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ABSTRACT: Recent single-molecule Förster resonance energy
transfer studies of DNA polymerase I have led to the proposal of
a postinsertion fidelity-checking site. This site is hypothesized to
ensure proper base pairing of the newly inserted nucleotide. To
help test this hypothesis, we have used energy decomposition,
electrostatic free energy response, and noncovalent interaction
analysis analyses to identify residues involved in this putative
checking site. We have used structures of DNA polymerase I from
two different organisms, the Klenow fragment from Escherichia coli
and the Bacillus fragment from Bacillus stearothermophilus. Our
results point to several residues that show altered interactions for three mispairs compared to the correctly paired DNA dimer.
Furthermore, many of these residues are conserved among A family polymerases. The identified residues provide potential
targets for mutagenesis studies for investigation of the fidelity-checking site hypothesis.

DNA polymerases play a crucial role in the cell cycle because of
their involvement in genome replication and repair. Errors in
replication can produce mutations that can lead to disease or
even death.1 Error rates for the replication machinery in
Escherichia coli have been reported to be around 10−10.2 The
high fidelity rate is due to at least three steps: base selection,
exonucleolytic proofreading, and mismatch repair. Our under-
standing of the molecular mechanism for correct base pairing
remains a field of intense study because it can lead to insights
into the mutagenesis process.
The Klenow fragment (KF) of E. coli has been well char-

acterized and widely employed as a model system to study
DNA polymerases. The KF is composed of the polymerase and
3′−5′ exonuclease domains of DNA polymerase I. The minimal
mechanism proposed for polymerase activity involves the
binding of a DNA substrate to the polymerase domain in the
“open” conformation, followed by the incoming nucleotide and
a conformational change to the “closed” conformation. Sub-
sequently, the chemical step to incorporate the nucleotide takes
place. This is followed by another conformational change,
release of pyrophosphate and translocation along the DNA to
the next position (n + 1) or DNA release.3

The KF belongs to the A family of polymerases, a group of
highly related polymerases in both structure and function.
Because of this, other polymerases in the family, including
those of Thermus aquaticus (Klentaq fragment) and Bacillus
stearothermophilus [Bacillus fragment (BF)], can be used to gain
insight into the mechanisms of fidelity. Both the Klentaq
fragment and the BF have the characteristic structure of the KF,
resembling a right hand as they move along the DNA strand,
and the fragments are functionally analogous to the KF. These
polymerases contain both a polymerase domain and a 3′−5′
exonuclease domain. The KF and BF are 39% identical in

overall sequence and 49% identical in the active site.4 On
the basis of the crystal structure of the KF, the exonuclease domain
corresponds to residues 324−518 and the polymerase domain to
residues 519−928. In the BF, the exonuclease domain corres-
ponds to residues 297−468 and the polymerase domain to residues
469−876.
The KF has been shown to synthesize DNA with medium

fidelity, with an average base substitution rate of approximately
2 × 10−5.5 The discrimination against nucleotide misinsertion
in the KF is due to a lower binding affinity for the incorrect
nucleotide and a slower rate for misinsertion.3 Rate discrim-
ination has been shown to be quantitatively stronger than
dNTP discrimination, although values vary among mispairs.6

Loh et al. have shown that the KF can tolerate amino acid m-
utations that alter fidelity without a change in activity. In
addition, several of the considered substitutions produce an
antimutator phenotype.7 Thompson et al. have studied nine KF
derivatives with mutations in the polymerase domain. Their
results suggest that DNA mismatch recognition depends on
specific residues in the polymerase domain.8 This has led to the
suggestion that KF is able to recognize mismatches after a
misincorporation event. Similar mutations have been shown to
affect fidelity in other A family polymerases. Studies by Yoshida
and co-workers as well as Tosaka et al. identify several residues
important for replication fidelity in T. aquaticus.9−11 It is
therefore likely that studies on Klenow and related polymerases
will provide insight into the mechanism of fidelity of the highly
conserved A family polymerases.
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Recent single-molecule Förster resonance energy transfer
(smFRET) studies of DNA polymerase I (KF) have revealed a
previously unknown step in DNA polymerization. Following
each nucleotide incorporation, the KF translocated along
the DNA strand in a process consistent with a two-base
downstream movement (n + 2) from the active site along
the template before returning to the proper location, one base
downstream (n + 1), for the next base incorporation. It is
suggested that this translocation is done in the open
conformation of the KF. These results have led to the
hypothesis of a postinsertion fidelity-checking site located at
the two-base downstream position that ensures the newly
added base is properly paired to the templating base, shown in
Figure 1.12 A similar proposal has been made on the basis of
molecular-tweezer experiments.13

