
Abstract. Molecular dynamics simulations of double-
helical DNA oligomers have been performed to inves-
tigate differences in the structure, dynamics, and
hydration of F-F and T-T mispairs. Hexamers contain-
ing F-F pairs were found to be more dynamic, especially
in the region of the mispair itself. This dynamic vari-
ability derives from greater flexibility of F-F pairs. The
T-T mispairs, on the other hand, were found to be
comparatively tightly bound as wobble pairs. The major
and minor groove edges of the T-T pairs were observed
to be solvated at exposed carbonyl positions by at least
one water molecule, while F-F pairs lacked solvating
waters. Stacking interactions were nearly identical for
T-T and F-F pairs, leading to similar average structures,
even though F stacking was more dynamically variable.
Solvation differences between F-F and T-T therefore
support the steric exclusion model for nucleotide incor-
poration in DNA replication. Large differences in the
orientation of minor groove functional groups, in
addition to differences in solvation, further rationalize
why F bases present during DNA extension events
induce stalls. Two novel nucleotides are proposed to
further elucidate minor groove interactions of DNA
with polymerase molecules.
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sists of equilibration protocol, plots of center-of-mass
stacking, water radial distribution functions, helical
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Introduction

Replication of the genetic information contained
in DNA is performed to an exquisitely high level of
accuracy. Several recent X-ray crystal structures of
polymerases with bound substrates have provided the
basis for an atomic level interpretation of the mechanism
of DNA replication/translation [1–6]. In particular,
these studies have advanced our understanding of how
specific nucleotide selection is accomplished. A tight
binding pocket surrounding the forming base pair selects
correct nucleotides in part on the basis of a Watson-
Crick [7] geometry, correctly formed hydrogen bonds,
and base stacking interactions. The result is correctly
matched G-C and A-T base pairs. Questions in regard to
the relative importance of the various factors affecting
selection, including whether hydrogen bonding interac-
tions are needed at all, have been the basis of significant
scientific debate [8–14]. Moreover, the relative impor-
tance of the different factors influencing selection may
vary for different replication functions, which include
insertion, extension, and editing.

Experiments by Kool and co-workers have been
among the most compelling in addressing the effect of
correctly formed hydrogen bonds on the fidelity of DNA
polymerase activity [15–24]. Taken together, these
studies have shown that faithful replication of DNA
base pairs can be accomplished even in the absence of
hydrogen bonds, as shown using the non-polar shape
mimics F (2,4-difluorotoluene) and Z (4-methyl-benz-
imidazole), designed to mimic T and A, respectively. Not
only was it found that the Klenow fragment of DNA
polymerase I was able to incorporate F across from A, it
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was also able to incorporate A when F existed in the
template strand. These results support the idea that
shape complimentarity is more important to fidelity than
hydrogen bonding is.

These experimental results prompted several theo-
retical studies demonstrating significantly reduced
hydrogen bonding interactions between A-F pairs in
comparison to A-T pairs [15, 25–28]. When calculating
the difference in gas-phase interaction enthalpies for
the two base pairs, A-T is calculated to form with almost
8 kcal mol)1 advantage. However, due to the decreased
penalty of desolvating F relative to T in water, this
pairing advantage in the gas phase is largely lost in
aqueous solution [25]. The unique nature of the
hydrophobic effect is manifest insofar as A and F fail
to pair in chloroform in contrast to A-T [16, 29].

Since difluorotoluene mimics the shape of thymine
so well, much of the biological behavior of F can be
closely correlated with that of T. However, F does
have several unique characteristics. First, F is incor-
porated as a pair with another F to a significant extent
in DNA replication – about 900-fold more frequently
than is the case for T-T pairs [16]. This higher effi-
ciency of F-F formation is nearly identical to the
efficiency of A-F formation. The efficiency of F-F
formation compared to T-T has been argued to derive
in part from different solvation effects: a fully solvated
T base does not regain all of its favorable hydrogen
bonding interactions when forming a T-T pair, while
an F-F pair has no such interactions to lose [13]. In a
tight hydrophobic pocket, a T-T pair carrying its
associated water molecules would not fit, but an un-
solvated F-F pair might.

Difluorotoluene also induces a stall in DNA poly-
merase replication if two A-F pairs occur consecutively
in the template strand [17]. The presence of a single A-F
pair, however, does not induce a stall. Finally, when A-F
pairs pass through the editing mechanism of the Klenow
fragment of DNA polymerase I, the mismatch is edited
more rapidly than its sterically identical partner A-T
[30]. Since A-F pairs have a greater rate of base pair
opening, it has been hypothesized that such a local dis-
tortion of base pairing geometry may trigger the editing
event [21, 30–32]. Therefore, some relatively subtle dif-
ferences between T and F appear to have significant
effects on the different replication processes.

It has been hypothesized that functional groups in
the minor groove of DNA are integral to the extension
step of replication [10, 33–36]. Specific amino acid con-
tacts to the bound DNA, in a region of several DNA
polymerase co-crystal structures that is termed the
‘‘minor-groove region’’, (MGR) have led to the sug-
gestion that minor-groove functional groups play a role
in DNA translocation [3, 4, 37]. Although significant
differences exist between A-T and G-C pairs, the MGR
can form hydrogen bonds to either pair in a sequence
independent fashion, due to the quasi-symmetrical
distribution of hydrogen bond acceptors in the minor-
groove-exposed functionality of these base pairs [2, 11].

Specifically, these acceptors are O2 of T paired with N3
of A, and N3 of G paired with O2 of C. Guanine con-
tains an additional N2 hydrogen bond donating amino
group. A growing body of work has addressed func-
tional group substitution in both nucleic acid bases and
amino acids, with the goal of better characterizing these
minor-groove interactions [18, 38–45].

