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ABSTRACT: Transient-state kinetic techniques were used to resolve the kinetic mechanism of DNA
polymerization catalyzed by an exonuclease-deficient mutant of Sulfolobus solfataricus P2 DNA polymerase
Bl (PolBI exo-). Here, we report the kinetic parameters of several elementary steps for the forward
polymerization reaction. PolB1 exo- binds tightly to DNA (K;°™* = 1.8 nM) and a correct incoming
nucleotide (apparent K;*T™F =11 uM). Moreover, several lines of kinetic evidence suggested that correct
nucleotide incorporation catalyzed by PolB1 exo- was limited by a protein conformational change which
precedes the chemistry step. The utilization of an “induced fit” mechanism by PolB1 exo- was supported by
the following: a small, o-thio elemental effect of 1.5, varying DNA dissociation rates for the binary complex
(0.043 s7") as well as ternary complexes before (0.18 s~') and after (0.0071 s~ ') a conformational change, a
greater amplitude for the pulse—chase than the pulse—quench reaction, and an activation energy barrier of
38 kcal/mol which is greater than the predicted values of phosphodiester bond formation both in solution and
within a polymerase active site. Lastly, PolB1 exo- exhibited a low processivity value of 15, thereby suggesting

a protein cofactor confers this replicative DNA polymerase with higher processivity in vivo.

Elucidating the reaction pathway is an important goal toward
understanding the catalytic events performed by an enzyme. To
achieve this objective, a reaction pathway is established by
identifying the chemical and conformational intermediates of
each step and by measuring the rate and equilibrium constants
for the elementary steps of converting substrate(s) into pro-
duct(s). This knowledge subsequently provides the foundation
for defining enzymatic specificity and the rate-limiting step. In
pursuit of this goal, we have employed transient-state kinetic
techniques to define the minimal kinetic mechanism of DNA
polymerization catalyzed by an exonuclease-deficient mutant of
Sulfolobus solfataricus P2 DNA polymerase B1 (PolBI exo-).!

PolBI, a B-family DNA polymerase, is one of four DNA
polymerases encoded within the S. solfataricus P2 genome: three
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B-family polymerases and one DNA lesion bypass Y-family
polymerase, i.e., DNA polymerase IV (Dpo4) (I). Thus far,
biochemical characterization of the isolated gene products has
deemed only two of these polymerases functional in vitro: PolB1
and Dpo4 (2—4). Furthermore, a direct physical interaction
between PolB1 and Dpo4 has been demonstrated (3), and
surprisingly, protein levels are similar for both polymerases
during normal growth conditions (3).

Although a myriad of DNA polymerases have been biochemi-
cally characterized, detailed kinetic mechanisms of their 5'—3'
polymerase activity have been established for only a handful of
DNA polymerases. Some of the more prominent examples
include Escherichia coli DNA polymerase I (6—11), bacterio-
phage T7 DNA polymerase (T7 DNA Pol) (/2—14), human
immunodeficiency virus type I reverse transcriptase (HIV-1
RT) (15—17), bacteriophage T4 DNA polymerase (T4 DNA
Pol) (10, 18—22), Saccharomyces cerevisiaee DNA polymerase
n (23), and S. solfataricus P2 Dpod (24—26). Of these and
others, T4 DNA polymerase is the only B-family member to
have undergone rigorous kinetic studies. Herein, we report the
first kinetic mechanism of an archaeal B-family polymerase.
S. solfataricus P2 PolB1 was selected for several reasons. (i) The
crystal structure for S. solfataricus MT4 PolB1, in which the
amino acid sequence differs from strain P2 by only two residues,
has been determined (27). (i) It is an ideal model system for
DNA replication because the replication machinery is a simpli-
fied version of that in eukaryotes (see ref (28) for a review).
(iif) The kinetic mechanism of Dpo4 has been studied in detail
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which could facilitate future studies of the mechanism of poly-
merase switching between PolB1 and Dpo4 (25, 26). (iv) Bio-
chemical data are available for interactions among PolB1, Dpo4,
and accessory proteins (3, 29—31). (v) In our preceding paper (32),
we showed that the polymerase active site confers a fidelity of
10~*to 10~ while the exonuclease active site increases the fidelity
by 14-fold for an overall fidelity of 107° to 10™® at pH 6.0 (32).
Using an exonuclease-deficient mutant of PolBI, we have
dissected the minimal kinetic pathway for DNA polymerization
by measuring the elementary steps in a single catalytic cycle.
Surprisingly, several of the reported parameters are similar to
those of Dpo4, and we provide kinetic evidence that PolBI, like
Dpo4, utilizes an induced fit mechanism during correct nucleo-
tide incorporation.

EXPERIMENTAL PROCEDURES

Materials. These chemicals were purchased from the follow-
ing companies: [a-*PJdTTP, MP Biomedicals (Solon, OH);
[y-**PJATP, PerkinElmer (Boston, MA): Biospin columns,
Bio-Rad Laboratories (Herclues, CA); dNTPs, GE Health-
care (Piscataway, NJ); OptiKinase, USB (Cleveland, OH); Sp-
dTTPaS and Sp-dGTPasS, Biolog-Life Science Institute (Bremen,
Germany); ddTTP, Trilink Biotechnologies (San Diego, CA).

Pre-Steady-State Kinetic Assays. S. solfataricus PolB1
exo- (D231A/E233A/D318A) fused to a C-terminal Hisg tag
was overexpressed in E. coli and purified as described pre-
viously (32). The D-1 DNA substrate shown in Figure 1 was
prepared as described previously (24, 32). All experiments using
PolB1 exo- were performed at 37 °C, if not specified, and
in optimized reaction buffer A which contained 50 mM HEPES
(pH 7.5), 15 mM MgCl,, 75 mM NaCl, 5 mM DTT, 10%
glycerol, and 0.1 mg/mL BSA (32). Please note that, although the
PolBI enzyme utilized in these studies is an exonuclease-deficient
mutant, PolB1 exo- was never pre-incubated in the presence of
magnesium. As in the case of HIV-1 RT, the kinetic results may
be slightly different when the enzyme is incubated with or without
magnesium (/6). Fast reactions were conducted at 37 °C using a
rapid chemical-quench flow apparatus (KinTek). All reported
concentrations are the final reaction values.

