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ABSTRACT: DNA polymerase β (pol β) is a bifunctional
enzyme widely studied for its roles in base excision DNA
repair, where one key function is gap-filling DNA synthesis. In
spite of significant progress in recent years, the atomic level
mechanism of the DNA synthesis reaction has remained
poorly understood. Based on crystal structures of pol β in
complex with its substrates and theoretical considerations of
amino acids and metals in the active site, we have proposed
that a nearby carboxylate group of Asp256 enables the reaction
by accepting a proton from the primer O3′group, thus
activating O3′as the nucleophile in the reaction path. Here, we
tested this proposal by altering the side chain of Asp256 to Glu
and then exploring the impact of this conservative change on the reaction. The D256E enzyme is more than 1000-fold less active
than the wild-type enzyme, and the crystal structures are subtly different in the active sites of the D256E and wild-type enzymes.
Theoretical analysis of DNA synthesis by the D256E enzyme shows that the O3′proton still transfers to the nearby carboxylate of
residue 256. However, the electrostatic stabilization and location of the O3′ proton transfer during the reaction path are
dramatically altered compared with wild-type. Surprisingly, this is due to repositioning of the Arg254 side chain in the Glu256
enzyme active site, such that Arg254 is not in position to stabilize the proton transfer from O3′. The theoretical results with the
wild-type enzyme indicate an early charge reorganization associated with the O3′ proton transfer, and this does not occur in the
D256E enzyme. The charge reorganization is mediated by the catalytic magnesium ion in the active site.

■ INTRODUCTION

DNA polymerases are fundamental to the replication and repair
of the genomic material throughout the domains of life, from
the most primitive organisms to vertebrates. In most cases
organisms maintain more than one DNA polymerase isoform,
and these enzymes often function in combination with
accessory factors and other enzymes to perform specialized
tasks in DNA metabolism.1−4 There are many examples where
a DNA polymerase polypeptide chain itself carries an additional
accessory-type enzymatic activity.1 The DNA polymerase, or
nucleotidyl transferase, function of these enzymes is generally
thought to require two metal ions as cofactors, along with
dNTPs and a DNA 3′-end as the substrates.5,6 The enzymes
use DNA as a cofactor for both template-directed selection of
dNTP substrates and as the substrate for nucleotide insertion
into the 3′-end of a nascent DNA strand. The reaction products
are the dNMP extended DNA strand and the resulting
pyrophosphate. DNA polymerases are often capable of
performing the reverse reaction, producing dNTPs using as
substrates pryophosphate and the 3′-terminal nucleotide of a

DNA strand.7 Through studies of these enzymes isolated from
many different organisms in the phylogenetic tree, it seems
clear that they use a generally conserved mechanism for
nucleotidyl transfer. On the other hand, the mechanisms
governing the actual efficiency of the DNA polymerase
nucleotidyl transferase reaction are still not well understood.
This topic is important because DNA polymerases exhibit a
wide range of enzymatic efficiencies for DNA synthesis, and
this feature is key in the fidelity for template-directed
nucleotide incorporation: the higher the efficiency for correct
nucleotide insertion, the higher the fidelity.8 Thus, differences
in enzymatic efficiency and fidelity appear to reflect important
specialized functions of these enzymes in DNA replication and
repair. In the case of mammalian DNA polymerase β (pol β),
the DNA synthesis function appears to be gap filling of short
gaps formed during DNA repair and replication, and the speed
and accuracy of such gap filling synthesis is fundamental to
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maintaining genomic stability. In light of its small size (∼39
kDa), its activity as a monomer and the fact that it is well
behaved in kinetic and structural studies, pol β is viewed as a
model enzyme for understanding DNA synthesis mechanisms.
The molecular features responsible for modulating the

differences in enzymatic efficiency for alternate DNA
polymerases are still obscure. Yet, at the heart of the issue is
understanding electrostatic features that are linked to
chemistry, i.e., features that hasten formation of the transition
state (TS) and stabilize the products. DNA polymerases use a
“two-metal-ion mechanism” to increase the rate of template
base-directed DNA synthesis by many orders of magnitude
over the uncatalyzed reaction in aqueous solution.5 These
enzymes promote nucleophilic attack by the primer O3′atom
on the α-phosphate (Pα) of the deoxnucleoside 5′-triphosphate
selected for template-directed insertion into the primer strand.
Previous research had shown that nucleotide insertion results in
stereoinversion of the nonbridging oxygens about Pα.9 Various
computational analyses making use of crystal structures of
ternary substrate complexes of DNA polymerases poised for
chemistry have suggested different options for activation of O3′
nucleophilic attack on Pα. For example, a combined quantum
mechanics and molecular mechanics computational analysis of
the pol β reaction (refs as noted) revealed transfer of the O3′
proton in the ground state to a nearby aspartate (Asp256) early
in the reaction coordinate and then O3′ attack at Pα. In
contrast, Cisneros et al. using the λ polymerase and a different
computational approach found that O3′proton transfers late in
the reaction coordinate, just prior to O3′attack on Pα.10

