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In eukaryotic DNA replication, DNA polymerase € (Pole) is
responsible for leading strand synthesis, whereas DNA polymer-
ases a and & synthesize the lagging strand. The human Pole
(hPole) holoenzyme is comprised of the catalytic p261 subunit
and the noncatalytic p59, p17, and p12 small subunits. So far,
the contribution of the noncatalytic subunits to hPole function
is not well understood. Using pre-steady-state kinetic methods,
we established a minimal kinetic mechanism for DNA polymer-
ization and editing catalyzed by the hPole holoenzyme. Com-
pared with the 140-kDa N-terminal catalytic fragment of p261
(p261N), which we kinetically characterized in our earlier stud-
ies, the presence of the p261 C-terminal domain (p261C) and
the three small subunits increased the DNA binding affinity and
the base substitution fidelity. Although the small subunits en-
hanced correct nucleotide incorporation efficiency, there was a
wide range of rate constants when incorporating a correct nu-
cleotide over a single-base mismatch. Surprisingly, the 3'—5’
exonuclease activity of the hPole holoenzyme was significantly
slower than that of p261N when editing both matched and mis-
matched DNA substrates. This suggests that the presence of
p261C and the three small subunits regulates the 3' =5’ exonu-
clease activity of the hPole holoenzyme. Together, the 3' -5’ ex-
onuclease activity and the variable mismatch extension activity
modulate the overall fidelity of the hPole holoenzyme by up to 3
orders of magnitude. Thus, the presence of p261C and the three
noncatalytic subunits optimizes the dual enzymatic activities of
the catalytic p261 subunit and makes the hPole holoenzyme an
efficient and faithful replicative DNA polymerase.

Three B-family DNA polymerases are responsible for repli-
cating the majority of the eukaryotic nuclear genome: DNA
polymerases « (Pola), 6 (Pold), and € (Pole) (1). DNA replica-
tion is initiated on both the leading and lagging strands by the
Pola-primase complex. Primase synthesizes short primers of 7-
12 ribonucleotides (rNTPs) that are extended by Pola with an
additional 20-25 deoxyribonucleotides (ANTPs) (2). Following
primer synthesis, processive DNA synthesis is taken over by
Pole and Pold on the leading and lagging strands, respectively
(3-6).

The eukaryotic replicative DNA polymerases are present as
multisubunit complexes in vivo (1). Each of the replicative
DNA polymerases shares a common core consisting of a single
large catalytic subunit and a smaller B-subunit, e.g. Pola p180-
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P70, Pold p125-p50, and Pole p261-p59 in humans. In addition
to this core complex, each replicative DNA polymerase associ-
ates with a set of accessory subunits to form its heterotetra-
meric holoenzyme. For example, human Pold (hPold) core
complex associates with p66 (sometimes called p68) and p12
accessory subunits (7), whereas human Pole (hPole) core com-
plex interacts with p17 and p12 (distinct from hPol8 p12) acces-
sory subunits (8). In the case of human Pola (hPola), however,
the p180-p70 core complex forms a heterotetrameric complex
with the primase heterodimer, which is comprised of the p49
catalytic subunit and the p58 regulatory subunit (9).

Structures of Saccharomyces cerevisiae Pola (10), Pold (11,
12), and Pole (13) as well as human Pold (14) illustrate that all
three replicative DNA polymerases are characterized by a glob-
ular catalytic core and an extended structure, with the latter
element largely composed of the catalytic subunit C-terminal
domain as well as the B- and accessory subunits. The structures
further reveal that the extended regions play a role in modulat-
ing the coordination and dynamics of the replicative DNA poly-
merases. For example, the crystal structure of the hPola-pri-
mase complex reveals that the catalytic subunits of Pola and
primase are linked to each other through the primase p58 regu-
latory subunit to allow for efficient coordination of the poly-
merase and primase activities during primer synthesis (15).
Additionally, in the recent high-resolution cryo-EM structure
of human Pold in complex with human proliferating cell nu-
clear antigen (PCNA), DNA, and dANTP, hPolé is tethered to
one of the three PCNA monomers through the extended C-ter-
minal domain of the p125 catalytic subunit, whereas the p50,
p66, and pl2 small subunits extend laterally away from the
DNA- and PCNA-binding sites (14). In this configuration, p12
likely stabilizes p125, while providing a scaffold for the p50 and
p66 subunits to contact p125 and regulate its polymerization
activity (14).

In the absence of the three small subunits, the catalytic subu-
nit of each of the replicative DNA polymerases is capable of cat-
alyzing template-dependent DNA synthesis in vitro. However,
the B- and accessory subunits either regulate or enhance the
DNA polymerization activities of the replicative DNA polymer-
ase holoenzymes. For example, the hPola p70 B-subunit limits
the processivity of RNA primer extension by the p180 catalytic
subunit (16). Furthermore, the polymerase activity of the tri-
meric hPold complex (p125-p50-p66) is enhanced by 4.6-fold
in the presence of the p12 accessory subunit, whereas its 3'—5’
exonuclease activity is reduced by as much as 5-fold on a DNA
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Scheme 1. A, minimal and B, revised kinetic mechanism of correct nucleotide incorporation catalyzed by the human DNA polymerase € holoenzyme.

substrate containing a single-base mismatch at the primer 3’
terminus (17). Additionally, the polymerization processivity of
S. cerevisiae Pole is enhanced in the presence of all three of its
small subunits (13, 18). Thus, to accurately characterize the
activities of the eukaryotic replicative DNA polymerases in
vitro, it is imperative that kinetic studies are carried out with
the full, intact DNA polymerase complexes.

Previously, we kinetically characterized the N-terminal frag-
ment of the hPole p261 catalytic subunit (residues 1—1189,
p261N) and established a minimal mechanism for DNA poly-
merization catalyzed by p261N (19). However, detailed analysis
of the hPole heterotetrameric complex has been hampered by
the difficulty of preparing sufficient quantities of pure complex.
Initial studies of hPole heterotetramer overexpressed in insect
cells revealed that the three small subunits do not enhance the
activity of the catalytic subunit alone (20). However, these stud-
ies were performed with excess enzyme on a large M13 DNA
plasmid template (20), which does not allow for a quantitative
comparison of DNA binding and nucleotide binding and incor-
poration kinetics between p261N and the hPole heterote-
tramer. Furthermore, these studies did not investigate the
impact of the small subunits on the 3'—5" exonuclease activity
of hPole. To determine whether the small subunits affect the
DNA binding and polymerization kinetics of hPole, we overex-
pressed and purified fully-assembled hPole heterotetramer in
insect cells and performed a pre-steady-state kinetic analysis of
the heterotetramer. We determined that the p261 C-terminal
domain (p261C) and the three small subunits enhance the
DNA binding affinity of hPole by reducing the DNA dissocia-
tion rate constant (19). Although p261C and the small subunits
moderately affect base substitution fidelity, the contribution
of 3'—=5' exonuclease activity to hPole fidelity is surprisingly
reduced compared with that of p261N, primarily due to a
nearly 10-fold attenuation of the excision rate constant on a
DNA substrate containing a single-base mismatch (19, 21). To-
gether, these observations suggest that p261C and the small
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subunits drive hPole toward processive DNA synthesis to
ensure rapid synthesis of the leading strand in vivo.