Active Site Titration Assay. The equilibrium dissociation
constant (Ks°™) of the binary complex was determined by
mixing a pre-incubated solution of PolBl exo- (45 nM) and
increasing concentrations of ¥'-radiolabeled D-1 DNA (2.5—100
nM) with dTTP (100 uM). All reactions were quenched at
1.8 s (equivalent to eight half-times, #») to achieve the maximal
first-turnover amplitude.

Measurement of the Phosphorothioate Elemental Effect.
A pre-incubated solution of PolBI exo- (120 nM) and 5'-radi-
olabeled 21/41-mer D-1 (30 nM) was rapidly mixed with either
dTTP (100 uM) or Sp-dTTPasS (100 uM, >95% purity) in buffer
A and the reaction terminated with 0.37 M EDTA. For incorpora-
tion of an incorrect nucleotide, the reaction was initiated with
either dGTP (500 uM) or Sp-dGTPasS (500 uM, >95% purity).
The S, isomers were used, as opposed to the R,, isomers, because
of the stereoselectivity observed previously (33, 34).

Pulse—Chase and Pulse—Quench Experiments. Pulse—
chase and pulse—quench experiments were performed in buffer A
using a rapid chemical-quench flow instrument. A pre-incubated
solution containing PolB1 exo- (100 nM) and unlabeled D-1
DNA substrate (100 nM) was loaded into one sample loop and
rapidly mixed with buffer containing [a-**PJdTTP (50 uM)
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from a second sample loop for reaction times ranging from
22 ms to 2.0 s. In the pulse—quench experiment, reactions were
immediately quenched with 1 M HCIL In the pulse—chase
experiment, reactions were immediately chased with 1.0 mM
unlabeled dTTP for 30 s, followed by quenching with 1 M HCI. In
both cases, quenched reaction mixtures were treated with chloro-
form and neutralized with | M NaOH.

Product Analysis. Reaction products were analyzed by
sequencing gel electrophoresis (17% acrylamide, 8 M urea, and
1 x TBE running buffer) and quantitated using a Typhoon TRIO
(GE Healthcare) and ImageQuant (Molecular Dynamics). For
the pulse—chase and pulse—quench assays, DNA products were
resolved using a 20% highly cross-linked polyacrylamide gel
matrix as described previously (35).

Data Analysis. Data were fit by nonlinear regression using
KaleidaGraph (Synergy Software).

Data from the burst and pulse—chase experiments were fit
toeq |

[product] = A[l —exp( —k11) + ka!] (1)

where A4 is the fraction of active enzyme, k; is the observed burst
rate, and k- is the observed steady-state rate.

Data from the experiments performed under steady-state
conditions were fit to eq 2

[product] = kxEgt + Ey (2)

where kg is the steady-state rate constant of ANTP incorporation
at the initial active enzyme concentration of £.

Data from the assay measuring the DNA dissociation rate of
the binary complex were fit to eq 3

[product] = Alexp(—k1)] + C (3)

where A4 is the reaction amplitude, k; is the observed rate
constant, and C is the **P-labeled product concentration in the
presence of a DNA trap for unlimited time.

For the active site titration assay, the resulting product
concentration (equivalent to burst amplitude) was plotted versus
the concentration of D-1 DNA and fit via quadratic regression
toeq 4

[E-DNA] = 0.5(Ks"™* + Ey + Do) —

0.5[(Kg"™* + Ey + Do)’ ~4EDy]' (4)

where K4°™* represents the equilibrium dissociation constant for

the binary complex (E-DNA), E, is the active enzyme concen-
tration, and D, is the DNA concentration.

Data from the experiments performed under single-turnover
conditions were fit to eq 5

[product] = A[1 —exp( —kobs?)] (5)
where A is the reaction amplitude and &y is the observed single-
turnover rate.

When the assumption k; > k, is not valid for burst experi-
mental data (refer to eq 1), eq 6 was applied.

[product] = A{(kika/ky + k)t +
(ki /ky + ko)*[1 —exp(—ky +k2)1]} (6)

Using k, and temperature data from ref (32), the activation
energy was determined using the Arrhenius equation

kp = Ac[exp(—E,/RT)] (7)
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FIGURE 1: Pre-steady-state and steady-state kinetics of incorporation of dTTP into D-1 DNA by PolB1 exo-. (A) A pre-incubated solution of
PolBI exo- (30 nM) and 5'-**P-labeled D-1 DNA (120 nM) was rapidly mixed with dTTP (100 xM) and the reaction quenched at various times
with 0.37 M EDTA. The data were fit by nonlinear regression to a biphasic equation (eq 1, Experimental Procedures) with an observed burst and
steady-state rate of 9 + 1 and 0.074 + 0.05s~", respectively. (B) Incorporation of dTTP into D-1 was independently measured under steady-state
conditions, whereby the addition of 100 #M dTTP with a pre-equilibrated solution of PoIB1 exo- (1 nM) and 5'-*?P-labeled D-1 DNA (250 nM)
initiated the reaction. At various times, the reaction was terminated using 0.37 M EDTA. The data were fit to a linear relationship (eq 2,
Experimental Procedures) which yielded a steady-state rate constant of 0.038 s~!. (C) The DNA dissociation rate constant from the binary
complex was measured by mixing a pre-equilibrated solution of PolB1 exo- (50 nM) and 5'-*?P-labeled D-1 DNA (100 nM) with unlabeled D-1
DNA (2.5 uM) for various time intervals. Then, dTTP (133 uM) was added for 15 s before the reaction was quenched. Data were fit to a single-
exponential equation (eq 3, Experimental Procedures) to yield a rate constant of 0.043 + 0.003 s~ .

where ki, is the maximum rate of nucleotide incorporation, A, is
the proportionality constant, E, is the activation energy, R is the
universal gas constant, and 7 is the reaction temperature in
kelvin.