While F represents a specific example of functional
group alteration, another example would be the synthesis
of analogs of T and C which lack a 2-keto group in the
minor groove, and inhibit DNA synthesis altogether [42].
Suchmismatches can affect extension rates up to four base
pairs upstream from the forming pair [6]. The loss of a
single minor groove interaction may influence efficiency
by a factor of 300 [18]. This is most clearly demonstrated
by the difference in extension efficiencies of the two base
pairsQ-F andZ-F,whereQandZdiffer in thatQ contains
aN3 atom in theminor groove [44]. TheQ-Fpair interacts
more favorably with the MGR of polymerases. Unfor-
tunately, no single conclusion can be drawn concerning
how any one polymerase will interact with the minor
groove of DNA, as several general groupings of poly-
merase interactions can be made [6, 18, 45]. In part, these
groupings depend on the number of hydrogen bonds to
theminor groove, andwhether certain non-standard pairs
are replicated efficiently.

Structural information for certain mispairs, such as
A-F and Z-F, exist both from NMR experiments and
molecular dynamics (MD) simulations. While the static
information for the above pairs indicates that they are
only distorted in a relatively minor way from canonical
B-form DNA, their dynamic variations were found to be
more pronounced. To date, MD has proven very effec-
tive for modeling helices containing F nucleotides. In
particular, two separate studies have validated parame-
ters developed for F (to be used in conjunction with the
force-field of Cornell et al. [46]). In good agreement with
experiment [16, 21], MD simulations employing these
parameters showed higher base-pair opening rates for
A:F [31], and a destabilization of about 5 kcal mol)1 for
a DNA duplex after T fi F mutation [47].

Modern MD simulations are now widely accepted as
not only accurate, but predictive [48–56]. In addition to
canonical structures, MD simulations performed for
helices containing mispaired or non-standard bases have
also met with significant success, as measured by
favorable comparison to accurate experimental data [31,
46, 57–64]. Here we carry out simulations to monitor the
differences in structure, dynamics, and hydration of T-T
versus F-F mispairs in DNA hexamers, with the goal of
achieving a better understanding of why F-F pairs are
replicated more efficiently. In addition to these single
pyrimidine mismatches, two helices containing tandem
T-T or F-F pairs are also analyzed. Kool et al. [65] have
measured the melting temperature changes induced by
T-T and F-F pairs. In a dodecamer helix they found
that, relative to T-A, T-T and F-F pairs are 3.4 kcal
mol)1 less stable. We use for our simulations four base
pairs, including the mispair from the sequence used for
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these Tm calculations, and we cap each end with a G-C
pair to prevent fraying. As base stacking considerations
form a large part of our analysis, we employ here the
force-field of Cornell et al. [46], which has been dem-
onstrated to reproduce stacking energetics predicted
from high level ab initio calculations [66] with a high
degree of accuracy.

Methods

Hexamer sections of DNA were built in canonical B-form having
the sequences 5¢-CCTTTC/GAATGG, 5¢-CCTTTC/GATTGG,
5¢-CCFTTC/GAAFGG, and 5¢-CCFFTC/GAFFGG (mispairs in
bold). These sequences are named mis-T, tandem-T, mis-F, and
tandem-F, respectively, and the bases are numerically labeled with
the 5¢-cytosine as C1 and the first thymine/difluorotoluene as res-
idue 3, and so on. An additional control simulation was run with a
canonical hexamer having the sequence 5¢-CCATTC/GAATGG,
which is referred to as AT. MD trajectories using the force-field of
Cornell et al. [46] were propagated as implemented in the
AMBER5 software package [67] for each of the different helices.
Force-field parameters for difluorotoluene have been described
previously [31, 47]. Each helix contains six residues (379 atoms),
and ten sodium ions were added to each in order to neutralize the
charge of the polyelectrolyte. Periodic boundary conditions were
established for simulation boxes containing approximately 1770
TIP3P water molecules. The structures were equilibrated following
a previously described protocol [58, 59, 62, 68], which is listed in
detail in the Supporting Information. Following equilibration, each
trajectory was propagated until the all-atom root-mean-square
deviation (RMSD) was assessed to have converged over 3 ns.
Equilibration was further monitored by comparing the average and
standard deviation of selected helical parameters over consecutive
trajectory blocks (Supporting Information).

During propagation, electrostatic interactions were evaluated
without cutoffs using the Particle-Mesh-Ewald (PME) method (1 Å
grid with a cubic spline approximation and a direct sum tolerance
of 0.000005) [69, 70]. The cut-off for the non-bonded interactions
was 9.0 Å, and the 1/4 electrostatics were scaled by a factor of 1.2.
Updating of the non-bonded pairlist was performed every 25 fs.
Constant pressure (1 bar) and temperature (300 K) were main-
tained according to the Berendsen [71] coupling algorithm (separate
scaling factors for the solvent and solute used; both with a coupling
time of 0.2 ps). SHAKE was used to constrain all covalent bond
distances (with a tolerance of 0.0005 Å) [72], and a propagation
time-step of 2 fs was used. The center-of-mass translational motion
was removed from the trajectory every 0.2 ps. Rotations of DNA
oligomers within simulation cells did not lead to artifactual inter-
actions with periodic images over the time courses of any of the
simulations.

Time-averaged structures over the final 3 ns of each 4 ns tra-
jectory (and over a 6 ns trajectory created from catenation of either
the two single-mispair, or two double-mispair trajectories) were
calculated and minimized while restraining all heavy atom posi-
tions. Helical geometrical parameters [73, 74] for different struc-
tures were calculated using Curves [75].

