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ABSTRACT: DNA polymerase I from Thermus aquaticus
(Tag DNA polymerase) is useful for polymerase chain
reactions because of its exceptional thermostability; however,
its activity at low temperatures can cause amplification of
unintended products. Mutation of isoleucine 707 to leucine
(I707L) slows Taq DNA polymerase at low temperatures,
which decreases unwanted amplification due to mispriming,
In this work, unrestrained molecular dynamics (MD)
simulations were performed on I707L and wild-type (WT)
Taq DNA polymerase at 341 and 298 K to determine how the
mutation affects the dynamic nature of the protein. The
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results suggest that 1707L Taq DNA polymerase remains relatively immobile at room temperature and becomes more flexible at
the higher temperature, while the WT Tag DNA polymerase demonstrates less substantial differences in dynamics at high and
low temperatures. These results are in agreement with previous experimental results on the I707L mutant Taqg DNA polymerase
that show dynamic differences at high and low temperatures. The decreased mobility of the mutant at low temperature suggests
that the mutant remains longer in the blocked conformation, and this may lead to reduced activity relative to the WT at 298 K.
Principal component analysis revealed that the mutation results in decoupled movements of the Q helix and fingers domain.
This decoupled nature of the mutant gives way to an increasingly flexible N-terminal end of the Q helix at 341 K, a characteristic

not seen for WT Taq DNA polymerase.

H INTRODUCTION

DNA polymerase plays an essential role in the important
biological technique of polymerase chain reaction (PCR). DNA
polymerase I from Thermus aquaticus (Taqg DNA polymerase) is
an ideal prototype for PCR because of its thermostability and
activity at high temperatures." Despite the ability of Tag DNA
polymerase to function at high temperatures, it also exhibits
substantial activity at room temperature. At temperatures below
the primer annealing temperature, oligonucleotides often bind
to sites that are not perfect reverse complements of their
sequences. DNA polymerase activity then results in the
production of misprimed and nonspecific products.” Misprim-
ing is a consequence of DNA synthesis occurring before the PCR
reaction has reached the optimal operating temperature. One
approach to prevent the formation of such unwanted misprimed
products is to reduce or prevent DNA synthesis below typical
primer annealing temperatures of 50—60 °C.

Kermekchiev and colleagues® sought to reduce unwanted
products at low temperatures by identifying mutants of Taq
DNA polymerase that had suppressed activity at 37 °C and high
activity at 68 °C. After conducting a series of mutations
throughout the large (5'-to-3’ exonuclease-deleted) fragment of
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Taq DNA polymerase, they were able to identify four cold-
sensitive mutants (E626K, W706R, 1707L, and E708D) that
contained residue modifications in the P a-helix (Figure 1A),
located on the outside surface of the fingers domain. The P helix
is located at a fulcrum that is believed to function by exerting
pressure on the neighboring Q helix, conceivably magnifying the
structural or dynamical effects of the fingers domain.” Another
study showed that a G8SOR mutation in the Q helix of
Escherichia coli DNA polymerase caused the enzyme to be less
processive, pointing to the importance of the Q helix in the
function of the polymerase.®

One mutation of particular interest is a conservative mutation
at residue 707 from an isoleucine to a leucine.” The experimental
structure of this mutant showed that the fingers domain and the
DNA strand undergo major conformational changes relative to
the wild-type (WT) structure.* The isoleucine to leucine
mutation in the P helix of Tag DNA polymerase allows a
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Figure 1. (A) Schematic diagram of 1707L Taq DNA polymerase
bound to DNA in the blocked position, with key residues Leu707,
Phe749, Phe667, and DA202 highlighted. The DNA strand is shown as
a flat tan ribbon. (B) 7 stacking between Phe667 and DA202 sustains
the positioning of the template DNA strand in the blocked position.
(C) In the unblocked position, the bottom single-stranded template
base nucleotide, DA204, is flipped out of the stacking arrangement.

neighboring phenylalanine (Phe749), located on the Q helix, to
adopt an alternate conformation, vacating space in the fingers
subdomain (Figure 1A). This space can then be filled by
movements of the O helix, the O1 helix, and the loop between
the two helices. This chain reaction of small movements gives
way to an active-site cleft large enough to be occupied by stacked
nucleotides from the template overhang, blocking the polymer-
ase active site. Electrostatic surface maps comparing the WT and
mutant experimental structures highlight these changes (Figure
S1). This is the atomistic picture that unfolds from an
examination of the static experimental structures, but to our
knowledge there has been no dynamical investigation of the role
of this single-point mutation on the polymerase mechanism of
action.