The mechanism of proton transfer from O3′ and the spatial
and temporal properties of the transfer are important features
in understanding the polymerase reaction mechanism. This is
because of both steric and charge considerations must be
accommodated during the nucleotidyl transfer reaction, as the
oxyanion (O3′ −) approaches Pα during TS development. The
metal ions and enzyme side chains in the vicinity of this bond-
forming step must stabilize the charges and steric features in the
system, but insight on possible mechanisms of how this is
accomplished is still lacking. For one aspect of the mechanism,
Liu et al. observed O3′ proton transfer to a nearby water
molecule with eventual proton transfer to an oxygen on the γ-
phosphate, and Nakamura et al. recently proposed O3′ proton
transfer to a nearby water molecule from observing
phosphodiester bond formation in crystals of DNA polymerase
η.11,12

For pol β, computational and crystallographic studies
indicated that the O3′ proton transfers to the OD2 oxygen
of the nearby aspartate side chain (Asp256).13 In the “ground
state” before the reaction proceeds (Scheme 1), there is a
hydrogen bond between O3′and the OD2 oxygen of Asp256.
The OD2 oxygen of this aspartate also coordinates the catalytic
metal (Mg2+cat).
The guanidine group of an adjacent arginine side chain

(Arg254) stabilizes the carboxylate of Asp256 through
interaction with OD1. This network of interactions in the
ground-state prechemistry complex integrates well with the
results of computational analyses in that the proximity of O3′
to OD2 of Asp256 enabled proton transfer with a minimal
energy cost and early in the energy landscape of the reaction
path.13

In the present study, we further examined the role of the
Asp256 side chain in the O3′ proton transfer step of the pol β
reaction mechanism by substituting glutamate for the aspartate

at residue 256 (i.e., the D256E mutant). The aim was to make a
subtle change in the atomic position of the carboxylate side
chain and then investigate the affect of the alteration on the
structure, reaction kinetics, and computationally derived energy
landscape for the DNA synthesis reaction. The D256E enzyme
insertion rate is decreased over 3-orders of magnitude relative
to wild-type enzyme, and the crystal structure revealed that the
carboxylate group of the D256E side chain is in a different
location than that of the wild-type aspartate side chain. Yet, like
OD2 of Asp256, OE1 of the D256E enzyme is in position to
accept the O3′ proton. Surprisingly, a striking difference
between the wild-type and D256E enzymes was observed for
the Arg254 side chain. The salt−bridge interaction in the wild-
type enzyme between Arg254 and Asp256 is not present in the
mutant; instead, Arg254 is displaced from the vicinity of the
256 side chain. In the computational assessment, the energy
landscape of the reaction path for D256E was different from
that of the wild-type enzyme, including the observation that the

Scheme 1. Proposed Proton Transfer from Primer O3′ to
Asp256 OD2
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O3′ proton transfer failed to occur until late in the reaction
path. The results are discussed in terms of differences in charge
distributions and electrostatic stabilizations for the mutant and
wild-type systems for O3′ attack on Pα, including new roles for
the active site metal ions.

■ EXPERIMENTAL DESIGN
Crystallization of the Pol β Mutants Substrate Complex.

Human pol β mutants (D256E and D256A) were overexpressed in E.
coli and purified as described earlier.14 Binary complex crystals with
these mutants with a 1-nucleotide gapped DNA were grown as
previously described.15 The sequence of the template strand (16-mer)
was 5′-CCG ACA GCG CAT CAG C-3′. The primer strand (10-mer)
sequence was 5′-GCT GAT GCG C-3′. The downstream oligonucleo-
tide (5-mer) was phosphorylated, and the sequence was 5′-GTC CC-
3′. The binary complex crystals were then soaked in artificial mother
liquor (50 mM imidazole, pH 7.5, 20% PEG3350, 90 mM sodium
acetate, 200 mM MgCl2 with 5 mM nonhydrolyzable dNTP analog,
dUMPNPP) and 12% ethylene glycol as cryoprotectant. This resulted
in ternary complex crystals. Diffraction quality data was collected on
those ternary complex crystals as described.
Data Collection and Structure Determination. Data were

collected at 100 K on a CCD detector system mounted on a MiraMax-
007HF (Rigaku Corporation) rotating anode generator. Data were
integrated and reduced with HKL2000 software.16 The mutant crystal
structures have similar lattices to the previously determined ternary
complex (PDB code: 2FMS) and are sufficiently isomorphous to allow
direct refinement, followed by multiple rounds of model building in O
and refinement in CNS or PHENIX.15 The figures were prepared in
Chimera.17

Kinetic Measurements. To directly measure the rate of the first
insertion (kpol), single-turnover kinetic assays (enzyme/DNA = 5 or
10) were performed as outlined previously.18 Slow reactions were
started/quenched manually, and faster reactions were measured with a
KinTek Model RQF-3 chemical quench-flow apparatus (KinTek
Corp., Snow Shoe, PA). Briefly, a solution of pol β (0.5−1 μM) was
preincubated with single-nucleotide gapped DNA (100 nM) with a
templating guanine in the gap. This solution was rapidly mixed (2-fold
dilution) with 200 μM dCTP and 20 mM MgCl2. The final reaction
conditions also included 50 mM Tris-HCl, pH 7.4 (37 °C) and 100
mM KCl. After various time periods, the reactions were stopped with
0.3 M EDTA, and the quenched samples were mixed with an equal
volume of formamide dye, and the products separated on 15−16%
denaturing polyacrylamide gels. The dried gels were analyzed using a
PhosphorImager (Molecular Dynamics) to quantify product for-
mation.
To measure the pH dependence of kpol, a buffer mixture was used