Principal component analysis (PCA) of the helical dynamics
was performed as described previously [58, 59, 76]. While PCA
has been widely applied in the field of protein dynamics
[77–83], until recently [58, 59, 84–86] it has not seen as much
application to polynucleotides. PCA, also called essential dynam-
ics, ranks the dominant contributions to a given trajectory as a
series of dynamical eigenvectors. The first few such vectors are
often observed to account for a very large portion of the total
structural variation, such that only one to three degrees of freedom
may be needed to describe most of the biologically important
dynamics.

Principal component analysis was performed on each individual
trajectory, as well as the two catenated trajectories. The positional
covariance matrix C was calculated after removal of rotational and

translational motion. GivenM snapshots of an N atom system, C is
a 3N · 3N matrix with elements

Cij ¼
1

M

XM

k¼1
qi;k � qih i
� �

qj;k � qj
� �� �

ð1Þ

where qi,k is the value for snapshot k of the i th positional
coordinate (x, y, or z coordinate for one of the N atoms), and
Æqiæ indicates the average of that coordinate over all snapshots.
Diagonalization of C provides the eigenvectors that describe the
dynamic motions of the structure, and the associated eigenvalues
may be interpreted as weights describing the degree to which each
mode contributes to the full dynamics. Qualitative characterization
of PCA modes was accomplished by visual inspection of their
animation.

The PCA eigenvalue matrix can be employed to estimate the
macromolecular configurational entropy. Following the approach
of Schlitter [87], Harris et al. have calculated the configurational
entropy of certain drug-DNA complexes [88]. The same meth-
odology is used here to estimate the configurational entropy S¥.
It should be noted that this estimate is dependent upon the
window width of the simulation, but experience has shown that
multiple nanosecond simulations approach the converged value
(trajectories of less then a few nanoseconds, however, tend to
underestimate S¥) [88].

Hydration of the mispairs was investigated in two ways. First,
overall helical solvation was calculated by integrating the water
density on a 1 Å grid, as described previously [62, 68]. Further
analysis of the solvation shells of the mispairs was performed by
computing radial distribution functions about their minor- and
major-groove functionality using the AMBER analysis package
PTRAJ.

Stacking of the internal mispairs either against canonical pairs,
or between two consecutive mispairs, was monitored according to
the protocol of Nagan et al. [56]. The center of mass (COM) dis-
tances between two nucleotide bases were measured over the tra-
jectory, and the analysis performed in the AMBER module
CARNAL. Representations of the preferred stacking arrangements
were built based on the time-averaged structures.

Results and discussion

General structural information

In the present study, the structure and dynamics of four
hexamer duplexes incorporating mispairs were examined.
No significant fraying of the terminal base pairs was ob-
served in any of the fourMD runs, suggesting that results
from larger oligomerswould likely be qualitatively similar
in the regions of the mispair. Both the all-atom root-
mean-square-deviation (RMSD) plots (Fig. 1), and the
time-averaged structures (Fig. 2) calculated in reference
to these structures for each individual trajectory show
evidence of equilibrated, well-behaved simulations. The
RMSD plots indicate that larger distortions from the
average structure are allowable for the helices containing
either one or two F-F base pairs. Differences between
either of the single mispairs and their corresponding
double mispairs are less pronounced, indicating that
the thymine to difluorotoluene perturbation is more
structurally destabilizing then adding an additional
mispair of the same type. On casual inspection, the
average structures do not indicate to any great extent
what these structural differences are. Looking down the
helix axis, the helices that contain F mispairs are slightly
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under-wound compared to the corresponding Tmispairs.
Closer inspection of the side-on views of the average
structures also indicates that the F-F pairs have an in-
creased gap, or stretch, within the plane of the mispairs.
Superposition of the four time-averaged structures, as in
Fig. 3, however, shows significant conservation of global
helical structure.

The canonical sections of the simulated hexamers are
not particularly interesting: they show little deviation
from standard B-form DNA structure even when the

Fig. 2. Time-averaged structures for mismatch trajectories (hydro-
gen atoms have been removed for clarity)

Fig. 3. Overlay of each of the four average structures. Structures
mis-T, mis-F, tandem-T, tandem-F, are colored in increasingly
darker shades, respectively

Fig. 1. All-atom RMSD plots
(Å) calculated over the last 3 ns
in reference to the time-
averaged structures of mis-T
(upper left), tandem-T (lower
left), mis-F (upper right), and
tandem-F (lower right)
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behavior of the mispairs is taken into account. We note
that incorporations of one A-F or Z-F pair have already
been shown to cause little overall structural deformation
in surrounding helices, although a higher base pair
opening rate for A-F pairs is evident, and a somewhat
greater C1¢-C1¢ distance for the experimentally deter-
mined Z-F pair has been observed [21, 22, 31, 47].

Concerning the pyrimidine-pyrimidine mismatches,
experimental structural information is available for T-T
mispairs, but not for F-F mispairs. Several NMR studies
have been performed on helices containing single T-T
mispairs, and multiple T-T mispairs [89–91]. Not only
do these studies show that very little structural distortion
is induced by the mismatches, it is also evident that
nearest-neighbor base pairs are relatively unaffected by
the mispair. Mismatches composed of two thymine nu-
cleotides adopt anti glycosidic configurations, stack
within the helix, and form wobble base pairs. Since the
T-T base pair can form a wobble pair in one of two
orientations, which are related by a 180� rotation about
the pseudodyadic axis, and for which a simple shearing
movement within the plane of the base pair can effect
this change, there has been some difficulty in assigning
which pairing scheme is dominant. Some support is seen
for a single dominant configuration, but the existence of
a single set of resonances for the T-T pair might indicate
a very rapid exchange between configurations [90].
While the single thymine mismatches were investigated
in the context of DNA, a run of four consecutive T-T
mispairs has been studied in a section of hexitol nucleic
acid (HNA) [91]. The T-T pairs in this duplex adopted
both wobble configurations, reduced the phosphate
backbone separation between strands, reduced the
x-displacement, and induced a bend in the central sec-
tion of the mispairs. In addition, the pairs induced slight
over-winding of the helix at the junctions on either end
of the four mispairs, and slight under-winding of the
base pair steps within the mispair stretch.