When the polymerase active site is blocked, nucleotide
incorporation cannot occur because the template DNA strand is
positioned within the active site, blocking the nucleotide binding
site (Figure 2). In the mutant binary structure (PDB code
4NS56), the template DNA strand is in alignment with the rest of
the duplex DNA (Figure 1A), and its position is maintained in
the blocked position by 7-stacking interactions between the first
unpaired base of the template strand, DA202, and Phe667
(Figure 1B).* The DNA strand in the unblocked position is
characterized by the DNA template strand sitting outside the
active site (Figure 2) in a position where it does not interfere
with nucleotide incorporation (PDB code 4KTQ). In this case,
the first single-stranded template base is flipped out of the
stacking arrangement of the duplex DNA (Figure 1C), resting
within the crevice of the thumb and fingers domains.

Reorganization of the fingers domain and template DNA
strand supports the hypothesis that the conservative 1707L
mutation is located at a fulcrum that has large, long-range effects.
However, it remains unclear how this mutation and the
corresponding structural changes alter the dynamical behavior
of the polymerase over long distances. Thus, we utilized
unrestrained (unbiased) molecular dynamics (MD) simulations
to yield insight into how the mutation affects the dynamics of the
protein at low and high temperatures.

Unblocked
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Figure 2. Overlay of the tip of the fingers domain in the mutant crystal
structure (purple, PDB code 4N56) and the in silico I707L mutant after
2 us of simulation (orange). The orange arrow points to the positioning
of the template strand in the unblocked position, while the purple arrow
points to the positioning of the template strand in the blocked position.
Close alignment of residues between the experimental (4NS6) and
simulated structures suggests that the fingers domain in the simulated
structure has adopted the proper conformation to be used to model
residues missing from the experimental structure (the missing
experimental fingers domain is the missing purple region in the
lower-right corner of the image).

B METHODS

Preparation of Initial Structures for Molecular
Dynamics Simulations. There are five binary (enzyme:DNA)
Klen Taql DNA polymerase (KlenTaql) experimental
structures available in the Protein Data Bank: 4N56,* 4KTQ,°
3572, 3SV4, and 3SYZ.” KlenTaql is a deletion mutant of Taq
DNA polymerase missing the N-terminal 5’-to-3" exonuclease
domain, which is not essential for nucleotide polymerization
activity.”® In a binary structure, the DNA template strand can
adopt either a blocked or unblocked orientation relative to the
active site. The blocked position has the template strand sitting
directly over the active site and blocking the insertion of an
incoming nucleotide. The unblocked orientation has the DNA
template strand rotated away from the active site (Figures 1 and
2).* The blocked/unblocked nomenclature is distinct from the
open/closed notation. In a binary open structure, the tip of the
fingers domain is rotated away from the active site. In the ternary
complex, nucleotide binding causes a transition in the fingers
domain from the open to the closed conformation. The
conversion from open to closed rotates the fingers domain
toward the active site by approximately 46°.° Previous work
using Bacillus stearothermophilus DNA polymerase showed that
the dominant binary conformation is the open orientation.® The
4KTQ_ binary experimental structure is a wild-type (WT)
polymerase with the template strand in the unblocked position
and the fingers domain in the open position. The 4NS6 structure
is a binary I707L polymerase mutant with the DNA strand in the
blocked position. The 4NS6 structure is missing residues 643—
660 and 673—699 from the fingers domain. 3SYZ is a binary WT
with the DNA template strand in the blocked position. The
fingers domain in this structure is not well-resolved, as suggested
by the high B-factor values associated with residues 644—659
and 677—688.” It is not uncommon to see high B-factor values
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caused by the corresponding disorder present in proteins that
interact with DNA.’