Here, we use energy decomposition analysis (EDA),
electrostatic free energy response (EFER) analysis, and
noncovalent interaction (NCI) analysis to identify residues
involved in this putative fidelity-checking site. To this end, MD
simulations were conducted for DNA fragments in both KF and
BF. The MD simulations for KF and BF consisted of DNA
dimers with a T:A pair (correctly paired) and three mispairs
(C:A, G:A, and A:A). Simulations were conducted with DNA
in the preinsertion (n + 1) and putative fidelity-checking (n +
2) sites. The ensembles generated from these runs have been
employed for the analyses.
Computational studies of DNA polymerase fidelity have

been pioneered by Warshel and co-workers,14−20 who have
established the importance of electrostatic effects in enzyme
catalysis.21 In addition, Warshel and co-workers have developed
the linear response approximation (LRA) as applied to
biosimulations, which has been shown to be useful for the
investigation of group contributions to ligand binding and
enzyme catalysis.22 In LRA and PDLD/LRA-S, ligand binding
free energies and group contributions to ligand binding are
estimated from electrostatic and nonelectrostatic contribu-
tions.22 In addition, in LRA the dielectric screening of the
Coulomb interaction is explicitly taken into account. In the case
of charged ligands interacting with polar residues, a small
effective dielectric screening (ε = 4) has been shown to provide
a reasonable approximation. For charged residues, the solvation
contribution is much larger, so a larger dielctric screening is
used.22

EDA has been successfully used to infer catalytic roles of
residues surrounding enzymatic active sites from quantum
mechanical/molecular mechanical (QM/MM) catalytic stud-
ies.23−31 The catalytic activity of some of these predictions has
been subsequently confirmed experimentally.32,33 In QM/MM

calculations, the changes in nonbonded (Coulomb and van
der Waals) intermolecular interaction energy can be calculated
between each residue and the active site between the reactant
and the transition state (TS):

Δ = Δ − ΔE E Ei i,QM
nonbond

MM,TS ,QM
nonbond

MM,react

where i represents an individual residue in the MM subsystem,
Ei,QM
nonbond represents the nonbonded interaction between residue

i and the QM subsystem (active site), and the broken brackets
represent averages over the ensembles where the conforma-
tional space of the MM subsystem is sampled. It is important to
note that this provides only a qualitative assessment and does
not take into account dielectric screening effects as compared
to LRA.
The EFER model applies a related strategy to calculate the

electrostatic energy between two points on a restricted free
energy surface. This has been previously applied successfully to
biological systems to study the transition state of the DNA
polymerase β reaction.34 This approach used molecular
dynamics (MD) simulations to calculate the free energy over
the course of the reaction by evaluating the potential energy
along the reaction coordinate. The energy difference between a
probe region and the rest of the system was calculated, allowing
determination of the energy contributions. In this contribution,
we employ a similar approach to identify potential residues
involved in the proposed fidelity checking stage.
NCI analysis35 for selected structures of each of the

considered systems has been conducted to provide additional
insights. The results from these analyses are correlated with a
multiple-sequence alignment of the A family polymerases to
determine conservation of residues involved in the putative
fidelity-checking site.