Results

Previously, we carried out the kinetic characterization of
p261N, the N-terminal fragment (residues 1-1189) of the hPole
p261 catalytic subunit. Our initial characterization of p261N
alone was motivated by the relative ease of its overexpression
and purification from Escherichia coli in suitable quantities for
pre-steady-state kinetic studies. Importantly, the p261N frag-
ment contains all of the conserved polymerase and 3'—5" exo-
nuclease motifs (22). From our pre-steady-state kinetic analy-
sis, we defined a minimal kinetic mechanism of nucleotide
incorporation, a simplified version of which is shown in
Scheme 1A (19). We also established a kinetic basis for the high
fidelity of DNA polymerization catalyzed by p261N (21). In a
study that followed, we examined W'T hPole holoenzyme pre-
pared from baculovirus-infected insect cells and performed
burst assays with both hPole and p261N under identical condi-
tions. We observed that both exhibited a fast burst phase and a
slow linear phase of product formation (23). The multiphasic
kinetics of correct nucleotide incorporation suggests that hPole
likely utilizes a similar minimal kinetic mechanism as p261N
(Scheme 1A) for DNA polymerization. To provide more evi-
dence for the kinetic mechanism and to further kinetically
characterize the hPole holoenzyme, we overexpressed and
purified an exonuclease-deficient variant (D275A/E277A/
D368A, hPole exo—) and carried out the following kinetic
analysis at 20 °C:

Measurement of burst kinetics, the steady-state rate constant
of correct nucleotide incorporation, and the dissociation rate
constant of the EeDNA complex

If the mechanism in Scheme 1A can be applied to hPole,
then it must display multiphasic burst kinetics during single-
nucleotide incorporation under enzyme-limiting conditions.
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Table 1
Sequences of DNA substrates

5'-CGCAGCCGTCCAACCAACTCA-3’
3'-GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5'
M-1 5'-CGCAGCCGTCCAACCAACTCAC-3'
3'-GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5'
M-8 5'-CGCAGCCGTCCAACCAACTCAC-3'
3'-GCGTCGGCAGGTTGGTTGAGTCGCAGCTAGGTTACGGCAGG-5'

D-1

To confirm that hPole exo— displays burst kinetics as previ-
ously observed for p261N (19, 23) and the WT hPole holo-
enzyme (23), we performed a burst assay in which a preincu-
bated solution of hPole exo— (20 nMm, UV concentration) and a
4-fold excess of D-1 DNA substrate (80 nm, Table 1) was rapidly
mixed with dTTP (100 um) for various time points. The time
course of product formation showed a clear burst of nucleotide
incorporation followed by a slow linear phase (Fig. 14), indicat-
ing that hPole follows a similar mechanism of single-nucleotide
incorporation as p261N. The data were best fit to Equation 1 in
which the initial burst phase is described by two exponential
rate constants, kg, and kg, and the second linear phase is
described by Kjjnear- The rate constants for kg,ge and kg0, wWere
139 +27s 'and 1.3+ 0.55 7, respectively, whereas Kjj,ear Was
0.0044 + 0.0008 s~ '. Although Scheme 14 does not explain
why two exponential phases are present in the initial burst of
product formation, we address this observation in more detail
in the analysis of our pre-steady-state nucleotide incorporation
assays (see below).

Typically, the linear phase of the burst time course is equal to
the steady-state rate constant of nucleotide incorporation. To
verify this assumption, we directly measured the steady-state
DNA polymerization rate constant (kys) by mixing hPole exo—
(1 nMm, active site concentration) and a large excess of D-1 DNA
substrate (400 nm) with a solution of dTTP (100 um) and Mg+
(see “Experimental procedures”). The time course of product
formation was fit to Equation 2 and the ks was determined to
be 0.0070 + 0.0003 s~ * (Fig. 1B), which is in good agreement
with the linear phase rate constant measured in the burst assay
(Fig. 1A4).

Finally, for hPole to follow a similar mechanism as in Scheme
1A, the dissociation of hPole from the EeDNA complex must
be the slowest step in a multiple turnover reaction and its rate
must be equal to the steady-state rate constant of nucleotide
incorporation (24-27). Subsequently, we directly measured
the rate constant of dissociation of hPole exo— from DNA
(k_1, Scheme 1A). A preincubated solution of hPole exo— (50
nM, UV concentration) and 5'-radiolabeled D-1 DNA sub-
strate (100 nm) was mixed with a large excess of unlabeled D-
1 DNA trap (2.5 um) for varying incubation times. During the
incubation period, any hPole exo— that dissociated from the
labeled D-1 would rebind to the unlabeled D-1, which was
present in a 25-fold molar excess over the labeled D-1. Thus,
when the reaction was initiated with the addition of dTTP
(100 um) and Mg>*, only hPole exo— that was still bound to
labeled D-1 would catalyze observable product formation.
Product concentration was plotted against DNA trap incuba-
tion time and the data were fit to Equation 3, resulting in a k_;
of 0.0058 * 0.0007 s~* (Fig. 1C). The k., value is in good
agreement with the measured ks value and confirms that
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multiple enzyme turnovers are limited by the rate constant of
DNA dissociation as observed for p261N and that hPole fol-
lows a similar mechanism as in Scheme 1A. Thus, the pres-
ence of the triple mutations and C-terminal residues 1190-
2257 of p261 as well as the p59, p17, and p12 subunits did not
change the kinetic mechanism and the rate-limiting step of
multiple turnovers of DNA polymerization.

Active site titration

To determine whether the triple mutations (D275A/E277A/
D368A), p261C, and the presence of the small subunits (p59,
p17, and p12) affect the binding affinity of hPole to a DNA sub-
strate, we measured the apparent equilibrium dissociation con-
stant of hPole exo— binding to DNA to form the EeDNA binary
complex (K’ ﬁf;p)) using an active site titration assay. Because
correct nucleotide incorporation during the first turnover was
previously shown to be much faster than the equilibration of
hPole binding to DNA (E + DNA < EeDNA) (23), a titration
of the polymerase active site with DNA can be used to measure
K%\gp) by examining the DNA concentration dependence of
the first-turnover amplitude (24—27). Specifically, a fixed con-
centration of hPole exo— (50 nm, UV concentration) was prein-
cubated with varying concentrations of D-1 DNA substrate
(10-125 nm) to allow the EeDNA complex to form prior to ini-
tiation of the reaction with the addition of correct dTTP (100
uM) and Mg>". The concentration of the product formed dur-
ing the first turnover was measured by quenching each reaction
after 50 ms, which allowed adequate time for the dTTP incor-
poration to reach the maximum first-turnover amplitude with
a negligible contribution of multiple turnovers (23). Impor-
tantly, the amplitude of product formation from the first turn-
over was a direct measurement of the amount of productive
EeDNA complex that formed during the preincubation period.
Therefore, the maximum amplitude corresponds to the active
enzyme concentration. As observed previously for p261N (19)
and WT hPole (23), the active hPole exo— concentration is low
(14.7 nM, 29%), suggesting that the majority of hPole may not
bind to DNA or binds to DNA in a nonproductive conforma-
tion. Notably, we have observed that hPole is prone to forming
aggregates, even after purification by size-exclusion chroma-
tography. Such hPole aggregates certainly contribute to the low
active enzyme concentration. Therefore, the K 622[;}7) deter-
mined by active site titration mostly reflects the hPole popula-
tion that is bound to DNA in a productive, polymerization-
ready state (see “Discussion”).

The concentration of EéDNA complex was plotted against
the concentration of total D-1 DNA substrate and the data

were fit to a quadratic equation (Equation 4) to give a K 011)(];[1?10) of
22 * 4 nm (Fig. 2). Notably, the Kﬁfﬁp) measured here is com-
parable to the K?M of 33 nm that we measured previously for
WT hPole (23), indicating that the triple mutations to inacti-
vate the 3'—5’ exonuclease activity of hPole did not impact the
ability of hPole to bind to a DNA substrate. Previously, a K?N4
of 79 nM was measured using the same assay to monitor the
binding of p261N to the same D-1 DNA substrate (19). Thus,
the C-terminal 1,068 residues of p261 and the three small
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Figure 1. Pre- steady-state and steady-state kinetics of correct dTTP incorporation by hPole exo—. A, the burst kinetics of dTTP incorporation were
measured by mixing a preincubated solution of hPole exo— (20 nm, UV concentration) and 5’-radiolabeled D-1 DNA substrate (80 nm) with 100 um dTTP and
Mq and then quenching at various time intervals W|th addition of EDTA. The data were fit to Equation 1 to yleld a fast exponential rate constant of 139 + 27

