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Abstract
Our study examines the mechanisms by which DNA polymerase (pol) δ faithfully replicates DNA. To better understand this
process, we have performed all-atom molecular dynamics simulations of several DNA pol δ systems to identify conformational
changes occurring prior to chemistry and investigate mechanisms by which mutations in the fingers domain (R696W and
A699Q) lower fidelity. Our results indicate that, without the incoming nucleotide, a distinct open conformation occurs defined
by a rotation in the fingers. The closed form, adopted when the correct nucleotide is bound, appears best organized for chemistry
when three magnesium ions coordinate protein and DNA residues in the active site. Removing an unusual third metal ion from
the polymerase active site causes shifting in the fingers and thumb as well as stimulating specific exonuclease β-hairpin—DNA
interactions that fray the primer terminus base pair. These changes suggest that dissociation of the third divalent ion (metal ion
‘C’) signals a transfer of the DNA primer from the polymerase to the exonuclease active site and implies a role for theβ-hairpin in
DNA switching. Analysis of β-hairpin movement in several systems reveals a dependence on active-site changes and suggests
how Lys444 and Tyr446 present in the β-hairpin can affect proofreading. Analysis of A699Q and R696W pol δmutant systems
reveal marked differences in the open-to-closed transition as well as β-hairpin repositioning that explain reduced nucleotide
selectivity and higher error rates.
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Introduction

The replication of an organism is dependent on the faithful
copying of the genomic material in eukaryotic cells. This
genomic information is encoded in DNA. Even for a simple
organism, such as Saccharomyces cerevisiae with over
12 million base pairs to be copied, this is a daunting task
[1]. In humans, by contrast, there are approximately

3 billion base pairs [2, 3]. DNA replication is critically
dependent on three eukaryotic DNA polymerases: α, δ,
and ε [4]. During replication, a DNA polymerase (pol) ex-
tends a growing primer strand by catalyzing a nucleotidyl
transfer reaction in which the O3′ atom of the primer termi-
nus attacks the Pα atom of an incoming nucleotide (dNTP,
2′-deoxyribonucleoside 5′-triphosphate). DNA pol α is a
multi-subunit enzyme that synthesizes short RNA-DNA
primers through primase and DNA polymerase activities,
while pols δ and ε handle the majority of the copying task
by further elongating the primers [5]. Experimental evi-
dence suggests that pol ε primarily replicates the leading
strand and pol δ the lagging strand, but the interplay of
these three polymerases in completing the task of DNA
replication remains an area of active research [6–13]. In
addition to DNA replication, pol δ also functions within
several DNA repair pathways including mismatch repair,
base excision repair, nucleotide excision repair and homol-
ogous recombination double-strand break repair [14].
Recent research suggests that pol δ may also play a role in
telomere lengthening under certain circumstances [15].
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The fidelity of DNA replication is achieved largely by the
effectiveness of pols δ and ε in selecting the correct incoming
nucleotide over an incorrect nucleotide to faithfully extend a
growing primer strand [16, 17]. Correct nucleotides form
Watson-Crick base pairs (guanine-cytosine and adenine-thy-
mine) that allow the DNA helix to maintain a regular helical
structure. The base substitution error rate of yeast pol δ is less
than 1.3 base substitutions per 100,000 nucleotides incorpo-
rated [18], and the error rate of human pol δ is approximately
3-fold lower [19]. To help reduce replication errors, pols δ and
ε possess 3′-5′ exonuclease activity that allows these enzymes
to excise incorrect nucleotides that are inserted. The proof-
reading ability of pol δ also can correct errors made by pols
α and ε [20, 21].

Pols α, δ, and ε belong to the B-family of polymerases,
which also includes bacteriophage T4 and RB69 polymerases
as well as translesion polymerases such as eukaryotic pol ζ (or
REV3) and Escherichia coli Pol II [22, 23]. Several X-ray
crystal structures are available for this family of enzymes
[24–33], including one structure of pol δ shown in Fig. 1. B-
family polymerases adopt the shape of a right hand, and con-
sist of five domains: fingers, palm, thumb, exonuclease do-
main, and an N-terminal domain (NTD) [31]. The thumb

grasps the DNA, the fingers help position the incoming nucle-
otide in the active site, and the palm is the site of the
nucleotidyl transfer reaction. The exonuclease domain pro-
vides the enzyme with proofreading ability, allowing it to
excise incorrect nucleotides. The NTD, positioned between
the exonuclease and fingers domains, and in contact with the
single-strand portion of the DNA template strand, may play a
role in stabilizing the overall polymerase-DNA complex.

Rearrangements in these protein domains are part of the
replication process. Conformational changes are often
interpreted in terms of an induced-fit mechanism, where bind-
ing of the correct nucleotide facilitates the transition to the
closed form needed for the chemical reaction, while binding
of an incorrect nucleotide hampers this transition [34]. Open-
to-closed conformational changes have been identified in the
catalytic cycles of several polymerase systems, including pol
β [35, 36], T7 pol [37, 38], pol I [39, 40], and HIV RT [41,
42], and computer simulations have helped reveal the dynam-
ic details of these conformational rearrangements [43–51]. For
the B-family, a structural comparison of RB69 pol in the apo
or unliganded state to the ternary pol/DNA/dNTP state shows
that rotations in the fingers and thumb produce a closed con-
formation when the DNA and correct incoming nucleotide are

Fig. 1a–c DNA polymerase δ/DNA/dCTP complex (dCTP, 2′-
deoxycytidine 5′-triphosphate). a Protein colored by protein domain.
Colors of DNA and ions are indicated on image. b Solvated complex

used for simulations. Water is shown as blue background. c Positions of
Ala699 and Arg696 in the fingers domain
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bound [25, 52]. Similar changes occur in E. coli Pol II [27]
and yeast pol α [28].

Interestingly, there is a diversity in the conformational
changes occurring in polymerase catalytic cycles, especially
among DNA repair polymerases [53–56]. In the B-family,
structural data indicate that the magnitude of the conforma-
tional closing change varies. For instance, pol α has a larger
thumb rotation compared to RB69 pol [28]. Additional con-
formational changes are associatedwith the polymerase proof-
reading process. In RB69 pol, a distinct thumb shift occurs to
facilitate the positioning of the DNA primer strand in the
exonuclease active site to form the exonuclease complex;
thus, the thumb position changes between polymerizing and
editing functional modes [25, 57].

Elucidating the conformational changes associated with the
proper assembly of the active site is a primary goal of this
work. As shown in Fig. 1, the available pol δ structure is of
a ternary pol δ/DNA/dNTP complex [26]. Pol δ tightly sur-
rounds the DNA by making extensive contacts with several
DNA base pairs, which may help the polymerase detect irreg-
ularities in the DNA conformation resulting from binding mis-
matches or misaligned DNA. The fingers and thumb resemble
the closed conformations of other B-family enzymes. In the
active-site pocket, the correct nucleotide is bound along with
three divalent ions coordinated by three carboxylic acid con-
taining residues. The presence of a third ion in the active site is
unusual since most DNA polymerases are hypothesized to use
a two-metal-ion nucleotidyl transfer mechanism [22]. In this
mechanism, the catalytic ion ormetal ion ‘A’ lowers the pKa of
the primer terminus’ 3′-OH to prepare the O3′ atom for attack
on the Pα atom of the dNTP, while the nucleotide-binding ion
or metal ion ‘B’ facilitates formation of the pyrophosphate
product. Both of these ions are proposed to stabilize the charge
and geometry of the transition state. In pol δ, the importance
of the third divalent ion or metal ion ‘C’ is unknown, but
biochemical studies suggest it has a role in the catalytic effi-
ciency of the enzyme [26]. Recently, X-ray crystal structures
of an archaeal B-family polymerase also show metal ion ‘C’
bound to the active site in closed ternary complexes, reinforc-
ing the importance of this third metal ion [58]. Although bind-
ing in a different manner, a third metal ion is observed in the
active sites of both Y-family pol η [59, 60] and X-family polβ
[61, 62], and is proposed to be necessary for catalytic activity
[60, 62].

