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Engineered DNA polymerases continue to be the workhorses of many applications in biotechnology, medicine
and nanotechnology. However, the dynamic interplay between the enzyme and the DNA remains unclear. In
this study,we performed an extensive replica exchangewith flexible tempering (REFT)molecular dynamics sim-
ulation of the ternary replicating complex of the archaeal family B DNA polymerase from the thermophile
Thermococcus gorgonarius, right before the chemical step. The convoluted dynamics of the enzyme are reducible
to rigid-body motions of six subdomains. Upon binding to the enzyme, the DNA double helix conformation
changes from a twisted state to a partially untwisted state. The twisted state displays strong bending motion,
whereby the DNA oscillates between a straight and a bent conformation. The dynamics of double-stranded
DNA are strongly correlated with rotations of the thumb toward the palm, which suggests an assisting role of
the enzyme during DNA translocation. In the complex, the primer–template duplex displays increased prefer-
ence for the B-DNA conformation at the n − 2 and n − 3 dinucleotide steps. Interactions at the primer 3′ end
indicate that Thr541 and Asp540 are the acceptors of the first proton transfer in the chemical step, whereas in
the translocation step both residues hold the primer 3′ terminus in the vicinity of the priming site, which is cru-
cial for high processivity.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Reproduction of a living cell relies on the replication of its genetic
material. DNA polymerase (pol) enzymes catalyze the faithful replica-
tion of DNA in vivo. Deoxyribonucleotides (dNTP) are attached to the
3′ hydroxyl of a DNA primer strand, which is paired to a complementary
template strand, to form a double-stranded DNA (dsDNA) helix.

All B-family pols share a similar polymerase active site pocket,
the so-called “right hand” fold, which consists of a palm, fingers and
thumb domain. Many also possess a 3′–5′ exonuclease proofreading
domain, two notable exceptions being the eukaryotic pol α and pol ζ.

Archaeal family B pols are attractive tools in molecular biology
methods such as PCR and cloning because of their extreme thermostabil-
ity and high replication fidelity, which is attributed to their intrinsic
proofreading activity [1]. Archaeal family B pols have been successfully
engineered tomake them receptive to various synthetic nucleic acid sub-
strates, containing modifications in the bases as well as in the sugar-
phosphate backbone [2]. Recent examples are the synthesis of DNA
Modeling, Ghent University,
l.: +32 9 264 66 37.
rs),
bben@chem.kuleuven.be
lemans).

ights reserved.
from nucleoside triphosphate analogs containing phosphoramidates as
pyrophosphate mimetics [3], and the synthesis and replication of DNA-
based polymers using fluorescent dye-labeled dC bases [4].

Rational design of polymerases for improved or altered activities re-
quires detailed knowledge of their functional dynamics and the specific
protein–substrate interactions. To this end, molecular dynamics (MD)
simulation can complement experimental data by providing insight
into the dynamics at atomic resolution. To date however, conventional
MD simulation is unable to fully capture the complex, long-time,
large-scale conformational changes that take place during catalysis.

In cases where X-ray crystal structures at different states of the cat-
alytic cycle are available, transition pathways can be generated with bi-
asedMDmethods that drive the system from the initial state toward the
final state along predefined coordinates. Radhakrishnan and Schlick [5]
used targeted MD to generate an initial path along the transition be-
tween the open and closed states of the pol β ternary complex, after
binding of the incoming dNTP. Analysis of the generated pathway led
to the identification of four metastable transition state regions, which
were used as start and end regions formultiple transition path sampling
runs. Golosov et al. [6] focused on the translocation step after the chem-
ical incorporation step in pol I. Here, restricted perturbation targeted
MD was used to drive the translocation of the primer–template DNA.
Da et al. [7] used steeredMD to generate initial pathways for pyrophos-
phate (PPi) release in RNA polymerase II. Next, selected conformations
along these pathways were used as starting points for 122 6-ns unbi-
ased MD trajectories, which in turn were used to construct a Markov
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state model to simulate the PPi release process along the secondary
channel.

To date however, a crystal structure of the replicating complex of an
archaeal family B pol has not yet been reported. Even less is known
about the structural dynamics of the replicating complex, which are
essential for its function. Furthermore, conformational states of flexible
proteins in solution cannot be fully described by a single experimental
structure in the crystalline state. On the other hand, extensive
Boltzmann-weighted conformational state ensembles contain detailed
information of the important interactions as well as the global motions,
whichprovide direct evidence of the transition pathways in anunbiased
way.

In this report, to investigate the dynamics upon DNA and nucleotide
substrate binding, and to gain insight into the polymerase reaction
mechanism,we applied the replica exchange (RE)with flexible temper-
ing (REFT) method to Thermococcus gorgonarius (Tgo) pol complexed
with primer–template DNA and dTTP in explicit solvent, right before
the primer extension. The starting structure for this simulation was
obtained by modeling the primer–template DNA and dTTP into the
polymerase active site of the apo-protein. The dynamics were analyzed
by principal component analysis (PCA) and compared with the dynam-
ics from a set of X-ray structures of Tgo pol close analogs, with a set of
bacteriophage RB69 (gp43) pol X-ray structures, andwith anMD simu-
lation of the unbound dsDNA in solution.