, a slow exponential rate constant of 1.3 + 0.5 5~ ', and a linear phase rate constant of 0.0044 + 0.0008 s~ . B, the steady-state DNA polymerization rate
constant was measured by mlxmg a preincubated solutlon of hPole exo— (1 nm, active site concentration) and 5’-radiolabeled D-1 DNA substrate (400 nm)
with dTTP (100 um) and Mg?* for varying reaction times and then quenching the reaction with the addition of EDTA. Product concentration was plotted
against time and the data were fit to Equation 2 to yield a k; of 0.0070 = 0.0003 s~ . G, to directly measure the DNA dissociation rate constant, k_;, a preincu-
bated solution of hPole exo— (50 nm, UV concentration) and 5’-radiolabeled D-1 DNA substrate (100 nm) was mixed with unlabeled D-1 DNA substrate (2.5
uMm) for varying incubation times before the reaction was initiated with the addition of dTTP (100 um) and Mg®*. The reaction was allowed to proceed for 15 s
and then quenched with the addition of EDTA. Product concentration was plotted against time and the data were fit to Equation 3 to yield a k_; of 0.0058 *+
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Figure 2. Active site titration assay to measure the KJ' | for hPole
exo— binding to DNA. A preincubated solution of hPole exo— (50 nm, UV
concentration) and increasing concentrations of 5’-radiolabeled D-1 DNA
substrate (10-125 nm) was rapidly mixed with dTTP (100 um) and Mg2+ for 50
ms and then quenched with the addition of EDTA. All measurements were
performed in triplicate and the average concentration of EeDNA complex
that formed during the preincubation period, given by product concentra-
tion, was plotted against total D-1 DNA concentration and the data were
fit to Equation 4 to yield a K%Ap) of 22 + 4 nm and an active enzyme concen-
tration (Eo) of 14.7 = 0.8 nm. Error bars represent the S.D. from the calculated
average product concentration.

100 120

subunits (p59, p17, and p12) collectively increase the binding
affinity of hPole by 3.6-fold (Table 2). Furthermore, the second-
order rate constant of DNA and hPole association (k; = k_;/

KD d(app), kqi= 0 0058 s Y KD];[I‘; = 22 nM) was calculated to be
2.6 X 10° M L which is nearly identical to the k; value of
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Table 2

Comparison of kinetic parameters determined for p261N and hPole
at 20°C

p261N“ hPole p261N/hPole”

k., 0.021s ! 0.00585 ! 3.6
KD(;V;;) 79 nm 22 nm 3.6
Kima 2525 ! 411s7! 0.6

dNTP,corrcct 23 UM 11 M 21

d .
kmax/I dNTP.correcz 11 l-LM:t s~ 1 37 [.LM7 1 Sill 0.37 :
Kmax, mismatched 10 2 571 10° 3'1(1015 10 2-10
kX, matched 0.17 s 0.015s 11

X, mismatched 265 " 04551 5.8

“References 19 and 21.

b Calculated by dividing the kinetic parameter for p261N by the corresponding value
measured for hPole.

¢ Averaged from measured kx values for the M-1 and M-8 substrates.

2.7 X 10° M~ ' s~ measured for p261N (19). Consequently, the
3.6-fold binding affinity difference between hPole and p261N is
almost completely contributed by the 3.6-fold difference in
their k_; values (Table 2).

Pre-steady-state kinetics of correct nucleotide incorporation

We then sought to determine whether the presence of
p261C, the B-subunit, and the accessory subunits (p17 and
p12) affect the kinetics of nucleotide binding and incorpora-
tion. To explore this possibility, we measured the equilibrium
dissociation constant for correct nucleotide binding (KjNTP )
and the maximum nucleotide incorporation rate constant
(kmax) by monitoring the dependence of the observed rate con-
stant of nucleotide incorporation on nucleotide concentration
under single-turnover kinetic conditions. Briefly, a preincu-
bated solution of hPole exo— (100 nm, UV concentration) and
D-1 DNA substrate (20 nm) was rapidly mixed with increasing
concentrations of correct dTTP in the presence of Mg*". After
varying reaction times, the reaction was quenched with the
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Figure 3. Pre-steady-state kinetics of correct nucleotide incorporation. A, a preincubated solution of hPole exo— (100 nm, UV concentration) and 5’-radio-
labeled D-1 DNA substrate (20 nm) was rapidly mixed with 1.25 (purple), 2.5 (blue), 5 (green), 10 (yellow), 80 (orange), or 200 um (red) dTTP and Mg** for varying
incubation times before the reaction was quenched with the addition of EDTA. Product concentration was plotted against time and the data were fit to Equa-
tion 5. The inset shows the first 0.2 s of each time course. B, the ki,s; and kg0, Values for each dTTP concentration were plotted against their respective dTTP
concentration. The plot of ks versus [dTTP] was fit to Equation 7 to yield a kya 0f 411 = 265~ ' and a Kgm’ of 11 £ 2 um. The plot of kgow versus [dTTP] was fit
with a smoothed line. , the A¢,c and Ay, Values for each dTTP concentration were plotted against their respective dTTP concentration, and the data were fit

with a smoothed line.

addition of 0.37 m EDTA. The time course of product forma-
tion at each nucleotide concentration was fit to Equation 5 to
yield a fast (kgg) and a slow (kgow) Observed rate constant for
nucleotide incorporation (Fig. 3A4), similar to the double-expo-
nential kinetics in the burst assay. The fast observed rate con-
stants were plotted against dTTP concentration and the data
were fit to Equation 7 (Fig. 3B). The resulting ki, and K477
values were 411 = 26 s~ and 11 *+ 2 um, respectively, and
the substrate specificity (kpax/K jTTP ) was calculated to be
37 um tsTh

The dependence of kgs on ANTP concentration indicates
that kg, reports on the rate constant for nucleotide incorpora-
tion onto DNA that is productively bound to the polymerase
active site (EpeDNA), and the maximal rate (k.,,) therefore
reflects the rate-limiting pre-chemistry conformational change
(k3) preceding the chemistry step (kchem) (Scheme 1A4). In con-
trast, the observed slow rate constants of product formation,
which ranged from 0.32 to 0.65 s~ !, showed only a weakly nega-
tive correlation with nucleotide concentration (Fig. 3B), which
is suggestive of an additional slow step prior to rapid nucleotide
binding and incorporation that is exhibited by a significant
population of hPole bound to DNA. A similar result was ob-
served for single-turnover nucleotide incorporation assays per-
formed with S. cerevisiae Pole heterotetramer and the slow
phase was attributed either to switching of the DNA primer ter-
minus from the 3’ —5’ exonuclease active site to the polymer-
ase active site or to slow binding of Pole to DNA (18). Although
plausible, the former case is unlikely given that strand transfer
from the 3'—5’ exonuclease active site to the polymerase active
site was shown to be very fast (> 700 s~ ') for the replicative
DNA polymerase from T7 bacteriophage (28). Additionally, we
believe that the latter situation is unlikely because a 10-fold
molar excess of S. cerevisiae Pole was preincubated with DNA
before adding a correct dNTP to initiate nucleotide incorpora-
tion (18). Kinetically, hPole (Fig. 34) likely bound to DNA in a
productive (EpeDNA) and a nonproductive state (Ex®eDNA) at
the polymerase active site, leading to the observed fast and slow
nucleotide incorporation phases, respectively (29-34). To illus-
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trate these two possible binding modes, we have proposed a re-
vised Scheme 1B, which shows that hPole may bind directly to
DNA in a productive conformation (E + DNA < EpeDNA) or
in a nonproductive conformation (E + DNA « EyeDNA).
hPole that is bound to DNA in a productive, polymerization-
ready state will catalyze rapid nucleotide incorporation with a
rate constant kp, which is equal to k... On the other hand,
hPole that is bound to DNA in a nonproductive state must first
transition to the productive state at a rate constant ky_,p, which
is equivalent to &y, (Scheme 1B). This isomerization is intrin-
sic and its rate does not depend on nucleotide concentration
(28). Thus, the slow phase in Fig. 34 was likely limited by iso-
merization and thus, its rate constant was not significantly
affected by ANTP concentration. Importantly, inclusion of an
excess of an unlabeled DNA trap in the reaction mixture does
not eliminate the slow phase or alter its rate constant (Fig. S2),
supporting our conclusion that the slow phase results from the
transition of DNA-bound hPole from a nonproductive to a pro-
ductive state. Finally, we note that the amplitude of the fast
phase (Ag,s) shows a weak positive correlation with nucleotide
concentration, whereas the amplitude of the slow phase (Agjo.)
is relatively unaffected (Fig. 3C). The relationship between the
amplitudes of the two phases and nucleotide concentration is
unclear and is not further explored in the present study.