■ METHODS
Energy Decomposition Analysis. Two sets of energy

differences have been determined to obtain the change in
nonbonded interaction energy. The first corresponds to the
interaction of every residue with the correctly paired bases in
the preinsertion and fidelity-checking sites:

Δ = Δ − ΔE E Ei iref ,correct
nonbond

preinsertion ,correct
nonbond

check

where i represents an individual residue, Ei,correct
nonbond represents the

nonbonded interaction (electrostatic or van der Waals)
between residue i and the two correctly paired terminal bases
(template and newly added correct nucleotide, T:A), and the
broken brackets represent averages over the conformational

Figure 1. Schematic diagram of the proposed fidelity checking process in DNA polymerase I. Following nucleotide insertion, the DNA is
translocated to the checking site. If the inserted base pair is a correct pair, the polymerase continues. If not, the DNA is shifted to the exonuclease
domain and the incorrect base pair is excised.
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space ensemble sampled from molecular dynamics (MD)
simulations. The second energy difference corresponds to the
interaction of every residue with the incorrectly paired bases
[template and newly added incorrect terminal bases (G:A, C:A,
and A:A)] also in the preinsertion and fidelity-checking sites:

Δ = Δ − ΔE E Ei i,incorrect
nonbond

preinsertion ,incorrect
nonbond

check

The difference between the correct (reference) and incorrect
interactions (ΔΔE = ΔEref − ΔE) has been used to identify the
residues that have the largest change in interaction between
residues in the protein and correctly and incorrectly paired
bases. Here, the energy difference for the T:A pair serves as
reference for the G:A, C:A, and A:A mispairs. In this case, no
QM/MM calculations have been performed; all results have
been obtained from MD simulations only. All required energies
and energy differences have been calculated by an in-house
FORTRAN90 program. This program uses the snapshots
obtained from the MD simulations and the force field
parameter set to identify the required nonbonded interactions.
Electrostatic Free Energy Response Analysis. The free

energy differences were calculated on the basis of the EFER
model as described in ref 34. We have adapted the EFER free
energy difference expression to calculate the free energy
changes arising from correctly and incorrectly paired
nucleotides in two different sites from the MD ensemble
averages of electrostatic interaction energies between the DNA
pair (correct or incorrect) and the rest of the system by

Δ = − +

−

G V V V

V

1
2

(

)

i i i

i

,correct
preinsertion

,correct
check

,incorrect
preinsertion

,incorrect
check

in which broken brackets denote the ensemble average from the
MD simulations, i represents an individual residue, and Vi is
the electrostatic interaction energy between residue i and the
DNA bases in the respective site. The free energy differences
were calculated by considering the T:A pair as the correct
(reference) pair and the A:A, C:A, and G:A pairs as the
incorrect structures. As explained by Klvaňa et al., this formula
is a special case of time-independent linear response theory.14,34

Note that EFER and LRA are similar, although LRA also
includes terms for the nonelectrostatic contributions (pre-
organization and van der Waals).18,22

MD Simulations. No structures of the KF with DNA in the
active site have been determined. Therefore, we have used a
structure from the highly homologous DNA polymerase I from
T. aquaticus (Klentaq) as a guide to position the DNA in the
active site of the KF. Klentaq has been crystallized in both the
open and closed forms bound to a DNA primer−template
sequence. The structure of Klentaq [Protein Data Bank (PDB)
entry 4KTQ36] was superposed onto that of the KF (PDB
entry 1KLN37) on the basis of the polymerase active sites. This
provided a template for KF with DNA in the active site. The
KF crystal structure includes 611 amino acids, which comprise
both the exonuclease and polymerase domains. There are 16
possible DNA pairs (4 correct pairs and 12 mispairs). In this
work, we have studied only one correct pair (T:A) and the
three corresponding mispairs (A:A, C:A, and G:A)
For the KF, we have considered only double-stranded DNA