2. Methods

2.1. Construction of the ternary complex

The initial coordinates were taken from the X-ray crystal structure of
Tgo pol (PDB ID: 1tgo) [8]. The flexible C-terminal tail, comprising resi-
dues 751–773, was removed. Primer–template DNA, dTTP and three
polymerase active-site Ca2+ ions from the RB69 pol replicating complex
X-ray crystal structure [9] (PDB ID: 1ig9)were added by structural align-
ment of the RB69 pol and Tgo pol palm domains. The Ca2+ ions were re-
placed by Mg2+. Steric clashes between the DNA and the protein were
alleviated by alternative side chain rotamers. Side chains of residues di-
rectly interacting with the Mg2+ ions (Asp404, Asp542, Glu580) were
rotated to align with the corresponding 1ig9 side chains. The dideoxy-C
at the 3′ terminus was converted into dC by adding the 3′-hydroxyl
group to this nucleotide. To reduce system size and to avoid possible de-
naturation at high temperature, the primer and template strands were
shortened and linked together using the X-ray crystal structure of Tgo
pol (PDB ID: 2vwj) [10] as a template. The final self-hybridized DNA
23-mer sequence, 5′-d(ACAGGTAAGCCTTTTGGCTTACC)-3′, consists of
8 base pairs, which are connected by a 4-nucleotide hairpin loop
(bold), and has a 3-nucleotide 5′ template extension (underlined).

2.2. MD simulation setup

The ternary complexwas neutralized with Na+ ions, and solvated in
a dodecahedral box with 35,559 water molecules. For the simulation of
the unbound dsDNA, the 5′-overhang was removed. Na+ counter ions
and 6492 water molecules were added in a periodic dodecahedral
box. Molecular dynamics (MD) simulations were performed using a
modified version of the open-source GROMACS 4.0 software package
[11], which allows for Hamiltonian and temperature exchanges be-
tween replicas. The AMBER ff99SBildn [12] and ff99bsc0 [13] forcefields
were used for the protein and the DNA, respectively. Force field param-
eters for dTTP were adapted from dT, using the phosphate parameters
fromATP [14]. Long-range electrostatics were computedwith the parti-
cle mesh Ewald method. The non-bonded cutoff was set to 1.0 nm. A
Fourier spacing of 0.16 nm was used. All covalent bonds were
constrained using P-LINCS. The integration time step was 2 fs. The
neighbor list was updated every 10 steps. The temperature was con-
trolled by the velocity rescaling thermostat. After a steepest descent
minimization of 50,000 steps, the systemwas heated to 300 K with po-
sition restraints and equilibrated for 2 ns.

2.3. Replica exchange with flexible tempering

The REFT method [15] is a combination of Hamiltonian and temper-
ature replica exchangemolecular dynamics, an extension of the REwith
solute tempering (REST)method [16]. In REST, the solvent molecules in
the high-temperature replicas are effectively kept in a low-temperature
state. Although REST is an improvement over conventional RE in that
much less replicas are required to obtain similar exchange probabilities,
it suffers from a decoupling between the high (unfolded) and low
(folded) temperature replicas. This decoupling is due to the slow
refolding process, which is necessary to travel from the high tempera-
ture to the low temperature replicas [17]. In REFT, the set of atoms in
this cold state is extended to include the rigid domains of the protein.
REFT has the advantage that much less replicas are required for a
given temperature range, because only the flexible parts of the solute
are effectively heated up. Moreover, as the solute maintains a native-
like conformation even at high temperatures, the rate of replicas cross-
ing the entire temperature range is greatly enhanced, yielding substan-
tially improved sampling efficiency [15]. A detailed description of REFT
and analysis of its performance can be found in our previous work [15].
Generally, all atoms of the system are categorized as either “hot” (h) or
“cold” (c). The total energy E0 is defined by the interactions between the
hot and cold atoms:

E0 ¼ Eh−h þ Ec−c þ Eh−c: ð1Þ

Each replica i uses a potential energy function that is dependent on
the system temperature:

Ei ¼ Eh−h þ β0=βið ÞEc−c þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
β0=βi

p
Eh−c ð2Þ

where β = 1/kBT. In REFT, the flexible atoms of the solute are treated as
“hot”, while the solvent and rigid parts of the system are “cold”.

In the ternary complex, rigid and flexible protein atoms were
determined using FIRST [18] with a constraint cutoff energy of
−1.2 kcal mol−1. This cutoff energy yielded 13 rigid domains, com-
prising 30% of all protein atoms. The DNA and dTTP atomswere treated
as “cold”. In our REFT MD simulation, 25 replicas were used. Replica
temperatures ranged between 350 K and 500 K. The lowest replica
temperature (350 K) corresponds to the midpoint of the Tgo growth
range [8]. Pairwise exchanges were attempted every 1 ps, and accep-
tance rates ranged between 0.14 and 0.16. Starting coordinates for
REFT were sampled from a 2 ns MD simulation at 500 K with corre-
sponding potential function. The total REFT simulation time was
420 ns per replica. As shown in Figs. S1 and S2 (supplementary
information), frequent temperature crossing is observed between the
high and low temperature replicas. The last 360 ns of the lowest tem-
perature replica were used for averages and PCA analysis.

2.4. Homology modeling

Homology modeling was performed with Nest [19], a program that
is capable of generating homology models from multiple reference
structures. Tgo pol models of Tgo pol analogs were generated from
two reference structures. The Tgo pol analog was used as the primary
reference. Tgo pol was used as the secondary reference in regions
where the sequences could not be aligned, and in regions where Tgo
pol analog has missing backbone coordinates.