Elemental effect on correct nucleotide incorporation

To further determine whether p261C, the B-subunit, and the
accessory subunits affect the rate-limiting step of correct nucle-
otide incorporation by hPole exo—, we compared the incorpo-
ration rate constants of dTTP and a-thiophosphate-substituted
dTTP (S,-dTTPaS). A preincubated solution of hPole exo—
(100 nM, UV concentration) and D-1 DNA substrate (20 nm)
was rapidly mixed with dTTP (or S,-dTTPaS) (5 um) and
Mg>" for varying incubation times. The reaction was quenched
with the addition of 0.37 M EDTA. The time courses of product
formation were fit to Equation 5 to yield fast observed incorpo-
ration rate constants of 127 + 15 s ' and 118 + 21 s~ for
dTTP and S,-dTTPasS, respectively (Fig. 4A4). The elemental

J. Biol. Chem. (2020) 295(50) 17251-17264 17255
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Figure 4. Elemental effect on correct and incorrect nucleotide incorporation. A, a preincubated solutlon of hPole exo—
5'-radiolabeled D-1 DNA substrate (20 nm) was rapidly mixed with 5 um dTTP (@) or S,-dTTPaS (O) and Mg
with the addltlon of EDTA. Product concentration was plotted against time and the data were fit to Equation 5 to yield fast rate constants of 127 = 15 s
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Product (nM)

Time (s)

(100 nm, UV concentration) and
for varying incubation times before quenchmg
'and

! for dTTP and Sp-dTTPasS, respectively, resulting in an elemental effect of 1.1. B, the elemental effect on incorrect dATP incorporation was tested

under identical conditions, except the reaction was initiated with the addition of 500 um dATP (@) or S,-dATPasS (O) and Mg 2*_ Product concentration was
plotted against time and the data for dATP incorporation were fit to Equatlon 6, whereas the data for S, dATPaS were fit to a line. The incorporation rate con-
stants were 0.073 + 0.007 s~ ' for dATP and 0.0016s~ ' for Sp-dATPasS, giving an elemental effect of 46.

Table 3

Kinetic parameters for correct and incorrect nucleotide incorporation onto the D-1 DNA substrate catalyzed by hPole exo— at 20 °C

dNTP kmax KgNTP kmax/KZNTP Fpolu Fpol, p261N/Fp 1
st M um Ls!

dTTP 411 £ 26 11x2 37 - . -

dATP 0.26 + 0.01 (4.6 = 0.5) X 10° 57X 10°* 1.5x10°° 8

dCTP - - , 14x1073 3.8x107° 8.4

dGTP (1.50 = 0.06) X 102 (1.8 +0.1) X 10° 83X 10°° 22%X1077 20

“ Calculated as (kinax/K§"™ )incorvect/ [(Kmax/ KIN™ correct + (Kmax/ KGN Jincorrect]-
b Values for Fpol, p261n reported in Table 2 of Ref 21.

effect (K4ITP /kff;dTTPaS) was calculated to be 1.1 for hPole

exo—. Previously, an elemental effect of 4—11 was used as sug-
gestive evidence for a rate-limiting chemistry step during nu-
cleotide incorporation (19, 24-26, 35). Thus, the protein con-
formational change (EpeDNA,edNTP — Ep'eDNA,edNTP),
rather than phosphodiester bond formation (Ep'eDNA,,edNTP
— Ep'eDNA,,10PP)), is likely rate-limiting for each round of
correct nucleotide incorporation catalyzed by hPole exo—
(Scheme 1B). Notably, a similarly small elemental effect (0.9)
was observed for correct nucleotide incorporation catalyzed by
p261N (19). Thus, both hPole and p261N share the same rate-
limiting step during correct nucleotide incorporation (Scheme
1). Finally, the slow phases for incorporation of dTTP and S,-
dTTPasS yielded an elemental effect of 1.2, indicating that, as
expected, the slow phase of nucleotide incorporation, limited
by the intrinsic isomerization rate ky_.p (Scheme 1B), was not
affected by the a-thiophosphate substitution in S,-dTTPasS.

Pre-steady-state kinetics of incorrect nucleotide incorporation

The p261N fragment of hPole exhibits high base substitution
fidelity (10" *-1077) resulting from decreases in both k. and
the ground-state binding affinity (1/K¢NP) for incorrect rela-
tive to correct nucleotides (21). To probe whether p261C, the
B-subunit, and the accessory subunits affect the base substitu-
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tion fidelity of hPole, we measured the pre-steady-state kinetic
parameters for the incorporation of all three incorrect nucleo-
tides with D-1 as described above. The k., and KNP values
for all four nucleotides are listed in Table 3. As for correct
dTTP incorporation, we calculated the substrate specificities
for each of the incorrect nucleotides and subsequently deter-
mined the base substitution fidelity (Fj,,) of hPole exo—, which
was 107°-1077 (Table 3). We also measured the elemental
effect for incorrect nucleotide incorporation onto D-1 by com-
paring the incorporation rate constant of dATP and S,-dATPaS
(500 pum). The observed incorporation rate constants were
0.073 = 0.007 s~ " for dATP and 0.0016 s for S,-dATPasS (Fig.

4B), yielding an elemental effect (k4ATP /K~ “ATP%5) of 46, which

indicates that phosphodiester bond formation is at least partially
rate-limiting for incorrect nucleotide incorporation (see above).
This is similar to the large elemental effect (167) on incorrect
nucleotide incorporation observed with p261N (19).
Interestingly, only a single phase of product formation was
observed for incorporation of dATP and S,-dATPasS (Fig. 45).
Likewise, misincorporation of dCTP lacked a second phase
(data not shown). Unlike correct nucleotide incorporation,
the rate of intrinsic conversion from the nonproductive to pro-
ductive bound state for DNA binding to hPole exo— is faster
than or comparable to the rate of misincorporation, and the
overall observed rate constant of nucleotide incorporation was
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Table 4
Kinetic parameters for mismatch extension and excision catalyzed by hPole exo— and hPole exo+ at 20 °C
dNTP Kinax KaNTP Kinax/ KNTP Foxt” KACTP b kx Foro’
st M um st st 5!

C:A mismatch (M-1)

dCTP 41+03 (2.4 +0.5) X 10? 1.7 X 1072 - 12 -

dGTP (21%02)x10°* (1.3+0.2) X 10° 1.6 X 1077 9.4 X10°° 1.5%x10°° -
- - - - - - 04*0.1 0.3
C:C mismatch (M-8)

dCTP 6.5+05)x 103 (7 + 1) X 10? 9.3%X10°° - 81x10* -
- - - - - - 0.5*0.1 617

“ Calculated as (kma/ K" )incarrect/ [(Kinax/ KN )correct + (Kinax/ KgN™ Jincorrect]-

b Calculated as kmax[dNTP}/(KgCTp + [dNTP]) during extension from a mismatched primer terminus at an intracellular dCTP concentration of 100 pM.

¢ Calculated as ky/k“CTP.

obs

either limited by slow incorrect nucleotide incorporation or
was a function of both ky_.p (Scheme 1B) and slow nucleotide
incorporation. In the case of dGTP misincorporation, a fast
phase of incorporation was observed for a very small popula-
tion of the total DNA concentration (< 5%), and the reaction
time course was dominated by very slow nucleotide incorpora-
tion (data not shown). The significance of the small population
of more rapidly misincorporated dGTP is unclear and requires
further studies.