This same winding behavior is evident in our simu-
lations (Table 1). Helix twist values for the base pair
steps flanking the T-T mispairs of trajectory tandem-T of
39.9� and 40.3� indicated significant over-winding, and

the twist value between the T-T pairs has an average
under-wound value of 14.5�. Similar to the HNA study,
both configurations of the T-T wobble pair were
observed during the MD runs. Roughly similar over-
winding-around/underwinding-between behavior is seen
for tandem-F. A particular feature of F mispairing vs T
is the greater dynamic behavior of twisting observed for
the former, with standard deviations in the F twist val-
ues being two to three times those observed for T. We
may compare the mismatch values to those from the
control sequence AT, which has typical B-form twist
values of (31.3±4.8)� above the 3:10 step, (29.4±3.9)�
between 3:10 and 4:9, and (31.7±4.4)� below the 4:9
step. Block averages over 1 ns sub-blocks of each tra-
jectory do not show significant deviations from the
overall average values discussed above (see Supporting
Information for AT data and block averages).

Mismatch geometries

After averaging the structural information contained in
each trajectory, the configuration of each individual
mispair was examined (Fig. 4). Each T-Tmispair adopted
a tight wobble geometry, and it is evident that the twoT-T
mispairs of tandem-T adopt oppositely related configu-
rations. The F-F mispairs are more varied. Not only are
the intermolecular distances significantly increased, the
F-F pair from mis-F does not show any preference for
wobbling in one direction or the other. This results in an
average structure which takes on an almostWatson-Crick
appearance. In the case of tandem-F, the twoF-Fmispairs
appear to wobble as in the T-T trajectories, however, this
is not due to favorable hydrogen bonding interactions.
The apparent wobble geometry of the F-F pairs is not
supportedwhen the hydrogen bond lengths aremonitored
as a function of simulation time (Fig. 5). While the T-T
mispairs maintain fairly rigid wobble geometries, the F-F
pairs are seen to be highly fluxional in every case. As is
seen in similar plots for A-T and G-C pairs, the hydrogen
bond plots for the T-T pairs adopt stable values and little
deviation is seen from an average value. It has previously

Table 1. Helical parameters for average structures of different hexamersa

mis-T mis-F tandem-T tandem-T tandem-F tandem-F
T3:T10 F3:F10 T3:T10 T4:T9 F3:F10 F4:F9

Buckle (�) )1.6 (9.0) )4.8 (12.7) 2.6 (10.7) )6.5 (11.6) )5.8 (15.3) )9.8 (15.4)
Opening (�) 9.4 (9.4) 4.8 (18.1) 13.2 (6.9) 13.9 (8.6) 5.9 (17.2) 10.3 (15.9)
PrpTwst (�) )26.6 (10.7) )17.9 (13.8) )15.4 (10.9) )17.3 (10.8) )15.4 (14.4) )18.7 (13.3)
Rise (Å)b 3.3 (0.4) 3.6 (0.6) 3.6 (0.4) 3.5 (0.6) 3.9 (0.6) 3.6 (0.8)

3.7 (0.4) 3.6 (0.6) 3.5 (0.6) 3.6 (0.4) 3.6 (0.8) 3.6 (0.5)
Roll (�)b 10.0 (7.5) 9.7 (9.1) 5.0 (7.4) 9.6 (6.9) 5.7 (8.6) 8.6 (8.0)

0.6 (6.8) 2.1 (8.0) 9.6 (6.9) )0.3 (6.4) 8.6 (8.0) 1.4 (7.6)
Shear (Å) )2.2 (0.4) )0.6 (1.9) 2.3 (0.5) )2.4 (0.5) 2.0 (1.5) )1.4 (1.7)
Stagger (Å) 0.5 (0.6) 0.0 (1.1) 0.4 (0.6) 0.7 (0.7) )0.2 (1.1) 0.1 (1.2)
Twist (�)b 21.9 (4.4) 27.5 (12.1) 39.9 (4.4) 14.5 (4.4) 40.1 (7.9) 17.6 (12.3)

43.7 (4.4) 33.8 (12.1) 14.5 (4.4) 40.3 (4.1) 17.6 (12.3) 35.4 (9.2)

a Values are averages (standard deviations) for TT or FF pair unless otherwise specified
b Values are for base steps above/below TT or FF pair
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been noted that A-F pairs show a high base-pair opening
rate, initially identified by an oscillatory plot not unlike
those depicted for the F-F pairs in Fig. 5 [31, 32, 47]. It is
noteworthy that the T-T pairs do not switch between
configurations during the course of trajectoriesmis-T and
tandem-T. This lends some support to the observation of a
single set of NMR resonances for the T-T mispair, indi-
cating a single configuration. However, it would be nec-
essary to extend the time of the current trajectories by
orders of magnitude in order to fully test this idea.

