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ABSTRACT: Mutations in DNA polymerase β (pol β) have been
associated with approximately 30% of human tumors. The E295K
mutation of pol β has been linked to gastric carcinoma via
interference with base excision repair. To interpret the different
behavior of E295K as compared to wild-type pol β in atomic and
energetic detail, we resolve a binary crystal complex of E295K at
2.5 Å and apply transition path sampling (TPS) to delineate the
closing pathway of the E295K pol β mutant. Conformational
changes are important components in the enzymatic pathway that
lead to and ready the enzyme for the chemical reaction. Our
analyses show that the closing pathway of E295K mutant differs
from the wild-type pol β in terms of the individual transition states
along the pathway, associated energies, and the active site
conformation in the final closed form of the mutant. In particular, the closed state of E295K has a more distorted active site
than the active site in the wild-type pol β. In addition, the total energy barrier in the conformational closing pathway is 65 ± 11
kJ/mol, much higher than that estimated for both correct (e.g., G:C) and incorrect (e.g., G:A) wild-type pol β systems (42 ± 8
and 45 ± 7 kJ/mol, respectively). In particular, the rotation of Arg258 is the rate-limiting step in the conformational pathway of
E295K due to unfavorable electrostatic and steric interactions. The distorted active site in the closed relative to open state and
the high energy barrier in the conformational pathway may explain in part why the E295K mutant is observed to be inactive.
Interestingly, however, following the closing of the thumb but prior to the rotation of Arg258, the E295K mutant complex has a
similar energy level as compared to the wild-type pol β. This suggests that the E295K mutant may associate with DNA with
similar affinity, but it may be hampered in continuing the process of chemistry. Supporting experimental data come from the
observation that the catalytic activity of wild-type pol β is hampered when E295K is present: this may arise from the competition
between E295K and wild-type enzyme for the DNA. These combined results suggest that the low insertion efficiency of E295K
mutant as compared to wild-type pol β may be related to a closed form distorted by unfavorable electrostatic and steric
interactions between Arg258 and other key residues. The active site is thus less competent for proceeding to the chemical
reaction, which may also involve a higher reaction barrier than the wild-type or may not be possible in this mutant. Our analysis
also suggests further experiments for other mutants to test the above hypothesis and dissect the roles of steric and electrostatic
factors on enzyme behavior.

■ INTRODUCTION
DNA polymerases are crucial to DNA replication and repair,
which are of great importance to maintaining the genomic
stability of living organisms. Various cancers, neurological
diseases, and premature aging have been related to
malfunctions of DNA polymerases.1−8 The eukaryotic DNA
polymerase β (pol β) in the X-family of DNA polymerase
functions primarily in base excision repair (BER)9−11 with
moderate accuracy (“fidelity”). In addition, pol β also has 5′-

deoxyribose-5-phosphate lyase (dRP lyase) activity12 during
BER. Because BER is considered to play a key role in cancer as
well as aging,13 pol β is important in this context because of its
prominent role in BER.14

Pol β is shaped like a hand with fingers (Ile88−Pro151),
palm (Arg152−Lys262), thumb (Asp263−Glu335) subdomain,
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and an 8 kDa domain (Met1−Lys87).15 X-ray crystallography
has provided exquisite views of two forms of the enzyme:16−18

the closed (ternary, active) and open (binary, inactive) forms
are related by a large subdomain motion of the thumb
(Supporting Information Figure S1). Kinetic, structural, and
computational studies19−22 have revealed that the catalytic
pathway of pol β follows the general, three-step nucleotide
insertion pathway for DNA polymerases: first, following DNA
binding, pol β incorporates a 2′-deoxyribonucleoside 5′-
triphosphate (dNTP) to form an open complex, which
undergoes a conformational change to align active site residues
and form a closed complex; second, the closed pol β complex
catalyzes nucleotidyl transfer reaction and forms the closed
product complex; third, the product complex undergoes a
reverse conformational change back to the open form, allowing
the release of pyrophosphate (PPi). During the conformational
steps, besides the large thumb motion, side-chain motions of
several key residues such as Asp192, Arg258, Tyr 271, Phe272,
and Arg283,20,22−27 as well as the movements of Mg2+

ions,22,25,28 participate in transitioning the enzyme to/from
the reaction competent state. These key residues are also of
great importance in controlling pol β’s fidelity. In mismatched
(i.e., not Watson−Crick paired) systems, such key residue
motions as well as the related energy barriers are expected to be
different.
Depending on the polymerase in question, associated

substrates, and other conditions, both conformational and
chemical steps can be rate limiting in general.29 Therefore, an
understanding of enzyme catalysis requires knowledge of many
steps, conformational and chemical, with the latter being just
one part of the big picture.30 The combined picture of the
energy landscape including conformational and chemistry
pathways together helps link structural and energetic details
with experimental methods and pursue enzyme design
applications, for example, to explain the role of different
residues, to design mutants with altered functions,31,32 and to
analyze heterogeneous enzyme mixtures where some enzyme
becomes trapped in conformational states prior to chem-
istry.33−41 The argument that conformational pathways that are
not rate limiting overall in the enzyme cycle are not relevant to
fidelity42 is insufficient for analyzing complex kinetic observa-
tions and pursuing design applications.
Thirty percent of human tumors studied express DNA pol β

mutations not present in normal tissue,4,6,7 including gastric
carcinoma-associated pol β mutant E295K (glutamic acid to
lysine)5,7 (see Supporting Information Table SI for comparison
of kinetic data of pol β mutants). The E295K mutant has been
shown to be inactive.5 It interferes with BER and induces sister
chromatid exchanges (SCEs) and cellular transformation.
However, the dRP lyase activity of the E295K mutant is
retained, suggesting that it still can bind to the DNA.
Interestingly, not only does the E295K mutant itself lack
activity, but it also interferes with wild-type pol β during BER
when both the mutant and the wild-type pol β are present.
However, the reason for the inactivity of the E295K mutant and
its mode of interference as compared to the wild-type pol β
remain unclear. It has been hypothesized that the E295K
mutant lacks the ability to interact with Arg258 and sequester it
away from Asp192.5