Pre-steady-state kinetics of mismatch extension

Previously, we determined that p261N exo— very poorly
extends single-base mismatches due to large decreases in both
Kmax and 1/K4NTPfor the next correct nucleotide (21). To deter-
mine whether the presence of p261C, the B-subunit, and the
accessory subunits affect the ability of hPole exo— to extend a
single-base mismatch, we measured the kinetic parameters for
incorporation of the next correct nucleotide, dCTP, onto two
different mismatched substrates containing either a C:A mis-
match (M-1, Table 1) or a C:C mismatch (M-8, Table 1) at the
primer 3’ terminus. For extension of both the C:A and the C:C
mismatched DNA substrates, the k.« of correct nucleotide
incorporation was reduced by 100- and 63,000-fold (Table 4),
respectively, relative to extension of a correctly-matched A:T
base pair in D-1 (Tables 1 and 3). Furthermore, the binding af-
finity for the correct nucleotide was reduced by 22-fold when
extending from the C:A base pair, and 64-fold when extending
from the C:C base pair. Overall, the substrate specificity of the
correct nucleotide was reduced by 2.2 X 10*- and 4.0 X 10°-
fold with the C:A and C:C mismatched DNA substrates (Tables
3 and 4), respectively, indicating that hPole exo— very poorly
extended mismatched DNA substrates compared to matched
substrates as observed with p261N exo— (21). However, both
hPole exo— and p261N exo— demonstrate a marked variability
in their abilities to extend different mismatched base pairs.
Based on the current study, hPole exhibits an 1,800-fold prefer-
ence for extension of a C:A mismatch versus a C:C mismatch
(Table 4), whereas p261N only displayed a 28-fold preference
for C:A versus C:C (21). The reason for this difference in mis-
match type discrimination remains to be determined. We fur-
ther tested the ability of hPole exo— to extend the C:A mis-
match with an incorrect nucleotide, dGTP. From the measured
kinetic parameters, we calculated a substrate specificity of
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1.6 X 1077 um ' s * for dGTP (Table 4), which is similar to
the substrate specificity values determined for extension of a
mismatched base pair with an incorrect nucleotide by p261N
exo— (21). Thus, both hPole exo— and p261N exo— are simi-
larly unlikely to bury a mismatched base pair with an additional
mismatch. Based on both a 20,000-fold decrease in k., and a
5.4-fold decrease in binding affinity relative to extension of the
same mismatch with correct dCTP, we determined the base
substitution fidelity during mismatch extension (Fe,) to be
9.4 X 10~ ° (Table 4), demonstrating that hPole exo— remains
highly selective for the correct nucleotide even when extending
from a mismatch.

Pre-steady-state kinetics of matched and mismatched base
pair excision

Previous pre-steady-state kinetic analysis of mismatch exten-
sion and excision by p261N revealed that the 3'—5" exonucle-
ase activity of p261N increased its fidelity of DNA synthesis by
3.5 X 10?- to 1.2 X 10*-fold due to a strong preference for exci-
sion of a mismatched DNA substrate coupled with poor effi-
ciency of extension (21). Here, we used a similar approach to
measure the excision rate constants for a matched A:T base
pair in D-1 and a mismatched C:A base pair in M-1 (Table 1) by
WT hPole heterotetramer. A preincubated solution of WT
hPole (100 nm, UV concentration) and a 5’-radiolabeled DNA
substrate (20 nM) was rapidly mixed with Mg>" in the absence
of nucleotides. The concentration of remaining DNA substrate
was plotted against time (Fig. 5). The data for excision of the
matched D-1 DNA substrate were fit to Equation 9 to yield an
excision rate constant of 0.015 = 0.003 s~ . In contrast to the
matched D-1 DNA substrate, the mismatched M-1 DNA sub-
strate displayed two clear phases of excision (Fig. 5). Accord-
ingly, the data were fit Equation 10 to yield a fast excision rate
constant of 0.4 + 0.1 s~ ' and a slow excision rate constant of
0.0099 = 0.0006 s~ '. Thus, in the presence of a single mis-
match, the excision rate constant increased by 27-fold. This is
comparable with the 15-fold 3'—5’ exonuclease activity
enhancement measured previously for p261N exo+ in the
presence of a single-base mismatch (Table 2). Similarly, for the
M-8 substrate, which contains a C:C mismatch, we measured a
fast excision rate constant of 0.5 + 0.1 s~ ' and a slow mismatch
excision rate constant of 0.0041 + 0.0002' s~ * (data not shown),
indicating that the identity of the mismatched base pair does
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Figure 5. Pre-steady-state kinetics of matched and mismatched base
pair excision. A preincubated solution of WT hPole (100 nm, UV concentra-
tion) and 5'-radiolabeled D-1 (@) or M-1 (O) DNA substrate (20 nm) was rap-
idly mixed with Mg>" for varying incubation times before quenching with
the addition of EDTA. Remaining substrate concentration was plotted against
time. The data for excision of the matched D-1 substrate were fit to Equation
9 to yield an excision rate constant of 0.015 + 0.003 s~ . The data for excision
of the mismatched M-1 DNA substrate were fit to Equation 10 to yield a fast
excision rate constant of 0.4 = 0.1 s~ ' and a slow excision rate constant of
0.0099 * 0.00065™ .

100

not significantly affect the excision rate constant of hPole as
was observed with p261N (21).

The single excision rate constant for the matched DNA sub-
strate and the slow excision rate constants for the mismatched
DNA substrates are comparable to each other and likely repre-
sent a slow transition of the DNA substrate from the polymer-
ase active site to the 3'—5’ exonuclease active site (28).
Accordingly, we have added this strand transfer step (Epe DNA
< ExeDNA) to Scheme 1B, and the rate of this strand transfer,
Ep_x, is equal to the rate of the slow phase of mismatch exci-
sion. The appearance of an initial fast phase for the mismatch-
containing DNA substrates likely corresponds to direct binding
of the mismatched primer terminus to the 3'—5’ exonuclease
active site of hPole (E + DNA <« ExeDNA) as was observed
previously for hPolvy (36). For the M-1 and M-8 substrates, the
amplitudes of their fast phases accounted for 12-17% of the
total DNA concentration, indicating that a significant percent-
age of the DNA is bound at the 3'—5" exonuclease site of hPole
during preincubation with a mismatch-containing DNA sub-
strate. Accordingly, we have added a third possible configura-
tion for hPole binding to DNA in Scheme 1B. Mismatched
DNA that is pre-bound to the 3'—5" exonuclease active site of
hPole is cleaved at a rate constant ky, which is equal to the fast
phase of excision. Notably, the rate constants for excision of
both matched and mismatched DNA substrates by hPole are
reduced by 11- and 5.8-fold, respectively, compared with the
excision rate constants measured for p261N (Table 2). Thus,
the presence of p261C, the B-subunit, and the accessory subu-
nits appears to modulate the 3'—5' exonuclease activity of
hPole.
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Discussion

Kinetic mechanism for DNA polymerization catalyzed by the
hPole holoenzyme

Using pre-steady-state kinetic methods, we previously deter-
mined that p261N, the N-terminal 140-kDa fragment of the
p261 catalytic subunit, catalyzes correct nucleotide incorpora-
tion via an induced-fit mechanism (19) that is generally fol-
lowed by all DNA polymerases (Scheme 1) and is characterized
by a rate-limiting pre-chemistry conformational change follow-
ing nucleotide binding (37, 38). In the present study, as well as
in our previous study (23), we demonstrated that the hPole ho-
loenzyme, like p261N, incorporated correct nucleotides by fol-
lowing multiphasic kinetics (Fig. 14). We then determined that
the multiple-turnover (or steady-state) rate (0.007 s') of nu-
cleotide incorporation was governed by the hPoleeDNA com-
plex dissociation (0.0058 s~ ') (Fig. 1). Through an active site
titration assay, the apparent binding affinity of D-1 DNA sub-

strate to hPole (1/1(5(1;[;)» I(z?(la\l[;;p)

2), indicating that the first turnover of nucleotide incorporation
was much faster than the equilibration of hPole and DNA bind-
ing (E + DNA <> EeDNA) (23).