Gaining mechanistic details of proofreading activity is
needed to have a full view of accurate DNA replication. Pol
δ’s proofreading exonuclease domain has a β-hairpin posi-
tioned near the DNA major groove that is conserved in many
B-family polymerases. This protruding β-hairpin in the RB69
and T4 pols is proposed to facilitate the separation of the
primer and the template strands, and thus assist switching of
the DNA between polymerase and exonuclease active sites,
which are located ~40 Å apart [57, 63–67]. Failure to

efficiently transfer DNA to the exonuclease active site favors
mismatch extension and results in error-prone replication.
Despite the structural similarity of the β-hairpin in B-family
polymerases, hairpin length and amino acid sequences vary. In
addition, the roles of even conserved residues appear to differ
in B-family polymerases as indicated by the differing effects
on fidelity of mutating a conserved glycine residue in T4 pol,
RB69 pol, and pol δ [63, 66, 68, 69]. Furthermore, from stud-
ies of chimera enzymes, it is evident that the β-hairpins do not
function identically in different polymerase systems: pol δ
with the β-hairpin of T4 pol displays increased mutations
while the pol δ β-hairpin on T4 pol is incompatible with
cellular survival [69]. Since pol ε has a much shorter β-
hairpin [29, 30], it could not employ the same mechanism
for switching DNA to the exonuclease domain [70]. These
findings have led to the proposal that each polymerase β-
hairpin has evolved a specific function, with the degree of
participation in proofreading dependent upon whether the or-
ganism possesses a mismatch repair pathway to help with this
process [69].

Due to pol δ’s multiple cellular roles, it is likely that func-
tional changes that increase errors would be highly deleteri-
ous. Indeed, mutations in pol δ’s exonuclease domain are pre-
disposition markers for a class of hereditary colorectal and
endometrial cancers in humans [71, 72]. Also, a mutation in
pol δ’s polymerase domain, R689W, occurs in a human colon
cancer cell line [73]. This particular mutant maps to the fingers
domain, and the analogous mutation in yeast, R696W, has
reduced polymerase activity and nucleotide selectivity [74,
75]. As a result, the R696W mutant has an ~750-fold higher
mutation rate [75]. Another change in the fingers (i.e., A692Q
in humans and A699Q in yeast) has been found to lower
fidelity [76]. This alanine to glutamine mutation leads to an
~20-fold higher mutation rate in yeast and an ~30-fold higher
mutation rate in humans [76]. Base substitution errors com-
monly result, suggesting a decrease in nucleotide selectivity,
but data also suggest the mutant enzyme has an impaired
proofreading ability [76]. Thus, these different mutations
demonstrate the importance of any changes in the fingers do-
main for pol δ function and fidelity.

To investigate the unique conformational change mecha-
nism of pol δ and interpret the impact on function and fidelity,
we performed atomistic molecular dynamics simulations of
several wild-type and mutant pol δ systems (Table 1).
Computer simulations provide structural, energetic, and dy-
namics information for enzyme systems within different sub-
strate contexts [77, 78]. Specifically, we sought to identify
conformational changes occurring during the pol δ catalytic
cycle and elucidate the factors that promote nucleotide selec-
tivity and proofreading ability. Additionally, we aimed to de-
termine the impact of metal ion ‘C’ on the catalytic cycle and
to elucidate the means by which mutations in the fingers
(R696W and A699Q) affect function and fidelity.
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Our results reveal an open conformation in the binary pol δ/
DNA complex and support the formation of a closed confor-
mation in the ternary pol δ/DNA/dNTP complex. The open
conformation is produced from rearrangements in the fingers,
thumb, and exonuclease domain. A key movement involves
the fingers rotating away from the exonuclease domain and
toward the palm to help stabilize the primer terminus in the
active site. Interestingly, the closed form is only maintained in
the ternary complex with three magnesium ions bound to the
active site. Pol δ ternary complexes with three calcium ions or
two magnesium ions show similarities in the fingers and palm
to the open state, suggesting that these complexes are less
ready for nucleotide insertion. Our pol δ simulations also have
implications regarding the initiation of proofreading activity
that connects metal ion ‘C’ dissociation and thumb/DNA
shifting as well as movement in a conserved β-hairpin in the
exonuclease domain. Our simulations of the R696W and
A699Q pol δ mutant systems reveal conformational changes
that provide explanations for the distinctive functional and
fidelity profiles of these enzymes.

Experimental methods

Initial models

All six in silico models summarized in Table 1 are derived
from X-ray crystal data for a ternary yeast pol δ/DNA/dCTP
complex (PDB ID: 3IAY; dCTP, 2′-deoxycytidine 5′-triphos-
phate) [26]. This pol δ structure includes the polymerase do-
main, exonuclease proofreading domain, and an N-terminal
domain. In all but one of the models, each divalent calcium
ion is replaced with a magnesium ion. This is done since
calcium inhibits pol δ activity [26] and magnesium is hypoth-
esized to be the biologically relevant ion [22]. One pol δ
model with calcium ions is kept for comparison with the mag-
nesium ion systems. To determine the functional importance
of the third divalent ion or metal ion ‘C’ in the polymerase
active site, this ion is removed from one of the pol δmodels. In
another pol δmodel, all divalent ions and the incoming nucle-
otide are removed from the polymerase active site to model

the binary pol/DNA complex and probe the dependence of
protein and DNA conformations on substrate binding. In
two of the remaining models, mutations are made to residues
in the fingers domain to elucidate the effects of these residues
on the function and fidelity of pol δ. In one model, Ala699 is
changed to glutamine and, in the other model, Arg696 is re-
placed with tryptophan.

All changes to atoms and residues are made using the
CHARMM program [79, 80]. This includes adding all hydro-
gen atoms, N-terminal residues 67–94, and a small connective
region in the exonuclease domain corresponding to residues
491–496. In addition, a hydroxyl group is added to the 3′
carbon of the primer terminus sugar moiety to model the sys-
tem in a chemically active form. Acetate ions present in the
structure resulting from the crystallization procedure are
removed.

Using the VMD program [81], each system is solvated in a
water box and sodium and chloride ions are added to neutral-
ize and provide 150 mM ionic strength. The counterions are
placed with a separation of at least 5 Å between the ions and
between the ions and protein or DNA atoms. In all systems,
there are 88 Na+ ions. The WT-3CA, WT-3MG, and A699Q
systems (see system labels in Table 1) each contain 66 Cl−

ions. The WT-2MG and WT0 systems each have 64 Cl− ions.
The R696W system has 65 Cl− ions. As shown in Fig. 1, each
fully solvated system contains approximately 100,349 atoms,
including 558 crystallographically resolved water molecules
and 27,786 bulk water molecules. The final dimensions of
each system are: 114.8 Å × 100.9 Å × 84.0 Å.