To help unravel the factors that explain the inactivity of the
E295K pol β mutant, we use enhanced configurational sampling
with the CHARMM all-atom force field (including the cross-
term energy correction map specification for proteins43−45) to

study the closing pathway of E295K before chemistry and
compare results to reference systems. Although far from
perfect, modeling and simulation have gained accuracy and
reliability to study biomolecular systems.32 Here, we apply
transition path sampling (TPS)46,47 simulations, an approach
developed by Chandler and co-workers to traverse high barriers
on the free energy surface and capture rare events that are not
accessible to regular molecular dynamics (MD) simulations.
TPS has been applied to study various systems from small
molecules such as peptides and lipids48−54 to large complex
systems.25,55−59 In a previous work, we have implemented TPS
to study the closing and/or chemical pathways of pol β
complex binding dATP and dCTP, opposite dG25,55 as well as
8-oxoguanine (8-oxoG).56 The free energy profiles of those
systems emerge as different in terms of both the transition
states identified and the associated energy values; these
differences, in turn, help interpret differing nucleotide insertion
efficiency as revealed experimentally.20,26,60

Here, we show that the overall closing energy barrier of the
E295K mutant is higher than any of the above four related
systems at a significance level of 90% (65 ± 11 kJ/mol versus
(37−45) ± 8 kJ/mol).25,55,56 The rate-limiting step in the
conformational pathway before chemistry is the rotation of
Arg258, which agrees with the previous hypothesis by Sweasy
and co-workers.5 Our analyses further show that the high
energy barrier caused by Arg258 is due to the drastic changes in
the electrostatic environment around it, as well as the steric
hindrance caused by the Lys295 with Arg258. The distorted
active site in the final closed form of the E295K mutant also
suggests the hampered activity of the mutant. Interestingly,
however, midway through the incorporation of the incoming
nucleotide, following the thumb motion but prior to the
rotation of Arg258, the E295K mutant has an energy level
(within our error bars) similar to that of the wild-type complex;
this suggests that the E295K mutant can bind DNA and lock
the complex into a partially closed, although inactive, state. This
is consistent with the experimental observation that the E295K
mutant maintains the affinity for DNA but not the catalytic
ability.5 These differences of E295K from wild-type pol β also
suggest further experiments on other mutants like E295Y and
E295W, where neutral and bulky tyrosine and tryptophan
replace Glu295.

■ METHODS
Expression, Purification, and Cocrystallization. The tagless

construct of rat pol β was expressed in Rosetta2 DE3 cells as
previously described for similar pol β constructs.61 The purification of
tagless pol β E295K protein is based on a published purification
protocol of Klenow Fragment.62,63 Briefly, the cells were resuspended
in 25 mM HEPES, pH 7.0, 100 mM NaCl, 5% glycerol with lysozyme,
and the SigmaFAST protease inhibitor cocktail. Cells were sonicated 5
× 30 s for 10 min on ice, followed by centrifugation at 25 700g. The
protein mixture was syringe filtered through a 5 μm followed by a 0.45
μm filter, and then loaded onto a HiTrap Heparin column and
separated by a NaCl gradient (buffer A, 25 mM HEPES, 100 mM
NaCl, 5% glycerol, pH 7.0; buffer B, 25 mM HEPES, 2 M NaCl, pH
7.0). Fractions containing pol β were pooled, diluted 1:5, and purified
on a SP Sepharose column (buffer C, 25 mM HEPES, 25 mM NaCl,
pH 7.0; buffer B, 25 mM HEPES, 2 M NaCl, pH 7.0). The final
purification step consisted of a gel filtration column (HiLoad 16/60
Superdex 75 prep grade, GE Healthcare Bio-Sciences Corp.). Protein
was purified and buffer exchanged over the gel filtration column with
buffer specific to crystallization of the dsDNA−enzyme complex (0.1
M MES, 10 mM (NH4)2SO4, 30 mM NaCl, pH 6.5).
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Binary complexes of E295K pol β were cocrystallized with DNA in
0.1 M MES, pH 6.5, 30 mM NaCl, and 10 mM (NH4)2SO4. For
E295K cocrystallization trials, the primer (5′-ATG TGA G-3′) and
template DNA (5′-CAA ACT CAC AT-3′) (Integrated DNA
Technology) were resuspended in water and annealed 1:1 in 20
mM MgSO4 (90 °C for 2 min, 70 °C for 2 min, 55 °C for 1 min, then
cooled to 4 °C by decreasing 0.5 °C every cycle) in a DNA Dyad
Peltier Thermal Cycler (MJ Research, Inc.). Protein−DNA mixtures,
adjusted to 231 and 289 μM, respectively, were dispensed into 96-well
MRC-2 crystallization plates (Hampton Research) for sitting drop
crystallization screens and combined 1:1 with reservoir solutions
ranging from 120 to 200 mM NaCl, 6−14% PEG3350, 3% glycerol,
and 50 mM cacodylate, pH 6.5. Prior to flash-freezing in liquid
nitrogen, a cryoprotectant mixture of 15% glycerol plus the mother
liquor in the corresponding crystallization well was added to the
harvested crystals.
Structure Determination and Refinement. X-ray intensity data