Based on the results of our pre-steady-state kinetic assays
(discussed below), hPole likely binds to DNA in three different
modes during preincubation with a duplex DNA substrate: a
productive polymerization-ready state (EpeDNA), a nonpro-
ductive state (ExeDNA), and with the DNA bound at the
3'—5" exonuclease active site (ExeDNA). Thus, the I(";’(];[;p)

measured by the active site titration assay (Fig. 2) is a function
of KN4, KPNA, and K" (Scheme 1B). However, KHM ' js

(app)
expected to be a good approximation of K3 for the following

= 22 nm) was measured (Fig.

reasons. First, the reaction is quenched after 50 ms, which is
too short to observe any additional product formation resulting
from the slow conversion of ExjeDNA to EpeDNA (Ey_,p; 0.32-
0.65 s~ %; t1» ~1.1-2.2 s5). Second, excision of a matched DNA
substrate is dominated by the rate of strand transfer from the
polymerase active site to the 3'—5' exonuclease active site
(Ep_x). The lack of a fast phase of excision indicates that no
appreciable population of DNA is bound to the 3'—5" exonu-

clease active site of hPole (ExeDNA). Thus, K ﬁ%  is expected

to represent a good approximation of the equilibrium dissocia-
tion constant for productive binding of DNA to the polymerase
active site of hPole (Epe DNA).

Through the single-turnover kinetic assay, we determined
the maximum correct dTTP incorporation rate (k. = 411
s~ ') and ground-state binding affinity (1/K477?, K4T™= 11 um)
of correct dTTP with hPole (Fig. 3). Furthermore, we measured
the elemental effect (1.1) of dTTP incorporation onto D-1 by
hPole (Fig. 44), suggesting that phosphodiester bond formation
did not limit the single-turnover rate of correct nucleotide
incorporation (19, 24-26, 35). Together, these kinetic assays
demonstrate that hPole and p261N possess similar kinetic
behaviors and likely follow the similar minimal kinetic mecha-
nism for productive nucleotide incorporation (compare Scheme
1, A and B) involving a rate-limiting conformational change (k3
in Scheme 1A or kp in Scheme 1B) that is triggered by correct
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nucleotide binding (KN = k ,/{k,[dN'TP]}) and precedes phos-
phodiester bond formation (kcper) (Scheme 1).

The presence of two distinct phases of correct nucleotide
incorporation by hPole provides evidence for hPole binding
to DNA in at least two modes: a productive, polymerization-
ready state (EpeDNA) and a nonproductive state (ExeDNA).
Although our pre-steady-state exonuclease assays demonstrate
that DNA may also bind directly to the 3'—5’ exonuclease
active site of hPole (ExeDNA), we argue that the slow phase of
nucleotide incorporation is not rate-limited by strand transfer
from the 3' =5’ exonuclease active site to the polymerase active
site (kx_.p) as the rate constant for this strand transfer was pre-
viously measured to be very fast (>700 s~ 1) (28). Moreover, the
absence of a fast excision phase in our exonuclease assays with
D-1 (Fig. 5) shows that almost no matched DNA substrate is
bound to the 3'—5’ exonuclease active site after the pre-incu-
bation phase. Therefore, the slow phase of polymerization most
likely results from DNA-bound enzyme isomerizing from the
nonproductive to the productive state (ky_.p). In contrast, the
strong dependence of the fast phase of nucleotide incorpora-
tion on nucleotide concentration indicates that the maximal
rate of the fast phase (k) represents the rate-limiting pre-
chemistry conformational change (kp). Accordingly, Scheme
1B illustrates the interconversion between nonproductive and
productive polymerization states, the latter of which binds nu-
cleotide to catalyze rapid correct nucleotide incorporation.

Effect of the C-terminal domain of p261 and the three small
subunits on nucleotide incorporation kinetics with hPole

Previously, we determined that p261N rapidly incorporates
correct nucleotides with an average k., of 252 s tat20°Cand
an average KINTP of 23 um (Table 2), and exhibits large
decreases in both k.« and ground-state nucleotide binding af-
finity (1/K$NTP) for incorrect nucleotides thereby achieving the
high base substitution fidelity (10~ *-1077) (21). In this study,
we determined that hPole catalyzed correct dTTP incorpora-
tion onto D-1 at 20 °C with a slightly higher kpay (411 5™, 1.6-
fold), a slightly lower K{NTP (11 pum, 2.1-fold), and a moderately

higher Ky /KNP (37 v~ 577, 3.4-fold) (Tables 2 and
3). Furthermore, we measured the kinetic parameters for all
three misincorporations onto D-1 and calculated the base
substitution fidelity of hPole to be 107°~10" 7, which is 8- to
20-fold higher than that of p261N (Table 3). The high base sub-
stitution fidelity of hPole is a hallmark of replicative DNA poly-
merases (39). Taken together, the presence of p261C and the
three small subunits favorably affect the nucleotide incorpora-
tion kinetics and fidelity of Pole. In comparison, the pre-steady-
state kinetic parameters determined for correct nucleotide
incorporation by S. cerevisiae Pole are nearly identical to those
measured for the C-terminal truncated Pol2 catalytic subunit,
indicating that the small subunits do not significantly affect nu-
cleotide incorporation kinetics with S. cerevisiae Pole (18). This
conclusion is supported by the positioning of the small subunits
away from the globular Pol2 catalytic domain in the low-resolu-
tion cryo-EM structure of S. cerevisiae Pole (13). Other than the
solution structure of an N-terminal fragment of the p59 subunit
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(40), there are currently no structures of the hPole heterote-
tramer. Although in vitro transcription/translation and immu-
noprecipitation studies have assigned the binding sites for
the three small subunits within the p261C domain (20), the
structure of the polymerase active site within p261N is likely
affected by the association of the small subunits in the hPole
holoenzyme.

Interestingly, hPole catalyzes correct dCTP incorporation
during extension from a single-base mismatch with a k. of
4.1s™" for a C:A mismatch and 0.0065 s~ * for a C:C mismatch
(Table 4). This wide k., range (1073-10°s™!) contrasts signifi-
cantly from the values determined for p261N, which generally
catalyzes single-base mismatch extension with a k,.x on the
order of 1072 s~ ' regardless of mismatch identity (Table 2).
The wide k.« range also affects the contribution of the 3'—5’
exonuclease to the overall fidelity of hPole, which was calcu-
lated to be 0.3- or 617-fold under a typical intracellular nucleo-
tide concentration of 100 um (Table 4). Consequently, the
wide-ranging contribution to fidelity by the 3'—5' exonuclease
activity of hPole is likely one of the factors to cause sequence-
dependent DNA replication errors in vivo (41, 42).

Enhanced DNA binding affinity of hPole by the C-terminal
domain of p261 and three small subunits

Earlier structural and biochemical studies of S. cerevisiae
Pole implicated a direct role for the three small subunits in
modulating the polymerase processivity of Pole. A low-resolu-
tion cryo-EM structure of S. cerevisiae Pole heterotetramer
revealed an extended tail-like structure that is hypothesized to
encircle dsDNA that trails Pole as it synthesizes the leading
strand, thereby tethering Pole to DNA and enhancing proces-
sivity (13). This hypothesis is supported by the observation that
S. cerevisiae Pole heterotetramer is able to synthesize longer
products than the Pol2 catalytic subunit alone under single-hit
conditions but only when the length of dsDNA is at least 40 nu-
cleotides long (43). Consistently, the Dpb3/Dpb4 (correspond-
ing to p12/p17 in humans) heterodimer forms a stable complex
with dsDNA in the absence of Pol2/Dpb2 (corresponding to
p261/p59 in humans) (44) and significantly enhances the poly-
merase and 3’ —5’ exonuclease processivities of the Pol2/Dpb2
heterodimer (43), suggesting that the increased processivity
results from additional interactions between S. cerevisiae Pole
and DNA afforded by the small subunits. In the presence of
p261C and the three small subunits, the hPole heterotetramer

binds to D-1 DNA substrate with a Kf(%p) of 22 nm (Fig. 2),

which is 3.6-fold lower than the K?N* previously measured for
P261N binding to the same D-1 DNA (Tables 1 and 2). Addi-
tionally, the D-1 dissociation rate constant of 0.0058 s~ ' was
determined using unlabeled DNA trap (Fig. 1C). Notably, this
DNA dissociation rate constant is 3.6-fold slower than that
measured for p261N (Table 2) and essentially accounts for the
3.6-fold difference in DNA binding affinity, indicating that the
C-terminal residues 1190-2257 of p261 and the p59, p17, and
p12 subunits collectively enable hPole to form a tighter,
more stable complex with its DNA substrate. Surprisingly, our
previous data show that the processivities of p261N and hPole
heterotetramer are indistinguishable when the polymerases are
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in excess over a DNA substrate (23). In addition, p261N and
hPole are comparably active on a primed M13 DNA template
and their activities are similarly enhanced in the presence of
PCNA, replication factor C, and replication protein A (20).
Thus, the increased DNA binding affinity does not appear to
affect the polymerization processivity of hPole, contrasting
sharply with the effect of the small subunits on the polymerase
processivity of S. cerevisiae Pole. The difference will be
answered by future high-resolution structures of hPole and S.
cerevisiae Pole in complex with DNA and an incoming dNTP.
Surprisingly, the recent high-resolution cryo-EM structure of
the complex of hPols, PCNA, DNA, and dNTP shows that the
C-terminal domain of hPol8 and the three subunits do not
directly interact with DNA but may indirectly facilitate DNA
binding through stabilizing the complex by interactions
between the subunits and with one of the three PCNA mono-
mers (14). Thus, the contributions of p261C and the three
small subunits to DNA binding by hPole may be different in
the presence and absence of PCNA.