Base stacking

The analysis method of Nagan et al. [56], which involves
monitoring the center-of-mass (COM) distances between
consecutive base pairs both in an intra-strand and inter-
strand sense, provides information about the preferred
stacking arrangements within a nucleic acid helix. Since
the average rise between a perfectly stacked base step can
be estimated at roughly 4.0 Å, deviations from this value
are indicative of either enhanced or reduced stacking.
COM distances were calculated for the six-membered
rings of the pyrimidines as well as the six-membered rings
of the purines (identical conclusions are reached here if
one instead chooses to monitor distances involving the
five-membered ring of the purines). Plots weremade of the
two COM distances for each base over time, and distri-
butions of points within four quadrants of the plot were

taken as indicative of certain stacking interactions (see
Supporting Information). As an example, in trajectory
mis-T, T3 can stack either on C2 or G11. A graph of one
COM versus the other shows a distribution of points
grouped rather tightly about the 4.5–5.0 Å distance in
both cases. This implies that the T3 base does not stack
entirely on either of its 5¢ partners, but instead nearly
halfway between the two. This information is also clearly
observed in the time-averaged structure. From the COM
plots, it is also evident that all of the thymine stacking
interactions are associated with tightly grouped ‘‘shot
patterns’’ in terms of being narrowly distributed over the
possible range of distances. Corresponding average F
stacking interactions are observed to be nearly identical to
those for T, which is an interesting result. A noteworthy
difference between the F and T plots, however, is that
every F-stacking shot pattern has a much larger distri-
bution in distance space, which indicates larger dynamic
variation (see Supporting Information).

A simplified view of the stacking geometries is pro-
vided inFig. 6,where the canonical pairs above andbelow
the mispairs (green) have been color-coded yellow.
Starting with mis-T, it is evident that little stacking exists
between the T-T pair and the pair 5¢ to T3. This loss of
stacking is made up for by the nearly full stacking of the
T-T pair on each of the bases 3¢ to T3. The stacking ofG11
between T3 and T10 is reminiscent of a cross-strand
purine stack, and examples of this stacking arrangement
are seen in other stacking interactions in Fig. 6. Cross-
strand stackingwas a pivotalmotif observed in an internal
mispaired RNA loop formed by two G-U wobble pairs,
and two C-U pairs [59]. The stacking arrangement
adopted for AT is found in the Supporting Information.
While the stacking interactions flanking the AT pairs at
positions 3:10 and 4:9 are qualitatively similar to the mi-
spairs stacking interactions, there is a much stronger
stacking interaction formed between the 3:10 and 4:9 step
in AT, as would be expected for this canonical sequence.

While the 5¢ arrangement for the F-F pair of mis-F is
identical to that seen in mis-T, the 3¢ interactions are
somewhat reduced, possibly owing to the increased
intermolecular F-F distance. The tighter T-T wobble pair
holds T3 more directly over its 3¢ neighbor. These obser-
vations hold true for base steps 5¢ and 3¢ to the double
mismatches for both tandem-T and tandem-F. Similarly
interesting is the distribution of pyrimidine bases when
looking downon the base step corresponding to amispair-
mispair step. In both the T-T and F-F steps of tandem-T

and tandem-F, no full overlap of pyrimidine rings is evi-
dent. These results fully agree with those found in the
NMR structure of the HNA containing four consecutive
T-Tmispairs [91]. The helix twist values encompassing the
four T-T pairs calculated for the HNA structure were
40.6, 26.7, 11.4, 26.8, and 40.6�. Tandem U-U base pairs
adopt a similar nucleotide base stacking arrangement as
that observed in Fig. 6 [92, 93].

As was the case with two consecutive T-T
mismatches, when one T-T mismatch is embedded in
a helix, the structural distortion is manifested in

Fig. 4. Mispair geometries taken from average structures. Key
heavy-atom bond lengths are reported in Å. The lower edge of each
base pair faces the minor groove, and hydrogen atoms have been
removed for clarity
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Fig. 5. Hydrogen bond lengths
(over the last 3 ns) for each
mispair as a function of time.
Trajectory mis-T (upper left)
bonds are T3:O4–T10:H3
(black) and T3:O2–T10:H3
(gray). Trajectory mis-F (upper
right) bonds are analogous to
mis-T, but using F4 and F2
atoms, respectively. Trajectory
tandem-T (middle) bonds are
equivalent to mis-T, T3 and T10
(left), T4 and T9 (right).
Trajectory tandem-F (bottom)
bonds are analogous to tandem-
T, but using F4 and F2 atoms

Fig. 6. Base stacking
arrangement of mispairs (green)
and their flanking partners
(yellow). The 5¢ step to the
mispair is orientated on the left,
the 3¢ to the right. The ordering
of the figure from top to bottom
is mis-T, mis-F, tandem-T,
tandem-F. The 3:10 base
mispair is always depicted on
the far left-hand side
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over-winding and under-winding of the helix on either
side of the mispair. The over-winding of the helix takes
place at the 3¢ step in relation to T3 for mis-T, according
to Table 1. In the single F-F simulation, the deviations
from standard twist values were less pronounced. In
studies of G-U wobble pairing, such base step twisting
distortions are also evident. When considering consec-
utive G-U wobble pairs, it is possible to form three
motifs U-G/G-U, G-U/U-G, and U-G/U-G, where the
first base pair is 5¢ to the second listed in each grouping
[94, 95]. Whether certain base steps above or below the
mispairs are under-wound or over-wound is dependent
upon the sequence of the tandem pairs [94]. The quali-
tative amount of base stacking for each tandem G-U
motif, as determined from plots like that shown in
Fig. 6, correlates well with the thermodynamic stabilities
of each motif. Several uracil bases in each of the motifs
exist in an unstacked configuration, similar to what is
seen with the T-T to T-T step of tandem-T. Since dif-
ferent ordering of G-U wobble pairs, which are unable
to adopt two degenerate configurations (as with T-T),
causes switching of whether a base step adjacent to the
mispairs is under-wound or over-wound, it is interesting
to speculate what would happen with the switching of
T-T wobble configurations. In the case of mis-T, one
T-T configuration was sampled, and the over-winding
was 3¢ to the T3 base. If the T-T configuration was
formed with a hydrogen bond to O2 of T3 instead of O4,
over-winding of the helix step would instead occur 5¢ to
T3. In any case, an alteration of the twist angle is
induced in order to maximize the stacking interactions
for one or more base steps about the mispairs.