Data from the processive elongation of 21/41-mer to 27/41-
mer were modeled using an improved personal computer version
of Kinsim provided by C. Frieden (Washington University,
St. Louis, MO) (36). Final fitting of the data was accomplished
by nonlinear regression using an improved personal computer
version of Fitsim (37).

RESULTS

Biphasic Kinetics Observed for PolBl exo-. To begin
characterizing S. solfataricus P2 PolB1 exo-, we first performed
a burst experiment at 37 °C. The rationalization for studying
PolBI exo- at a suboptimal temperature of 37 °C was explained in
our preceding paper (32). Results from a burst assay can yield
insight into (i) the rate of nucleotide incorporation occurring at
the enzyme’s active site during the first turnover and (i) whether
product release from the enzyme during subsequent turnovers is

rate-limiting. A pre-incubated solution of PolB1 exo- (30 nM
based on UV absorbance measurements) and radiolabeled D-1
DNA (120 nM) was rapidly mixed with dTTP (100 «uM) and the
reaction quenched with EDTA at various reaction times. The
time course of product formation indicated that PolBl exo-
followed biphasic or “burst” kinetics (Figure 1A). Applying eq 1
(Experimental Procedures) to the plot resolved an observed burst
rate of 9415~ ' (exponential phase) and an observed linear-phase
rate of 0.074 £ 0.05 s~'. As observed with Dpo4 (25), the burst
phase was likely limited by nucleotide incorporation in the first
turnover while the linear phase could be the steady-state phase of
product formation during subsequent enzyme turnovers
(Scheme 1). To evaluate this possibility, we performed the
following steady-state kinetic assay: PolBl exo- (I nM) was
pre-equilibrated with a large excess of substrate (i.e., 250 nM
radiolabeled D-1 DNA) prior to initiation of the reaction with
dTTP (100 uM). A plot of product concentration versus time
(Figure 1B) was linecar and was fit to eq 2 (Experimental
Procedures) which yielded a steady-state rate of 0.038 s~". This
value was within 2-fold of 0.074 & 0.05 s~ determined in
Figure 1A, thereby confirming that the linear phase under burst
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conditions was indeed a steady-state phase. In this phase,
production formation is usually limited by the slow dissociation
of the binary complex (E-DNA). To confirm this kinetic trend,
we directly measured the DNA dissociation rate. PolB1 exo- (50
nM) was pre-incubated with 5'-radiolabeled D-1 DNA (100 nM)
and mixed with an excess of unlabeled D-1 DNA (2.5 uM) from
10 s to 20 min. Then, dTTP (133 uM) was added for 15 s so that
any DNA substrate in complex with PolBl exo- could be
extended. The concentration of the radioactive DNA product
was plotted versus time and fit to a single-exponential equation
(eq 3) (Figure 1C). The measured rate of 0.043+0.003 s~ (k_; in
Scheme 1) was similar to the rates of 0.038 and 0.074 s
determined in panels A and B of Figure 1, substantiating the
observation that multiple enzyme turnovers were limited by the
dissociation of the E-DNA complex.

Active Site Titration. Since PolBl exo- exhibited burst
kinetics, this implied a stable binary complex facilitated the rapid
incorporation of dTTP so that the equilibrium dissociation
constant (K4"*) of the binary complex can be measured by
titrating the active site of PolB1 exo- with varying concentrations
of DNA. We conducted this active site titration assay by pre-
incubating PolB1 exo- (45 nM based on UV absorbance mea-
surements) with increasing concentrations of 5'-radiolabeled D-1
DNA (2.5—100 nM), starting the reaction by adding dTTP (100
uM), and quenching all reactions at 1.8 s with EDTA. For each
DNA concentration, the reaction was performed in triplicate.
The average product concentration was plotted for each con-
centration of DNA (Figure 2) and fit to a quadratic equation (eq
4). A Ks°N of 1.8+ 0.4 nM and an E, of 18.9 + 0.4 nM were
extracted. This E, equates to 42% enzyme activity which is
similar to that determined for HIV-1 RT (/5). Henceforth, all
experiments described below were performed using the active
site enzyme concentration. Lastly, the apparent second-order
binding rate constant (k; in Scheme 1) of the binary complex can
be calculated by substituting the measured values for k_; and
K4 into the following equation: ky =k_1/Kg°N=(0.0435~")/
(18x107°M)=24x10'M s '=24 M 157",

Rates of Association and Dissociation of an Incoming
Nucleotide. In the accompanying paper (32), we measured the
apparent equilibrium dissociation constant (Kg*~"F=11+2 uM)
and maximum rate (k, = 8.2+ 0.6 s~") of dTTP incorporation
into D-1 DNA catalyzed by PolBI1 exo- under single-turnover
conditions. Assuming the association rate (k, in Scheme 1)
of dTTP, a small molecule, approaches the diffusion limit of
1.0 x 10 M™" 57!, we estimated the upper limit of the dTTP
dissociation rate to be 1100 s ' (k_, =k, K4"™TF) which is too fast
to be accurately measured by current transient kinetic techniques.