Modulation of hPole proofreading activity by the C-terminal
domain of p261 and the three small subunits

WT hPole excised a matched A:T in D-1 with a single-turn-
over excision rate constant of 0.015 s~ *. In contrast, the C:A
mismatch in M-1 and the C:C mismatch in M-8 were excised
with fast rate constants of 0.4s~ ' and 0.5s~ ' and slow rate con-
stants of 0.0099 s and 0.0041 s, respectively (Tables 1, 2,
and 4). Thus, the excision rate constant is enhanced roughly
27- to 33-fold in the presence of a single-base mismatch com-
pared with a matched base pair.

The presence of two phases of excision for a mismatched
DNA substrate suggests that some population of mismatched
DNA substrate may bind directly to the 3'—5" exonuclease
active site of hPole. Although the fast phase excision rate con-
stant (0.4-0.5 s~ ') is much faster than the single rate constant
for excision of a matched DNA substrate (0.015 s '), the slow
phase excision rate constants for the two mismatched DNA
substrates tested here (0.0041-0.0099 s~ ) are more compara-
ble with the rate constant for matched DNA excision. There-
fore, these rate constants are likely representative of the rate
constant for strand transfer from the polymerase active site to
the 3'—5" exonuclease active site (kp_,x), whereas the fast
phase excision rate constants represent cleavage of DNA pre-
bound to the 3'—5" exonuclease active site of hPole. Accord-
ingly, Scheme 1B shows a third DNA binding mode in which
DNA directly binds to the 3'—5’ exonuclease active site of
hPole or transfers from the polymerase active site to the 3'—5’
exonuclease active site. Once bound to the 3'—5"exonuclease
site, the DNA substrate is cleaved with a rate constant kx.

Surprisingly, the excision rate constants measured with WT
hPole are significantly lower than those measured for p261N
exo+ and are reduced by 11-fold for excision of a matched
DNA substrate and 5.8-fold for excision of a mismatched DNA
substrate (Table 2). Furthermore, excision of mismatched sub-
strates by p261N exo+ was dominated by a single fast phase,
whereas hPole displayed a low-population fast phase of excision
in the presence of a mismatch. Thus, the presence of p261C
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and the three small subunits appears to modulate the 3’ —5' ex-
onuclease activity of hPole by limiting both strand transfer
from the polymerase active site to the 3'—5' exonuclease active
site (kp_.x) as well as direct binding of the DNA to the 3'—5’
exonuclease active site. Interestingly, this result contrasts
sharply with the pre-steady-state kinetic analysis of S. cerevisiae
Pole, which demonstrated that the excision rate constants for
matched, mismatched, and ssDNA substrates were largely
unaffected by the presence or absence of the Pol2 C-terminal
domain and the three small subunits (18).

Previously, pre-steady-state kinetic methods have been used
to examine the 3’ —5’ exonuclease activities of hPol8, the major
lagging strand replicative DNA polymerase, and hPolvy, the mi-
tochondrial replicative DNA polymerase, as well as their oligo-
meric assemblies. Notably, kinetic comparison of a heterotri-
meric hPold assembly (p125-p50-p66), and the fully assembled
heterotetramer (p125-p50-p66-p12), revealed that addition of
p12 to the hPold heterotrimer results in a 4.6-fold increase in
polymerase activity, but 8.3- and 4.8-fold decreases in the exci-
sion rates of matched and single-base mismatched DNA sub-
strates, respectively (17). The high-resolution cryo-EM struc-
ture of the complex of hPold, PCNA, DNA, and dNTP shows
that p12 bridges the exonuclease and C-terminal domains of
p125 as well as the oligonucleotide-binding domain of p50 and
stabilizes hPold (14). The stabilization likely enhances hPolé
polymerase activity but restricts the transfer of a mismatched
primer from the polymerase to the 3'—5’ exonuclease active
site for editing. Consequently, processive polymerization by
hPolé heterotetramer is less likely to be interrupted by the slow
switching of the DNA primer from the polymerase to the
3'—5’" exonuclease active site. Consistent with the enhanced
polymerase activity and attenuated exonuclease activity, hPold
heterotetramer exhibits increased tolerance for translesion syn-
thesis and mismatch incorporation and extension in the pres-
ence of p12 (45). Interestingly, it has been shown that treatment
of human cells with UV, methyl methanesulfonate, and other
DNA damaging agents results in degradation of p12 (46). Taken
together, damage-dependent p12 degradation resulting in a
more proofreading active form of hPold is a potential mecha-
nism that human cells have evolved for minimizing mutagenic
DNA synthesis while maintaining the high rate of DNA syn-
thesis required for timely genome replication under normal
cellular conditions. Similarly, hPoly catalyzes nucleotide incor-
poration 5-fold faster and is 7.8-fold more processive in the
presence of its p55 accessory subunit (47), but exhibits a 2-fold
decrease in exonuclease activity and greater selectivity against
excision of correctly matched dsDNA (36). However, unlike
hPol§, a similar mechanism of proofreading activity control has
not been identified for hPoly in vivo. Finally, whereas the poly-
merization rate we have measured for hPole heterotetramer
increases slightly from that of p261N (411 s~ " versus 252's~ ',
1.6-fold; Table 2), the >5-fold decrease in exonuclease-activity
is consistent with the regulatory effects exerted upon hPolé and
hPoly by their small subunits. As with hPoly, the significance
of such control is unknown. Overall, the proofreading activities
of these three replicative DNA polymerases are comparably
modulated in the presence of their respective small subunits,
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although the physiological role for proofreading control may
not be common between these DNA polymerases.

Experimental procedures
Materials

Reagents used for the experiments described were purchased
from the following sources: [y->*P]ATP from PerkinElmer Life
Sciences (Boston, MA); Optikinase from U.S. Biochemicals
(Cleveland, OH); and dNTPs from Bioline (Taunton, MA).

Preparation of the human DNA polymerase € heterotetramer

The 11A/hPolelexo— vector, which encodes an exonucle-
ase-deficient (D275A/E277A/D368A) variant (19) of the full-
length p261 catalytic subunit, and the 11A/hPole234 vector,
which encodes the p59 B-subunit as well as the p17 and p12
accessory subunits, were kindly provided by Drs. Yoshihiro Ma-
tsumoto and Alan Tomkinson at the University of New Mexico
(Albuquerque, NM). The exo— p261 sequence contains C-ter-
minal PKA, FLAG, and Hisg tags. The p59 sequence contains
an N-terminal Strepll tag, a thrombin cleavage site, a PKA tag,
and a hemagglutinin tag. The pl7 and pl2 sequences are
WT and contain no tags. Recombinant baculoviruses were gen-
erated using the Bac-to-Bac expression system (Life Technolo-
gies) and amplified to a high titer according to the manufac-
turer’s instructions. The hPole exo— heterotetramer was
overexpressed by simultaneously infecting 1.8 X 10° Sf9 cells in
a 1-liter shaking culture with p261 exo— virus and virus encod-
ing all three small subunits. The infected insect cells were incu-
bated at 25 °C for 60 h, and then harvested and lysed by Dounce
homogenization. The lysate was clarified by ultracentrifugation
at 20,000 X g and hPole exo— heterotetramer was purified
from the cleared lysate essentially as described (23). The WT
hPole heterotetramer was also prepared as described (23).