To build the mutant blocked structure, we started from the
4NS6 binary mutant structure in the blocked orientation that
was missing residues in the fingers domain. We modeled in the
missing domain using the complete 4KTQ WT structure. To
complete this in silico model, residue 707 of the unblocked WT
experimental structure (4KTQ) was modified from an
isoleucine to a leucine. This structure was then subjected to 2
us of MD simulation to account for conformational differences
in the fingers domain. Upon simulation convergence, on the
basis of RMSD analysis the fingers domain had indeed taken on
a conformation similar to that of the 4NS56 mutant experimental
structure; however, the DNA strand remained in the unblocked
position (Figure 2). Preliminarily, this may suggest that the
mutant protein favors the blocked state. The coordinates of the
fingers region from the in silico I707L mutant were then inserted
into the mutant crystal structure (PDB code 4N56) to form a
complete mutant binary structure with the DNA strand in the
blocked position.

We chose not to use the blocked experimental binary
structure of WT Taq DNA polymerase (PDB code 3SYZ)
because the fingers domain was not resolved in similar regions as
the mutant blocked experimental structure (PDB code 4NS6).
We chose instead to base our initial WT MD structure on the
complete mutant binary in silico model described above, which
contained a fully resolved fingers domain. To build the WT
binary blocked structure, residue 707 in the repaired structure
described above was modified in silico from a leucine to an
isoleucine, reverting the sequence back to its wild-type
counterpart. Further details describing the in silico modeling
of the complete structure of the I707L mutant are outlined in
Figure S2.

Molecular Dynamics Simulations. All of the simulations
(Table 1) were performed using an identical solvation model

Table 1. Summary of Simulations

system/initial structure T (K) simulation length (ns)
WT binary blocked 298 1000
WT binary blocked 341 1000
1707L mutant blocked 298 1000
1707L mutant blocked 341 1000

system. The tleap module of AmberTools'® was used to add
explicit hydrogen atoms. This was followed by the addition of 33
sodium counterions (Na*) to neutralize the system. A truncated
octahedral unit cell with TIP3P water'' molecules and a 12.0 A
solvent buffer between the solute and edge of the unit cell
resulted in a solvated system count of 82121 atoms for the
mutant and 82 118 atoms for the wild type.

All of the initial structures were minimized, heated, and
equilibrated prior to MD. The structures were minimized using a
seven-step approach that began with 1000 steps of steepest-
descent minimization followed by 4000 steps of conjugate-
gradient minimization. The starting positional restraining force
of 10.0 kcal mol™ A™' on the solute heavy atoms was
periodically lowered as the system progressed from one step to
the next until the last minimization was performed without any
restraints.

All of the simulations were heated linearly from 10 K to the
desired temperature (298 or 341 K) over 2.0 ns while
maintaining 10 kcal mol™ A" positional restraints on all

heavy atoms of the protein and DNA. Once each simulation
reached the desired temperature (298 or 341 K), a 3.5 ns
equilibration process was used to reduce the positional restraints
in periodic intervals until the final 500 ps of equilibration was
performed without restraints.

Unrestrained Molecular Dynamics Simulations. The
GPU-accelerated pmemd code of Amber 14'° was used to
perform all of the MD steps for every simulation. The Amber
ff12SB force field"® was applied to the protein and DNA
residues. Unrestrained MD was performed on each simulation at
a constant pressure (1 atm) and temperature (298 or 341 K).
These parameters were maintained with a Langevin thermo-
stat'” using periodic boundary conditions. Coordinates,
velocities, and energies were saved every 100 ps. The SHAKE
algorithm'® fixed all covalent bond distances involving hydro-
gen, allowing a 2 fs time step for each simulation. All of the
simulations were visualized using VMD v1.9.1,"* and all analyses
were performed with the cpptraj module" of AmberTools.
RMSD and RMSF trajectory plots were aligned to the solvated
structure used to initiate the simulations. RMSDs were obtained
by alignment to Car atoms, whereas RMSFs were aligned using
all heavy atoms. Welch’s unpaired two-sample ¢ test analysis was
used to determine the significance between RMSD values
obtained from high- and low-temperature simulations.'®

B RESULTS AND DISCUSSION

The purpose of this study was to characterize the dynamics of
Taq DNA polymerase at low and high temperatures. To do this,
MD simulations were used to study the I707L Tag DNA
polymerase and its wild-type counterpart, WT Tag DNA
polymerase, at 298 and 341 K.