While the F-F mispairs, unlike T-T pairs, lack
favorable intermolecular hydrogen bonding, the in-
creased propensity for F to stack in comparison to T
prevents the F bases from sliding into the grooves
without penalty. Stacking of F as a dangling residue on a
DNA duplex has an increased favorable free energy
contribution of 1.5 kcal mol)1 compared to T [96].
Decreased stacking favorability of T is attenuated,
however, by a large gain in interaction energy between
the bases in the T-T wobble pair. A theoretical estimate
of the difference in the gas-phase interaction enthalpy
for the two mispairs is )9.4 (experimental value:
)9.0±1.0 [97, 98]) versus +2.2 kcal mol)1 for T-T and
F-F, respectively [99]. These energies are calculated at
the mPWPW91/MIDI! density functional level, which
has a mean unsigned error of 0.2 kcal mol)1 relative to
available experimental gas phase thermochemical data
for base pairing.

Hexamer dynamics

While the static structural information is interesting, it is
clear that the mispairs exhibit substantial dynamic
range. Not only do the COM plots appear more widely
dispersed for any step involving F, nearly every geo-
metrical parameter measured and reported in Table 1

has a higher standard deviation when F has been
incorporated. Base pair opening can be directly corre-
lated with the strength of the interaction energy between
two bases. For T-T, the average base opening angle was
(9.4±9.4)�, which is a much smaller standard deviation
than (4.8±18.1)� for F-F. This same trend is seen for the
double mispairs. An increased variability in twist values
is also pronounced for mis-F and tandem-F. Shear and
stagger parameters provide support for a more stable
wobble pairing arrangement for all of the T-T pairs, and
higher mobility of the F-F pairs.

Calculated average structures from trajectories mis-T

and mis-F have a rather low RMSD of only 0.46 Å
(Table 2). Slightly higher variation was found between
the double mispair average structures. Since the trajec-
tory pairs mis-T/mis-F and tandem-T/tandem-F contain
the same number of atoms, catenated trajectories can be
created, and a composite average structure can be cal-
culated. The RMSD between each individual average,
and the average of the two catenated trajectories was
very low, again supporting the argument that little
structural distortion outside the mispairs is taking place.
Table 2 contains the average RMSD calculated over
each 3 ns trajectory in reference to either the initial
starting structure, or the time averaged structure. While
the standard deviations are nearly conserved in each
case, the average dynamic variability in any F-containing
helix is slightly higher. Dynamic variability is driven by
specific motions, and the method of principal component
analysis allows these motions to be identified.

Principal component analysis

Principal modes of motion in each of the catenated
trajectories were calculated and analyzed; results are
summarized in Table 3. As with other nucleic-acid sim-
ulations, the dominant modes of motion are helix
twisting, bending, and breathing modes. In each case,
nearly 50% of the overall motion of the trajectories is

Table 2. Heavy-atom RMSDs (Å) for mispair trajectories relative
to different standardsa

Trajectory mis-F tandem-F mis-T/mis-Fb tandem-T/
tandem-Fb

mis-T 0.46 – 0.23 –
mis-F – – 0.23 –
tandem-T – 0.61 – 0.30
tandem-F – – – 0.31

Trajectory RMSD vs.
Initial

Structure

RMSD vs.
Average
Structure

mis-T 2.3 (0.3)c 1.0 (0.2) – –
mis-F 2.4 (0.4) 1.2 (0.3) – –
tandem-T 2.8 (0.4) 1.0 (0.2) – –
tandem-F 2.6 (0.4) 1.3 (0.3) – –

a From minimized average structures over final 3 ns
b From catenated trajectories
c Reported as average (standard deviation)
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reproduced by the first three modes. Each mode of
motion, or eigenvector, may be considered to be a
coordinate in a reduced dimensionality space in which
specific trajectory snapshots may be assigned coordinate
positions, the coordinates being the coefficients of each
mode required to best reproduce the snapshot geometry.

Plots of these coefficients are well-behaved, and
indicate the trajectories themselves to be well equili-
brated (no drift observed). Coefficient histograms for
each component are Gaussian in shape, again indicating
a well equilibrated trajectory (Fig. 7). Each catenated
trajectory of 6 ns is composed of two halves, each of
3 ns. Therefore, a histogram of the first 3000 coefficient
values from the combined trajectory mis-T/mis-F pro-
vides dynamic information for trajectory mis-T. Signif-
icant overlap in each histogram indicates that the

different structures have essentially identical dynamics.
In both cases, however, a widening of the distribution is
seen when F replaces T. This is quantified in Table 3,
where the standard deviation of all the coefficients is
higher for the F containing portion of the catenated
trajectories.