(dsDNA) trimers with no template overhang as the DNA
substrate for the polymerase. That is, the DNA substrate for KF
comprises three bases each on the template and primer strands

and the ends are blunt. These dsDNA trimers were docked into
the active site of the KF by superposing them onto the DNA
from the ternary structure of Klentaq superposed on the KF
structure. Four DNA trimers were constructed corresponding
to GAX opposite CTA, where X corresponds to T, C, A, or G.
These trimers were built using the nucleic acid builder (NAB)
utility from AMBER.38 Eight initial structures were constructed,
corresponding to the one correctly paired and three mispaired
trimers, each in both the preinsertion and fidelity-checking
sites.
Structures for BF were created using a crystal structure

determined with DNA in the active site (PDB entry 1U4B39).
This crystal structure contains 23 bp of DNA, with a one-base
template overhang. The BF, analogous to the KF, is composed
of both polymerase and exonuclease domains totaling 603
amino acids. Eight structures were created with mispairs A:A,
C:A, and G:A and correct pair T:A, both in the preinsertion
sites and in the fidelity-checking sites, as shown in Figure 2.

This structure served as a comparison to the KF, both as a
control to ensure that the superposition of DNA from Klentaq
into Klenow did not prejudice the results obtained and to
determine if the DNA substrate in the KF shifts position in the
DNA binding groove because of its small size and lack of a
template overhang.
These structures were subjected to minimization and single-

run MD with the PMEMD program from the AMBER11 suite
of programs.38 Initially, all structures were minimized with 1000
steps of conjugate gradient minimization, followed by solvation,

Figure 2. DNA positioned in the BF. DNA with a T:A pair in the
preinsertion site is shown as light blue balls and sticks (the rest of the
DNA shown as light blue sticks). DNA with a T:A pair in the checking
site is shown as dark blue balls and sticks (the rest of the DNA shown
as dark blue sticks). Residues within 3 Å of the T:A pair in the
preinsertion and checking sites are colored yellow and red,
respectively.
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and NPT simulations to set the density to 1 g/mL. The KF was
solvated in a 103 Å × 127 Å × 108 Å box of TIP3P40 water, and
the BF was solvated in a 100 Å × 100 Å × 110 Å box of TIP3P
water. Once the systems achieved the target temperature, the
constraints were gradually removed over 100 ps until no
constraints were left, all with the NVT ensemble. In all cases,
the smooth particle mesh Ewald method was used for the
calculation of long-range electrostatics.41,42 The total time of
the simulations for the KF was 22 ns. Simulations for the BF
were conducted for 20 ns. Snapshots of the simulations were
created every 1 ps. Root-mean-square deviations (rmsds) for
the systems throughout the simulations are around 3−4 Å. This
can be compared with the rmsd of 3.0 Å for the free Klenow
structure under the same simulation conditions. The rmsds for
BF are <3.0 Å for all the systems except for the A:A (check)
structure, for which the rmsd increases to 3.5 Å (see the
Supporting Information).
Snapshots corresponding to 10 ns from each of the 24 single-

run MD simulations were employed for the energy
decomposition and EFER analyses. That is, 10000 structures
for each system were employed for both EDA and EFER. The
nonbonded intermolecular interaction energies between each
residue in the enzyme and the two nucleotides in the
preinsertion or checking site were determined for all systems
to obtain the energy differences for decomposition analysis. On
the basis of our previous studies, we have selected a cutoff of
±1 kcal/mol for the interactions. Thus, only residues that have
interactions that change more than ±1 kcal/mol are considered
as having a significant contribution.
NCI Calculations. NCI is a visualization tool recently

proposed by Johnson et al.35 NCI provides a way to identify
noncovalent interactions between molecules (e.g., van der
Waals, hydrogen bond, etc.). It is a visualization index that
relies on the molecular density and its derivatives. NCI is based
on the peaks that appear in the reduced density gradient at low
densities.35 This method provides a way to investigate the
noncovalent intra- and intermolecular interactions. In this way,
it is possible to analyze interactions between a ligand and a
protein as has been previously shown.35 The results obtained
from the NCI analysis consist of surfaces between the
interacting molecules. These surfaces are assigned specific
colors to denote the strength and characteristic of the
interactions: green surfaces denote weak interactions, e.g., van
der Waals, blue surfaces strong attractive interactions, e.g.,
hydrogen bonds, and red surfaces strong repulsive inter-
actions.35