were collected at 100 K on beamline X4C at the National Synchrotron
Light Source in Brookhaven, NY. Data integration and reduction were
performed using HKL2000.64 The structure was determined and
phases calculated by molecular replacement (AutoMR/PHASER in
PHENIX.1.7.465) followed by rigid body refinement and full atomic
refinement with PHENIX interspersed with manual rebuilding in
COOT.66 The final structure was analyzed and verified using COOT,
MolProbity,67 and PyMol.68

System Preparation. Our starting models are based on the wild-
type pol β/DNA substrate complexes from the binary (PDB ID code
1BPX) and ternary (PDB ID code 1BPY) crystal structures,16

respectively, as well as the binary crystal structure of the E295K
mutant (PDB ID code 3V72). Because the binary structure does not
contain an incoming nucleotide, a dCTP residue and two binding
Mg2+ ions are added to pair with the dG template using the ternary
crystal structure as reference. The Glu295 in the closed pol β complex
is then modified to Lys using the CHARMM program (version
c35b2).69 Manual modifications for Lys295 and nearby residues have
been made to reduce possible collisions and provide more possible
starting conformations for Lys295, as Lys295 is indicated by the crystal
structure to move fast (see results below). Although we have prepared
four different pairs of starting models (with different side-chain
orientations of several key residues such as Lys295, Arg283, and
Phe272, etc.), after the equilibration and targeted MD (TMD) process
described below, these structures converge well into one another.
Therefore, the starting forms are likely reliable and do not affect our
further analysis significantly. All missing atoms are added to the
models according to the ternary crystal structure by CHARMM. The
Na+ occupying the catalytic ion site in the crystal structure was
modified to Mg2+ in the binary system.
The system is solvated with the explicit TIP3P water model in a

water box via the VMD program.70 The smallest image distance
between the solute and the faces of the periodic cubic cell is set to 7 Å.
The total number of water molecules is 12 828. To obtain a neutral
system at an ionic strength of 150 mM, 47 Na+ and 27 Cl− ions are
added to the system. All of the Na+ and Cl− ions are placed at least 8 Å
away from both the protein and the DNA atoms and from each other.
The initial model contains 44 918 atoms, 107 crystallographically

resolved water molecules from the ternary complex, 12 721 bulk water

molecules, two Mg2+ ions, incoming nucleotide dCTP, and 47 Na+ and
27 Cl− counterions.

Minimization and Equilibration. Initial energy minimizations
and equilibration simulations are performed using CHARMM. The
system is minimized with fixed positions for all heavy atoms of protein
or nucleotides, using steepest descent (SD) for 10 000 steps followed
by the adopted basis Newton−Raphson (ABNR) method for 20 000
steps. The equilibration process is started with a 100 ps simulation at
300 K using the single-time step Langevin dynamics, while keeping all
of the heavy atoms of protein or nucleotides fixed. The SHAKE
algorithm is then employed to constrain the bonds involving hydrogen
atoms. This is followed by unconstrained minimization consisting of
10 000 steps of SD and 20 000 steps of ABNR. The system is then
transferred to NAMD71 and equilibrated for 1 ns at constant pressure
and temperature. Pressure is maintained at 1 atm using the Langevin
piston method with a piston period of 100 fs, a damping time constant
of 50 fs, and a piston temperature of 300 K. The temperature is
maintained at 300 K using weakly coupled Langevin dynamics72 of
nonhydrogen atoms with a damping coefficient of 10 ps−1. Bonds to all
hydrogen atoms are kept rigid using SHAKE, producing good stability
with a time step of 2 fs. The system is simulated in periodic boundary
conditions with full electrostatics computed using the particle mesh
Ewald method73 with grid spacing on the order of ≤1 Å. Short-range
nonbonded terms are evaluated at every step using a 12 Å cutoff for
van der Waals interactions and a smooth switching function. The final
dimensions of the system are 77.5 Å × 77.3 Å × 77.4 Å.

Following minimization and equilibration, the overall rmsd values
(Cα atoms) of the open- and closed-form models relative to their
initial structures are 1.14 and 1.26 Å, respectively.

Temperature Factors. The temperature factors (B values) are
calculated from a regular 10 ns MD simulation of our final model with
the expression B = (8π2/3)MSF, where MSF is the mean square
fluctuation of each atom.