Principal component 1 (PC 1) – the most dominant
motion of the helix – is helix twist in all cases. In both
the single and double mispair catenated trajectories, low
twist was characterized by more negative coefficients,
and vice versa. A single F-F mispair induced a smaller
average helical twist compared to T-T, but the double
T-T mispair had a lower average twist as compared to
two F-F pairs. While the second and third components
for the two catenated trajectories were minor groove
breathing and helix bending, the ordering was not the

Table 3. Principal component
analysis for catenated
trajectories mis-T/mis-F and
tandem-T/tandem-F

a Reported as average (stan-
dard deviation)

Trajectory Analysis

mis-T/mis-F Coefficienta Description

Mode Percent mis-T mis-F

1 21.0 )57.6 (8.4) )60.8 (11.7) helix twist
2 13.7 )24.3 (6.4) )29.6 (9.2) helix bending
3 10.9 )26.1 (7.5) )24.8 (7.3) minor groove breathing
Subtotal 45.6 – – –

tandem-T
/tandem-F

Coefficienta Description

Mode Percent tandem-T tandem-F

1 22.1 )75.4 (8.4) )67.7 (11.4) helix twist
2 14.4 26.6 (6.1) 31.7 (8.1) minor groove breathing
3 11.8 9.2 (5.8) 13.1 (9.0) helix bending
Subtotal 48.3 – – –

Fig. 7. Histograms of the principal component coefficients for the catenated trajectories mis-T/mis-F (top) and tandem-T/tandem-F
(bottom). Helices containing F-F pairs are drawn as dotted curves, T-T as solid curves
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same. Helical deformations characterizing the limits of
each mode can be observed in Figures 8 and 9.

Helix bending was the second most dominant motion
for mis-T/mis-F. A slight compression of the minor
groove in the region of the mispair causes the ends of the
helix to reversibly bend into the major groove. When the
coefficient takes on less negative values, the mispair
exists in a canonical wobble configuration. At the more
negative extent, the major groove is wide, and the
mispair is translated into the groove to some extent. This
helical conformation is characterized by a more Watson-
Crick mispair geometry, much like the average F-F base
pair seen in Fig. 4 for mis-F. The distribution of coeffi-
cients for mis-T is indicative of a tighter wobble pair for
T-T compared to F-F.

Minor groove breathing dominates PC 2 for tandem-

T/tandem-F. Larger coefficients correlate with a wider
minor groove. A narrowing of the minor groove brings
T4 into closer proximity to T10, which represents the
formation of a cross-strand pyrimidine stacking
arrangement. While the T bases are not fully stacked,
Fig. 6 does show more stacking of these two bases
over each other as compared with the corresponding F

nucleotides. As would be expected, the distribution of
coefficients for this mode shifts to a lower value for
tandem-T. If structures composing trajectory tandem-T

are to have narrower minor grooves, the C1¢-C1¢ dis-
tances for the T-T pairs must be shorter than those for
the F-F pairs. The data presented in Fig. 10 show this
trend. Not only are the C1¢-C1¢ distances shorter for T-T
than a representative canonical pair from the simulation,
they are much more stable than the F-F distances plot-
ted. The groove width as determined by the C1¢-C1¢
distance of either of the F-F pairs is highly dynamic.

Component three for mis-T/mis-F was minor groove
breathing. Less negative coefficients of this mode
induced the helix to have a higher twist value, a slightly
more compact appearance, and again contained the
Watson-Crick type F-F arrangement. When the eigen-
vector transitioned to more negative values, the mispair
began to wobble to a greater extent. This movement was
in concert with a buckling of the mispair and the bases
on either side of it. As is evident in Fig. 8, this ends up
bending the C6-G7 base pair towards the minor groove.
The minor groove of this end of the helix adopts wider
conformations, as well. Since the average coefficient of

Fig. 8. Structural deformations found
at the limit of each principal component
for mis-T/mis-F
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Fig. 9. Structural deformations found
at the limit of each principal component
for tandem-T/tandem-F

Fig. 10. Plots of C1¢-C1¢
distances (Å) for the mispairs
(over the last 3 ns) vs. time. The
upper graphs are for mis-T (left)
and mis-F (right). The bottom
curves represent averages over
both mispairs of tandem-T (left)
and tandem-F (right). Black
lines in each plot correspond to
the mispair distances, while the
C1¢-C1¢ distance of a canonical
G-C pair has been plotted in
gray for comparison
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mis-T is slightly more negative than that for mis-F, the
T-T pair is again observed to wobble to a larger extent.

Bending of the helix axis about the middle of the two
mispairs was the characteristic motion of PC 3 for tan-
dem-T/tandem-F. A more compressed minor groove and
opened major groove was observed when the coefficient
adopted more negative values. This behavior was seen
for tandem-T to a larger extent and correlates well with
the shorter C1¢ distances for T-T pairs.

Trajectories containing one mispair did not contain
the same number of purines and pyrimidines as the
double mispair simulations. For this reason, the effects
of adding an additional mispaired T-T or F-F pair to an
already existing pair can only be inferred from the
results of the physically meaningful catenated trajecto-
ries. The variance in the adopted coefficients of PC 2 and
PC 3 for mis-F were decreased in comparison with mis-

T. It would follow from this result that the existence of
two T-T mispairs is stabilizing to the helix in relation to
only one. In part, this structural stability arises from an
increased stacking interaction in the mispaired region
induced by the cross-strand stack of thymines. A mea-
sure of the structural variability of a molecule is
obtained by calculating the configurational entropy. The
final 3 ns for trajectories mis-T-tandem-F had configu-
rational entropies of 4209, 4136, 4374, and 4454 cal
mol)1 K)1, respectively. It is evident that a slight

structural stabilization exists for tandem-T over mis-T.
Both simulations containing F-F pairs are more
dynamic. Given the greater dynamic freedom of any
helix containing F-F pairs, it is interesting to examine
why the two hexamers containing T-T pairs may be
more constrained.