2.5. Analysis

The following cutoff criteria for H-bondswere used: donor–acceptor
distance ≤ 0.35 nm, acceptor–hydrogen–donor angle ≤ 30°. For salt



Fig. 1. Upper: crystal structure of Tgo pol (1tgo), with primer–template DNA (cyan) and
incoming dTTP nucleotide (sticks)modeled into the polymerase active site. Lower: crystal
structure of the RB69 pol replicating conformation (1ig9), without the DNA/dTTP sub-
strates. Coloring of the protein structural domains is similar to Ref. [8]: N-term (yellow),
exo (red), interdomain (orange), palm (magenta), fingers (blue), thumb1 (dark green),
thumb2 (light green).
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bridges, only the distance cutoff was used. For the analysis of DNA pa-
rameters, 8 base pairs were used starting at the 3′ primer end. DNA
axis bending angles were computed with the program Curves+ [20].
The structural parameters zP, slide and χ were calculated with 3DNA
(v2.0) [21]. PCA analysis was performed on and after fitting the protein
Cα atoms to those of the modeled complex. Protein domains and hinge
axes were determined from the PCA eigenvector motions with the
program DynDom [22], setting the window length and minimum
domain size to 3 and 28, respectively. The numbering of α-helices and
β-strands in Tgo pol was adopted from Hopfner et al. [8]. Reported sta-
tistical errors were calculated using the Gromacs g_analyze block aver-
aging tool.

3. Results

The initial ternary replicating complexwas constructed from 1tgo, an
apo Tgo pol crystal structure in a closed conformation [8]. In the ternary
replicating complex, the complex is expected to be also in a closed con-
formation. We thus anticipate that an extended REFT simulation will re-
veal if the closed 1tgo conformation is representative for the polymerase
mode, or if the enzyme and the primer–template DNA further adapt to
accommodate each other and to optimize the intra- and intermolecular
interactions.

3.1. Overall structure of the replicating complex

The overall structure of Tgo pol is folded into five distinct domains [8]
(Fig. 1): the N-terminal domain (N-term, residues 1–130), the 3′–5′ exo-
nuclease domain (exo, 131–326), the palm (369–449 and 500–585), the
fingers (450–499), the thumb (586–773), and a helical interdomain link-
er which connects the exo and palm domains (interdomain, 327–368).
The thumb is subdivided into the thumb base (thumb1, 586–655 and
728–773) and the thumb tip (thumb2, 656–727).

In the ternary complex at 350 K, Tgo pol maintains its overall
fold throughout the simulation. The total protein conformation stays
within 0.45 nm Cα root mean square deviation (rmsd) from the mini-
mized X-ray structure. The major domains and most X-ray secondary
structure elements are preserved. The eight dsDNA primer–template
Watson–Crick base pairs remain largely intact.

Interactions of the Mg2+ ions with the protein and incoming nucle-
otide are generally analogous to the RB69 pol crystal structure. The av-
erage coordination number of the three Mg2+ ions is around five. MGA
is coordinatedwith twowater molecules, the dTTPα and γ phosphates,
and the Asp542 sidechain. MGB is coordinated with the β and γ phos-
phates, the Asp404 and Asp542 sidechains, and partially with the
Phe405 carbonyl (67%) and one water molecule (43%). MGB is coordi-
nated with three water molecules and with the Asp404 and Glu580
side chains.

3.2. Flexibility of the replicating complex

Analysis of the Cα root mean square fluctuation (rmsf) shows that
the most flexible parts of the protein are located in the exo and
thumb2 domains (Fig. 2A). Notable flexible regions in the exo domain
are seen at the interfacewith thumb2: helix H + loopαΗ–αΙ (residues
291–304), and loop β10–β11 (148–152), and in the β-hairpin motif
(245–246), which acts as awedge between the primer and the template
in the editing complex [23]. Four flexible loops make close contact with
the dsDNA, three of which are located in the thumb: loop αM–β16
(379–381), loop β24–β25 (610–613), loop β26–αU (672–677), and
loop β27–β28 (707–712). The rmsf of the dsDNA backbone C3′ atoms
with respect to the protein is lowest at the primer n − 2 and n − 3
sites, and increases with the distance from the polymerase active site
(Fig. 2B).

The structural parameter zP has been reported as the best discrimi-
nator to distinguish B-DNA (b0.5), A-DNA (N1.5), and conformational
intermediates along the B to A transition pathway (AB-DNA) [24]. The
zP parameter is defined as the mean of z-coordinates of the four back-
bone phosphorus atoms with respect to a dimer reference frame. In
Fig. 3, the average zP at each dinucleotide step is compared between
the enzyme-bound and a 200 ns MD simulation of free unbound
dsDNA. In the free dsDNA, the highest degree of B-DNA is found at the
midpoint of the chain (n − 4 to n − 5). Deviations from symmetry
are due to the asymmetric DNA sequence and the presence of the hair-
pin loop. The tendency of the complex to adopt a B-DNA conformation is
highest at the n − 2 to n − 3 step, and significantly higher than that of
the free dsDNA. The same trend (albeit less pronounced) is observed
with the slide and χ parameters (Fig. S3). On the other hand, at longer
distances from the catalytic center, the propensity for a B-DNA confor-
mation ismuch lower. This tendency for A-DNA coincideswith awiden-
ing of minor groove (Fig. S4). The increased groove width is stabilized
by strong interaction with loop β24–β25 (610–613); the hydrophobic
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Lys592 and the P(n − 2) and T(n − 3) bases.
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Val611 sidechain is located inside the minor groove, while Arg612 and
Arg613 form salt bridges with the template and primer phosphates, re-
spectively. At steps n − 6 to n − 8, the average zP value corresponds to
an intermediate AB-DNA conformation.