Unrestrained Molecular Dynamics Results. We per-
formed 1000 ns of MD simulation on each binary complex at
298 and 341 K. We initiated simulations from the blocked forms
of the WT and mutant polymerases. These unrestrained
simulations did not sample the unblocked conformation,
suggesting that a relatively high energy barrier separates the
blocked and unblocked conformations. We utilized root-mean-
square deviation (RMSD) and root-mean-square fluctuations
(RMSF) to define the mobilities of WT and 1707L Taq DNA
polymerase at high and low temperatures.

RMSD Overview. Unrestrained MD suggests that the I707L
Taq DNA polymerase remained relatively immobile at 298 K
and became more flexible at 341 K. This is best illustrated by
RMSD values of the movements of the protein relative to the
starting structure (Figure 3A). Interestingly, the mutant
demonstrated significantly enhanced temperature-dependent
mobility relative to the WT. Over the full 1000 ns simulation, the
mutant deviated on average 1.71 (+0.04) and 2.14 (+0.08) A at
298 and 341 K, respectively, whereas the WT average
fluctuations were 1.93 (£0.05) A at 298 K and 1.94 (+0.06)
A at 341 K (values in parentheses report standard deviations of
each RMSD data set). To ascertain the significance of these
temperature-based differences, we performed an unequal
variances (Welch’s) two-sample t test on the RMSD
ensembles.'® The t values (Table S1) suggest that the atomic
fluctuations for the WT and mutant ensembles are different at
each temperature. Temperature-based RMSD differences in the
mutant are more significant than in the WT. We also performed
the RMSD and ¢ test analysis on a subset of the molecular
system, focusing on the O helix and fingers domain (Table S1
and Figure 3C—F). There were no noticeable differences in WT
dynamics between the two temperatures (Figure 3B,D,F). On
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Figure 3. Root-mean-square deviations (RMSDs) over 1000 ns of unrestrained molecular dynamics at 298 and 341 K for (A) I707L Tag DNA
polymerase and (B) wild-type (WT) Taq DNA polymerase. Also shown are RMSD values at 298 and 341 K for the O helix of the (C) 1707L mutant
and (D) WT as well as for the fingers domain of the (E) mutant and (F) WT.

the basis of these results and our visualization of the resulting
ensembles, we would conclude that, as expected, trajectories
sampled at higher temperatures show increased mobility.
However, the I707L mutant seems better able to undergo larger
structural excursions made possible by the higher temperature
while remaining structurally intact.

Comparing WT and Mutant Dynamics. The WT motion is
characterized by downward movement of the fingers domain
and an opening of the active site. This is accompanied by an
elongation of the O and O1 helices and a relaxation of the loop
region between them (Figure 4B). The 1707L mutant presented
similar downward movements of the N-terminal end of the O
helix, but these motions occurred much earlier in the higher-
temperature simulations (Figure 4C). At the higher temper-
ature, the mutant also exhibited elongation of the Q helix, and
this created extra space into which the loop region between the
O and O1 helices moved.

Comparing High- and Low-Temperature Behavior. We
also compared the dynamical behaviors of the WT polymerase at
high and low temperatures and the mutant polymerase at both
temperatures (Figure S3). At 298 K, the WT is more mobile (has
a higher average RMSD (1.93 A)) than the mutant polymerase
(average RMSD = 1.71 A) (Figure S3A). Visualization of the
lower-temperature trajectories at ~600 ns revealed that the O1
helix and the tip of the fingers domain of WT Taq DNA
polymerase rest higher up in the active site than the same helices
in the I707L Taq DNA polymerase structure (Figure S4B). The
Q helix of I707L Taq DNA polymerase lies slightly higher in the
active site than that of WT Taq DNA polymerase (Figure S4B).
The top of the thumb domain of WT Taq DNA polymerase sits
further away from the active site than its I707L counterpart
(Figure S4A), further characterizing the differences between the
mutant and WT at low temperature. The decreased mobility of
the mutant at low temperature (Figure S3A) suggests that the
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Figure 4. Illustration of the polymerase dynamics at 341 K for both I707L and WT Tag DNA polymerase. At this temperature, there are increased
flexibility in the N-terminal ends of the Q and O helices and increased movements in the loop between the O and O1 helices. The colored areas
highlight these dynamic regions. (A) Illustration of the starting structure of the protein. (B) Ilustration of the movements that resulted in the RMSD
shift seen at 657 ns for WT Taq DNA polymerase. (C) Illustration of the movements responsible for the RMSD peak at around 100 ns for I707L Taq