consisting of 50 mM MES, 25 mM Tris, 25 mM ethanolamine, and
100 mM KCl.19 The pH was adjusted with either HCl or NaOH as
appropriate. The ionic strength of this buffer system is constant at the
pH values used in this study.20 The buffer was supplemented with 10%
glycerol, 1 mM dithiothreitol, and 100 μg/mL bovine serum albumin.
Products were separated as described above. Since a 6-carboxyfluor-
escein 5′-labeled primer was used in these assays, the products were
quantified using the phosphorimager in fluorescence mode (532 nm
laser with 526 nm short-pass filter). The pH dependence of kpol was fit
to function describing a single ionization: kpol = kind/(1 + 10pKa‑pH)
where kind is the pH-independent rate constant.
QM/MM Computational Analyses. Using X-ray crystal struc-

tures of the gapped DNA, dNTP analog, and pol β (wild-type and
D256E mutant) ternary complexes as the starting points, molecular
dynamics simulations were carried out in a completely solvated
aqueous environment. Valence-filling hydrogens were added, and the
systems were neutralized with counterions while preserving the
positions of all the crystal water molecules. The initial triphosphate
charge was set to −3 with only one oxygen protonated in the γ-
phosphate for the equilibration with the classical force field. The
Amber99SB force field was used with the pmemd module of the
Amber11 program for the trajectory calculations.21,22 Water molecules

were represented by the TIP3P model.23 Long-range interactions were
treated with the particle mesh Ewald method.24,25 The added water
molecules were subjected to a constant pressure simulation at low
temperatures (<10 K) so that the starting system was at a density near
g/cm3. Except for the added waters and the counterions, all heavy
atoms in the system were constrained to the crystal positions using a
harmonic restraining force with a decreasing force constant from 50 to
0.5 kcal/mol/nm during 10 ns simulations at 300 K at constant
volume. This procedure ensures that the X-ray crystallographic
coordinates that represent a configuration resembling the precatalytic
state is not undergoing dramatic perturbation by the molecular
dynamics simulation. The final configuration was energy minimized
before initiating the QM/MM steps.

The QM/MM systems were prepared in the following way. The
quantum region includes parts of Asp190, Asp192, Asp256 (or Glu256
in the mutant case), the primer terminal nucleotide, and dTTP, two
Mg ions, and two water molecules coordinating the Mg ions (one on
each in the wild-type case), and three waters in the D256E mutant case
(two on Mgcat). Atoms within 10 Å of the quantum atoms were treated
using a classical MM force field and allowed to move. The remainder
of the protein, DNA, and counterions were held stationary. Solvent
water molecules within 15 Å, but farther than 10 Å of the QM atoms,
were included and held fixed during the calculation. There were 9562
and 9692 atoms included in the QM/MM calculations of the wild-type
enzyme and D256E mutant, respectively. The charge for the QM
region was −2, and the MM region was +2, while the total system
remained neutral.

The hybrid QM/MM potential in the ONIOM (MO:MM) method
implemented in the program, Gaussian09-B01 was used to investigate
the bond formation during the reaction scheme.26,27 The quantum
region was treated using the B3LYP exchange−correlation function
and 6-31g* basis set.28 The classical region was handled using the
Amber ff99 force field within Gaussian09. Calculations were
performed with the electronic embedding option to accommodate
the polarization of the QM region by the partial atomic charges in the
MM region and to provide for the response of the QM region, for
which Merz−Kollman (MK) charge fitting was employed to generate
partial charges at quantum atoms for classical interactions.29

In the previous QM/MM calculations on similar systems, various
combinations of bond restrictions have been used to define the
reaction path and energy coordinate. In the present study, on the other
hand, we restricted analysis of the reaction to reductions in the O3′-Pα
distance alone. This procedure not only reduced uncertainty in the
interaction energy arising from additional constraints but also allowed
for the possibility of proton transfer to any other atom in the selected
QM system. In this way, multiple alternate reaction paths were not
excluded, as is the case in some schemes for defining a reaction
coordinate. Here, we evaluated the wild-type and mutant systems with
various possibilities for the location of the “O3′ proton” in the starting
or unreacted system: (a) with the proton on O3′; and (b) with the
proton on OD2 of D256 (or OE1 of Glu256 in the mutant case). For
comparison, we also examined additional proton locations (see
Supporting Information): (a) in the mutant case, with the proton
on the water molecule that occupies the position of OD2 in wild-type;
and (b) with the proton on the dNTP oxygen, O5′, linking the sugar
to the triphosphate. The transfer of O3′ proton to the water molecule
or the O5′ oxygen occurred at very high energy (>40 kcal/mol),
suggesting these are not viable pathways.

■ RESULTS

Previously we had used QM/MM computational analyses and
the ternary complex crystal structure of wild-type pol β to
assess the reaction path for the nucleotidyl transfer reaction
with a correct incoming deoxynucleotide.13 An important
feature emerging from this work was transfer of the O3′ proton
onto the adjacent oxygen (OD2) of Asp256 (Scheme 1); this
occurred early in the reaction path and with a minimal energy
barrier. In the present study, we explored the importance for
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this nearby OD2 oxygen of Asp256 in the O3′ proton transfer
step of DNA synthesis. We prepared two pol β mutants with
side chain alterations at residue 256, i.e., D256E and D256A,
and determined their crystal structures and kinetic properties
for DNA synthesis. Based on the results, a computational
assessment of the nucleotidyl transferase reaction path for the
D256E enzyme was then conducted, and the results were
compared with those obtained with the wild-type enzyme,
reassessed here under the same conditions.
Crystal Structures of the Mutant Enzymes. The

structures of the D256E and D256A enzymes in ternary
complex with gapped DNA and a correct incoming nucleotide
were obtained at 2.0 and 2.4 Å resolution, respectively (Table
1).