The high preference for the B-DNA conformation at the n − 2 to
n − 3 and n − 3 to n − 4 steps is due to strong electrostatic interac-
tions with the enzyme. In the RB69 pol replicating complex, the con-
served KKRY motif (K591KKY in Tgo pol) has been suggested to
stabilize the B-DNA conformation [9]. In our Tgo pol solution ensemble,
in addition to the KKKYmotif, several residues located in the exo, palm
and thumb provide additional stabilization of the DNA backbone in
the n − 2 to n − 4 region (Tables S1 and S2). Of special notice is the
H-bond network involving the highly conserved Gly607 (Fig. 4).
Gly607 is H-bonded via its amide N\H with the primer n − 2
1
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Fig. 3. dsDNA zP values taken as an average and standard error over the simulation as a
function of the dinucleotide step in the complex and in the unbound state. The region
with intermediate AB-DNA conformation is shown in gray.
phosphate and via its carbonyl oxygen with the Lys593 side-chain,
which in turn forms a salt bridge with the template n − 6 phosphate.
This H-bondnetwork stabilizes the narrowminor groove,which is char-
acteristic for B-DNA.

The single-stranded DNA (ssDNA), at the 5′ extension of the tem-
plate strand, is very mobile; its conformational ensemble is divided
between an extended state, where it is located in the template strand
binding region, and a curled state, where it is folded onto the dsDNA.
This high ssDNA mobility is explained by the short length (3 nucleo-
tides) of the single-stranded template extension, and the missing phos-
phate at the template 5′ end.
3.3. Global dynamics in solution

We analyzed the global protein dynamics by PCA, using the Cα
atoms of the residues in the α-helices and β-sheets, excluding two
small helices with high mobility (residues 292–300 and 374–377).
Prior to the PCA, all snapshots were fitted onto the X-ray structure
using the same Cα atoms. The purpose of this coordinate subset was
to obtain a clear view of the rigid domainmotions, free from the dynam-
ics of the flexible loops, tails and side chains. The first five PCA eigenvec-
tors account for a summed variance of 6.0 nm2 out of a total variance of
9.3 nm2 (Fig. S5A). Each eigenvector mode is characterized by rotating
domains and hinge axes with the Dyndom program (Fig. 5). Movies
S1 to S5 of the motions along the eigenvectors are provided in supple-
mentary material. The projections of theMD trajectory onto the protein
eigenvectors are shown in Fig. S6.

Thefirst three eigenvectormodes involve a rotation of the thumb to-
ward the palm, effectively wrapping around the dsDNA, but with differ-
ent positions and orientations of the rotation axes (Fig. 5). In mode 1,
the thumb rotates sideways relative to the palm about the axis with a
blue arrow head. Simultaneously, a second axis (yellow arrow head)
divides the N-term into 2 sub-domains: N-term1 (residues 1–31 and
119–130) and N-term2 (37–118). N-term2 rotates relative to the exo,
N-term1 and fingers domains, which in turn rotate relative to the
palm about the third axis (green arrow head). In the second mode, the



Fig. 5.DynDomanalysis of the first five PCAmodes from the REFTMD simulation of Tgo pol. The proteinα-helices and β-sheets plus the DNA backbone are shown in the same orientation
as Fig. 1, except for mode 4. Independently rotating domains are colored red, green, blue and orange. Hinge residues are colored gray. The hinge axes, which define the rotation between
two independent domains, are indicated by arrows; the colors of the shaft and head correspond with the rotating domains.
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thumb rotates toward helix Q of the palm, while at the same time the
exo rotates away from the thumb. Mode 3 represents a thumb rotation
away from the exo domain and toward the dTTP nucleotide.

In mode 4, the fingers domain rotates toward/away from the palm
with a maximum rotation angle of 40°. Interestingly, during this rota-
tion, helix P remains bound to helix I of the helical interdomain, with
helix O making the largest spatial displacement. This is evidenced by
the position of the hinge axis, which runs along the interface between
helices P and I. Important fingers–interdomain interactions are the salt
bridges Arg482–Glu332 and Lys477–Glu325, and a large hydrophobic
cluster (interdomain residues 328, 329, 333, 336, 337, 354, 356, and fin-
gers residues 481, 486, 488, 489). In addition, no net change of mode 4
was observed upon formation of the complex. Rather, the fingers hinge
rotation angle fluctuates around the X-ray starting conformation
(Fig. S6),whichhighlights thedynamic nature of thismode.Mode 5 cor-
responds to an opening-closing motion of the thumb and the palm rel-
ative to the N-term, exo and fingers domains. This mode resembles the
opening-closing mode between the apo and binary editing complexes
seen in the archaea crystal structures (see below).