For this study, three snapshots for each of the 16 systems
have been subjected to NCI analysis (see the Supporting
Information). The final templating and primer bases have been
considered as ligands interacting with a spherical region of 10 Å
around the binding site. All calculations were obtained with a
step size of 0.2 for the cube and a cutoff of 5 Å for the
calculation of the interactions between the nucleotides and the
active site.

■ RESULTS AND DISCUSSION
Sixteen structures total from the KF and the BF combined have
been considered in this study. Several residues show a change in
interaction with the DNA at the mispaired bases compared to
the correct pair based on the EDA.
The number of residues is different for each mispair,

suggesting a different selectivity depending on the mismatch in
agreement with experimental results.6 In particular, for the G:A,

C:A, and A:A mispairs in the KF, there are 137, 157, and 168
residues that show a significant change in interaction,
respectively. Similar results were obtained for the BF. For the
A:A, C:A, and G:A mispairs, 76, 72, and 70 residues,
respectively, had significant ΔΔE compared to the correctly
paired TA. Most of the residues obtained from the energy
decomposition analysis (EDA) are located in the polymerase.
Standard deviation (SD) analysis for the EDA shows that the
deviation for the calculated interactions is between 10 and 20%.
Comparison of the EDA results shows that approximately 30

residues have altered interactions for all mispairs in either the
KF or the BF. These residues are located on all three
polymerase domains (palm, fingers, and thumb) with a few in
the exonuclease domain. Several residues have a ΔΔE of
≥10 kcal/mol for at least one of the mismatches. These have
also been selected as contributing to the checking mechanism
because the EDA interaction is considerably larger than the
cutoff of ±1 kcal/mol to consider the interaction as significant.
The majority of the residues obtained from the EDA show
changes only in electrostatic interactions, although a few
residues showed changes only in the van der Waals interactions.
Correlation of a sequence alignment with the EDA results of

the KF and the BF reveals 14 residues that have interactions
for the T:A mispairs in both polymerases (see Figure 3).

Interestingly, these residues are located primarily near what
would be the newly inserted nucleotide. This is somewhat
intuitive, as these residues are proposed to participate in the

Figure 3. Positions of the residues found to have an interaction with
the mispairs in both the KF and the BF (orange sticks). The structure
and numbering correspond to those of the BF. Polymerase
subdomains are colored red, blue, yellow, and mauve for the palm,
fingers, thumb, and exonuclease, respectively. DNA bases (T:A) in the
preinsertion site are shown as balls and sticks.
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fidelity checking mechanism that would determine whether this
was the correct nucleotide inserted and the polymerization
continues or the incorrect nucleotide resulting in movement to
the exonuclease site.
Selected structures from the MD simulations were subjected

to NCI. This method has been recently proposed by Johnson
et al.35,43 and allows the visualization of interactions such as
hydrogen bonds, van der Waals interactions, etc. Table 1 lists
the residues that have been identified by NCI to interact with
the correctly paired and mispaired nucleotides in the
preinsertion and fidelity-checking sites. Several of these residues
coincide with the EDA.
NCI analysis of the KF shows interactions for 37 residues

among all considered nucleotide pairs and 26 residues in the
BF. Some of these residues show interactions for only one pair
or a few of the pairs. A group of residues, corresponding to
Q677−P680 in the KF and homologous residues Q624−P627
in the BF, show interactions exclusively when the nucleotides
are in the checking site. Several other residues such as R682,
Y766, and H881 in the KF appear to have interactions with the