DNA polymerase.
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Figure S. Root-mean-square fluctuations (RMSF) of each residue in Taq DNA polymerase after 1000 ns at 298 and 341 K. (A) The most mobile
residues of the I707L mutant at 341 K were at the N-terminal ends of the O and Q helices. (B) Such a significant temperature-dependent difference in
residue movements was not seen for the WT' Taq DNA polymerase. The thumb domain, however, appears to be more dynamic at 341 K.

mutant remains longer in the blocked conformation, which may
lead to reduced activity relative to the WT at 298 K.

RMSF Analysis. To understand the dynamical differences
between mutant and WT Tag DNA polymerase at low and high
temperature, we also examined residue fluctuations (root-mean-
square fluctuations, RMSF). The most notable differences in
mobility in the mutant as a function of temperature occurred at
the N-terminal ends of the O and Q helices (Figure SA). At low
temperature, residues in these helices move approximately 3 A,
whereas at high temperature the O and Q helices make
excursions of up to 6.8 and 7.5 A. The WT does display some
temperature-dependent mobility, particularly in the O and O1
helices. The residues fluctuate up to 4.5 A, suggesting that this
region is not as mobile as in the mutant. The WT Q helix is a bit
more mobile at higher temperatures but again not as mobile as in
the mutant at 341 K (Figure SB). At high temperatures, the O
and Q helices in the mutant are substantially more mobile than
those in the WT at either temperature. We investigated the
differences in mobility of the disordered regions (~643—660

and ~670—699) as suggested by the experimental B-factors.
RMSF plots of these regions (Figure SS) show that there is
significantly more fluctuation in the region corresponding to
residues 643—660 in the mutant at high temperature than in the
mutant at low temperature and the WT at either temperature. In
addition, we examined the fluctuations of residues mutated in
other studies/structures (626, 706, and 708) and found that
residue 626 (Glu626) had similar fluctuations in the mutant at
both temperatures while in the WT this residue was more mobile
at high temperature. For residues 706 and 708 more mobility
was observed at higher temperatures for both the WT and
mutant. Detailed images of the RMSF plots in these regions can
be found in Figure SS.

Principal Component Analysis. Principal component
analysis (PCA) was also used to extract the dominant structural
movements of the mutant and WT during the 1000 ns of
unrestrained simulation at high and low temperature. The top
four modes captured 40—50% of the polymerase motion (Table
S2). The fifth and higher modes contributed less than 5% each,
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Figure 6. First principal components of the WT and mutant simulations at high and low temperatures. The distance values shown above are indicative
of the RMSF of the residue that deviated the farthest. (A) RMSF of the most prominent modes of movement. The horizontal black lines at 0.2 A
indicate the RMSF cutoff used to define significant motion. (B) Directional movements of residues that moved on average more than 0.2 A in the
forefront of the Tag DNA polymerase are shown with arrows. Residues that moved synchronously are indicated with the same color. The dotted box
marks the initial location of the Q helix. The solid box indicates the final position of the Q helix. (C) Directional movements of residues that moved on
average more than 0.2 A on the back end of the polymerase. The DNA strand is not shown, as the PCA analysis focused on protein a-carbon atoms.

and the RMSF for higher-order modes had fewer residues with
deviations above the 0.2 A threshold. Eigenvectors correspond-
ing to the top three principal components were saved as
pseudotrajectory files that were visualized and used for
subsequent RMSF analysis. The RMSF data allowed us to
characterize the major motions associated with each of the three
most significantly weighted eigenvectors for each simulation.
Visualizations of the top two modes are shown in Figures 6A and
7A. We defined a cutoff of 0.2 A above which significant residue
fluctuation occurred, and we inspected these regions closely.
In the most significant (heavily weighted) principal
component of 1707L Taqg DNA polymerase, the Q helix
experienced major fluctuations (1.6 A) at 341 K; however, at
298 K the Q helix was less dynamic (Figure 6A,B). Additionally,
the most prevalent movements of the mutant polymerase at 298
K consisted of the finger and thumb domains moving toward
each other, closing the active-site cleft, while at 341 K the two
domains swiveled away from each other, opening the active site.
This suggests that at the higher temperature the polymerase
opens, allowing the DNA to transition from the blocked position
to the unblocked position, while at lower temperature the
polymerase prevents such conformational change by closing
around the DNA and keeping it in the blocked position. For WT
Taqg DNA polymerase at 298 K, PCA revealed significant
movements throughout the protein including the thumb and