The fingers domain plays an important role in recognition of the in-
coming nucleotide. Kinetic studies of DNA polymerization by Sulfolobus
solfataricus P2 pol B1 at 37 °C have revealed a rate-limiting conforma-
tional change which precedes the chemical step [25]. The nature of
this conformational change is still unknown. Based on crystal structures,
Franklin et al. [9] have proposed the closing of the fingers toward the
palm, which is required for optimal interaction with the nucleotide, as
the rate-determining step in RB69 pol. On the other hand, Brown and
Suo [25] have argued that the fingers motion may be too fast to be
rate-limiting, which is the case for at least two family A DNA polymer-
ases. Both seemingly opposing views may be reconciled if we consider
that the fingers domain rotates at two different timescales. A fast, oscil-
lating rotation of helix O is described by mode 4. Helix P, which accom-
modates the key dNTP-interacting residues, remains relatively inactive
in this mode. On the other hand, mode 1 (and to a lesser extent, mode
5) establishes slow and likely rate-determining relaxation of three
domains, fingers, exo and N-term, which collectively rotate toward
the catalytic palm domain. This slow motion includes both helices O
and P. Although PCA analysis does not directly provide information on
the kinetics, an indication for the timescale difference can be incurred
from the probability distributions. Mode 1 shows two clearly separated
peaks in the distribution, (Fig. S6). A bimodal distribution indicates the
presence of a barrier of activation, and thus slow kinetics. Mode 4, on
the other hand, displays a more unimodal distribution (Fig. S6).

Likewise, we performed a PCA on the global dsDNA dynamics using
the deoxyribose C3′ atoms of the eight base pairs. Two eigenvectors
dominate the motions of the dsDNA. The first eigenvector describes a
twisting motion during the first half of the simulation. Here, the
dsDNA transforms from a twisted state to a partially untwisted state
(Figs. 6A and S7). This transformation coincides with the rotation of
thumb2 toward the palm domain, making strong interactions with the
minor groove (Figs. S8A and S9A, B). This mode correlates well with
protein MD mode 2 (Pearson correlation coefficient R = −0.65). The
motion along the twisting vector is also highly correlated with the
minor groove widths of dinucleotide steps n − 4 to n − 7 (R ranges
between −0.82 and −0.91). In the untwisted state (second half of
the simulation), eigenvector 2 traces strong bendingmotion of the heli-
cal axis (Fig. 6B). Two distinct conformational states are present along
this vector. The dominant state has a straight helical axis. In the less
populated state, the dinucleotide sites n − 6 to n − 8 are bent away
from the thumb domain, toward the n − 1 to n − 5 sites. This bending
mode corresponds with a rotation of thumb1 toward the palm
(Fig. S8B), and correlates with protein MD modes 1 (R = 0.68) and 3
(R = −0.69). The absence of this bending motion in the twisted state
indicates that partial untwisting facilitates bending of the DNA double
strand.

Comparison with the free dsDNA dynamics clearly shows that the
untwisted states are stabilized by the presence of the polymerase en-
zyme (Fig. S10). Although in the free dsDNA the untwisted states are
sporadically sampled, the dominant conformation corresponds with
the twisted state.



A

B

Fig. 6. Extremes along the (A) first and (B) second dsDNA eigenvectors overlayed onto the
Tgo pol starting structure. The dsDNA C3′ backbone atoms are shown as black and gray
tubes.

Table 1
Normalized PCA eigenvector overlaps of the REFT MD simulation and the X-ray crystal
structures.

MD

Vector 1 Vector 2 Vector 3 Vector 4 Vector 5

X-ray Vector 1 0.27 0.14 0.00 0.02 0.33
Vector 2 0.05 0.07 0.38 0.03 0.11
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3.4. Global dynamics from archaea pol crystal structures

Comparison of the X-ray structures of Tgo pol and close archaeal pol
analogs provides experimental evidence for the global dynamics of this
group of proteins. A set of 11 X-ray structures were selected, which
share ≥80% sequence identity with Tgo pol: 2 binary complexes in
editing mode (PDB IDs: 2xhb and 2vwj) and 9 apo enzyme structures
(PDB IDs: 1tgo, 2vwk, 1qht, 2jgu, 3a2f, 1wn7, 1wns, 1d5a, 1qqc and
1s5j). Performing a PCA of these analogs requires selecting an equal
number of equivalent Cα atoms in all structures. To accomplish this,
the analogs were mutated to Tgo pol by homology modeling. The PCA
of the X-ray structureswas done independently from theMDsnapshots,
and gives the best eigenvectors for the whole set.

In contrast to the PCA obtained from the MD data, just a few eigen-
vectors are required to describe the essential dynamics of the ensemble
of X-ray structures (Fig. S5B). The two first eigenvectors combined ac-
count for a variance of 24.3 nm2 out of a total variance of 26.9 nm2.
The reduced number of essential eigenvectors can be explained the
limited number of low-temperature minimum energy conformations,
and by the lack of replicating complexes in the set. Overlaps of the
X-ray eigenvectors with those from MD provide an estimate of how
well the X-ray modes are represented in MD and vice versa. As
shown in Table 1, X-ray eigenvectors 1 and 2 overlap well with the
subspace of the first five MD eigenvectors, although there is no
clear one-to-one correspondence. X-ray eigenvector 1 has the highest
overlap with MD eigenvectors 1 and 5; X-ray eigenvector 2 overlaps
best with MD eigenvector 3.