Minimization, equilibration, and dynamics protocol

The NAMD program [82] with the all-atom CHARMM
protein and nucleic-acid force field [83, 84] was used to
perform all energy minimization and molecular dynamics
simulations. To prepare each system for production phase
dynamics, several cycles of system energy minimization
and short dynamics simulations were performed during an
equilibration phase. This process began by relaxing the
water molecules and sodium and chloride ions around
the protein/DNA complex. This was carried out by

Table 1 Summary of pol δ
systems System label Pol δ system Incoming

nucleotide (dCTP)
Active-site ions Simulation length

WT-3CA Wild-type Yes 3 Ca2+ ions 100 ns

WT-3MG Wild-type Yes 3 Mg2+ ions 100 ns

WT-2MG Wild-type Yes 2 Mg2+ ions
(no metal ion ‘C’)

100 ns

WT0 Wild-type No none 100 ns

R696W R696W mutant Yes 3 Mg2+ ions 100 ns

A699Q A699Q mutant Yes 3 Mg2+ ions 100 ns
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minimizing the energy of each system using the Powell
conjugate gradient algorithm for 150,000 steps while all
protein atoms, nucleic atoms, and active-site divalent ions
are kept fixed. Then, with the same constraints, each sys-
tem is equilibrated with a 30 ps simulation at 300 K under
conditions of constant pressure and constant temperature.
Pressure is maintained at 1 atm using the Langevin piston
method [85], with a piston period of 100 fs, a damping
time constant of 50 fs, and piston temperature of 300 K.
Using these same conditions, each system is further ener-
gy minimized 75,000 steps, equilibrated for 60 ps and
then energy minimized again for 50,000 steps. The water,
sodium ions, and chloride ions are further equilibrated at
constant volume and temperature for 100 ps at 300 K
while holding all other atoms fixed. In the following por-
tion of the equilibration phase, all constraints are re-
moved. This portion includes two cycles of energy mini-
mization and dynamics on the entire system. In the first
cycle, the energy is minimized for 50,000 steps followed
by equilibration for 100 ps at 300 K at constant tempera-
ture and volume. In the second cycle, 25,000 steps of
energy minimization are performed, followed by 150 ps
of dynamics at 300 K at constant temperature and volume.

Following system equilibration, production dynamics are
performed at constant temperature and volume. The tempera-
ture is maintained at 300 K using weakly coupled Langevin
dynamics of non-hydrogen atoms with damping coefficient,
γ, 5 ps−1 used for all simulations performed. A time step of
2 fs is used with the SHAKE algorithm [86] to keep all bonds
to hydrogen atoms rigid. The system is simulated in periodic
boundary conditions and full electrostatics are computed
using the PME method [87] with grid spacing on the order
of 1 Å or less. Short-range nonbonded interactions are evalu-
ated every step using a 12 Å cutoff for van der Waals interac-
tions and a smooth switching function. The total simulation
length for each of the six systems is 100 ns, which amounts to
0.6 μs of total pol δ simulation time.

Results

Evidence for separate open and closed pol δ
conformations

Fingers domain motion produces an inactive chemical state

To identify rearrangements in the fingers of pol δ that are
important for function and fidelity, we examined the fingers
motion in all pol δ simulations by analyzing the RMSD of
finger Cα atoms shown in Fig. 2. Although no significant
fingers movement from the closed orientation occurs in the
WT-3MG system or the A699Q mutant system, some small
changes occur in the WT-3CA and WT-2MG systems as

indicated in Fig. 2a–d; see system descriptions in Table 1. In
the WT-3CA system, a reversible fingers motion occurs over
the last 50 ns of the simulation; this primarily involvesα-helix
O of the fingers moving toward the palm. In the WT-2MG
system, a shift in α-helix O of the fingers toward the palm
occurs that strengthens interactions between the fingers and
palm (see description in BOpen state enables support of the
primer terminus by both the fingers and palm^ section).

As shown in Figs. 2e and 3, removing the dCTP and all
active-site ions (WT0 system; Table 1), leads to a shift in the
fingers domain away from the DNA to produce an open con-
formation. In this open conformation, α-helix P of the fingers
moves away from the exonuclease domain and adopts a less
rigid position, while α-helix O in the fingers moves closer to
the palm domain (see Fig. 3a and distance plots in Fig. S1A,E
in the Supporting Information). The α-helix O change is sim-
ilar to that observed in the WT-3CA and WT-2MG systems.

Interestingly, an opening movement of the fingers
also occurs in the R696W system (Table 1), which con-
tains the correct nucleotide and three active-site ions, as
summarized in Figs. 2f and 3. In the R696W system, α-
helix P rotates away from the exonuclease domain (Fig.
S1B in the Supporting Information), but the presence of
the dNTP and ions in the active-site pocket prevents a
reduction in the distance between the palm and α-helix
O as occurs in the WT0 system. Contrastingly, a wid-
ening in the distance between the fingers (α-helix P)
and palm occurs (see positions in Fig. 3 and distances
in Fig. S1C–F in the Supporting Information).
Superimposing the open R696W mutant conformation
onto the closed form of pol δ highlights the overall
widening in the cleft formed between the palm and
the fingers (Fig. S2A in the Supporting Information).
This more open conformation facilitates the dissociation
of the dCTP and ions, which move with the fingers
away from the primer terminus (see Fig. S2B in the
Supporting Information and a further description of the
active-site changes below in BComparison of active-site
geometries in pol δ systems^ section). Together, these
changes suggest that the fingers rotation to an open
conformation produces an inactive state that is not ready
for chemistry.

A comparison of the open fingers position in pol δ to that in
the apo form of RB69 pol [25] and the binary pol α/DNA
complex [33] indicates that the open-to-closed transition is
smaller in pol δ, which consists of a 14° rotation of α-helix
P from the closed orientation as shown in Fig. 3. Alignment of
the structures of these polymerases shows that the open fin-
gers of pol α and RB69 pol are 21° and 25°, respectively,
rotated from the closed pol δ fingers position (Fig. 3b). This
agrees with the overall relative changes in the fingers previ-
ously noted in pol α and RB69 pol [25, 33]. Thus, the extent
of fingers rotation varies among related B-family enzymes.
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Fingers movement breaks salt bridge joining α-helices
of fingers

Interestingly, in the pol δ systems exhibiting movement
in the fingers, a salt bridge connecting the two helices
of the fingers breaks or, in the case of the R696W
system, is unable to form due to the mutation in the
fingers. As shown in Fig. S3 in the Supporting
Information, this interaction is between Asp680 from
α-helix O and Arg696 from α-helix P. Dissolution of
this interaction permits the independent shifting of the
fingers helices described above. Simultaneously, Arg696
forms a salt bridge to N-terminal residue Glu539, which
remains intact during simulations (Fig. S4 in the
Supporting Information). Since Arg696 is the residue
mutated in the R696W system, complete removal of
both of these salt bridges facilitates opening of the fin-
gers despite the presence of the correct nucleotide in the
active site.