terminal nucleotides regardless of which site they occupy. In
particular, Y766 (Y714 in BF) shows interesting results of EDA
and NCI analysis. This residue is only one of two (A838 in the
KF is the other one) that have altered interactions in the van
der Waals component. It also shows stacking interactions with
the properly matched templating base when it is in the
preinsertion site. However, Y766 appears to stack preferentially
with the primer base when there is a mismatch (e.g., see Figure 4A
and Figure S4E of the Supporting Information).
A sequence alignment of A family DNA polymerases was

performed with TCoffee. This alignment shows that 26 of the
residues obtained from the EDA of the KF are totally or
partially conserved across the family and across species (see
Figure 5). These residues correspond to E541, K593, R631,
R654, T664, R668, R673, P680, R682, R690, D705, E710,
R712, D732, R754, R755, K758, Y766, E783, R821, R822,
D854, K857, H881, D882, and E883. Of these residues, only
R654 and R673 (K591 and E620, respectively, in the BF) are
not conserved in the BF. Residues D705 and D882 in the KF
(D653 and D830, respectively, in the BF) correspond to the

Table 1. NCI Results for the BF (left) and the KF (right)a

residue A:A C:A G:A T:A

T611 (+) (+)
Q612 (+) (+) (+) (+)
T613 (+) (+) (+)
R615 +(+) (+) +(+) +(+)
Q624 (+) (+) (+) (+)
N625 (+) (+) (+) (+)
I626 (+) (+) (+)
P627 (+) (+) (+) (+)
I628 +(+) +(+) +(+) +(+)
R629 (+) (+) +(+) +(+)
R637 (+) +(+) (+)
S655 +
L659 +
F710 +(+) + + +
Y714 +(+) + + +(+)
Q723 +
R771 (+) (+) (+) (+)
F786 +(+) + +
R789 + + + +
M790 (+) +(+) + +(+)
N793 (+) + + +
T794 (+)
Q797 +(+) + + +(+)
V828 +(+) +(+) +
H829 +(+) +(+) +(+) +(+)
D830 + +(+) +

residue A:A C:A G:A T:A

A606 +
S608 +
T609 +
E611 +
E612 +
V613 +
L614 +
T664 (+) (+)
A665 (+) (+)
T666 +(+) (+)
R668 + +(+)
S670 (+)
Q677 (+) (+)
N678 (+) (+) (+)
I679 (+) (+) (+)
P680 (+) (+) (+) (+)
V681 (+) (+) +(+) +(+)
R682 (+) +(+) +(+) +(+)
N683 (+) (+)
R690 +(+)
S707 +(+)
D710 + +
K758 +
F762 + +(+) +(+) +(+)
Y766 +(+) +(+) +(+) +(+)
M768 +(+) (+) + +
Q776 +
R835 + +
A838 + + + +
R841 + + + +(+)
A842 + +(+) + +(+)
N845 +(+) +(+) + +(+)

A846 (+) (+)

Q849 + +(+) +(+) +(+)

V880 (+) +(+)

H881 +(+) +(+) +(+) +(+)

D882 + + +

aResidues conserved among A family polymerases are shown in bold. Residues in checking site in parenthesis.
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active site residues that form bonds to the catalytic metals for
the polymerase reaction. The remaining residues are totally
conserved except for R690 and R712, where K and W
substitute for a third of the sequences. In the case of R755, this
residue is only partially conserved. All these residues show
altered interactions on the basis of the Coulomb component
except for Y766, which shows altered van der Waals
interactions.
There were 14 residues that were found to have interactions

shown in the EDA for all the mispairs in both the KF and the
BF. Ten of these residues were found to be totally conserved
across the A family of polymerases. These residues are R668,
R682, D705, E710, R754, R758, Y766, R822, K857, and H881
in the KF, which correspond to R615, R629, D653, E658,
R702, K706, Y714, R770, K805, and H829 in the BF.
Correlating this sequence alignment to the NCI analysis reveals
that 11 of the residues identified for the KF are conserved, eight
of which were also found in the NCI analysis of BF. These
residues are highlighted in bold in Table 1. This suggests that,
in addition to electrostatic interactions, these residues have
other types of interactions such as π−π stacking or form
hydrogen bonds with the terminal nucleotides. Of the
conserved residues, only P680 (P627) in the KF (BF) shows
noncovalent interactions for all the terminal nucleotide pairs
only when they are in the checking site. Comparing the results
of the analysis with those from NCI and the sequence
alignment reveals two residues, R682 and H881 in the KF and
R629 and H829 in the BF, that are totally conserved across the
A family and that are also found in EDA and NCI.