Transition Path Sampling Simulations. The TPS method relies
on the idea of importance sampling using standard Monte Carlo (MC)
procedures, which explore sequences of states constituting dynamical
trajectories74,75 through random walks. Starting from an initial
trajectory (generated here by TMD) that captures a barrier crossing,
TPS samples the trajectory space using the Metropolis MC method by
performing a random walk with the shooting algorithm;47 the random
walk is biased to make sure that the most important regions of the
trajectory space are adequately sampled.75 The frequency of a
trajectory region being visited is determined by its probability so
that, even when a random walk is initiated far from a representative
transition pathway, the bias can drive the system to important regions
of the transition space after sampling. Thus, despite the unphysical
nature of the initial sampling trajectory obtained using TMD, the TPS
protocol can lead the system to the most important regions and yield
physically meaningful trajectories passing through the saddle area. See
the Supporting Information for further details on TPS. The most
challenging part of TPS is to describe the order parameters
representing the transitions. Our prior work was valuable here,25,55,56

as described next.
To obtain the initial trajectories that connect the two states during

the transition, we apply TMD simulations to connect our modeled
open and closed forms of the pol β E295K mutant complexes. To
choose appropriate order parameters for TPS simulations, we use the

Table 1. Transition-State Properties for the Closing Conformational Profile of the E295K pol β Mutant

TS event χ-order parameter χmax state A χmin state B τmol
a (ps)

1 Asp192 flip dihedral angle Cγ−Cβ−Cα−C 150° 180° 6 ± 1
2 partial thumb motion rmsd of residues 275−295 with respect to closed form 3.2 Å 2.5 Å 60 ± 10
3 Phe272 flip dihedral angle Cα−Cβ−Cγ−Cδ2 110° 40° 3 ± 1
4 Arg258 rotation, thumb closing dihedral angle Cγ−Cδ−Nε−Cζ 100° 170° 12 ± 3
5 shift of Tyr271 distance of Tyr271:OH−Arg283:Nε 6.9 Å 8.6 Å 8 ± 1
6 ion motion distance of nucleotide-binding Mg2+ to O1α of incoming nucleotide 4.4 Å 2.7 Å 7 ± 1

aTime required to transverse the transition region as obtained from the correlation function of each transition path sampling (see Supporting
Information Figure S3).
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crystallographic data,16 molecular dynamics,21,22 and prior TPS
studies25,55,56 on wild-type pol β as reference. Because these works
have shown that key active-site residues (Asp192, Arg258, Tyr 271,
and Phe272), the α-helix N on the thumb subdomain, and the Mg2+

motion serve as measures of pol β’s closing pathway, we start testing
values associated with these residues and ions as well as the rmsd value
of α-helix N atoms (residues 275−295). When piecing together the
entire closing pathway, we found, in addition to above, the complete
set of order parameters as listed in Table 1.
We use the TMD code implemented in NAMD to generate the

initial constrained trajectories. An energy restraint based on the rms
distance of the system relative to the final form is applied to force the
open pol β complexes to close. The restraint energy can be expressed
by:

= −E K D X t X d[ ( ( ), ) ]RMS RMS
target

0
2

In this equation, K is a force constant, Drms is the relative rms distance
for a selected set of atoms between the instantaneous conformation
X(t) and the reference Xtarget, and d0 is an offset constant (in Å). In our
TMD simulations, the rms distance is evaluated using the heavy atoms
on the pol β mutant. A total force constant of 3000 kcal mol−1 Å−2 is
applied to all heavy atoms of the complex. The offset parameter d0 is
set to decrease from 5.2 Å to 0 in 400 ps, as the mutant is driven from
the open to the closed form. From the TMD trajectory, six transition
regions are identified (Table 1 and Supporting Information Figure S2).

From the TMD trajectory, we select frames that bracket the
transition regions associated with specific residues/ions and thumb
conformational changes and perform unconstrained dynamics
simulations. We perturb the atomic momenta of the frames and

Figure 1. Molecular snapshots near open (upper) and closed (lower) states for six transition-state regions. (1) Flip of Asp192. (2) Partial thumb
closing. (3) Flip of Phe272. (4) Rotation of Arg258. (5) Shift of Tyr271. (6) Ion rearrangements. Mg2+, orange; key residues, purple; dCTP and
C10, black; residue characterizing the transition state, red.
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integrate the equations of motion forward and backward over short
trajectories of order 10−100 ps (see below) to generate new physical,
unbiased trajectories that connect the open and closed states of pol β.
On the basis of these unconstrained simulations, we determine the
adequate length of sampling trajectories for all of the transition states.
Specifically, for the mutant complex, the trajectories for Arg258
rotation are simulated for 20 ps, and those trajectories for other key
residue and Mg2+ motions are run for 10 ps. To capture the transition
states of thumb closing in the two complexes, the sampling trajectories
have to be propagated for 100 ps.
Using one of the newly generated physical trajectories as the

starting trajectory, we perform path sampling for each individual
conformational change with the shooting and shifting algorithm and a
Monte Carlo protocol. The entire process is performed by using a
PERL script that interfaces with NAMD to generate new trajectories.
The velocity Verlet integrator in NAMD with a time step of 1 fs is
used for generating the individual molecular dynamics trajectories in
TPS. All other parameters are the same as those in the equilibration
process. To obtain an acceptance rate of 30−45%, the momentum
perturbation magnitude (dP) of each transition state is varied from

0.001 to 0.005. A total of 200 accepted trajectories is collected to map
each transition state.