fingers domain (Figure 6B,C). As the fingers and thumb
domains swivel away from each other in opposite directions, the
back end of the protein moves downward (Figure 6C). At 341 K,
there were similar outward directional movements by the fingers
and thumb domains, but we observed little corresponding
movement in the back of the protein. Interestingly, the motion
of the fingers domain and Q helix are decoupled in the mutant
but coupled in the WT, i.e., for the WT the fingers domain and
the Q helix moved simultaneously and directionally downward
at both temperatures, but for the mutant these motions occurred
independently (Figure 6B).

While the modes of motion for the second principal
component are different from the first, this mode also shows
the opening of the WT active site. As in the first mode, the Q
helix motion is most significant in the high temperature mutant
simulation and is again decoupled from the fingers domain in the
mutant at 341 K but coupled in the WT at 298 and 341 K
(Figure 7). At both temperatures, the WT fingers and thumb
domains moved outward, opening the active site, whereas in the
mutant at both temperatures the fingers and thumb domains
move to close the active site (Figure 7B). For the mutant at 341
K, the Q helix movements were decoupled from the movements
of the fingers domain. The Q helix moved downward as the rest
of the fingers domain moved upward, while at 298 K the Q helix
remained immobile as the rest of the fingers domain moved up.
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Figure 7. Second principal component. (A) RMSF of the second highest mode of movement. The horizontal black lines 0.2 A indicate the RMSF cutoff
used to define significant motion.(B) Directional movements of residues that moved on average more than 0.2 A in the forefront of the Tag DNA
polymerase. (C) Directional movements of residues that moved on average more than 0.2 A on the back end of Tag DNA polymerase. Residues that
moved synchronously are indicated with the same color. The DNA strand is not shown, as the PCA analysis focused on protein a-carbon atoms.

Movement in the back of the protein was seen only with the
1707L Taq DNA polymerase (Figure 7C).

In the third principal component, the fingers domain of the
WT remains mobile at both temperatures, whereas the thumb
domain moves mostly at 298 K. This is the first mode of motion
where the WT fingers and thumb domain move inward, closing
the active-site cleft. For the mutant at lower temperature, only
the tip of the fingers domain is mobile and moving upward
toward the active site. At 341 K, the mutant O helix and fingers
domain remain very mobile, moving downward to open the cleft.

We have projected the top two PCA modes from each of the
four simulations onto the same eigenspace (Figure 8A). This
demonstrates that the major motions for the high-temperature
I707L mutant are different from the motions of the other
simulations and that the greatest difference in movement is
generated mainly by residues in the O and Q helices. These plots
further demonstrate the temperature sensitivity of the mutant.
We also plotted modes 1 and 2 for the mutant and WT (Figure
8B), showing that the high-temperature motion of the mutant is
dominated by two distinct states not seen in the other dynamical
analyses. The projection of modes 2 and 3 did not show such
distinctions (Figure S6). All of the projection plots show densely
populated areas suggestive of well-sampled simulations.

In the original paper that described the I707L cold-sensitive
mutations,” there were three other mutations that also resulted
in sensitivity to cold (E626K, W706R, and E708D.) Visual-

ization of the trajectories and RMSF plots generated in this study
did not reveal any unusual temperature-dependent conforma-
tional behavior on the part of these residues. We have also
examined the trajectories for structural and/or energetic
interactions with residues within 3 A of 1707 and L707 (Table
S3). An MM-GBSA analysis of residues interacting with 1707
and L707 did not reveal any significant interactions. A per-
residue decomposition analysis did reveal groups of residues
near 1707 and L707 that contribute significantly to the overall
MM-GBSA energy. These residues may be interesting
candidates for experimental mutation (Figure S7).

