ldent in the case gf dCMP msmcorporatlon K, whereR = 1.9872 cal mott K-1, T = 298 K, andK is the ratio of
opposite T in which the rate of misinsertion is at least 7-fold respective kinetic equilibrium or rate constants. In this instance, the
faster with Mi#™ than with Mg*. However, the linear time tAhAgll\{(aluelfor t?i gve%l '&atfllytli?( ef_fiCient?y Wéflsd X?/llflijulated gtsing
; ; ; ekool/Kg value of 4.3x ~1s1for insertion o opposite
C(f)furie of grémer elon?a:[[;?rl &)lflpdled V;Ith.a. low EIeT.ental an abasic site in the presence of M¢11) and thelpo/Kq value of 2.4
effect (ca. 2.8) suggests that Mrnduced misincorporation 155 M- s for insertion of dJAMP opposite an abasic site in the

is solely limited by the conformational change preceding presence of M# (vida supra).
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(reviewed in ref29). It is tempting to speculate that M
lowers theAAG® 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 14

dNTPs.

We previously hypothesized that during tranlesion DNA
synthesis, the conformational change preceding phosphoryl 11. : ,
transfer reflects nucleobase stacking rather than hydrogen 12- Wong. I., Patel, S.S., and Johnson, K. A. (198ibrhemistry
bond formation between the incoming dNTP with the
template nucleobasell). 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 sitel, 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 Mgevealed

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 Mifacilitates

nucleobase stacking of the various dNMPs while opposite

the abasic site. A formal possibility is that frmay 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 MfY. 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 Mr#* affects the conformation of the nucleic

acid, the DNA polymerase, or both.
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