The convergence of the harvested sampling trajectories is verified by
computing the autocorrelation function associated with order
parameters to check for decorrelation of paths (see the Supporting
Information and Figure S3). The new trajectories are essentially
decorrelated if the autocorrelation function shows a gradual transition
between ⟨χA⟩

2 and ⟨χA⟩⟨χB⟩.
Free Energy Barrier and Rate Constant Calculations. The free

energy barriers for transition states are evaluated using the “BOLAS”
protocol,76 an efficient procedure for getting free energies with
relatively low error bars using the TPS trajectory harvesting idea. We
divide the reaction coordinate of each transition into 10 small
overlapping windows and perform umbrella sampling to generate 500
trajectories on each window. We then combine the potential of mean
force plots obtained from the sampling calculations on each window
by adding/subtracting a constant to match the free energy values of
the overlapping region. From the overall free energy plots, we calculate
the free energy barriers for the conformational transitions. The error
bar for the free energy calculations is determined by repeating
umbrella sampling on one window of a transition five times with the

Figure 2. Normalized probability distribution of the order parameters for the transition states revealed (TS1−TS6). Labels 0 and 1 indicate the
open- and closed-form conformations.
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same initial trajectory but different starting pseudorandom numbers.
The standard deviation for each barrier (3−6 kJ/mol) is used as the
error bar and is comparable to prior works.25,55,56

The rate of the transition between adjoining metastable states is
estimated using transition-state theory as:

τ
= −βΔk e

1 F
TST
AB

mol

AB
barrier

where the characteristic relaxation time τmol is estimated by the time
taken from the gradual transition of the autocorrelation function
⟨χi(0)χi(0)⟩.

■ RESULTS
Crystallographic Studies. The crystals of the pol β E295K

binary complex belong to space group P212121 with one
molecule per asymmetric unit (cell dimensions of a = 57.2 Å, b
= 73.8 Å, c = 118.4 Å and α,β,γ = 90.0°, Vm = 2.66 Å3/Da). The
crystal structure (PDB ID code: 3V7L) was refined using data
extending to 2.49 Å Bragg spacings, and the final model shows
excellent agreement with the density maps throughout (R-free
= 0.29, root mean square (rms) deviations bonds = 0.009 Å,
and angles = 1.13°). A representative region of the density map

near the site of mutation is shown in Supporting Information
Figure S4, with the map contoured at 1.25 rms above the mean
electron density in the asymmetric unit. The DNA template
strand and adjacent residues Arg258, Tyr271, Phe272, Arg283,
and Tyr296 are very well-defined. The residues adopt the same
position seen in related binary complexes of wild-type pol β
(1BPY). However, the lack of electron density for Lys295
(atoms Cβ to Nζ) is striking and indicative of fast moving, ill-
defined side-chain atoms. The lack of definition in the electron
density corresponding to the Lys295 side-chain atoms is in
excellent agreement with the flexibility of this residue observed
during the simulations. The temperature factors of the Lys295
side-chain atoms are up to 1.5 times higher than those of the
immediately adjacent tyrosine residues (Tyr271 and Tyr296).
The experimental temperature factors agree well with those
obtained from MD simulations (Supporting Information Figure
5).

Transition-State Identification. Our analyses of detailed
closing pathways before chemistry identify six transition states
(Figure 1), as compared to five and four transition states for
matched (correct Watson−Crick base pair between the

Figure 3. The free energy profile of the pol β E295K mutant system. The superimposed dashed line is the free energy profile of the wild-type pol β
system. The open and closed forms of the E295K mutant are drawn in green and red, respectively. Mg2+, orange (except in the diagram of ion
motions, where green and red are used); dCTP, black; Lys295, blue; key residues involved in transition states (Asp192, Arg258, Tyr271, and
Phe272), purple.
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incoming nucleotide and the template base, G:C)25 and
mismatched (incorrect Watson−Crick base pair, G:A)55 wild-
type systems, respectively. The sequence of changes along the
pathway of the E295K mutant is illustrated in Figure 1: (1) flip
of Asp192; (2) partial thumb closing; (3) flip of Phe272; (4)
rotation of Arg258; (5) shift of Tyr271; and (6) ion
rearrangement characterized by the shift of nucleotide-binding
Mg2+ (Table 1). Each transition state is characterized by the
probability distribution in Figure 2. The existence of two peaks
(marked by 0 and 1) within one plot implies a conformational
transition across the energy barrier. Therefore, a path sampling
trajectory of TS1−TS6 captures the entire conformational
pathway.

The first transition captured in our mutant system is the flip
of Asp192, while in wild-type pol β systems, the flip of Asp192
almost always happens after the partial thumb closing, except in
the 8-oxoG:C system, which lacks this transition state.
Furthermore, following partial thumb closing, the next residue
to rearrange in E295K is Phe272; this sequence occurs in the
G:A mismatched system but not in the other wild-type systems,
where the rotation of Arg258 occurs not after, but before,
Phe272. The thumb remains half-closed (rmsd of residues
275−295 relative to the closed structure is ∼2.5 Å) until the flip
of Phe272 and rotation of Arg258 are completed (final rmsd is
∼1.6 Å). The shift of Tyr271 was not characterized as a
transition state in our previous TPS studies on wild-type pol β
systems, although a similar shift of Tyr271 was captured using

Table 2. Free Energy Barrier and Rate kTST Estimated by Transition-State Theory

Asp192 flip thumb closing Phe272 flip Arg258 rotation Tyr271 shift ion motions totala