Open state enables support of the primer terminus by both
the fingers and palm

Stacking interactions between the primer terminus and
dNTP as well as coordination to active-site ions help to
anchor the DNA to the active site. To identify the support
network between the protein and active-site DNA that
forms when the dNTP and ions are removed, we exam-
ined interactions among the DNA, fingers, and palm in all
systems. Due to the relative proximity of the fingers and
palm in the closed conformation adopted by the WT-3CA,
WT-3MG, and A699Q systems, hydrogen bonds occa-
sionally form between residues in these domains. More
frequent hydrogen bonding between the fingers and palm
occurs in the WT0, WT-2MG, and R696W systems with
the WT0 and WT-2MG systems showing multiple fingers-
palm interactions due to shifts in α-helix O of the fingers
toward the palm. These hydrogen-bond interactions re-
semble a series of Bgates^ to the active site.
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As shown in Fig. S5 in the Supporting Information, in the
WT0 system, three salt bridge interactions form that involve
catalytic residues: Asp764 and Glu802, as well as fingers res-
idue Lys701, which interacts with the triphosphate group of
dCTP in the closed ternary complex. The gate closest to the
active site joins the primer terminus to Lys701 from α-helix P
of the fingers through a common interaction with Asp764 in
the palm (see interaction in Fig. S5 and distance data in Fig.
S6A,B in the Supporting Information). This fingers-palm-
DNA interaction brings Asn705 in α-helix P of the fingers
closer to the DNA templating base (Template 4), which pro-
vides additional protein/DNA support in the absence of the
dNTP (see Fig. S6C in the Supporting Information). The mid-
dle gate involves both Glu800 and Glu802 from the palmwith
Lys678 in α-helix O of the fingers (see Fig. S5 and distance
data in Fig. S7A,B in the Supporting Information). The out-
ermost gate joins Asp828 in the palm with Arg690 in α-helix
P of the fingers (Figs. S5 and S7C in the Supporting
Information). Together, these gates provide a reinforcing net-
work that serves to secure the DNAwithin the active site.

The WT-2MG system contains the middle and outermost
gates (Fig. S7D-F in the Supporting Information). Differently,
the middle gate consists of two separate salt bridges: Glu802
(palm)–Lys678 (α-helix O of fingers) and Glu800 (palm)–
Arg682 (α-helix O of fingers), instead of both Glu802 and
Glu800 coordinating with Lys678 as occurs in the WT0 sys-
tem. This altered network reflects loss of only metal ion ‘C’ to
the active site.

The R696W system, which exhibits a widening in the dis-
tance between the palm and α-helix P of the fingers, retains a

middle gate only between Glu800 in the palm and Lys678
from α-helix O (Fig. S7G in the Supporting Information).
The presence of the dNTP and ions prevents formation of
the innermost gate and any interaction between the fingers
and Glu802.

Thumb shift causes movement in the DNA primer
strand

In pol δ, the thumb makes several contacts with the DNA
primer strand upstream of the active site (Fig. 1). These inter-
actions remain during simulations of the WT-3MG,WT-3CA,
and A699Q systems. In both the R696W and WT-2MG sys-
tems, a shift occurs in the thumb tip (residues 882:952) while
the thumb base (residues 835:881 and residues 953:985) re-
mains comparatively unchanged. In the R696W system,
movement in the thumb tip follows the opening movement
of the fingers. As shown in Fig. 4a, the thumb tip shifts away
from the DNA in both systems. The thumb shift is larger in the
R696W system than in the WT-2MG system. Specifically, in
both systems, the motion involves a thumb loop between β-
strand 30 and α-helix U shifting away from the phosphate
backbone of the primer strand (Fig. 4a). In the R696W system,
another thumb loop adjacent to the DNA that is closer to the
active site also shifts away from the primer strand (Fig. 4b).
These thumb changes relax the enzyme’s grip on the DNA,
allowing a shift of the primer strand in both systems. Due to
the changes in both thumb loops in the R696W system as well
as the fingers opening, the DNA primer shifting is larger and
involves movement in both the primer strand backbone and
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Fig. 3a,b Characterization of the
opening motion in pol δ’s fingers
domain. a The closed fingers
position in the ternary pol δ
complex (PDB ID: 3IAY, green)
compared with the open positions
in the WT0 (red, at 78.4 ns) and
the R696W mutant (blue, at
67.1 ns) systems. Distances
shown are between the Cα atoms
of exonuclease domain residue
Phe486 and fingers residue
Phe688. The DNA (silver) and
calcium ions (orange) are from
the pol δ ternary complex. b
Magnitude of rotation in pol δ’s
α-helix P of the fingers to the
open position of analogous heli-
ces in RB69 pol (apo form, PDB
ID: 1IH7, purple) and human pol
α (binary complex, PDB ID:
5IUD, orange)
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primer terminus in the active site (Fig. 4b); these changes
disrupt stacking interactions between the primer terminus
and dCTP. In the WT-2MG system, primer strand movement
leads to the fraying of the primer terminus base pair (see
BSustained β-hairpin/DNA template strand interactions cause
base pair fraying^ section). In the hinge region between the
thumb tip and base, residues are closely packed and portions
of the α-helices of the thumb base adjacent to the thumb tip
show some shifting (see positions of residues in Fig. S8 in the
Supporting Information). Together, these changes show that
this downward movement of the thumb facilitates movement
in the primer strand.

Interestingly, a different thumb tip shifting occurs in the
WT0 system, as shown in Fig. 4c. This shift follows the heli-
cal axis of the DNA upstream from the active site, and this
movement of the thumb tip keeps the thumb in close contact
with the DNA primer in contrast to the downward motion
away from the DNA primer observed in the R696W and
WT-2MG systems.

Conformational flexibility of exonuclease domain
β-hairpin permits varied interactions with the DNA

β-Hairpin movement overview

B-family polymerases have a conserved β-hairpin in the exo-
nuclease domain that may have a role in proofreading. In pol
δ, this β-hairpin, formed between β-strands 16 and 17 in the
exonuclease domain, inserts into themajor groove of the DNA
near the active site. The β-hairpin lies adjacent to exonuclease
domain α-helices F and G, which in turn are adjacent to α-
helix P of the fingers (see relative positions in Fig. S9 in the
Supporting Information).

All pol δ systems except the WT-3MG and WT-3CA sys-
tems show significant motion in this β-hairpin (Figs. 5 and 6).
In the WT-3MG and WT-3CA systems, the distance between
the Cα atoms of Ala445 in theβ-hairpin andArg470 inα-helix
F of the exonuclease domain has an average length of ~9 Å
based on the distance data shown in Fig. 6a, b. In the WT0

Fig. 4a–c Movement of thumb with respect to the DNA. a Key shifts in
parts of the thumb tip occurring in the R696W system (protein, blue) and
the WT-2MG system (protein, green) shown after 86.5 ns and 96.6 ns,
respectively, of simulation time. For comparison, the crystal position of
thumb is shown in orange and DNA in pink (PDB ID: 3IAY). Distances
reflect changes from the crystal position. b R696W system changes in
thumb loops (residues 835–843 and residues 893–901 near β-strand 30)

that contact the primer strand and accompanying shifts in the primer-
strand backbone and primer terminus. DNA from the R696W system is
shown in red for comparison with crystal DNA position (pink). c
Different side-ways shift of the thumb tip in the WT0 system (silver
protein shown after 100 ns of simulation time) compared with the crystal
position of the thumb tip
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system, this distance can increase substantially (up to ~17 Å;
Figs. 5 and 6c). In the WT-2MG and A699Q mutant systems,
the β-hairpin is very mobile and the distance between the β-
hairpin and α-helix F in the exonuclease domain sometimes
decreases significantly (see Figs. 5 and 6d, e). In the WT-2MG
system, the distance decreases following shifting of α-helix O
in the fingers towards the palm. In the R696W system, the β-
hairpin moves further away from α-helix F after the fingers
open (compare time of RMSD increase of fingers in Fig. 2f
to β-hairpin distance change in Fig. 6f). In the WT-2MG,
A699Q, and R696W systems, continued change to the β-
hairpin position ceases when the β-hairpin forms new interac-
tions as described in the section BTyr446 in β-hairpin mediates
multiple protein and DNA interactions^.