The EFER analysis yields similar but not identical results, as
shown in Figure 6 (see the Supporting Information for full
tables of interactions). Many of the same residues were found
in both the EDA and EFER analyses. The EFER analysis for BF
showed 150 residues that had an interaction energy of >1 for all
three mispairs. The EFER analysis for KF showed 58 residues
that showed a change in interaction energy for all T:A mispairs.
Comparing these residues with the sequence alignment yields
39 residues that show interactions in all mispairs for both the
KF and the BF. Several of these residues were found to have an
interaction in both EDA and EFER for all mispairs (A:A, C:A,
and G:A in both the KF and the BF). These are residues 600,
612, 668, 682, 687, 705, 710, 754, 758, 822, and 857 in the KF
and corresponding homologous residues 548, 559, 615, 629,
634, 653, 658, 702, 706, 770, and 805 in the BF. Of these, only
residues 600, 612, and 687 (KF numbering) are not conserved
across the A family of polymerases.

Mutagenesis Studies Linking Fidelity with Specific
Residues. Thompson et al. have used time-resolved
fluorescence anisotropy to determine the partitioning of the
DNA primer terminus between the polymerase and the
exonuclease.8 This methodology allowed the calculation of
free energy differences for correctly paired and mispaired G:X
DNAs in the KF. Their results indicate that R668 and N845
function to recognize matched base pairs. These residues are
homologous to R615 and N793 in the BF. On the other hand,
Q849 shows negligible energetic change, and its mutation did
not impair discrimination of G:G mispairs.
Other experimental studies have shown that mutation of

R668, R682, E710, and N845 causes decreased fidelity in the
KF. In addition, the mispair discrimination changes as a
function of the mispair.44 For example, the most frequent error
for the E710A mutant is the A:dCTP mispair. This correlates
with the our results for KF in which the change in interaction
for the A:C mispair is negative whereas ΔΔE for the G:A or
A:A mispair is positive. In the BF, the change in interaction was
positive for the A:C mispair but negative for the A:A and G:A
mispairs. The R668A mutant has been reported to favor errors
involving insertion of dGTP. Our results show that the
interaction energy change for all mispairs in both the BF and
the KF is 1 order of magnitude larger than the 1 kcal/mol
cutoff for R668 and the homologous residue in BF.
The R682A and N845A mutants give an increase in the

frequency of T:dCTP errors. For the latter, all ΔΔE values
involving dCTP misinsertion are positive, in both the KF and
the BF. Misinsertions of A:dATP mispairs are also favored by
the N845A mutant. EDA in this case shows only the interaction
energy change above the cutoff for the C:A mispair for the KF,
although all three mispairs in BF have significant interaction
energy. When dCTP is in the primer position, all three mispairs
show a positive interaction energy change.
EDA shows a striking result for residue R682 in the KF in

that the ΔΔE for the T:C mispair is almost 10-fold higher than
for the other mispairs involving dCTP insertion. In addition,
the T:C mispair energy is positive compared to all other
energies, which are negative; this suggests an unfavorable
interaction between the T:C mispair and R682. An interaction
of this magnitude was not found in the BF, although the NCI
results indicate an interaction for all mispairs. The NCI results
for the KF show that R682 (R629 in the BF) interacts with all
dCTP mispairs in both the preinsertion and fidelity-checking
sites.