PolBl exo- Exhibited Low Processivity. For a DNA
polymerase, the term processivity describes the number of
nucleotides incorporated per DNA binding event, and this can
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FIGURE 2: Activesite titration of PolB1 exo-. PolB1 exo- (45 nM) and
increasing concentrations of 5'-radiolabeled D-1 DNA (2.5—150 nM)
were mixed with dTTP (100 uM). All reactions were quenched at 1.8 s
using EDTA. The product concentration was plotted as a function of
substrate concentration and fit to eq 4 (Experimental Procedures).
An equilibrium dissociation constant of 1.8 £+ 0.4 nM and an active
enzyme concentration of 18.9 £ 0.4 nM were measured.

be quantitatively defined as the ratio of the polymerization rate
divided by the DNA dissociation rate. To kinetically investigate
the processivity of PolB1 exo-, a pre-incubated solution of PolB1
exo- (35 nM) and -radiolabeled D-1 DNA (100 nM) were
rapidly mixed with dCTP, dGTP, and dTTP (100 uM each) in
reaction buffer A before the reaction was quenched with EDTA
after 8 ms to 1.75 s. These reaction conditions allowed PolB1 to
elongate 21/41-mer to 27/41-mer in a single binding event, since
the DNA substrate was in molar excess over the enzyme. Each
DNA species was resolved using polyacrylamide gel electro-
phoresis and quantitated using ImageQuant (Figure 3A). Then,
the computer simulation programs Kinsim (36) and Fitsim (37)
were used to fit the data to a mechanism considering six
consecutive nucleotide incorporations and seven DNA dissocia-
tion rates for the possible binary complexes in the reaction
pathway (Figure 1 of the Supporting Information). Fitsim
generated the following rates of polymerization for the formation
of each designated product: 4.8+0.2 s~ ' for 22-mer, 7.5+0.55 '
for 23-mer, 12+ 1 s~ for 24-mer, 8.2+0.8 s~ ! for 25-mer, 4.9+
0.4 s~ for 26-mer, and 15+ 3 s~' for 27-mer (Figure 3B).
Meanwhile, the rates of DNA dissociation were 0.6+0.1s~! for
E-21/41-mer, 0.7 £ 0.1 s~' for E-22/41-mer, 0.7 + 0.2 s
for E-23/41-mer, 0.4 + 0.2 s~ for E-24/41-mer, 0.2 + 0.1 s~
for E+25/41-mer, 0.740.5s ™' for E-26/41-mer, and 0.8+0.2s ™!
for E+27/41-mer. These DNA dissociation rates (0.2—0.8 s~ ")
are greater than the dissociation rates (~0.043 s~') of the PolBI
exo--DNA complex measured in Figure 1 which suggested that
DNA rapidly dissociated from an unidentified intermediate
during processive synthesis. Using the average rate of poly-
merization (8.7 s~ ') and DNA dissociation (0.6 s "), the proces-
sivity of PolB1 exo- was calculated to be 15.

Elemental Effect of Nucleotide Incorporation. The pre-
sence of a burst (Figure 1A) suggested that the rate of the first
turnover is limited by the chemistry step (step 4 in Scheme 1), a
protein conformational change preceding chemistry (step 3 in
Scheme 1), or a combination of these two steps. To discern the
rate-limiting step of correct nucleotide incorporation, the ob-
served rate constants for the incorporations of dTTP and Sp-
dTTPasS, an analogue with a phosphothioate group at the
a-phosphate position, were measured under single-turnover
conditions. PolBl exo- (120 nM) and 5-**P-labeled D-1
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FIGURE 3: PolB1 exo- exhibited low processivity. A pre-incubated
solution of PolB1 exo- (35 nM) and 5'-radiolabeled D-1 DNA (100
nM) was reacted with dCTP, dGTP, and dTTP (200 uM each) for
various times until the reaction was quenched with 0.37 M EDTA.
Products were analyzed using sequencing gel analysis, and the gel
image is shown in panel A. (B) The amounts of remaining substrate
[21-mer (M)] and each product [22-mer (@), 23-mer (A), 24-mer (¥),
25-mer (O), 26-mer (O), and 27-mer ()] were plotted as a function
of time. The solid lines represent the best fits generated by computer
simulation using a mechanism that defines the rates for six con-
secutive nucleotide incorporations and seven DNA dissociations
from the possible PolB1-DNA species. The rates of polymeriza-
tion for the formation of each product were 4.8 + 0.2 s~ for 22-mer,
754055 ! for 23-mer, 12 £ 1 s~ ! for 24-mer, 8.2 &+ 0.8 s~ ! for
25-mer, 4.9 & 0.4 s~ for 26-mer, and 15 & 3 s~ for 27-mer, while
the rates of DNA dissociation were 0.6 = 0.1 s™' for E-21/41-mer,
0.7+ 0.1s~! for E-22/41-mer, 0.7 & 0.2 s~ ' for E-23/41-mer, 0.4 +
0.2s~ ! for E-24/41-mer, 0.2 £ 0.1 s~ ' for E-25/41-mer, 0.7 £0.5s™"
for E-26/41-mer, and 0.8 4+ 0.2 s~ for E-27/41-mer.

DNA (30 nM) were mixed with 100 uM dTTP or Sp-dTTPaS in
independent reaction mixtures. After the curves in Figure 4A had
been fit to a single-exponential equation (eq 5), the extracted ko
values were 10.3 + 0.6 and 7.0 + 0.4 s™' for dTTP and Sp-
dTTPasS, respectively. Thus, the elemental effect, a ratio of kqps,
a1TP/Kobs Sp-dTTPes, Was calculated to be 1.5. Previously, an
elemental effect of 4—11 has been considered evidence of a
rate-limiting chemistry step (38); therefore, these results sug-
gested that correct nucleotide incorporation may not be limited
by the rate of phosphodiester bond formation (step 4).