The structures reveal the enzymes are in the closed
conformation, and both structures are very similar to that of
the ternary complex of the wild-type enzyme, i.e., 326 Cα rmsd
of 0.17 and 0.22 Å for D256E and D256A, respectively (Figure
1).
There are important differences, however, between the wild-

type and mutant enzymes in the vicinity of the active sites. As
expected, the residue 256 side chains are different: for the
D256E enzyme (Figure.2A), the glutamate side chain is shifted
away from Mgca compared with aspartate of the wild-type
enzyme (Figure 2B), and the carboxylate oxygens are not in
position to coordinate the catalytic metal; however, O3′ is
hydrogen bonded to a carboxylic oxygen (OE1) of Glu256. In
the structure of the D256E enzyme, a water molecule occupies
the same position as OD2 of Asp256 in the wild-type enzyme
structure. This water molecule is hydrogen bonded to O3′

(primer terminus), OE1 of Glu256, and coordinates the
catalytic metal (Figure 2A). In the D256E enzyme (Figure
2A), O3′ is in position for in-line attack on Pα, and the distance
between O3′and Pα is 3.5 Å, a distance similar to the
corresponding distance (3.4 Å) observed with wild-type
enzyme, the structure of which is shown for comparison in
Figure 2B. In contrast to the D256E mutant, alanine
substitution has a large distortion in the active site (Figure
3): O3′ is out of position for in-line attack on Pα (distance
between O3′and Pα is 4.9 Å), and the catalytic metal is not
observed. On the other hand, the structures of the wild-type,
D256E, and D256A enzymes are similar regarding the
nucleotide metal (Mgnuc), its ligands (Asp190 and Asp192),
water molecules, and nonbridging oxygens of the incoming
nucleotide triphosphate group (Figures 2 and 3). In each case,
the conformation of the incoming nucleotide and its
triphosphate moiety is similar, including the presence of a
hydrogen bond between O3′of the incoming nucleotide and a
nonbridging oxygen on its Pβ. The salt−bridge interaction
between Asp256 and Arg254 seen in wild-type enzyme is not
present in the D256E structure, and the Arg254 side chain is in
a completely different position (Figure 4). As will be described
below, this difference in location of the Arg254 side chain
appears to be an important feature responsible for differences
between the D256E and wild-type enzymes.

Kinetic Assessment of the D265E and D256A Pol β
Mutants. The D256E enzyme retained enzymatic activity for
gap-filling DNA synthesis, but its insertion rate (kpol) was lower

Table 1. Crystallographic Statistics

DNA polymerase β mutant

D256E D256A

Data Collection
space group P21 P21
a (Å) 50.66 50.43
b (Å) 79.76 79.81
c (Å) 55.64 55.34
β (°) 107.47 107.23
dmin (Å) 2.00 2.39
Rmerge (%)

a 0.089 (0.446) 0.089 (0.440)
completeness (%) 99.1 (96.8) 99.0 (91.3)
unique reflections 28347 (2747) 16387 (1509)
total reflections 100 123 54 888
I/σ 11.8 (2.76) 10.3 (2.07)
Refinement
RMS deviations
bond lengths (Å) 0.005 0.008
bond angles (°) 1.047 1.532
Rwork (%) 19.20 17.75
Rfree (%) 23.26 25.78
average B factors (Å)
protein 23.93 30.12
DNA 32.94 31.12
Ramachandaran analysis (%)
favored 98.5 96.9
allowed 100 100
RSCB ID 4JWM 4JWN

aNumbers in the parentheses refer to the data in the highest resolution
shell.

Figure 1. Illustration of the structures of closed conformations of the
ternary substrate complexes of two mutant forms of pol β determined
here and wild-type pol β. Representation of the wild-type pol β (PDB
ID 2FMS, gold), D256E mutant (green) or D256A mutant (magenta)
backbone (Cα) of the ternary substrate complexes with incoming
nucleotide dUMPNPP opposite template A. The rmsd for all Cαs of
D256E and D256A mutants relative to the wild-type enzyme are 0.17
and 0.22 Å, respectively. DNA is omitted for clarity, and dUMPNPP is
shown (in the active site). The lyase and polymerase domains are
labeled, as is α−helix N that translocates upon closure.
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than that of the wild-type enzyme by more than 3 orders of
magnitude. The D256A mutant, on the other hand, lacked
significant enzymatic activity at pH 7.4 (Figure 5A).
The insertion rate of wild-type pol β increases with

increasing pH and fit to a model with one-ionizable group
with a pKa of 8.1 ± 0.05 (Figure 5B).31 This pKa is similar to
that measured for rat pol β and believed to reflect
deprotonation of the primer terminus O3′.32,33 Although
D256A has negligible activity at neutral pH, it regains
detectable activity at higher pH. Figure 5B shows that kpol
increases 10-fold per pH unit up to pH 10, the highest pH
accessible for kinetic studies, and the pKa is estimated to be
∼11.7 ± 2.3. However, since there is little evidence of what the
maximal achievable independent rate may be for this mutant,
this pKa should be considered a minumum value. Like the
D256A mutant, kpol of D256E also increases with increasing
pH. In this case, the data fit a model where the pKa = 9.5 ± 0.07
and kind = 0.45 ± 0.03 1/s.
Computational Analysis of the Nucleotidyl Transfer