Figure 4. NCI analysis of the TA nucleotide pair (a) in the
preinsertion site and (b) in the fidelity-checking site shown of the KF
and (c) in the preinsertion site and (d) in the fidelity-checking site of
the BF. Colored surfaces denote noncovalent interactions: green
surfaces denote weak interactions, e.g., van der Waals, and blue
surfaces strong attractive interactions, e.g., hydrogen bonds.35
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The change of Q849 to an Ala in the KF has been shown to
weaken DNA binding while maintaining dNTP binding.45 This
was also tested by Singh and Modak, who reported the
presence of a hydrogen bond track that includes N845, Q849,
R668, H881, and Q677.46 All of the equivalent residues in the

BF (793, 797, 615, 829, and 624) were shown to have an
interaction with all three mispairs. The Q849A mutant and the
R754A and H881A mutants have been shown to have an
increase in replication accuracy against extension of a T:G
mispair.44 Residues R754 and H881 (702 and 829, respectively,

Figure 5. Condensed alignment for family A DNA polymerases. Labeled residues correspond to the KF (UniProtKB entry P00582).
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in the BF) were found to have an interaction for all three
mispairs in both the KF and the BF, and Q849 had significant
interaction energy for all three mispairs in the BF and for the
C:A mispair in the KF.
Loh et al. have reported several tolerated amino acid

substitutions that alter fidelity without a loss of activity in the
KF.7 Their study also pointed out that many mutations that
result in an antimutator phenotype mapped to residues in helix
M (residues 720−728 in the KF). Two of the residues, D720
and K721, are denoted as being significant by EDA of the KF
but not in the BF. Their study also highlights D854 as being
highly conserved across eukaryotic, prokaryotic, and viral
evolution, and D854 is thought to be likely to be critical for
polymerase function.7

These experimental studies correlate KF fidelity to several of
the residues obtained from our analyses for both the KF and
the BF. There have been no mutagenesis studies examining
fidelity in the BF, although we would expect similar results on
the basis of sequence homology, as multiple mutagenesis
studies on other A family polymerases, particularly the Klentaq
fragment, have found residues that affect replication fidelity.
Our computational results suggest that (at least part of) the
discrimination arises from altered nonbonded interactions
between the DNA and certain protein residues. On the basis
of the single-molecule results of Christian et al.12 and our
results, one possibility could be that these residues are involved

in the proposed fidelity-checking site that discriminates proper
base pairs from mispairs after nucleotide incorporation.

■ CONCLUSIONS

Potential residues involved in fidelity checking that could also
be involved in the putative postinsertion fidelity-checking site
of KF and BF have been computationally studied using EDA,
EFER, and NCI analyses. Eight systems including one
properly paired and three mispaired nucleotide bases have
been employed for both the KF and the BF. The EDA and
EFER results show that ∼30 residues show a change in
interaction energy difference for all mispairs. Of these, most
of the amino acids are in the polymerase domain, and only a
few correspond to the exonuclease domain. In general, the
majority of the residues show altered electrostatic inter-
actions with the terminal primer−template pair. NCI analysis
gives 37 residues for the KF and 26 for the BF with
noncovalent interactions. A sequence alignment of non-
redundant A family polymerases reveals that 26 of the
residues obtained from EDA of the KF are conserved,
including 10 of the residues identified from the NCI results.
For the BF, eight of the residues that are conserved across the
family were found in the NCI analysis. Comparison with
experimental studies shows that mutation of some of the
identified residues affects the fidelity of DNA synthesis in the
KF. Our results also agree with the selectivity of misinsertions
reported by experimental studies. The identified residues

Figure 6. EDA and EFER results for the KF (left) and the BF (right). The EFER results are colored gray and the EDA results black. The interaction
energy on the ordinate axis refers to intermolecular interactions (ΔΔE for EDA or ΔG for EFER) in kilocalories per mole as described in Methods.
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are likely to play a role in the fidelity of DNA polymerase
I and provide possible targets for mutagenesis experiments
to further investigate the fidelity-checking mechanism
hypothesis.
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