Tyr446 in β-hairpin mediates multiple protein and DNA
interactions

In the closed form of pol δ, stacking interactions occur be-
tween exonuclease domain residues Tyr446 from the β-

hairpin and Arg470 from α-helix F as shown in Fig. S9 in
the Supporting Information. These interactions persist during
simulations of the WT-3MG andWT-3CA systems, where the
β-hairpin maintains one orientation (see distance data in Fig.
S10A,B in Supporting Information). During simulations of
the other pol δ systems, this stacking interaction breaks when
the β-hairpin begins moving (compare similar distance
change times in Fig. 6c–f and Fig. S10C–F in the
Supporting Information).

In the WT0 system, there is no dNTP in the active site, and
the β-hairpin is highly mobile. During this simulation, Tyr446
sometimes stacks with Arg470 (Fig. S10C in the Supporting
Information), but can also form hydrogen-bond interactions to
the DNA due to changes in the β-hairpin position. This in-
cludes one hydrogen bond to the primer terminus shown in
Fig. S11A in the Supporting Information.

In the WT-2MG system, shifting of the β-hairpin similarly
facilitates a hydrogen bond to form between Tyr446 and the
primer terminus (Fig. S11B in the Supporting Information).
However, a new interaction forms between Tyr446 and

4.0 Å

8.1 Å

13 Å – 17.1 Å

5.6 Å

dCTP

Exonuclease
Domain

X-Ray Crystal Structure
R696W (100 ns)
WT0 (25 ns)
WT-2MG (5.8 ns)
WT-2MG (100 ns)
A699Q  (10.6 ns)

A699Q (35 ns)

Arg470

Ala445

β-hairpin

α-helix F

Fig. 5 Exonuclease β-hairpin
mobility in pol δ systems.
Representative positions of the β-
hairpin are shown from the
R696W, WT0, WT-2MG, and
A699Q simulations to indicate the
range ofβ-hairpin shifting in each
system. For comparison, the X-
ray crystal structure position of
the β-hairpin is shown (PDB ID:
3IAY). Distances are shown be-
tween Cα atoms of Ala445 of the
β-hairpin and Arg470 of α-helix
F. The dCTP is from the X-ray
crystal structure
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Gln469 of α-helix F that hampers further movement of the β-
hairpin (Fig. S11B in the Supporting Information). The inter-
action between these residues is primarily electrostatic in na-
ture and is more energetically favorable than electrostatic in-
teractions occurring between Tyr446 and Arg470 in the WT-
3MG system (Fig. 7a, b).

A similar change in the β-hairpin of the WT-2MG system
occurs in the A699Q system. When the β-hairpin begins
shifting, Tyr446 is repositioned sufficiently close to the primer
terminus to form a hydrogen bond (Fig. S11C in the
Supporting Information). Continued movement of the β-
hairpin facilitates the formation of a hydrogen bond between
Tyr446 and Gln466 in α-helix F (Fig. S11C in Supporting
Information). The strong electrostatic interaction occurring

between Tyr446 and Gln466 restricts movement of the β-
hairpin. The interaction between these residues is greater than
between Tyr446 and Arg470 in the WT-3MG system and
between Tyr446 and Gln469 in the WT-2MG system (Fig. 7).

In the R696W system, when movement of the β-
hairpin occurs after the fingers open, Tyr446-Arg470
stacking interactions weaken and break as shown in Fig.
S10F in the Supporting Information. The stacking inter-
action between Tyr446 and Arg470 is disrupted by
Arg449, another β-hairpin residue which inserts in be-
tween these residues (see Fig. S12 in the Supporting
Information). Tyr446 then stacks with Arg449, which also
stacks with Arg470. This new arrangement serves to push
Tyr446 away from the DNA. No hydrogen bond

Fig. 6a–f Changes in the position of the exonuclease β-hairpin during all
pol δ system simulations. a–f Time evolution of the distance between
protein Cα atoms of exonuclease residues Ala445 (from β-hairpin) and

Arg470 (fromα-helix F) during all trajectories. aWT-3CA, bWT-3MG,
c WT0, d WT-2MG, e A699Q, f R696W
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interaction occurs between Tyr446 and the primer termi-
nus throughout the simulation (Fig. S11D in the
Supporting Information). However, Tyr446 in the shifted
position occasionally forms a hydrogen bond to the
templating guanine nucleotide (Template 4) opposite the
dNTP (Fig. S13 in the Supporting Information).

Sustained β-hairpin/DNA template strand interactions cause
base pair fraying

In addition to the occasional interactions between Tyr446 and
the primer terminus occurring in some systems, exonuclease

domain residues Lys444 and Lys473 frequently form
hydrogen-bond interactions to the DNA close to the active site
in all pol δ systems. Lys444 resides in the same β-hairpin as
Tyr446, while Lys473 is located in the loop betweenα-helices
F and G in the exonuclease domain (see residue positions in
Fig. S9 in the Supporting Information). In all systems, Lys473
forms hydrogen bonds to DNA-primer backbone oxygen
atoms of nucleotides upstream from the active site. Lys444
interacts predominantly with the DNA template strand in all
systems, but hydrogen bonds also occur occasionally to the
primer strand in the WT-2MG and R696W systems. In the
WT-3MG, WT-3CA, WT0, R696W, and A699Q systems,

Fig. 7 Time evolution of electrostatic interaction energy between Tyr446
and aArg470 in theWT-3MG system, bGln469 in theWT-2MG system,
and c Gln466 in the A699Q system. To the right of each energy plot are

snapshots showing the relative positions of these residues from the last
frame of the WT-3MG and A699Q system simulations and after 94 ns of
the WT-2MG system simulation
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Lys444 forms mainly hydrogen bonds to DNA template
strand backbone oxygen atoms. Differently, in the WT-2MG
system, Lys444 makes steady hydrogen-bond interactions
with DNA template bases (see distance data in Fig. 8) that
are facilitated by the new orientation of the β-hairpin. These
interactions include hydrogen bonds between the terminal
amino group of Lys444 and Template 5:N7 and O6 atoms,
which is the template guanine base opposite the primer termi-
nus (Fig. 8a, b). In addition, Lys444’s side chain is within
hydrogen-bond distance of Template 4:N7 and O6 atoms
(Fig. 8c, d). This Bholding^ of the DNA template strand by
Lys444 facilitates the partial breakage of the primer terminus
base pair in the WT-2MG system (Fig. 8e): two of the three
hydrogen bonds connecting Template 5 and the primer termi-
nus break.