Next, we performed an analogous experiment to deduce the
rate-limiting step of incorrect nucleotide incorporation. For
the incorporation of dGTP or Sp-dGTPaS (500 M) into the
same D-1 DNA substrate, the respective observed rate constants
were 0.010 £ 0.001 and 0.00028 £ 0.00002 s~ " which translated
into an a-thio elemental effect of 36 (Figure 4B). Relative to what
was observed with correct dTTP, this larger elemental effect
suggested that phosphodiester bond formation may be partially
rate-limiting.
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FiGure 4: Elemental effect on the rate of correct and incorrect
nucleotide incorporation. PolB1 exo- (120 nM) and 5'-**P-labeled
D-1 DNA (30 nM) were rapidly mixed with (A) 100 uM dTTP (@) or
Sp-dTTPasS (O) in parallel time courses. The data were fit to a single-
exponential equation (eq 5, Experimental Procedures) to extract kops
values of 10.3 & 0.6 and 7.0 + 0.4 s~! for dTTP and Sp-dTTPasS,
respectively, for a calculated elemental effect of 1.5. (B) The same
PolB1-D-1 solution was mixed with 500 uM dGTP (@) or Sp-
dGTPasS (O) in parallel time courses. The data were fit to a single-
exponential equation (eq 5, Experimental Procedures) to extract kpg
values of 0.010 £ 0.001 and 0.00028 + 0.00002 s~ for dGTP and
Sp-dGTPas, respectively, for a calculated elemental effect of 36.

Determination of the Rate of Dissociation from the
E-DNA-dNTP Complex. Following formation of the
E-DNA-dNTP complex, DNA can either dissociate (step 7 in
Scheme 1) or continue along the reaction pathway as part of a
ternary species which undergoes a protein conformational
change (step 3 in Scheme 1) leading to the formation of the
E'-DNA-dNTP complex. To assess the former possibility, the
DNA dissociation rate (k;) of the E-DNA-dNTP complex was
measured by reacting a pre-incubated solution of PolBI exo-
(55 nM) and 5'-**P-labeled D-1 DNA (60 nM) with Sp-dTTPaS
(100 uM) in the absence or presence of an unlabeled DNA trap
(2.5uM D-1 DNA) at 37 °C. Please note that, rather than dTTP,
Sp-dTTPaS was used since it is incorporated at a slower rate
(Figure 4A). This will enhance the kinetic partitioning from
the E-DNA-dNTP complex to E, DNA, and dNTP. Also, the
purpose of the DNA trap is to sequester any of the PolB1 exo-
molecules that dissociate (step 7 of Scheme 1) so that the reverse
reaction is attenuated. After the data points had been fit to eq 1,
identical burst rates of 7.8 0.4 s~ were determined, although
the burst amplitudes were 43.3 £0.5 and 42.3 £ 0.5 nM in the
absence and presence of the DNA trap, respectively (Figure 5).
The amplitude difference increased (~7 nM) when the reaction
was performed at a lower temperature of 35 °C which enhanced
partitioning from the E-DNA -dNTP complex to E, DNA, and
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FIGURE 5: Measurement of the dissociation rate for the E-DNA-
dNTP complex. PolBl1 exo- (55 nM) and 5'-*’P-labeled D-1 DNA
(60 nM) were rapidly mixed with 100 uM Sp-dTTPasS in the absence
(®) or presence (O) of an unlabeled DNA trap (2.5 uM D-1). An
identical burst rate of 7.8 + 0.4 s~ was determined for both time
courses, while the burst amplitudes were 43.3 +0.5and 42.3+0.5nM
in the absence and presence of the DNA trap, respectively. Thus, an
amplitude reduction of 2.3% equates to a k7 of 0.18 + 0.1 s\

dNTP (Figure 2 of the Supporting Information). The kinetic
parameter k; was estimated from the following relationship:
Avrap/ Ano trap=Kobs/(Kops + k7)=42.3/433=7.85""/(7.85 "+ k7).
Solving this equation yielded a DNA dissociation rate of
0.18 +0.01 s~' for the E-DNA-dNTP complex at 37 °C. This
result suggested that dissociation of DNA from the ternary
complex (step 7 in Scheme 1, k) is faster relative to the
dissociation of the binary complex (step 1 in Scheme 1, k_;).
Interestingly, the value of k5 at 37 °C is similar to the lower limit
of the dissociation rates (0.2—0.8 s~ ') determined from the global
fitting analysis (Figure 3), while the value of k7 at 35 °C is similar
to the upper limit (Figure 2 of the Supporting Information).
Thus, the unidentified intermediate during processive polymer-
ization in Figure 3 is likely to be the E-DNA-dNTP complex.
Measurement of the DNA Dissociation Rate of the
E-DNA-dNTP Complex. To determine kg, a steady-state
kinetic assay was employed, whereby a pre-incubated solution of
PolB1 exo- (1 nM) and §-*P-labeled D-1 DNA (250 nM) was
rapidly mixed with ddTTP (100 xM) in the absence or presence of
dCTP (100 uM), the next correct nucleotide. For the former
reaction (i.e., without dCTP), the steady-state rate should cor-
respond to the rate of dissociation of DNA from the binary
complex as measured in Figure 1. For the latter reaction (i.e., with
dCTP), PolBI exo- should extend D-1 DNA by first incorporat-
ing ddTTP (PolBI exo--DNA, ) and then form a ternary
complex with dCTP for the second correct incorporation during
the first enzyme binding event. However, because of the initially
incorporated ddTMP which lacks the 3'-OH group, the second
incorporation can only proceed up to step 3 in Scheme 1. Thus,
following ddTTP incorporation, PolBl exo- has to dissociate
from the E'*DNA,, | ;-dCTP complex and then bind to other
DNA molecules. Moreover, the multiple-turnover rate in the
presence of dCTP is limited by the off rate of DNA from the
E'-DNA, + {-dCTP complex. The data points for both reactions
were fit to eq 2 (Experimental Procedures), and the steady-state
rates were 0.029 and 0.0071 s~ ' in the absence and presence of
dCTP, respectively (Figure 6A). These steady-state rates differed
by 4.1-fold, thereby indicating that (i) the presence of the next
correct nucleotide inhibited DNA dissociation and (ii) a tightly
bound ternary complex (E'-DNA,, ; ;-dCTP) was formed.
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FIGURE 6: Measurement of the dissociation rate for the E'-DNA-
dNTP complex. (A) PolB1 exo- (1 nM) and 5'-**P-labeled D-1 DNA
(250 nM) was rapidly mixed with 100 uM ddTTP in the absence (®) or
presence (O) of the next correct nucleotide (100 #uM dCTP). Fitting
the data to eq 2 (Experimental Procedures) generated steady-state
rates of 0.029 and 0.0071 s~ in the absence and presence of dCTP,
respectively. (B) A pre-incubated solution of PolB1 exo- (30 nM) and
5/-32P-labeled D-1 DNA (120 nM) was rapidly mixed with 100 zM
ddTTP. Data were fit to eq 6 (Experimental Procedures) which
yielded an observed burst and steady-state rate of 0.3 + 0.2 and
0.04 £ 0.01 5™, respectively.