Reaction by Wild-Type Pol β and D256E. We employed a
QM/MM approach to determine reaction paths, intermediates,
TSs, and atomic charges for the metal ions and other active site
atoms in the wild-type and D256E systems. We had previously

conducted QM/MM analyses of correct and incorrect
insertions by the wild-type pol β, and those studies involved
mapping reaction path energies as a function of both bond
forming and bond breaking distances.13,34 In contrast, for the
present study, we used an alternate approach of reducing
mapping variables to that of bond forming distance only. This
approach involved fewer constraints than before and enhanced
reaction path analysis; we applied a direct comparison of the
wild-type and D256E systems. For the comparison, the same
basis set was used at all levels for atoms in the quantum
calculation.

Wild-Type Enzyme Reaction Path. In the ground state
(Figure 6A), both OD2 of Asp256 and O3′ are coordinated
with Mgcat, and O3′ is hydrogen bonded to OD2 at a distance
of 2.8 Å. As the reaction path proceeds, the O3′ proton is
transferred to OD2 of Asp256 (Figure 6B). This proton
transfer occurs early in the reaction path, at the O3′ to Pα
distance of ∼3.2 Å (Figure 6).
The reaction path proceeds to the TS, corresponding to the

O3′ to Pα bond forming distance of ∼2.2 Å and bond breaking
distance of 1.9 Å. The value of the energy barrier is ∼14 kcal/
mol (Figure 6). We also note that a quantum mechanical
cluster calculation (see Supporting Information) gave a similar

Figure 2. Active site geometry from the structure of the D256E mutant of pol β. (A) Illustration of the active site in the ternary substrate complex
structure with incoming dUMPNPP. Relevant distances between the atoms are shown. The side chain of Glu 256 rotates, compared with D256 in
wild-type, and does not interact directly with the catalytic metal. The space vacated by replacement of D256 OD2 is occupied by a water molecule
(“additional water” and solid arrow). Although, the nucleotide binding metal (Mgnuc) and catalytic metal (Mgcat), shown in green, exhibit octahedral
coordination similar to that in the wild-type enzyme, the catalytic metal utilizes the additional water molecule in place of OD2 of D256; the position
of the side chain of wild-type D256 is shown in gold for comparison. The distance between O3′ and Pα (3.5 Å; dashed arrow) is similar to that in the
wild-type enzyme. The position of the R254 side chain also is shown. (B) Illustration of the active site geometry of wild-type pol β, shown for
comparison with (A). The labeling is similar to that in (A); the nucleotides and side chains are in gold.
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energy barrier (∼12 kcal/mol), but this was only when the
protonation state of the dNTP was as described for the QM/
MM calculation.
D256E Enzyme Reaction Path. In the structure of the

D256E system (Figure 2A), the glutamate side chain’s OE1
oxygen is not coordinated to Mgcat, but OE1 is hydrogen
bonded to O3′. However, the reaction path (Figure 7) was
found to be strikingly different from that of the wild-type
system. First, as the reaction path proceeds from the ground
state (Figure 7), the energy is much lower with the proton
remaining on O3′ than on OE1. As the reaction path proceeds
with the O3′ proton remaining in place, energy builds until the
O3′ proton transfers to OE1. The TS is at the O3′ to Pα
distance of ∼2.2 Å, and the value of the energy barrier is ∼21
kcal/mol. During the reaction path as O3′approaches Pα, the
proton transfer occurs at the O3′ to Pα distance of ∼2.4 Å, very
close to the TS (Figure 7). We also considered an alternate
model where the O3′ proton is on OE1 throughout the entire

reaction path. There was a substantial energy penalty of 8−10
kcal/mol in this case, ruling out this possibility.

Energy Decomposition and Nonquantum Residue
Contribution. Electrostatic effects on the energy barrier for 10
amino acid residues located in the nonquantum region were
estimated. The positions of these residues in the structure are
illustrated in Figure S1, and the effects for the residues are
summarized in Table 2; the corresponding effects with the wild-
type enzyme are also shown for comparison. Energy values
(kcal/mol) were computed by eq 1 in the Supporting
Information. A minus value is stabilizing, and a plus value is
destabilizing. Only those residues in nonquantum region with a
significant effect are shown. Four of these residues, Arg183,
Ser180, Arg149, and Arg40, have stabilizing effects in the
D256E system, effects also mirrored in the wild-type system.
Destabilizing effects in both systems were observed for Arg258,
Lys234, Asp276, and Glu335.
A large difference between the wild-type and D256E systems

was found for residue Arg254. This side chain is stabilizing for
the D256E system (−6.0 kcal/mol) but destabilizing for the
wild-type system (33.6 kcal/mol). As noted above, Arg254 has
a salt−bridge interaction with the OD1 oxygen of Asp256 in
the wild-type system but is not in position to interact with the
D256E carboxylate in the mutant system (Figure 4). Finally,

Figure 3. Active site geometry from the structure of the D256A
mutant of pol β. The ternary substrate complex structure with an
incoming dUMPNPP shows that in absence of the D256 side chain,
there is no occupancy of the Mgcat site. Mgnuc exhibits octahedral
coordination similar to that in the wild-type enzyme. The sugar pucker
of the primer terminus is in 2′-endo conformation leading to an
increased distance (4.9 vs 3.4 Å in the wild-type enzyme) between O3′
of the primer terminus and Pα of the incoming nucleotide. R254 is
rotated away from its position in wild-type into a position similar to
that seen in D256E structure. The nucleotides and side chains are
shown in magenta.