E295KMutant
βΔFABbarrierb 12 ± 4 25 ± 5 12 ± 4 47 ± 6 4 ± 3 2 ± 3 65 ± 11
βΔFBAbarrier 6 ± 3 12 ± 3 14 ± 4 46 ± 6 6 ± 3 5 ± 3 51 ± 7
kTST
A→B (s−1) 1.1 × 109 7.6 × 105 3.7 × 109 4.7 × 102 2.8 × 1010 8.6 × 1010

kTST
B→A (s−1) 2.2 × 1010 1.2 × 108 1.4 × 109 7.7 × 102 1 × 1010 1.9 × 1010

Wild-type: Matched System (G:C)
βΔFABbarrier 10 ± 4 35 ± 5 10 ± 3 25 ± 4 19 ± 5 42 ± 8
βΔFBAbarrier 15 ± 4 12 ± 3 15 ± 4 40 ± 6 22 ± 4 49 ± 8
kTST
A→B (s−1) (5 × 109)c (1.2 × 104)c (5 × 109)c (2.5 × 107)c 2 × 109

kTST
B→A (s−1) (6 × 108)c (1 × 108)c (6 × 108)c (1 × 104)c 3 × 107

Wild-type: Mismatched System (G:A)
βΔFABbarrier 15 ± 3 36 ± 5 15 ± 4 2 ± 2 45 ± 7
βΔFBAbarrier 15 ± 4 6 ± 4 20 ± 5 5 ± 3 23 ± 6
kTST
A→B (s−1) (6 × 108)c (6 × 103)c 6 × 108

kTST
B→A (s−1) (6 × 108)c (1 × 109)c 2 × 107

aThe total energy barrier for conformational pathway before chemistry from open to closed state. bΔFABbarrier is the free energy of the transition-state
region between basins A and B relative to basin A, in kJ/mol. Detailed free energy plots for each transition are shown in Figure S6. cTo make the
energy values comparable, the orders of events in the table for systems other than E295K have been rearranged as reflected by values in parentheses.
See Supporting Information Table SII for the sequence of transition states in each system.

Figure 4. Representative active site conformation of (a) E295K mutant and (b) wild-type pol β in the final closed form. Dashed lines indicate
hydrogen bonds. Mg(A), catalytic ion; Mg(B), nucleotide-binding ion; C10, the base in the upstream primer DNA strand, which will connect with
dCTP during the chemical step.
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the stochastic difference equation (SDEL) method.22 Here, we

observe that Tyr271 shifts after all other key residue motions

are completed, which agrees with our previous observation that

Tyr271 only moves after the transition state is stabilized by the

thumb closing and the active site assembly.22 Following the

motions of the thumb and key residues, subtle ion motions

occur to seal rearrangements of the active site prior to the
chemical reaction step.

Potential of Mean Force Calculation. The free energy
changes associated with each transition event are used to
construct the overall reaction kinetics profiles in Figure 3 (also
see Supporting Information Figure S6). The barriers corre-
sponding to TS5 (shift of Tyr271) and TS6 (ion rearrange-

Figure 5. Electrostatic potential landscapes of residues around Arg258 in (a) E295K mutant open form, (b) wild-type pol β open form, (c) E295K
mutant closed form, and (d) wild-type pol β closed form. Residues within 4 Å of Lys295/Glu295 are shown in the figure, including Cys267, Gly268,
Tyr271, Arg283, Asn294, Lys295, Tyr296, and Thr297.

Figure 6. “Sandwich-shaped” structure formed by Glu295/Lys295, Tyr296, and Tyr271 tends to cause steric hindrance for Arg258 in the E295K
mutant complex. The residues Lys295 and Arg258 (red) from the final closed form of the E295K mutant are superimposed onto the ternary crystal
structure of wild-type pol β. Mg(A), catalytic ion; Mg(B), nucleotide-binding ion.
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ments) are small as compared to TS1−TS4: given the value ∼5
± 3 kJ/mol, they may be negligible overall. The overall
activation free energy for the conformational pathway in the
mutant system is notably higher than that of the wild-type
system at a 90% significance level: 65 ± 11 kJ/mol versus 42 ±
8 kJ/mol. The higher conformational energy barrier may
hamper the system to reach the active closed form. On the basis
of these free energy values, we compute the rate constants for
each transition in Table 2.
The high energy barrier of the E295K mutant mainly arises

from the large barrier of Arg258, which is 47 ± 6 kJ/mol, much
higher than the 25 ± 5 kJ/mol barrier of Arg258 rotation in the
wild-type system at a 95% significance level. In Figure 4, we
compare the key residues around the active site in both the
E295K mutant and the wild-type system. Significantly, the
hydrogen bond between Arg258 and Glu295 in the wild-type
system, which may help stabilize the position of Arg258 in the
closed form, is missing in the mutant system. Experiments show
that this hydrogen bond is also crucial for promoting the
binding of the catalytic ion in the final closed state.77 Besides
the lack of this hydrogen bond, as shown in Figure 5, the
electrostatic surface of the E295K mutant in both the open and
the closed forms is generally positive, while the surface of the
wild-type system is more negative. This difference is mostly due
to the difference of charge between Lys295 and Glu295, as well
as the electronic effect, field effect, of Lys295/Glu295 on
nearby polarizable residues such as Tyr271 and Tyr296. The
effect of electrostatic repulsion is also reflected in the difference
of final distances between Arg258 and Lys295/Glu295 (5.4 and
4.2 Å, R258:CZ−K295:NZ and R258:CZ−E295:CD, respec-
tively), which shows that Arg258 is distorted in the mutant.
Thus, the rotation of Arg258 in the mutant is unfavorable due
to electrostatic repulsion.
We superimpose the final structures of both wild-type and