A699Q fingers mutation causes repositioning of β-hairpin
position and keeps fingers closed

In the A699Q system, mutated residue Gln699 in the fingers is
situated close to residues of both the exonuclease domain and
the NTD, and causes the side chains of several residues to
reposition as depicted in Fig. S14A in the Supporting
Information. Specifically, the longer, polar side chain of glu-
tamine compared to alanine destabilizes hydrogen-bond inter-
actions between Tyr537 in the NTD and Glu471 in α-helix F
of the exonuclease domain by forming hydrogen-bond inter-
actions to Glu471 (see changes in distances between these
residues in Fig. S15 in the Supporting Information). This
brings about shifting in α-helix F that disrupts the stacking

interaction between Arg470 and Tyr446, and causes the β-
hairpin to shift. Following these changes, Gln699 repositions
between Met540 and Asn536 of the NTD and forms a hydro-
gen bond to the backbone oxygen atom of Asn536 as shown
in Fig. 9a, b. The stability imposed by this orientation of
Gln699 facilitates the return of the Tyr537, Glu471, and
Arg470 to their original closed-state positions and a hydrogen
bond reforms between Tyr537 and Glu471 (Figs. S14B and
S15 in the Supporting Information). The tight fit between
these NTD, exonuclease, and fingers residues shown in Fig.
9c appears to lock α-helix P of the fingers into the closed
position.

Comparison of active-site geometries in pol δ systems

To determine the effect of the above protein and DNA confor-
mational changes on the nucleotidyl transfer reaction cata-
lyzed by pol δ, changes occurring to the active sites of all
systems were examined. Figure 10 shows the relative posi-
tions of the catalytic residues, ions, primer terminus and
dCTP in each system after 100 ns of simulation, and
Supplementary Table S1 in the Supporting Information sum-
marizes the key interatomic active-site distances involving the
dCTP, primer terminus, bound metal ions, and metal-ion co-
ordinating residues. These data reveal variation in the coordi-
nation of calcium compared to magnesium ions in the poly-
merase active site. In all systems, the catalytic ion ‘A’ is coor-
dinated by six atoms. In both the WT-3CA and WT-3MG
systems, these atoms are provided by the primer terminus’
O3′ atom, the dCTP O1α atom, one terminal oxygen of
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Fig. 8a–e Interatomic distances between Lys444 and DNA template
strand nucleotides 4 and 5 in the WT-2MG system. a, b Proximity be-
tween the Lys444 side chain and Template nucleotide 5 (Template 5). c, d
Distance between Lys444 and Template nucleotide 4 (Template 4). e

Hydrogen bond interaction between Lys444 and Template 5, and the
partial breakage of the base pair between Template 5 and the primer
terminus after 100 ns of simulation time
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Asp764, and the oxygen atoms of two water molecules.
Differently, in the WT-3CA system, catalytic ion ‘A’ is also
coordinated by a terminal oxygen of Asp608 while, in the
WT-3MG system, a third water molecule coordinates this
ion. Coordination of metal ion ‘A’ in the WT-2MG system is
similar to the WT-3MG system except that the primer termi-
nus’ O3′ atom alternates with a fourth water molecule.

In all wild-type pol δ systems, the nucleotide-binding ion
‘B’ is coordinated by both the O2β and O3γ atoms of dCTP,
the backbone oxygen atom of Phe609, and one terminal oxy-
gen of both Asp608 and Asp764. Additionally, in the WT-
3CA system, the nucleotide-binding ion is coordinated by
the O1α atom of dCTP. Very infrequently, a water molecule
also coordinates ion ‘B’ in the WT-3MG system.

The coordination of the third metal ion ‘C’ shows the
most variability in the wild-type pol δ systems. In both
the WT-3CA and WT-3MG pol δ systems, this ion is
coordinated by the Oε2 atom of Glu802 and the oxygen
atoms of three water molecules. In the WT-3CA system,
metal ion ‘C’ is also coordinated by both the O1γ and
O3γ atoms of dCTP, although the Oε1 atom of Glu802

briefly substitutes for the O3γ atom of dCTP. Differently,
in the WT-3MG system, this ion is coordinated by a ter-
minal oxygen atom of Asp608 and a fourth water
molecule.

The A699Q system exhibits the same coordination of
all three ions as occurs in the WT-3MG system, but the
R696W system only has identical coordination of metal
ion ‘C’ to the WT-3MG system. In the R696W system,
the coordination of the nucleotide-binding ion ‘B’ is sim-
ilar to the WT-3MG system, but this ion is also coordi-
nated by dCTP:O1γ and a second terminal oxygen of
Asp764 as the fingers open. Coordination of the catalytic
ion ‘A’ in the R696W system also changes depending on
the open and closed conformations adopted by the fingers:
in the closed form, the catalytic ion is coordinated by the
primer terminus’ O3′ atom, and, in the open conforma-
tion, coordination is substituted by the O1γ atom of
dCTP. These ions remain close to the dCTP as the fingers
open, bringing about the separation of the primer terminus
and dCTP as depicted in Fig. S2B in the Supporting
Information.

Fig. 9a–c Interactions between Gln699 in the fingers domain and
residues in the exonuclease domain and the N-terminal domain (NTD).
a, b Position of Gln699 between Met540 and Asn536 of the NTD and
hydrogen-bond interactions between the side chain of Gln699 and

backbone oxygen atom of Asn536. c Intersection of Tyr537, Met540,
Glu471, and Gln699 between α-helix J of the NTD and α-helix P of
the fingers domain
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As indicated by the data in Supplementary Table S1 in
the Supporting Information, the coordination of the metal
ions in the active site leads to the WT-3CA system having
the shortest catalytic distance between the primer termi-
nus’ O3′ atom and the dCTP Pα atom, which form a bond
during the nucleotidyl transfer reaction. Interestingly, the
WT-2MG system, which does not have metal ion ‘C’, has
a longer nucleotidyl transfer distance than the WT-3MG
system and increases to ~4 Å. Both the A699Q system
and the closed form of the R696W system have
nucleotidyl transfer distances similar to the WT-3MG sys-
tem; however, the open conformation of the R696W sys-
tem has a catalytic distance 1.7 times longer than the
closed form since the dCTP moves away from the primer
terminus as the fingers open.

Changes in the distances between metal ions occur
for several nanoseconds in the WT-3CA and R696W
systems. In the WT-3CA system, as movement in the
fingers occurs, the distance between the nucleotide-

binding ion ‘B’ and metal ion ‘C’ increases, which
weakens the coordination of metal ion ‘C’ to the
dCTP O3γ atom and stimulates substitution of this atom
by Glu802:Oε1. In the R696W system, the distance be-
tween the catalytic ion ‘A’ and nucleotide-binding ion
‘B’ decreases as the ions move with the fingers away
from the primer terminus.

As shown in Fig. 10, in the WT0 system that lacks the
incoming nucleotide and ions in the active-site pocket, the
catalytic residues move apart from each other and several
new interactions form to other protein residues. In addition
to the salt-bridge Bgates^ that Asp764 and Glu802 form with
residues in the fingers described above in BOpen state enables
support of the primer terminus by both the fingers and palm^,
Asp608 forms a hydrogen bond to Lys803 of the palm (see
orientation of these residues in Fig. S5 and distance data in
Fig. S16 in the Supporting Information). Similarly, the ab-
sence of metal ion ‘C’ in the WT-2MG system results in
Glu802 forming an interaction with Lys678 of the fingers
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Fig. 10 Organization of the active site in each system after 100 ns of
simulation time. The nucleotidyl transfer distance between the O3′ atom
of the primer terminus and the Pα of the incoming nucleotide is

highlighted in red. The distance between the O3′ atom of the primer
terminus and the catalytic ion is shown in blue. Other dashed lines
represent coordination of atoms to the divalent ions
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described above and Asp608 forming a hydrogen bond to
Lys803 (Fig. 10 and Fig. S16 in the Supporting Information).