The first X-ray PCA mode, with a variance of 21.5 nm2 out of a
summed total of 26.9 nm2, reveals a rigid-body opening-closingmotion
of the thumb and a large part of the palm relative to theN-term, exo and
fingers domains (Fig. 7A). The domain assignment in this mode is sim-
ilar to MD mode 5, but the hinge axis is rotated by 41°. The hinge axis
runs through the middle of palm helix Q and the root of fingers helix
O. Extremely closed conformations are seen in the binary editing com-
plexes. In the editing complexes, the overall shape of the protein
matches a giant helix, with the exo and thumb domains interacting
sideways with each other. Most apo structures adopt a very open con-
formation with a large frontal exo–thumb distance. The second mode
(variance = 2.7 nm2) involves a rotation of the thumb relative to the
rest of the protein (Fig. 7A). Here the thumb rotates sideways toward/
away from the exo, with the hinge axis perpendicular to the hinge
axis of mode 1. This mode resembles MD mode 3, but the hinge axis is
rotated by 29°. Two Tgo pol structures (1tgo and 2vwk) have a remark-
ably small sideways thumb–exo distance. In 1tgo and 2vwk, the thumb
tip and exo domains make close frontal interactions, giving rise to a
donut-like overall shape. In this thumb–exo arrangement, the thumb
blocks access to the 3′–5′ exonuclease site. Both 1tgo and 2vwk have
been crystallized in a solution with a high salt concentration (2 M am-
monium sulfate), which may be the cause of their unusual closed con-
formation [8].

The projection of the MD snapshots onto the first two X-ray eigen-
vectors is represented by the red dots in Fig. 7A. In this conformational
subspace, the protein samples a region that is located mostly above the
1tgo starting conformation, and includes 1d5a and the DNA sliding
clamp complex (3a2f). The extremely closed and opened structures
are not sampled, which suggests that the Tgo pol dynamics along the
X-ray eigenvectors are strongly restrained by the presence of the DNA
and dTTP substrates.

3.5. Global dynamics from RB69 pol crystal structures

The set of available archaeal pol X-ray structures lacks structures
complexed with primer–template DNA in the polymerase mode, and
does not fully capture the dynamics of the replicating complex. By con-
trast, many replicating complexes are available for RB69 pol. The topol-
ogy of RB69 pol is very similar to Tgo pol (Fig. 1), despite a low sequence
identity (17%). To compare the dynamics of the thermophilic Tgo pol
with the mesophilic RB69 pol, a set of 27 RB69 pol X-ray structures
was analyzed, containing 16 ternary replicating complexes, 6 binary
complexes with the DNA bound in the polymerase active site, 4 apo en-
zymes and one binary editing complex. The PCA of this set was based
on the Cα atoms of residues 1–888. The first and dominant mode
(variance = 67.7 nm2 out of 75.7 nm2 in total) separates the replicat-
ing complexes from all other structures. This mode can be described
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by a rigid domain rotation of thefingers (Fig. 7B). In the replicating com-
plexes, thefingers domain is rotated toward thepalm tomake strong in-
teractions with the incoming nucleotide. The maximum rotation angle
is 42°, similar to mode 4 of the Tgo pol MD PCA. However, in contrast
to Tgo pol, the hinge axis is oriented perpendicular to the long axis of
the fingers, which shows that the fingers rotation is not restrained by
the nearby N-term or exo domains. In addition, in RB69 pol the fingers
domain is much longer. Both factors contribute to a much larger dis-
placement of the fingers relative to the Tgo pol MD.

The second mode (variance = 3.2 nm2) is a concerted rotation of
exo and thumb2, both moving in opposite directions relative to palm,
N-term and fingers (Fig. 7B). This mode separates the binary
polymerase-type complexes from the apo enzymes and the editing
complex. In the former group of structures, thumb2 is rotated toward
the palm and wrapped around the dsDNA, whereas in the latter
group, the exo is rotated toward the palm. Thus, upon binding of the
primer–template DNA and the incoming nucleotide, both the fingers
(mode 1) and thumb2 (mode 2) rotate toward the palm to make close
contact with the dsDNA and the nucleotide, respectively. While this re-
sult is similar to the solution dynamics of Tgo pol, here the motions of
the fingers and thumb are much more localized and independent from
the rest of the protein.
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Fig. 8. Close-up view of the polymerase catalytic center. Two important conformational
states are shown. (A) At a close primer O3′–Mg A distance, the system is ready for the
first proton transfer reaction from the primer 3′ hydroxyl to the Thr541 side chain,
which in turndonates a proton to Asp540. (B)When located at ~0.6 nm fromMgA, strong
H-bonds with both Asp540 and Thr541 keep the primer O3′ in the vicinity of the reaction
center. The blue and red dashed lines indicate H-bonds with the DNA and the incoming
dTTP; the black dashed lines indicate electrostatic interactions with the Mg ions.
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3.6. Protein–DNA interactions

Strong electrostatic interactions keep the dsDNA tightly bound to
the palm and thumb domains. The average number of salt bridges
between the dsDNA phosphate groups and cationic side chains in-
creases to about 18 (Fig. S9C). A list of the most important DNA
phosphate - protein salt bridge interactions is given in Table S3 (supple-
mentary material). Remarkably, most cationic side chains make salt
bridge interactions with two or more adjacent DNA phosphate groups,
and many of these interactions are co-occurring. This finding may
have important implications for DNA replication. The rate of DNA repli-
cation depends on the processivity aswell as the pol-DNA binding affin-
ity. The data in Table S1 suggest that the cationic side chains readily
exchange salt bridge interactions with neighboring phosphate groups,
thus facilitating fast DNA translocation while at the same time keeping
the DNA tightly bound to the protein.