Figure 4. Disruption of the R254:D256 salt bridge observed in the
structure of the D256E mutant enzyme. Superposition of structures of
the wild-type (gold) and D256E (green) enzymes. The primer
nucleotide is shown. In the wild-type enzyme (gold), the guanidino
group of Arg254 stabilizes D256 by a salt−bridge interaction to its
OD1. This interaction is lost in the mutant enzyme due to the novel
positions of both the R254 and E256 (green). The primer terminus
sugar pucker conformation (3′-endo) is the same in both structures.
The simulated annealing fo−fc electron density omit maps (blue) for
R254 and D256E, contoured at 5σ, are shown.
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Glu295 is stabilizing for the D256E system and slightly
destabilizing for wild-type.
Charge Analysis for Mgcat, Mgnuc, and O3′. QM analysis

of the charge associated with the two metal ions and O3′
throughout the reaction path revealed important differences
between the wild-type and D256E systems (Figure 8). During
the reaction path in the D256E system, Mgcat and Mgnuc
exhibited gradual, steady increases in charge (loss of electron
density) (Figure 8A). Upon transfer of the O3′ proton to OE1,
there were only modest changes throughout the remainder of
the reaction path. In sharp contrast, in the wild-type system
(Figure 8B) charges of Mgcat and Mgnuc in the ground state
were higher compared with those in D256E (e.g., Mgcat +1.64e
for wild-type vs +1.08e for D256E). In addition, Mgcat exhibited
a large decrease in charge (increase in electron density) at a
point near the beginning of the reaction path (i.e., decrease
from +1.64e to +1.21e) (Figure 8B). This corresponded to O3′
proton transfer to Asp256 OD2. After this point, Mgcat
exhibited a gradual increase in charge (loss of electron density),
as the reaction path proceeded, whereas the Mgnuc charge
remained constant. Upon reaching the TS, Mgcat now had a
restored charge of +1.54e. Since the residue 256 carboxylate in
the D256E system is not coordinated to Mgcat, it was not
surprising that Mgcat in this case did not participate in a similar
charge transfer (Figure 8A).
Charge analysis for O3′ in the wild-type system revealed that

the O3′ charge increased modestly with the proton transfer and
then decreased somewhat (Figure 8B). In the D256E system,
the O3′ charge increased in a steady fashion until the proton
transfer to OE1 (Figure 8A) and then decreased until the TS.
The O3′ charge for D256E system never reached the maximum
value found for the wild-type system. In summary, for the wild-
type enzyme, it appears that coordination between Asp256
OD2 and Mgcat influences O3′ proton transfer by modulating
the O3′ charge; the shift of charge to Mgcat may facilitate
association between O3′ and Pα. Similar charge analysis for
other atoms in the vicinity of the catalytic metal also was
conducted (Figure S2). In the wild-type enzyme, the D256
OD2 charge decreased with the proton transfer (Figure S2B),
and a similar decrease in charge was observed with D256E OE1
(Figure S2A).

Electrostatic Attraction between O3′and Pα. Charge
differences along the reaction path for O3′ and Pα can be
evaluated to estimate their electrostatic attraction. In the
beginning of the reaction path, the wild-type system O3′ to Pα
electrostatic interaction is more attractive (∼100 kcal/mol)
compared to that in the D256E system (∼43 kcal/mol).
Throughout the reaction paths this difference is maintained
until the TSs were reached; at this point for wild-type, the
attraction is ∼175 kcal/mol, and for D256E, the attraction is
∼100 kcal/mol. Thus, from the beginning of the reaction path
to the TSs, the wild-type system was favored.
We conducted a further test of this interpretation by

computing energy barriers for the wild-type and D256E
systems after eliminating the electronic embedding of the
ONIOM procedure; this minimizes electrostatic effects of the
nonquantum residues and focuses on the active site quantum
region. The TS barrier for the wild-type system increases from
14 to 42 kcal/mol, whereas for the D256E system it increases
from 21 to 58 kcal/mol. That is, the electronic embedding
procedure accounts for a >16 kcal larger increase in the D256E
system than in the wild-type system, whereas the full calculation
shows a difference between the two systems of ∼7 kcal/mol.
Another important point is that the Arg254 destabilizing effect
observed in the wild-type system (Table 2) can be rationalized.
The proton transfer from O3′ to Asp256 brings the proton
closer to the positively charged guanidino group of Arg254, and
the attendant repulsive effect is seen in the energy
decomposition (Table 2). But once the repulsion is overcome
early in the reaction path, the reaction now experiences a lower
TS barrier, as the appropriately charged O3′ and Pα interact.