Discussion

Elucidating the atomic-level details of pol δ’s mechanism for
nucleotide insertion allows the factors that affect its function
and fidelity to be identified. Analysis of mutant systems with
altered functional properties such as the R696W and A699Q
systems allow additional insights to be garnered regarding
error-prone replication. Our simulations of several pol δ sys-
tems capture many changes occurring in the protein and DNA
as summarized in Table 2. The combined results emphasize
that subtle system changes can lead to a myriad of conforma-
tional adjustments that affect the overall function and fidelity
of pol δ.

A chemically inactive pol δ Bopen^ conformation was
identified from simulations of the WT0 system, which lacks
a dNTP and active-site ions. In this conformation, the fingers
are positioned away from both the DNA and exonuclease
domain to open up the active site while the α-helix O of the
fingers shifts toward the palm, forming a series of salt-bridge
Bgates^ to anchor the primer terminus to the palm and fingers.
The repositioning of the fingers occurs when a salt bridge
between Arg696 and Asp680 that connects α-helices O and
P of the fingers breaks. This movement in the fingers disrupts
interactions with the exonuclease domain, beginning with ad-
jacent α-helices F and G, and, consequently, destabilizing the
β-hairpin. The thumb tip shifts along the DNA away from the
active site to further release restrictions on the active site con-
formation. All catalytic residues form new interactions with
the fingers and palm in the absence of the ions in the active
site. Together, these changes produce a relaxed protein/DNA
complex that is not poised for a chemical reaction.

The closed conformation, modeled by the WT-3MG sys-
tem, has a tightly organized active-site geometry with close
proximity of the correct incoming nucleotide to the primer

terminus and little variation in the positions of the three bound
magnesium ions and coordinating active-site residues. These
factors suggest the closed form creates a chemically compe-
tent state in agreement with the conformational state adopted
in the pol δX-ray crystal structure [26]. A comparison of open
and closed pol δ fingers orientations shown in Fig. 3b reveals
a significant angle of rotation, but one that is smaller com-
pared to structural data of pol α and RB69 pol [25, 33].

The WT-3CA and WT-2MG systems, which differ only in
the species of ion and number of ions from the WT-3MG
system, do not appear as well assembled for chemistry. Both
the WT-3CA and WT-2MG systems show changes to the fin-
gers and the WT-2MG system has increased fingers-palm res-
idue interactions, similar to what occurs in the open state. In
the WT-3CA system, movement in the fingers is associated
with transient repositioning in metal ion ‘C’ to disrupt active-
site ion coordination. This temporary active site disassembly
helps to explain the linkage between calcium ions and pol δ
inactivity [26]. In the WT-2MG system, a lengthening in the
catalytic distance between O3′ and Pα atoms occurs, which
indicates a less-active chemical state that is in agreement with
decreased catalytic efficiency data when metal ion ‘C’ is not
bound [26].

An open conformation is also adopted by the R696W pol δ
mutant, which has reduced polymerase activity [26]. During
the simulation, the fingers rotate to the open conformation and
hydrogen bonding occurs between the fingers and palm. Loss
of the salt bridge between the fingers helices as a result of the
Arg696 mutation to tryptophan facilitates the rearrangement
of the fingers. This open conformation of the R696W pol δ
mutant signals the transition to a chemically inactive state,
since the dCTP and ions move with the fingers away from
the primer terminus and the catalytic O3′-Pα distance substan-
tially elongates.

Surprisingly, simulations of both the WT-2MG and
R696W systems capture a shifting of the thumb away from
the DNA that facilitates shifting of the DNA primer strand.
Loosening of thumb/DNA interactions facilitates changes in

Table 2 Summary of major protein and DNA changes in pol δ systems

System Fingers Thumb β-Hairpin DNA

WT-3MG None None None None

WT-3CA Helix O shifts to and
from palm

None None None

WT0 Fingers open and helix
O moves toward palm

Sideways shift Mobile throughout simulation None

WT-2MG Helix O moves toward palm Shift occurs away
from DNA primer

Change improves
Lys444/DNA interactions

Some primer strand shifting
and primer terminus base pair frays

R696W Fingers open Shift occurs away
from DNA primer after
fingers open

Movement occurs
after fingers open

Primer strand shifts and primer
terminus separates from dNTP

A699Q None None Movement occurs during
part of simulation

None
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DNA position associated with polymerase cycling as well as
switching of the primer strand to the exonuclease domain for
excision of incorrect nucleotides. Interestingly, the same
thumb region shifts in RB69 pol as seen from a comparison
of apo and exonuclease complexes [57]. If pol δ functions
similarly to RB69 pol, this thumb motion may initiate the
transfer of the DNA primer strand to the exonuclease domain
for proofreading. In the RB69 pol system, the thumb shift
produces a more open conformation that is proposed to allow
transfer of the DNA into the exonuclease active site.
Supportingly, the primer terminus base pair frays in the WT-
2MG system and the other conformational changes occurring
in this system indicate a less active polymerization state. Since
the loss of metal ion ‘C’ triggers these changes in the simula-
tion of the WT-2MG system, our results suggest that dissoci-
ation of metal ion ‘C’ may occur prior to switching of the
DNA primer strand to the exonuclease domain for proofread-
ing. Our simulations of the R696W pol δ mutant support a
connection between metal ion ‘C’ and DNA switching since
this ion moves further out of the active site as similar thumb
and DNA changes occur.

Analysis of the residues in the thumb hinge region between
the thumb tip and base suggests cross-interaction that could
impact thumb position. In the pol δ thumb hinge, hydrophobic
residues such as Leu845 and Leu887 (Fig. S8 in the
Supporting Information) are closely packed together. In relat-
ed enzymes, T4 pol and RB69 pol, the analogous residue to
Leu845 in the thumb base is a smaller alanine residue. In T4
pol, mutation of this alanine residue to valine causes an in-
crease in polymerase fidelity [88]. The same effect is proposed
for mutation in RB69 since the bulkier residue would favor the
thumb conformation adopted by exonuclease complexes and
thus would promote proofreading while hampering polymer-
ization activity [25]. Although the leucine residue in pol δ is
larger than both alanine and valine, mutation of this residue to
an even larger residue such as tryptophan would open the
hinge and promote shifting of the thumb tip away from the
primer terminus; in a similar fashion, this would promote exo-
nuclease complex formation and increased proofreading
activity.

Our simulation results suggest that a conserved exonucle-
ase domainβ-hairpin has an active role in pol δ’s proofreading
ability and fidelity. In the event that a mismatch was inserted
by pol δ, the primer strand would unwind from the template
strand and move to the exonuclease active site, where the
incorrect nucleotide would be removed by the polymerase’s
3′-5′ exonuclease activity. In our simulations, repositioning of
the β-hairpin is stimulated by changes to the active site orga-
nization that render it less ready for the chemical reaction.
This is supported by the movement of the β-hairpin in the
systemwithout the incoming nucleotide, theWT-2MG system
that lacks the third ion, and the R696W mutant system when
the fingers open and the active site disassembles. The β-

hairpin shows no substantial movement in wild-type systems
with the correct nucleotide and three metal ions bound to the
active site, which havewell-organized active sites. Differently,
in the A699Q system, β-hairpin movement results from the
mutant Gln699 residue disrupting interactions between
Tyr446 and Arg470, which help secure the β-hairpin position.