Since ddTTP was used for the assay described above, it is
possible that the steady-state rate measured using ddTTP may
not be limited by the dissociation of the product from the enzyme.
To validate the steady-state rate of 0.029 s™' measured above, a
burst experiment was performed with ddTTP under reaction
conditions identical to those described in the legend of Figure 1A.
The biphasic curve was fit to eq 6 (Experimental Procedures)
which yielded an observed burst and steady-state rate of 0.340.2
and 0.04£0.01 s, respectively (Figure 6B). The similar steady-
state rates of 0.029 and 0.04 £ 0.01 s~ ' obtained under steady-
state and burst conditions, respectively, confirmed that these
rates were limited by dissociation of DNA from the E-DNA
binary complex.

Pulse—Chase and Pulse—Quench Experiments. Pulse—
chase and pulse—quench experiments were performed to further
validate the occurrence of a conformational step (step 3) preced-
ing the chemistry step (step 4). For this assay, a pre-incubated
solution of PolB1 exo- (100 nM) and unlabeled D-1 DNA (100
nM) was rapidly mixed with [a-**P]JdTTP (50 #M). The pulse—
quench reactions were immediately quenched with 1 M HCI,
and the mixtures were denatured with chloroform and neutra-
lized with 1 M NaOH. In contrast, the pulse—chase reactions
were chased using an excess of unlabeled dTTP (1 mM) for
30 s prior to the initiation of the quenching, denaturation, and
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neutralization steps. During the chase time period, the PolBl
exo-+D-1-[o-*P[dTTP complexes, which were partitioning be-
tween both forward and reverse directions, would be chased in
the forward direction to form more radiolabeled products. If
more product formation occurs during the pulse—chase reaction,
then this implies that (i) a ternary complex intermediate, which is
distinguishable from the ground-state ternary complex PolBI
exo-+D-1-[a-"?PJdTTP, occurred along the reaction pathway
and (ii) the chemistry step (step 4 in Scheme 1) is flanked
immediately before and after by slower steps (steps 3 and 5,
respectively, in Scheme 1). Equation 1 was applied to the time
courses, and amplitudes of 75+ 3 and 61 +2 nM for the pulse—
chase and pulse—quench assays, respectively, were determined
(Figure 7). This amplitude difference of 14 nM (~19%) provided
evidence for the existence of a stably bound ternary complex that
accumulated prior to the chemical reaction. Since nucleotide
binding was rapid for PolB1 exo-, partitioning in the forward
direction likely represented an accumulation of the E'-DNA-
dNTP complex. Similar to what we have discussed in the kinetic
studies of Dpo4 (39), the accumulated intermediate cannot be
either E-DNA-dNTP or E-DNA.

Activation Energy Barrier for Nucleotide Incorporation.
The Arrhenius activation energy (E,) is the minimum amount of
energy required for reactants to be converted into products
during a chemical reaction. To determine the E, required for
PolB1 exo- to elongate a DNA substrate during a single nucleo-
tide incorporation, we determined the k, values of both correct
and incorrect dNTP incorporations at various temperatures
[Table 3 in our accompanying paper (32)]. These k,, values were
then used to construct an Arrhenius plot [In(k,) vs temperature
(1000/T)] which was subsequently fit to eq 7 (Experimental
Procedures). This generated an E, of 38 £ 3 kcal/mol for correct
dTTP incorporation and an E, of 55 + 3 kcal/mol for incorrect
dATP incorporation (Figure 8). Thus, 17 kcal/mol of additional
energy is required for PolB1 exo- to catalyze a misincorporation.

DISCUSSION

Minimal Kinetic Mechanism for PolBl exo-. The kinetic
studies of several A-, B-, X-, and Y-family DNA polymerases
reveal that these enzymes share a minimal kinetic mechanism of
DNA synthesis shown in Scheme 1 (40). Our pre-steady-state
kinetic analysis of PolBl exo- suggested that this B-family
member followed the same kinetic mechanism and binds sub-
strates sequentially: DNA first followed by an incoming nucleo-
tide. As indicated by the active site titration assay (Figure 2),
PoIBI exo- binds to a 21/41-mer (primer—template) DNA
substrate with a K;°* value of 1.8 nM. The apparent ground-
state binding affinity (1/KsN™") of an incoming nucleotide
depended on whether a canonical base pair was formed. In
general, the apparent binding affinity of a correct Watson—Crick
base pair was ~1000-fold tighter than the weak apparent
affinities of incorrect nucleotides [Table 2 in the accompanying
paper (32)]. Furthermore, the kinetics of correct dTTP incor-
poration catalyzed by PolBI exo- was biphasic (Figure 1A) which
suggested that the first turnover was limited by either step 3, step
4, or both in Scheme 1 (see discussion below), while multiple
turnovers were likely limited by dissociation of the elongated
DNA product from the enzyme (step 1). The latter observation
was corroborated by the fact that the steady-state turnover rate
was similar to the dissociation rate of the PolB1-DNA complex
(Figure 1). The existence of step 3 and its role as the rate-limiting
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FIGURE 7: Pulse—chase and pulse—quench experiment. A pre-incu-
bated solution of PolB1 exo- (100 nM) and unlabeled D-1 DNA
(100 nM) was rapidly mixed with 50 M [a->*P]dTTP. The pulse—
quench (O) reactions were immediately quenched with HCI (1 M),
while the pulse—chase (®) reactions were chased with 1.0 mM
nonradioactive dTTP for 30 s prior to acid quenching. Fitting the
data to eq 1 (Experimental Procedures) yielded amplitudes of 75 + 3
and 61+ 2 nM for the pulse—chase and pulse—quench reactions,
respectively.
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FiGuRre 8: Activation energy for nucleotide incorporation. The k,
values (extracted from ref (32)) for dTTP (@) and dATP (O) were
plotted as a function of reaction temperature and subsequently fit
to eq 7 (Experimental Procedures). An activation energy of 38 +
3 kcal/mol was determined for correct ({TTP-dA) nucleotide incor-
poration, while an activation energy of 55 + 3 kcal/mol was deter-
mined for incorrect (AATP-dA) nucleotide incorporation.