mutant systems in Figure 6. The Lys295/Glu295 is buried
between two tyrosines (Tyr296 and Tyr271), forming a
sandwich-shaped structure. This “sandwich-shaped” structure
is quite stable during our simulations, and it is also notable in
the crystal structure of the E295K mutant (Figure S4).
Therefore, although Lys295 appears to be flexible during our
simulation, the position that Lys295 may adapt is constrained in
a limited space between those two tyrosines. Because of the
longer length of the side chain of Lys295 as compared to
Glu295, Arg258 has to adapt a further distorted conformation
in the closed form of the mutant to keep a longer distance from
Lys295. Even with a hydrogen-bond acceptor for Arg258,
Arg258 has to be distorted to form the hydrogen bond because
of steric hindrance. As a result, the rotation of Arg258 is
difficult to complete in the E295K mutant system due to both
the electrostatic repulsion and the steric clash. This finding also

agrees with the experimental observation that the E295A
mutant can still complete its catalytic pathway although it has
reduced activity78 (see Supporting Information Table SI and
Figure S7). Because alanine is neutral and less bulky than lysine,
both electrostatic repulsion and steric clash in the E295A
system would be reduced, and therefore the rotation of Arg258
would be more facile to accomplish as compared to that in the
E295K system.

■ DISCUSSION

We have described the conformational closing profiles of the
pol β E295K mutant by TPS simulations. Important differences
in the conformational profiles between the mutant and wild-
type systems are observed concerning distortion of the closed
versus open state, the various transition states, and their order,
overall energy barrier, and electrostatic and steric factors.
First, the active site conformation in the final closed state of

E295K is distorted (Table 3). The active site of the mutant
E295K deviates from that of the wild-type G:C with regard to
O3′−Pα, catalytic Mg2+−O3′, and nucleotide-binding Mg2+−
O1α distances. Notably, the distance between the nucleotide-
binding Mg2+ and O1α in the mutant system is significantly
longer than that distance in all four wild-type systems (G:C,
G:A, 8-oxoG:C, and 8-oxoG:A) at a 95% significance level.
Therefore, the closed form of the mutant is more distorted than
that of the wild-type. Following the transition of the active site
conformation, the crucial metal ion distances in the mutant
system are far from the ideal values required for the nucleotidyl-
transfer reaction; thus, the mutant system must undergo more
significant rearrangements prior to the chemical reaction to
assemble the metal ions in the proper positions, and these likely
involve additional energy barriers.21,22,79 In comparison to the
G:A mismatched and 8-oxoG pol β closed state, E295K is
overall less distorted than both G:A (in terms of the shift of
Arg283, Mg2+ ions, and O3′−Pα distance,55,79 at a 95%
significance level) and 8-oxoG systems, which may have
additional stabilizing features. However, the mutant must
undergo a larger barrier to reach that state (see below).
Second, the flip of Asp192 occurs very early in the E295K

mutant system. However, after the flip of Asp192, the free
energy of the system increases by 6 kJ/mol, while in the wild-
type G:C, G:A, and 8-oxoG:C systems, the free energy
decreases by 0−5 kJ/mol (in the 8-oxoG:A system, the flip of
Asp192 is not a step in the pathway). In the open form, Arg258
forms a hydrogen bond with Asp192, which attracts Asp192
and stabilizes the position of Asp192 before it flips to Mg2+. In
the E295K mutant, the positively charged Lys residue replaces
the negatively charged Glu. Therefore, the electrostatic
environment along the side of Arg258 becomes more positive,
attracting Asp192 more. As a result, Asp192 tends more to

Table 3. Average Critical Distances for the Chemical Reaction Following the Final Transitions of pol β/DNA Complexes in
Different Systems

critical distance (nm) E295K mutant (G:C) wild-type (G:C) wild-type (G:A) wild-type (8-oxoG:C) wild-type (8-oxoG:A)

Mg(A)a−O1α 1.8 ± 0.2 1.8 ± 0.2 3.8 ± 0.2 6.4 ± 0.5 4.4 ± 0.3
Mg(A)−O3′ 5.6 ± 0.3 4.2 ± 0.3 5.9 ± 0.4 2.0 ± 0.2 7.0 ± 0.4
Mg(A)−OD1−Asp192 1.8 ± 0.2 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.2 1.9 ± 0.2
Mg(A)−OD2−Asp256 1.7 ± 0.2 1.8 ± 0.2 1.8 ± 0.2 1.8 ± 0.3 1.8 ± 0.1
Mg(B)−O1α 2.7 ± 0.2 1.9 ± 0.3 1.8 ± 0.2 1.9 ± 0.2 1.9 ± 0.3
O3′−Pα 4.8 ± 0.3 4.1 ± 0.2 5.3 ± 0.3 6.7 ± 0.4 5.5 ± 0.4