Our simulations reveal that specific β-hairpin residues in-
teract with the DNA that can initiate DNA unwinding.
Movement in the β-hairpin allows Tyr446 to come in close
contact with the primer terminus and may serve as a Bsensor^
of active-site conditions needed to determine whether the
DNA primer should switch to the exonuclease active site.
Once Tyr446 has performed its function, it adopts more ener-
getically stable interactions with the exonuclease domain and
movement of the β-hairpin halts. The new orientation of the
β-hairpin in the WT-2MG system enables Lys444 to Bhold^
onto the template base opposite the primer terminus and this
starts to break apart that base pair, revealing a mechanism for
unwinding the primer strand from the template so that it can
enter the exonuclease active site. These β-hairpin/template
strand interactions would keep the DNA associated with the
polymerase while the primer is shuttled from the polymerase
to the exonuclease active site. This proposed function of the
β-hairpin is supported by studies analyzing the analogous β-
hairpin in RB69 pol [64].

Interestingly, yeast pol δ’s Tyr446 in the β-hairpin loop is
conserved in T4 pol (Tyr254) and RB69 pol (Tyr257). At this
position in human pol δ there is a threonine residue (Thr441),
which retains the terminal hydroxyl group of the tyrosine side
chain. Mutation of T4 pol’s Tyr254 brings about significantly
more replication errors [65], which supports a role for the β-
hairpin in the proofreading process. In addition, the flexibility
in β-hairpin position that facilitates changing interactions be-
tween Tyr446 and the DNA captured in our pol δ simulations
is mirrored in several studies of RB69 pol. A structural study
of the exonuclease complex of RB69 pol with DNA contain-
ing a thymine glycol lesion shows the β-hairpin positioned
between the separated template and primer strands with
Tyr257 stacking with an exposed primer-strand base to help
stabilize the position of the primer in the exonuclease active
site [67]. Other RB69 pol editing complex structures with
nonlesioned DNA [57] and with DNA containing an abasic
lesion [89] show different specific interactions between the β-
hairpin and the separated template and primer strands, sug-
gesting that these interactions may vary depending on the
replication context.

The rearrangements occurring in the R696W and A699Q
pol δ mutant systems provide mechanisms for the altered
function and fidelity profiles of these enzymes. Our simula-
tion results suggest that the loss of the Arg696 salt bridge
interactions to the fingers and NTD are the source of the
changes occurring in the R696W mutant. In particular, loss
of the Arg696 (α-helix P)–Asp680 (α-helix O) occurs in all
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systems where the fingers exhibit movement, suggesting that
mutation in either of these residues would impact polymerase
opening-closing movement. Since opening of the fingers sig-
nals a transition to an inactive chemical state, this change
explains the reduced polymerase activity of the R696W mu-
tant. Continued nucleotide insertion would warrant fingers
closing as well as the thumb tip moving back to the DNA
primer. Any possible insertion from the open state would be
less selective for the correct nucleotide, which is another fea-
ture of the R696W mutant. Mismatch complexes of other
polymerases in partially open complexes have already sug-
gested how incorrect nucleotides could be accommodated in
the active site [90, 91]. Although movement of the thumb
away from the DNA implies a transition from polymerase to
editing modes, this may not easily occur in the R696Wmutant
since the orientations of the β-hairpin prevent Tyr446 from
forming interactions with the primer terminus and Lys444
from forming interactions with template strand bases.
Therefore, the R696W enzyme may have a problem transfer-
ring the primer strand to the exonuclease active site for proof-
reading despite the thumb loosening interactions with the
DNA primer. Adding to the inherent fidelity problems of the
R696W mutant, it has also been hypothesized that a lowered
polymerase activity stimulates the production of dNTPs in
cells and that elevated dNTP pool levels promote further
DNA synthesis and extension of mismatched primer termini
by this mutant enzyme [74].

A different scenario emerges from the A699Q pol δmutant
simulations to explain the mutant’s lowered fidelity. The flex-
ibility of the Gln699 side chain destabilizes the position of the
exonuclease domainβ-hairpin, allowing theβ-hairpin to form
even more energetically favorable interactions within the exo-
nuclease domain than occur in the WT-3MG system. This
strong interaction prevents the β-hairpin from shifting. We
propose that limited mobility in the β-hairpin would result
in an impaired ability to check for mismatches and would
hamper proofreading, allowing some insertion errors to go
undetected. Unlike the R696W system, the closed conforma-
tion of the A699Q pol δ mutant is bolstered by interactions
between Gln699 and residues in adjacent α-helix J of the
NTD.We propose that increased support for the closed fingers
conformation would promote nucleotide insertion, potentially
even of mismatches. In agreement with the importance of the
packing interaction between Met540 and Gln699 for strength-
ening the closed fingers position when a dNTP is bound, ex-
perimental studies of theM540A/A699Q double mutant show
that the enzyme’s fidelity is similar to that of wild-type pol δ
[76]. This suggests that removal of the interaction between
Met540 and Gln699 allows the fingers to move between open
and closed conformations as readily as the wild-type polymer-
ase, which allows for greater nucleotide selectivity. In addi-
tion, studies of Y537A and the Y537A/A699Q double mutant
suggest that Tyr537 has a stabilizing role in the polymerase

complex that could be substituted by Gln699 and not Ala699
[76]. This agrees with our simulation results, indicating a sup-
portive role of Tyr537 in maintaining the closed fingers con-
formation. In sum, these factors involving the β-hairpin and
strengthened closed conformation would facilitate increased
numbers of base substitutions and other errors occurring dur-
ing replication, and explain the lowered fidelity of the A699Q
pol δ mutant.

Summary

The combined results of our six pol δ simulations, including
two mutant forms, provide evidence for multiple conforma-
tional changes and specific interactions that contribute to the
function and fidelity of pol δ. In particular, we find that a
rotation in the fingers transitions pol δ from an open- to a
closed-conformational state to produce a well-organized ac-
tive site when the correct nucleotide and three magnesium
ions are bound. The open state also exhibits close ties between
the fingers and palm to secure the primer terminus to the active
site. Loss of metal ion ‘C’ disrupts the assembly of the active
site and stimulates conformational changes in the thumb and a
conserved β-hairpin in the exonuclease domain that facilitate
movement in the DNA primer strand and breakage of the
primer terminus base pair. These rearrangements suggest a
mechanism involving Lys444 and Tyr446 of the β-hairpin
for unwinding the primer strand from the template strand to
transition the primer strand to the exonuclease domain for
editing. Our simulations reveal that any change to the active
site (i.e., in divalent ions and the dNTP) or mutations in the
fingers, bring about conformational changes in the β-hairpin.
In both mutant systems, disruption of the open- to closed-
conformational change process affects proper nucleotide se-
lection. In the A699Q system, interactions involving mutated
residue Gln699 with the NTD and exonuclease domain serve
to support the closed conformation and repositioning of the β-
hairpin away from the DNA implies reduced proofreading
ability. Differently, the R696W pol δ mutant transitions to an
open conformational state while the correct nucleotide and
ions are bound to account for reduced polymerase activity
and lowered nucleotide selectivity. In sum, a delicate balance
of domain motions and specific residue interactions account
for the proper functioning and high fidelity of pol δ.
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