step of correct nucleotide addition during the first turnover were
supported by the following lines of kinetic evidence. (i) A small
a-thio effect of 1.5 for the rate of dTTP incorporation relative
to its a-thio analogue, dTTPaS (Figure 4A), suggested that the
chemistry step (step 4) was unlikely the rate-limiting step.
However, other evidence is required to support this conclusion
because the intrinsic o-thio effect for any nucleotide incorpora-
tion is unknown, it is sensitive to the steric configuration at the
a-phosphorus of a nucleotide bound at the active site of a
polymerase, and it is influenced by the transition-state struc-
ture (34, 38). (i) Different DNA dissociation rates for k_y, k7,
and kg (Figures 1, 5, and 6A) suggested the presence of E-DNA,
E-DNA-dNTP, and E'-DNA-dNTP complexes, respectively,
along the reaction pathway. (iii) A 14 nM (19%) higher reaction
amplitude in the pulse—chase reaction over that observed in the
pulse—quench reaction (Figure 7) suggested the existence of the
E'DNA-dNTP complex which did not yield products under
pulse—quench reaction conditions but was chased to products by
a large molar excess of dTTP under the pulse—chase conditions.
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The accumulation of the E'- DNA - dNTP complex also suggested
that step 5 is slow (8). Notably, the rates for steps 5 and 6 in
Scheme 1 were not measured in this paper. (iv) An activation
energy of 38 &+ 3 kcal/mol for dTTP incorporation was deter-
mined from the dependence of In k,, versus 1/7 (Figure §8). This
E, value may represent the energy barrier for either step 3, step 4,
or both because the k,, values are potentially limited by these
steps. For uncatalyzed phosphodiester bond formation in solu-
tion, the E, for its rate-limiting chemistry step is calculated to be
21.1 kecal/mol (41). If this reaction occurs at a polymerase active
site, its E, value should be significantly lower than 21.1 kcal/mol
because enzymes are known to stabilize transition states and
lower the activation energy barriers (42). Consistently, the
activation energy barriers for the chemistry step of phosphodie-
ster bond formation catalyzed by T7 DNA polymerase (4/)
and human DNA polymerase 3 (43) are predicted to be 12.3 and
17 kcal/mol, respectively. In comparison, our measured E, value
of dTTP incorporation was 21—25.7 kcal/mol greater than these
predicted values and cannot represent the energy barrier for step
4. Thus, step 3 was the rate-limiting step of the first turnover
during DNA synthesis catalyzed by PolBI exo-.

Interestingly, the E, for correct dTTP incorporation catalyzed
by Dpo4 has been determined to be 32.9 kcal/mol and similarly
used as one of the four lines of kinetic evidence to identify step 3
as the rate-limiting step (25, 26). Previously, step 3 has also been
recognized as the rate-limiting step for the kinetic mechanisms of
correct nucleotide incorporation catalyzed by several other
enzymes, including E. coli DNA polymerase 1 (§), T7 DNA
polymerase (12, 14), HIV-1 reverse transcriptase (/5), and yeast
DNA polymerase # (44). Although these enzymes share a rate-
limiting protein conformational change, the exact physical nature
of step 3 is unclear. Numerous X-ray crystallographic studies
suggest that step 3 may reflect the open-to-close transition of
the finger domain for the A-, B-, and X-family DNA poly-
merases (45—49). In contrast, nucleotide binding only induces the
subtle repositioning of select active site residues of the X- and Y-
family members (50, 57). Recently, this assignment of the rate-
limiting step has been further questioned due to fluorescence
resonance energy transfer-based evidence for two A-family
DNA polymerases, E. coli DNA polymerase I (/1) and Thermus
aquaticus DNA polymerase I (52), which show that the closure
rate of the finger domain is too fast to limit catalysis. Thus, step 3
may correspond to the subtle repositioning of active site residues,
substrates, and the network of water molecules in the active site
pocket (53) prior to catalysis. This step may be more dramatic
and difficult with high-fidelity PoIB1 exo- than with error-prone
Dpo4 because PolB1 exo- has a 5.1 kcal/mol larger E, value.
PolBI exo- contains a tighter polymerase active site than Dpo4
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and interacts more intensely with a nascent base pair than Dpo4,
leading to a higher energy cost in step 3.

For incorrect nucleotide incorporation catalyzed by T7
DNA polymerase (13, 14), E. coli DNA polymerase I (9), and
Dpo4 (25), step 4 has been suggested to be the rate-limiting step.
Unfortunately, most of these studies (9, /3, 25) examined the a-
thio effect which is largely considered an unreliable criterion (see
discussion above) (40). On the basis of the a-thio effect of 36
(Figure 4B), step 4 could be rate-limiting for dGTP misincor-
poration. However, this conclusion is not supported by the large
E, for dATP misincorporation (55 kcal/mol) which indicated step
3, rather than step 4, is rate-limiting. More studies are required to
unambiguously identify whether step 3, step 4, or both are rate-
limiting during a misincorporation.