■ DISCUSSION
The DNA polymerase active site includes three conserved
acidic residues that bind two divalent magnesium ions. One
magnesium ion (Mgnuc) is coordinated by two aspartate
residues (Asp190 and 192 of pol β) and the triphosphate
moiety of the incoming nucleotide thereby facilitating
nucleotide binding. The other magnesium ion (Mgcat)
coordinates all three acidic residues and O3′ of the primer
terminus. Its role is to lower the pKa of the primer terminus
O3′ and therefore is essential for catalytic activity. The third

Figure 5. The pH-dependence of the insertion rate on the identity of residue 256 of pol β. The insertion rate (kpol) was measured by single-turnover
analysis on single-nucleotide gapped DNA substrates as described under Experimental Design. (A) The insertion rate for wild-type enzyme was
taken from Vande Berg et al. (2001).30 The activities were determined at pH 7.4 (37 °C). The value for the D256A mutant is based on a single time
point (>1 h) due to the extremely low activity of this mutant. However, it is in-line with the value that can be extrapolated from its pH profile. (B)
The pH dependence of dCTP insertion. Wild-type data is from Sucato et al.31 The solid lines show fits of the data to a function for a single-
ionization yielding pKas of 8.1 ± 0.05 (wild-type, WT), 9.5 ± 0.07 (D256E), and 11.7 ± 2.3 (D256A).
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acidic residue is either a glutatmate or aspartate (pol β Asp
256), and since it coordinates the catalytic metal and O3′, it is
expected to also modulate the pKa of the primer terminus.
The structures of the mutant enzymes and the pH profiles of

activity are consistent with these proposals. With wild-type
enzyme, the structure of the precatalytic ground-state complex
indicates that Asp256 coordinates both the catalytic magnesium
ion and O3′.15 The pH profile of activity indicates that
nucleotide insertion increases with pH involving one
deprotonation (pKa = 8.1).31 Although the rate of nucleotide
insertion is severely diminished with alanine or glutamate
substitution at residue 256, significant activity can be recovered
by raising the pH of the assay (Figure 5B). For the D256E
mutant, the pH profile indicates that the pKa of O3′ is not
reduced to the same extent as wild-type enzyme (observed pKa

∼ 9.5). The mutant enzyme structure reveals that this
glutamate side chain coordinates O3′ but not the catalytic
metal. A water molecule replaces the acidic side chain OD2 in
the first coordination sphere of Mgcat (Figure 2A). The
structure of the alanine mutant (D256A) confirms that O3′ is

no longer coordinated to an acidic residue and that the pKa of
the pH profile (Figure 5B, ∼11.6) is similar to that expected of
deoxyribose (pKa ∼ 12.6).35

We assessed the activation of the primer O3′ nucleophile in
the nucleotidyl transferase reaction by DNA polymerase β. The
analysis was by QM/MM computational studies and was based
on crystal structures of the wild-type and the D256E enzymes.
The structures of the ternary enzyme/DNA/dNTP complexes
showed the enzymes in the closed conformation, and the
precatalytic structures provided a starting point for comparison
of the reaction paths of the mutant and wild-type enzymes. The
structures revealed different positions for the aspartate and
glutamate carboxylate groups, but both were able to form a
hydrogen bond with O3′ and accept the O3′ proton. The
D256E enzyme was found to be 1000-fold less active than wild-
type (Figure 5A). The computational analyses revealed a
striking difference in the temporal sequence of events in D256E
compared with wild-type. With D256E, the O3′ proton
remained in place until the O3′ to Pα bond forming distance
was near that of the TS (Figure 7). At this point, the proton

Figure 6. Energy profile of the reaction path and QM region structures for the wild-type enzyme at points along the reaction path as the distance
between O3′and Pα decreases. The energies represented by closed red circles correspond to configurations in which the proton is attached to O3′.
The energies represented by closed black squares correspond to configurations in which the proton originally attached to O3′ is transferred onto
OD2 of D256, at point X in the diagram. In the diagram, A−E represent different points along the reaction path, from the ground state (A) to the
product state (E). Point C is the TS. The structures shown correspond to the points indicated along the reaction path. At points D and E the water
molecule attached to the catalytic magnesium has transferred to OD2 of D256. The TS structure is illustrated in C.
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moved to OE1 of D256E (Figure 7C). For D256E, the energy
barrier was ∼21 kcal/mol. In contrast, for the wild-type enzyme
the energy barrier was ∼14 kcal/mol (Figure 6) with the
proton transfer from O3′ to OD2 early in the reaction path
(Figure 6B).

Analyses of these results help explain the mechanism of
activation of the O3′ nucleophile in the nucleotidyl transfer
reaction of wild-type pol β. The early transfer of the O3′ proton
to OD2 of Asp256 may be expected to result in an increase in
negative charge on O3′. Interestingly, however, there was
synchronous transfer of charge from O3′ into Mgcat, i.e.,
coupled with movement of the proton from O3′ to Asp256.
Thus, a drop in charge of Mgcat was found at the point in the
reaction path corresponding to the proton transfer (Figure 8B),
and this was consistent with the relatively low pKa of O3′
(Figure 5B). In contrast, the charge of O3′ increased modestly
at this point and then remained constant throughout the
reaction path until just before the TS (Figure 8B). This type of
charge transfer (i.e., the initial sharp drop in the Mgcat charge)
failed to occur in the D256E enzyme (Figure 8A).