The highly conserved Lys592 side chain, located inside the
minor groove, forms a remarkable H-bond with two DNA bases. A
strong H-bond is formed with atom O2 of the primer base dC at the
n − 2 position (71%). An additional H-bond or salt bridge is present be-
tween Lys592 and either atom O2 of the template base dC at the n − 3
position (39%), or Asp540 (18%), which helps keep the position of the
Lys592 side chain, and thus the DNA is fixed (Fig. 8A). Lys592 is equiv-
alent to Lys706 of RB69 pol, which is similarly H-bondedwith the n − 2
primer base and Asp621, but not with the n − 3 template base [9].
Lys706 and Asp621 of RB69 pol have been suggested to act as a sensor
to detect wrongly incorporated nucleotides [9]. The extra H-bond be-
tween Lys592 and the n − 3 template base may provide additional sta-
bility and error sensitivity in Tgo pol.

3.7. The polymerase reaction and interactionswith the incoming nucleotide

The incoming dTTP nucleotide triphosphate remains tightly bound
to the catalytic Mg2+ ions in the polymerase active site. An additional,
stable double H-bond is formed between the γ phosphate and Ser407
(Fig. 8A). Pi-stacking of the dTTP base with the primer 3′ terminal
base is conserved throughout the simulation. However, base pairing be-
tween the dTTP base and its corresponding template base is frequently
partially (70%) or completely (46%) broken. The dTTP phosphates make
strong electrostatic interactions with helix P of the fingers. Asn491 is
permanently H-bonded with the α phosphate, whereas Lys487 makes
H-bonds with one or two of the three phosphates during the whole
trajectory (Fig. 8). Lys487 is equivalent to Lys560 in RB69 pol, which is
H-bondedwith the dTTP triphosphate [9] andwhich has been identified
as the general acid for protonation of the pyrophosphate leaving group
during the second proton transfer of the polymerase reaction [26]. A
possible alternative proton donor candidate is Arg460 in helix O of the
fingers, which, although less strongly H-bonded with the β and/or γ
phosphate (15%), is correlated with the opening-closing motion of the
fingers domain.

Much less is known from literature about the proton acceptor in the
first proton transfer, which is required to activate the O3′ atom of the
primer 3′ terminus for nucleophilic attack on the dTTP Pα atom. The
generally accepted catalytic role ofMg A is to lower the pKa of the prim-
er 3′ hydroxyl to facilitate the initial proton transfer [27]. In the initial
minimized ternary complex, the O3′ atom is at 0.20 nm distance from
Mg A. However, during the simulation, O3′ only sporadically (0.8%) ap-
proaches Mg A below a 0.35 nm distance. Instead, the 3′ hydroxyl is a
strongH-bond donor to the Asp540 carboxylate (56%) and a H-bond ac-
ceptor for the Thr541 hydroxyl (51%). In this doubly H-bonded state
(41%), the average O3′–MgA distance is 0.60 nm, yet the pi-stacking in-
teraction between the primer 3′ base and dTTP remains intact (Fig. 8B).
In conformations where a close interaction between O3′ and Mg A is
present, the only candidate proton acceptor is the Thr541 hydroxyl,
which itself is a H-bond donor to Asp540, which in turn forms a salt
bridge with Lys592 (Fig. 8A). Thus, the MD data suggest a dual role for
the Asp540–Thr541 duo. At close O3′–Mg A distance, a proton cascade
starts from the primer 3′ hydroxyl to the Thr541 hydroxyl, which itself
donates its proton to the Asp540 carboxylate. At about 0.6 nm distance,
during the translocation step, strong H-bonds with Asp540 and Thr541
keep the primer 3′ hydroxyl in the vicinity of the catalytic center, while
still allowing infrequent close O3′–Mg A encounters, which are neces-
sary for the initial proton transfer. Thus, in addition to the role of
Asp540 in the mismatch sensing mechanism [9], a leading role seems
to be reserved for Asp540 and Thr541 as proton acceptors in the first
proton transfer, and additionally in the translocation step by shifting
the primer 3′ equilibrium position close to the priming site. The 0.3–
0.4 nm relocation of the primer 3′ hydroxyl towardMg Amay be an al-
ternative candidate for the rate-limiting conformational change in the
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DNA polymerization reaction [25], given the sparsity of conformations
with close O3′–Mg A distance.

4. Discussion

Wehave performed a benchmark REFTMD simulation of the ternary
replicating complex comprising Tgo pol, primer–template DNA and
incoming dTTP nucleotide. Starting from a closed apo conformation,
PCA analysis of the protein and DNA dynamics shows a relaxation of
the dsDNA from a twisted state to a partially untwisted state, which
shows increased bending motion. This relaxation is assisted by the
thumb domain moving toward the palm. Our results suggest that the
sliding of the DNA occurs through correlated dsDNA-thumb motions,
followed by repositioning of the thumb on the dsDNA chain to prepare
for the next translocation step. While sliding across the polymerase
active site, the dsDNA may locally switch back and forth between
the stretched B-DNA conformation and the more compact AB-form or
A-form. The increased bending and stretching flexibility of the dsDNA
at the template 3′ end allows the formation and breaking of salt bridges
with the cationic side chains to occur gradually, thus staying tightly
bound to the enzyme.