aMg(A) represents the catalytic Mg2+; Mg(B) represents the nucleotide-binding Mg2+; O1α represents O1α on the dNTP; O3′ represents O3′ on
the Cyt10 in the upstream primer DNA strand, which will be connected to the dNTP in the chemical step; Pα represents Pα on the dNTP.
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revert back (away from Mg2+) in the mutant system, and thus
the system following the Asp192 flip becomes less favored. In
other words, unlike the wild-type systems, the flip of Asp192 in
the E295K mutant does not make the remaining energy
pathway “downhill”.
Third, the overall energy barrier for the partial closing of the

thumb, roughly the first half of the conformation pathway, is 31
kJ/mol in the mutant system, similar to that of 35 kJ/mol in the
wild-type matched system and 36 kJ/mol in the wild-type
mismatched system. Furthermore, the partially closed form
before the Arg258 rotation has a similar energy level (within
our error bars) as compared to those of the wild-type systems
(17 and 18−25 kJ/mol, respectively). Therefore, the E295K
mutant may compete with the wild-type enzyme. However,
because of the high energy barrier in the following steps, the
partially closed form of the E295K mutant may be less likely to
continue its conformational pathway. In fact, our 100 ns regular
MD simulation of the mutant from the open form indicates that
the mutant can easily transit into the partially closed form after
the thumb closing and remain in that form, without further key
residue motions such as the rotation of Arg258. This finding
agrees with the experimental observations that not only is the
E295K mutant itself inactive, but it also interferes with the
ability of wild-type pol β to catalyze DNA synthesis on single
nucleotide gaps.5 E295K binds to single-nucleotide gapped
DNA with an affinity that is similar to that of wild-type pol β,
but could bind to the 3′OH of the gap and block access to wild-
type pol β. Alternatively, the partially closed form of E295K
may compete with the similar structure of wild-type pol β.
Importantly, E295K has dRp lyase activity that is similar to that
of wild-type pol β, suggesting that stabilization of the closed
form of pol β is not necessary for this activity. Thus, the lyase
reaction could involve a more open or completely open
conformation of pol β and occur before closure or after the
opening of the protein, following chemistry.
Last but not least, the main difference in the conformation

pathway of the mutant compared to wild-type systems lies in
Arg258. We have shown that both the electrostatic effect and
the steric hindrance affect the rotation of Arg258; yet, which
effect is more significant still remains unclear. We suggest that
mutations such as E295Y and E295W may help delineate this
question. If steric hindrance is more important, mutations like
tyrosine and tryptophan with neutral but bulky side chains
should also inactivate the polymerase; if the electrostatic effect
is more important, such mutations may deteriorate the catalytic
ability of pol β but not inactivate it completely.
Kinetic data show that the overall catalytic process (both

conformational and chemical changes) for the matched wild-
type pol β system has an energy barrier of 65−70 kJ/mol
(calculated from experimental data of the intrinsic rate constant
of polymerization kpol

19,20,26,60,78,80−87), which is similar to the
conformational barrier for the mutant we obtain here, and
chemistry is believed to be rate-limiting overall (Figure S6). In
the E295K mutant, the conformational pathway, especially the
rotation of Arg258, already hampers significantly the enzyme’s
ability to reach a chemical-reaction competent state. As
observed in other DNA polymerases, an altered enzyme
complex may also have a different rate-limiting step (chemical
or conformational) from the wild-type system. For example, for
Sulfolobus solfataricus P2 DNA polymerase IV, the rate-limiting
step is the chemical step for the matched (correct base) system,
but the conformational step is rate-limiting for the mismatched
system (incorrect base).88 For pol I from bacteria Bacillus

stearothermophilus, the energy barrier for the chemical step is
higher than that for the conformational changes (64 versus 61
kJ/mol)89 with a normal G:C base-pair; with a 8-oxoG:C base-
pair, the energy barrier for the chemical step drops to 29 kJ/
mol.90 For the E295K pol β mutant, in vitro work indicates no
incorporation of dNTP even in excess amounts of substrate
(Sweasy, unpublished work); thus, this mutant may not be able
to go through the chemical step. Additional studies are needed
for a final determination.

■ CONCLUSION
Our binary E295K complex together with computational
investigation of the E295K pol β mutant using the transition
path sampling simulations reveal the conformational transition
pathway before chemistry for this mutant. As compared to
previous work on several wild-type systems,25,55,56 the
conformational pathway of the mutant is different regarding
both the sequence of events and the individual energy values.
Six transition regions are identified, and these provide a
combined energy barrier of 65 ± 11 kJ/mol. The active site in
the final closed form of the mutant is distorted. The rate-
limiting step in the conformational pathway is the rotation of
Arg258. The rotation is hampered due to both steric and
electrostatic effects. Furthermore, the mutant’s partially closed
form, which forms after the partial thumb closing but before the
key residue motions of Arg258 of the E295K mutant, has a
similar energy level as compared to that of the wild-type pol β
within the computed error bars. This suggests the possibility
that the mutant may bind with DNA and undergo thumb
closing as easily as the wild-type, but due to the high energy
barriers in the following steps it may be difficult for the mutant
to continue on its pathway. Therefore, when both the mutant
and the wild-type pol β are present, the E295K mutant
competes with wild-type pol β, and the activity of the wild-type
could deteriorate. Because kinetic data suggest the inactivity of
E295K, chemistry may be associated with a very high energy
barrier. Further experimental kinetic and crystallographic work
as well as modeling work using quantum mechanics/molecular
mechanics (QM/MM) calculations are needed to relate the
conformational and chemical barriers for the mutant.
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