Kinetic Implications of PolBI Interacting with a Pro-
cessivity Cofactor. According to the rates generated by com-
puter simulation (Figure 3), the processivity of PolBI, a
replicative B-family enzyme, was estimated to be 15 at 37 °C
which is almost identical to the value (i.e., 16) obtained for Dpo4,
a lesion-bypass Y-family enzyme notorious for exhibiting poor
processivity (25). The processivity of both PolB1 exo- and Dpo4
was reduced by an unexpectedly fast DNA dissociation rate that
was subsequently identified to be that of the E-DNA-dNTP
intermediate; a similar finding has been observed for HIV-1
RT (15, 25). Furthermore, the two active DNA polymerases of
S. solfataricus P2 are not inherently processive. To compensate
for this functional shortcoming, PolB1 likely associates with a
processivity cofactor to increase the enzyme’s processivity during
genomic replication. Such an effect of accessory proteins on the
processivity of several replicative DNA polymerases, including
T4 DNA Pol (54), T7 DNA Pol (55, 56), and human DNA
polymerase y (57), has been reported. For example, when the 140
kDa catalytic subunit of human DNA polymerase y associates
with its 54 kDa accessory subunit, the processivity value increases
from 290 to 2250 (57). Interestingly, PoIBI has been shown to
interact with both the PCNA2 and PCNA3 subunits of the
S. solfataricus P2 PCNA heterotrimer (29). Through its
N-terminal domain, PolBI can be stimulated by PCNA, as
processive DNA synthesis is greatly enhanced (29). Thus, it will
be interesting to determine the kinetic effect of PCNA on DNA
polymerization catalyzed by PolB1.

Comparison of Kinetic Parameters of PolBl and Other
DNA Polymerases. Despite the contrasting active sites of
PolBl and Dpo4 (27, 58), the kinetic parameters discerned
for these two polymerases are strikingly similar (Table 1) (25).
The K;°M* value for PolBI differs by approximately 6-fold
relative to that for Dpo4. Moreover, the most significant
difference is the ground-state binding affinity (1/Ks~'F) of an

Table 1: Estimated Kinetic Constants

polymerase PolBI1 exo- Dpo4
polymerase family B Y

ky (M TsTh 24 1.9
koi (7Y 0.043 0.02
KPNA (nM) 1.8 10.6
ks @M~ sTh 100 100
ko(s™h 1100 23000
KNP (uM) 11 230
ky (s 8.2 9.4
ky (s7h 0.18 0.41
ks (s 0.0071 0.004
reaction temperature (°C) 37 37
reference this work (25)

T4 DNA polymerase T7 DNA polymerase
B A

85 11

6 0.2

70 17.8
ND =50
ND >1000
20 18

400 287
ND ND
ND ND
20 20

18) (12)
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incoming nucleotide. For the incorporation of dTTP into D-1
DNA, PolBI catalyzes this reaction with a 21-fold tighter ANTP
binding affinity compared to Dpo4, although their incorporation
rates were close (8.2 s~ ' vs 9.4 s™"). The cellular levels of PolBI
and Dpo4 are similar according to Western blot analysis (3);
therefore, maintaining low nucleotide concentrations may con-
trol the error-prone polymerase activity of Dpo4 on an unda-
maged DNA template during DNA replication (24).

So far, T4 DNA polymerase is the only B-family DNA
polymerase with a well-studied kinetic mechanism (/8—20). To
serve as another basis for comparison, bacteriophage T7 DNA
polymerase is an A-family replicative polymerase with a detailed
kinetic mechanism (12, 13). Please note that the kinetic mechan-
ism of T7 DNA Pol was elucidated in the presence of its
processivity cofactor, E. coli thioredoxin, which is in contrast
to the T4 DNA Pol and PolB1 exo- studies. Interestingly, PolB1
exo- binds to DNA with a tighter binding affinity (~39- and
10-fold) than T4 DNA Pol and T7 DNA Pol under the specified
reaction conditions (Table 1) (12, 18). Also noteworthy is the fact
that T4 DNA Pol has a dramatically faster k_,; however, this
may be in part due to the use of a short primer—template
substrate that is not optimal for the enzyme to bind (Table 1) (18).
Additionally, the fast dissociation rate of T4 DNA Pol may be
attenuated by the accessory proteins, gp44, -62, -45, and -32.
With regard to dNTP binding, all three replicative polymerases
follow the same trend, whereby the K<™ values of correct
nucleotides are in the low micromolar range and mismatched
nucleotides are in the millimolar range, a difference of almost 3
orders of magnitude (12, 13, 18, 32). Thus, regulating the cellular
concentrations of nucleotide pools is a natural way to limit
mistakes by PolB1 in vivo. The rates of polymerization catalyzed
by PolIB1 exo- versus the bacteriophages vary widely, but this
is largely a function of the temperature profile for each enzyme
(Table 1). In the preceding paper (32), k3 for PolBl exo- was
measured to be 92 s ' at a reaction temperature of 50 °C;
therefore, it is plausible that catalysis by PolBI is even faster at
the physiological temperature of 80 °C (32). In summary, these
three replicative polymerases reveal nuances in their kinetic
parameters for various elementary steps which stress the im-
portance of defining these numerical values and how related
polymerases defy a unified mechanism.

In summary, the forward polymerization pathway of PolBI
exo- has been investigated. Our pre-steady-state kinetic results
support a rate-limiting conformational change during nucleotide
incorporation. Together with our kinetic studies on Dpo4 (25),
these kinetic mechanisms provide a foundation for investigating
DNA polymerase switching and other complex DNA transac-
tions that occur at the replication fork.

SUPPORTING INFORMATION AVAILABLE

Kinsim and Fitsim analysis (Figure 1) and measurement of the
dissociation rate for the E-DNA-dNTP complex at 35 °C
(Figure 2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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