The hypothesis that the thumb assists the sliding of the DNA is sup-
ported by the protein–DNA interactions; most cationic side chains that
make important salt bridges with the dsDNA are located in the thumb
domain. Experimental evidence for this mechanism is found in an
engineered Tgo pol mutant capable of generating full-length 1′,5′-
anhydrohexitol nucleic acid (HNA) from a DNA template strand [28].
All 14 mutations of this enzyme are located in the thumb, and several
of the mutated residues make strong interactions with the primer
strand, demonstrating the importance of the thumb domain for DNA
replication.

The ability to adopt a B-DNA conformation at the n − 2 to n − 4
sitesmay be a strong requirement for continuous primer elongation. Ev-
idence for this is found in the polymerization of synthetic DNA by wild-
type DNA polymerases. HNA is a conformationally restricted RNA ana-
log that adopts an A-form duplex [29]. The selective incorporation of
HNA nucleotides into a DNA primer strand by the archaeal family B
Thermococcus litoralis exo(-) pol stalls after the first two nucleotides
[30]. This stalling effect is located right before the dinucleotide step
with the highest preference for the B-form (Fig. 3). Locked nucleic
acids (LNA) contain a ribose analog that is locked into a 3′-endo confor-
mation,which induces A-like nucleic acid conformations [31]. Similar to
HNA, after initial incorporation of this nucleotide analog by the archaeal
family B Pyrococcus furiosis, further extension of the LNA polymer chain
was stalled [32].

Protein-inducedB-to-A conformational transition and attendantwid-
ening of theminor groove have been observed inmany crystal structures
of DNA-binding proteins [24]. In HIV-1 reverse transcriptase and most
family A pols, A-like conformations are located immediately adjacent to
the insertion site [24]. These conformational changes are thought to en-
able base pair mismatch detection through stiffening of the A-DNA back-
bone [33]. In family B (static) crystal structures, A-DNA conformations
have not been observed. In the solvated complex however, conforma-
tional samples are distributed over the full A-B range, supporting the
proposition of a dynamic role of the B-to-A transition.

Our PCA analysis suggests that dsDNA bending may be induced by
partial untwisting. Experimentally, bending is indeed correlated with
untwisting in many complexes with DNA-bending proteins [34]. Addi-
tional support for untwisting-induced bending was given by MD
simulations on several dsDNA sequences in aqueous solvent [35]. By ap-
plying restraints at different values the twist angle, it was shown that
the average bend angle increased with decreasing twist angle.

Comparison with the PCA of reported archaea polymerase crystal
structures suggests that the enzyme can be in three overall conforma-
tional states, which represent their functional state: an open state in
the apo enzyme; a closed state in the replicating complex; and an
extremely closed donut-like state in the editing complex. Interconver-
sion between these states requires collectivemotions involving rotation
of the fingers and thumb toward the palm. While in the mesophilic
RB69 pol analog, the fingers motion is independent from the rest of
the protein, the motion of the fingers occurs in concert with the exo
and N-term domains.

According to the MD data, the conserved Asp540 and Thr541 side
chains play a dual catalytic role in theDNApolymerization. In the chem-
ical step, they act as proton acceptors in the initial proton transfer cas-
cade. In the DNA translocation step, they form strong H-bonds with
the primer 3′ hydroxyl, which shifts the equilibrium position of the
primer 3′ terminus close to the priming site. Asp540 and Thr541 are
part of the conservedmotif C (YADTDG) [36], and are strictly conserved
among family B DNA polymerases [8]. Site-directedmutagenesis exper-
iments have shown that the equivalent amino acids in phi29 pol and
human pol α are essential for polymerase activity [37–39].

While theWatson–Crick base pairing of the primer–template dsDNA
remains intact, the fraction of conformations with Watson–Crick
H-bonding of the nascent base pair is relatively low. This finding is
consistent with the work of Morales and Kool [40], who replaced
natural bases with nonpolar isosteric analogs lacking Watson–Crick
H-bonding ability. Several pols, including the family B pol α, were
able to incorporate the nonnatural base pairs with high efficiency, dem-
onstrating that H-bonding between the base pairs is not strictly neces-
sary at the insertion site, on the condition that the geometry of the base
pair and specific minor groove interactions with the protein are con-
served. Base pairing is necessary, however, at the n − 2 and n − 3
sites to form a strong H-bonded network with Lys592 and Asp540,
which cooperatively act as a DNA mismatch sensor and locally restrain
the DNA to the B-DNA conformation. Indeed, primer extension by the
exo(-) variant of the closely related Vent pol from T. litoralis at an abasic
site has been shown to yield largely one-base extension products, thus
stalling at site n − 1 [41].

5. Conclusion

Wehave shown that the REFTmethod enables exploration of the na-
tive state conformational space of a large-sized (750-residue) protein, a
Tgo pol–DNA replication complex, and the investigation of its coopera-
tive dynamics. We have found strong correlation between DNA flexibil-
ity and the thumb motion, which directly determines the processivity.
The protein–DNA interaction strongly influences the shape of the
DNA: increased preference for the B-DNA conformation is seen at the
n − 2 to n − 4 steps, while the tendency to adopt more A-like confor-
mations is greater at larger distances from the insertion site. These find-
ings have important implications for the design of polymerases capable
of synthesizing polymers from artificial nucleic acids.
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