DNA substrates

The DNA substrates listed in Table 1 were purchased from
Integrated DNA Technologies, Inc. (Coralville, IA) and purified
by denaturing PAGE as described (48). All primers were radio-
labeled by incubation with [y-**P]ATP and OptiKinase at 37 °C
for 3 h. Following the labeling reaction, the kinase was inacti-
vated by heating the reaction mixture at 95°C for 5 min, and
unreacted [y-*>P]JATP was removed by passing the reaction
mixture through a Bio-Spin 6 column (Bio-Rad). The 5’-radio-
labeled primers were annealed to the template oligonucleotides
in Table 1 by incubating the primer with a 1.15-fold molar
excess of template at 95°C for 5 min and then slowly cooling
the mixture to room temperature over several hours.

Pre-steady-state kinetic assays

All assays were performed at 20 °C in reaction buffer contain-
ing 50 mm Tris-OAc (pH 7.4), 8 mm Mg(OAc),, 1 mm DTT,
10% glycerol, 0.1 mg/ml BSA, and 0.1 mm EDTA. Fast reactions
were performed using a rapid chemical quench-flow apparatus
(KinTek). All reported concentrations are final after mixing. All
reactions were quenched with the addition of EDTA. Use of 1 M
HCI as a quenching solution decreases the observed rate con-
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stants by ~2-fold (Fig. S3). However, there are still distinct fast
and slow phases with acid quench as with EDTA quench (Fig.
S3), indicating that the slow phase did not result from slow
incorporation by the EeDNAedNTP complex that cannot be
stripped of Mg®" by the EDTA quench. Thus, the 2-fold rate
constant decrease observed with acid quench relative to EDTA
quench does not change our proposed kinetic mechanism
(Scheme 1B). Accordingly, we chose to use an EDTA quench to
avoid strong acid damage to our rapid chemical quench-flow
apparatus. Unless otherwise specified, most experimental data
were collected from only single trials due to the insufficient
quantities of purified hPole holoenzyme to repeat all assays in
triplicate.

Active site titration assay

A preincubated solution of hPole exo— (50 nm, UV concen-
tration) and 5’-radiolabeled D-1 DNA substrate (10-125 nm)
was rapidly mixed with a solution containing dTTP (100 um).
The reaction was allowed to proceed for 50 ms and then
quenched with the addition of 0.37 m EDTA. Each data point
for the active site titration assay was measured in triplicate.

Measurement of the EeDNA complex dissociation rate
constant

A preincubated solution of hPole exo— (50 nM, UV concen-
tration) and 5'-radiolabeled D-1 DNA substrate (100 nm) was
mixed with an excess of unlabeled D-1 DNA substrate (2.5 um).
After varying incubation times, the reaction mixture was sup-
plemented with dTTP (100 uM). The nucleotide incorporation
reaction was allowed to proceed for an additional 15 s and then
was quenched with addition of 0.37 M EDTA.

Measurement of the steady-state rate constant of correct
nucleotide incorporation

A preincubated solution of hPole exo— (1 nm, active site con-
centration) and 5'-radiolabeled D-1 DNA (400 nMm) was mixed
with a solution containing dTTP (100 um). After varying incu-
bation times, an aliquot of the reaction mixture was quenched
in 0.37 M EDTA.

Measurement of the elemental effect on nucleotide
incorporation

A preincubated solution of hPole exo— (100 nm, UV concen-
tration) and 5'-radiolabeled D-1 DNA substrate (20 nM) was
rapidly mixed with a solution containing either dTTP or
S,-dTTPaS (5 um) for varying reaction times and quenched
with the addition of 0.37 M EDTA. The elemental effect on
incorrect nucleotide incorporation was measured under identi-
cal assay conditions, but with the addition of incorrect dATP or
Sp-dATPaS (500 um).

Single-turnover exonuclease assays

A preincubated solution of WT hPole (100 nm, UV concen-
tration) and 5'-radiolabeled DNA substrate (20 nm) was rapidly
mixed with a solution containing 8 mm Mg(OAc), to initiate
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the 3'—5" exonuclease reaction. After varying reaction times,
the reaction was quenched with the addition of 0.37 M EDTA.

Product analysis

Reaction substrates and products were separated by denatur-
ing PAGE (17% acrylamide, 8 M urea, and 1X TBE running
buffer) and quantified using a Typhoon TRIO (GE Healthcare)
and ImageQuant (Molecular Dynamics).

Data analysis

Data were fit by nonlinear regression using Kaleidagraph
(Synergy Software). Data from the burst assay were fit to Equa-
tion 1,

[Product] = Agt[1 — exp(—Kkgusit)]
+Aslow[1_exp(_kslowt)] + (Afast +Aslow)klineart (Eq 1)

where A, and Ag,y are the amplitudes of product formation
of the fast and slow phases, k¢, and ko, are the observed rate
constants of the fast and slow phases, and Kjjpesr is the
observed steady-state rate constant.

Data from the steady-state nucleotide incorporation assay
were fit to Equation 2,

[Product] = kEot + Ey (Eq. 2)

where kg is the steady-state rate constant of nucleotide incor-
poration at the initial enzyme concentration of E,,.
Data from the DNA dissociation assay were fit to Equation 3,

[Product] = Alexp(—k-;t)] (Eq. 3)

where A is the product concentration in the absence of the
DNA trap and k_; is the DNA dissociation rate constant.

Data from the active site titration assay were fit to Equa-
tion 4,

[E-DNA] = 0.5 (1(};’(“ |+ Eo+ DO)

app
5 1/2
~05 [(1(5@2,) + Ey+ Do) - 4E0D0] (Eq. 4)
where Kﬁ’;’; ) is the apparent equilibrium dissociation con-

stant for hPole binding to DNA to form the EeDNA binary
complex, E, is the enzyme concentration, and Dy is the DNA
concentration.

Data from single-turnover polymerization assays were fit to
Equation 5,

[Product] = Agg[1 — exp(—kgasit)] + Agow[1 — exp(—kiowt)]
(Eq. 5)

where A, and Agoy are the amplitudes of product formation
of the fast and slow phases and kg, and ko, are the observed
rate constants of the fast and slow phases. For some misincor-
porations, only a single exponential phase of product forma-
tion was observed, or the first fast phase was populated by less
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than 5% of the total DNA substrate. Accordingly, these data
were fit to Equation 6,

[Product] = A[1 — exp(—Kkobst)] (Eq. 6)

where A is the amplitude of product formation and ks is the
rate constant of nucleotide incorporation.
The kg, (o1 kops) values were plotted against nucleotide con-
centration and the data were fit to Equation 7,
Keast = Kmax[ANTP]/ (KjN P 4 [dNTP]) (Eq. 7)
where k.« is the maximum rate constant of nucleotide incor-
poration and KN'? is the equilibrium dissociation constant
for ANTP binding. When KNP was very large, the data were
fit to Equation 8,
kfast = (kmax/1<jNTP> [dNTP] (Eq 8)
to yield the substrate specificity constant, ko / KV

Data from single-turnover exonuclease assays with a
matched DNA duplex were fit to Equation 9,

[Remaining DNA substrate] = Aexo [exp(—kexot)] +C
(Eq. 9)

where A.,, is the amplitude of DNA substrate excision and
kexo is the observed excision rate constant.

Data from single-turnover exonuclease assays with a mis-
matched DNA duplex were fit to Equation 10,

[Remaining DNA substrate] = Aeyo [exp(—kexot)]

+ Aexoz [exp(—kexoat)] + C (Eq. 10)

where Aexo and Aeyo are the amplitudes of DNA substrate
excision of the fast and slow phases and k.., and ke, are the
observed excision rate constants of the fast and slow phases.

All reported errors were generated by fitting the data to the
above equations in Kaleidagraph.
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