Computational Studies and the TS Energy Barrier in
the D256E System. It is interesting to consider interactions
that account for the higher TS energy barrier in the D256E
system as compared with the wild-type system. The structures
of the active sites of D256E and wild-type enzymes showed: (1)
that a water molecule in D256E replaces OD2 of Asp256, but
the glutamate carboxyl group’s OE1 is near O3′. In the D256E

Figure 7. Energy profile of the reaction path and QM region structures
for the D256E enzyme at points along the reaction path as the distance
between O3′ and Pα decreases. The energies represented by closed
black squares correspond to configurations in which the proton is
attached to OE1, whereas those represented by closed red circles
correspond to configurations in which the proton is attached to O3′.
In the diagram, A−D represent different points along the reaction
path, from the ground state (A) to the product state (D). Point C is
the TS. The structures shown correspond to the points indicated along
the reaction path. The proton is transferred onto OE1 of E256 at point
X in the diagram; the structure at point B shows that the proton is still
attached to O3′. Two water molecules are shown coordinating with
the catalytic magnesium. The TS structure is illustrated in (C).

Table 2. Electrostatic Effects of Nonquantum Region
Residues on the TSs for the D256E and Wild-Type Systems

residue D256E wild-type

Arg 40 −4.89 −4.83
Arg 149 −6.85 −3.99
Ser 180 −4.51 −1.23
Arg 183 −14.74 −20.96
Lys 234 10.39 3.59
Arg 254 −5.98 33.37
Arg 258 8.83 0.91
Asp 276 6.16 10.15
Glu 295 −3.32 0.88
Glu 335 7.58 10.26

Figure 8. Charges on O3′ and the divalent metal ions calculated by the
MK method29 for the wild-type and D256E configurations selected in
the QM energy calculations of Figures 5 and 6. (A) For the D256E
enzyme (E256), in the right panel charges are calculated when the
proton is attached to O3′. The panel on the left shows charges on the
corresponding atoms, when the proton that was initially bound to O3′
has transferred onto E256. The nucleotide-binding magnesium, black;
catalytic magnesium, red; and O3′ of the primer terminal, green. The
position of the proton is shown at the top, and the O3′ to Pα distance
and charge are shown. The small arrow in the left panel indicates the
TS. Note that the absolute values of the charge are shown. (B) For the
wild-type enzyme, in the right panel, charges are calculated when the
proton is attached to O3′. The panel on the left shows charges on the
corresponding atoms, when the proton initially bound to O3′ is
transferred onto D256. The color designations are the same as in (A).
The red and green arrows between the panels illustrate the charge
differences upon proton transfer for the Mgcat and O3′ atoms,
respectively. The small arrow in the left panel indicates the TS.
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and wild-type systems, the alignment of O3′ with Pα and the
bridging oxygen on the leaving group is similar. Thus, these
features do not appear to account for the energy barrier
difference; (2) Arg254 interacts with OD1 of Asp256 in the
wild-type system but does not interact with the glutamate side
chain in the D256E system. This leads to a large impact on the
energy decomposition results in the two systems, in that
Arg254 is electrostatic stabilizing for the D256E system, but
destabilizing for the wild-type system (Table 2). Based on this
destabilizing effect in the wild-type system, one might expect
the D256E system to have a lower energy barrier, instead of the
higher barrier observed. Hence, the results of the energy
decomposition for this single residue fail to offer a
straightforward explanation of the experimental results
(enzymatic rate for wild-type > D256E and QM/MM barrier
D256E > wild-type). The destabilizing effect of Arg254 in the
wild-type system (Table 2) may be due to charge repulsion
during the proton jump to Asp256. Thus, the Arg254
destabilizing effect in the wild-type system (Table 2) can be
rationalized; proton transfer from O3′ to Asp256 brings the
proton closer to the positively charged guanidino group of
Arg254, and the attendant repulsive effect is reflected in energy
decomposition (Table 2). Yet, once the repulsion is overcome
early in the reaction path, the reaction now experiences a lower
energy barrier, as the appropriately charged O3′ and Pα
interact.

■ CONCLUSION

Among the overarching features emerging from this work is the
observation of the critical role of Arg254 in positioning and
stabilizing the carboxylate of Asp256. From the results with the
D256E mutant, proton transfer to the nearby, but unstabilized,
glutamate carboxylate OE1 is insufficient to support O3′
proton transfer early in the reaction path and to allow the
mutant to mimic the wild-type enzyme’s activity. Similarly, the
D256E enzyme has a water molecule in proximity to O3′. Yet,
the proximity of this water molecule was insufficient to allow it
to accept the O3′ proton and substitute for OD2 of Asp256, as
in the wild-type enzyme. These results point to the importance
of a well-positioned carboxylate oxygen as acceptor of the O3′
proton, rather than an unstabilized carboxylate or nearby water
molecule. Stabilization of the O3′ proton acceptor is probably
not the only such stabilization effect in the quantum region of
DNA polymerase active sites. The stabilization of the
nonbridging oxygen on Pα of the incoming nucleotides may
be an analogous situation. Consistent with this idea is the
presence in several polymerases of an active site basic side chain
that interacts with the nonbridging oxygen on Pα, presumably
stabilizing Pα during the bond-forming step of nucleotidyl
transfer. Pol β does not have such a stabilizing side chain for the
nonbridging oxygen on Pα. It is intriguing that polymerases
with this interaction are among the most efficient polymerases
for correct nucleotide insertion and display high fidelity DNA
synthesis.
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