It has previously been shown that the I707L mutation results
in a functionally slower polymerase at lower temperature.
However, the mechanism for the change in function was not
known. The long simulations used in this study have allowed us
to understand how a single-point mutation alters the domain
movement and functionality of the polymerase. The RMSD,
RMSF, and PCA results suggest that this single-point mutation
results in a mutant that is mechanistically different and
substantially less mobile at lower temperatures. Our RMSD
and RMSF calculations yielded results consistent with the
experimental picture in that the overall mobility of the
polymerase is greater at higher temperatures. This gives us
confidence in the accuracy of our ensembles and validates the
physical picture that emerges from the PCA analysis. Our results
indicate that the mutant is less mobile at low temperature
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Figure 8. Projections of PCA modes 1 and 2. (A) Consensus projection of each of the four simulations onto the same eigenspace. (B) Mode 1 vs mode

2 projections for (left) the mutant and (right) the WT.

relative to the WT at both temperatures and the mutant at high
temperatures. Furthermore, our results show that the I707L
mutation results in a structural decoupling of the Q helix from
the fingers domain, leading to a temperature dependence of the
movement of the Q helix, which is more flexible at high
temperature and less flexible at low temperature. PCA analysis of
the resulting MD ensemble also suggests that the I707L
mutation results in a polymerase that is more likely to close at
low temperature, whereas the WT and high-temperature
polymerase motion is dominated by opening of the active site.
To assess dynamical coupling, we used the AMBER module
cpptraj to generate dynamic cross-correlation maps for the WT
and mutant simulations at low and high temperature (Figure
$8)."” Correlation maps are N X N heat maps, where N is the
number of a-carbons in the molecule. Each element in the heat
map corresponds to dynamic coupling between each pair of
atoms i, j. These plots help to identify regions of the molecule
that move synchronously (red) or independently (blue). We can
see from this dynamical analysis that the Q helix and the fingers
domain are most negatively correlated (decoupled) in the WT at
298 K. The decoupling seen in the PCA analysis is a structural
decoupling where the tip of the Q helix moves independently
from the fingers domain but in the same direction. In the
dynamic correlation maps we see independent motions (most
prominent in the WT at low temperature) in which the residues
move in opposite directions. It is important to note that the
residues shown to be most negatively dynamically correlated are
different residues than those shown in the PCA analysis, i.e.,
these residues are not in the tip of the Q helix. Taken together,
these results suggest reduced mobility of the mutant at low
temperature, perhaps keeping it in the blocked position for
longer periods of time, leading to reduced activity. It is our hope

that this atomistic understanding and comparison of the mutant
and WT polymerase can be used in future mutational studies to
further improve the function of the polymerase.

B CONCLUSIONS

We have identified key characteristics of the dynamics of Taq
DNA polymerase at low and high temperatures. Unrestrained
MD revealed substantially more movement in the mutant Taq
DNA polymerase at high temperature, especially in the N-
terminal ends of the Q and O helices. These results support the
notion that the I707L mutation, while occurring in the P helix
some distance away from the active site, exerts influence on the
dynamics near the active site. Our results also find that this effect
is temperature-dependent: the Q_ helix in particular is more
mobile in the mutant at high temperatures, whereas the lower-
temperature mutant simulations were similar to the WT
trajectories at both low and high temperature. Our simulations
also provide a more nuanced explanation for the relatively slow
activity of the I707L mutant at low temperature. Our results
suggest that when the mutant polymerase active site is blocked,
it stays blocked longer because of the reduced dynamics at low
temperature (Figure 3), but when the temperature is elevated,
increased movements in the O and Q helices (Figure SA) may
allow the polymerase to escape the blockage. Principal
component analysis revealed that for the mutant at high
temperatures, the motion of the Q helix was decoupled from the
dynamics of the fingers domain (Figure 6B). This structural
decoupling was not observed for the WT at either temperature
nor for the mutant simulation at low temperature. In those cases,
the Q helix moved in concert with the fingers domain. In
addition to this, the PCA results show that at the lower
temperature the mutant is more likely to undergo a closing
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motion, while at the increased temperature the mutant prefers
the opening motion.
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