Hydration analysis

The hydration of nucleic-acid bases and nucleic-acid
structures is of fundamental interest, and much work has
been done focusing on specific hydration of individual
nucleotide functional groups, as well as the identification
of motifs such as spines of hydration [100–105]. The
overall distribution of water molecules around a mac-
romolecule is somewhat difficult to measure. Hydration
analysis usually involves calculating water residence
lifetimes, or calculating water occupancies on a given
grid built around the molecule. Although rigid solutes
do not move associated water molecules into different
grid locations during a water analysis, structural waters
bound to highly mobile helical components can be
moved from grid location to grid location, effectively
washing out some high density information. Neverthe-
less, hydration plots here are still of interest (Fig. 11).
Hydration of the helices has been superimposed onto

Fig. 11. Water density
contoured at a level twice that
of bulk water for mis-T (upper
left), tandem-T (upper right),
mis-F (lower left), and tandem-F
(lower right)
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each of the four time-averaged structures with a con-
tour level corresponding to roughly twice the density of
bulk water. A substantial number of regions of high-
density water are observed for structures mis-T and
tandem-T. Though the greater structural rigidity of
tandem-T allows for a denser hydration plot, further
analysis argues for similar hydration characteristics
(see below).

The hydration of helices containing F-F pairs is much
less pronounced, not only in the immediate area of the
mispair(s), but over the entire helix. What is most clearly
apparent is a distinct lack of hydration of F, which is
manifest in gaps in the major and minor groove spines of
hydration where waters are clearly present for the
T-containing helices.

The strong solvation of T-T mispairs is not unex-
pected. Wobble pairing of T-T causes T carbonyl groups
to be thrust into the grooves of the helix where

the exposed oxygen atoms may act as hydrogen bond
acceptors. Water molecules were observed to have
densities of nearly seven times the normal density of
bulk water near the T-T and double T-T mispairs.

Another method of tracking hydration differences is
to calculate radial distribution functions (r.d.f.s) about
relevant functionality. This type of plot depicts solvation
shells and permits determination of the total number of
water molecules in each solvation shell. Such r.d.f.s
calculated for O and F atoms in T-T and F-F pairs are
provided in Fig. 12. As expected, the solvation of F is
essentially featureless, and bumps in the plot are most
likely residual contributions from water networks built
up around more hydrophilic portions of the grooves.
Both the major and minor grooves of the T-T pairs are
solvated. In each of the three T-T mispairs, the major
groove O4 not involved in the wobble hydrogen bonding
motif is solvated to the greatest extent. Next best

Fig. 12. Radial distribution functions for water O atoms about minor groove and major groove exposed carbonyl oxygens (T) or fluorines
(F) of the mispaired bases. a: mis-T; b: mis-F; c: tandem-T 3:10; d: tandem-T 4:9; e: tandem-F 3:10; f: tandem-F 4:9. Curves are colored red
(Y3/4:O2/F2), green (Y9/10:O2/F2), blue (Y3/4:O4/F4), and black (Y9/10:O4/F4), where Y is either pyrimidine
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solvated is the minor groove O2 that also is not involved
in T-T hydrogen bonding, then the major groove O4
that is a hydrogen-bond acceptor in the wobble pair, and
finally the least solvated carbonyl oxygen is the minor
groove O2 that is directly involved in the wobble inter-
action. Irrespective of whether the carbonyl group is
involved in the wobble pairing or not, the larger size of
the major groove allows more waters to bind as com-
pared to the minor groove.

[As a technical point, we note that the r.d.f. plots of
Fig. 12 do not show an asymptotic approach of g(r) to
1.0 over the distance plotted. Because the helix itself
screens solvent molecules to a significant extent, bulk
water densities are not found around the carbonyl
groups until distances of about 10–15 Å; r.d.f. plots out
to 15.0 Å are provided in the Supporting Information.]

Integration of the number of water molecules in the
first solvation shell (Table 4) indicates T-T mispair car-
bonyl groups to be solvated in the minor and major
groove by 0.83 and 0.65 waters, respectively. These
values decrease when considering carbonyl oxygens al-
ready hydrogen bonded to partner pyrimidines. No F
base was ever solvated by more than 0.22 waters in the
first solvation shell.

Implications for DNA replication

Owing in part to the high steric similarity of the two
mispairs, relatively little large-scale variation in the
overall dynamical behavior of the T-T and F-F trajec-
tories is evident. This is manifest in the low RMSDs
between average structures calculated over the 3 ns
trajectories. However, closer inspection does reveal some
important variations.

Replication begins with the correct pairing of nucleic
acid bases in a tight hydrophobic pocket which helps to
align the 3¢ hydroxyl group of the primer base with the
phosphate group of the incoming dNTP for successful
phosphodiester bond formation [5, 8, 43, 106]. For
correct alignment in the transition state, the nascent base
pair should have a C1¢-C1¢ distance of approximately
10.5 Å [107]. This is precisely what is observed for
canonical pairs present in the hexamers, but from
Fig. 10, it is evident that the mispairs adopt different

geometries. The T-T C1¢-C1¢ distance during the simu-
lation averaged 8.9±0.4 Å. When two T-T mispairs
were tandem to each other, this C1¢-C1¢ distance was
further decreased to 8.7±0.4 Å. Single and double F-F
C1¢-C1¢ distances adopted not only longer distances, but
more dynamic ranges of 9.9±0.8 Å and 9.7±0.7 Å,
respectively. This suggests that F-F incorporation
should have a higher efficiency than T-T, because of this
pair’s preference for adopting an intermolecular sepa-
ration close to that for Watson-Crick base pairs.

In addition, the smaller C1¢-C1¢ distance calculated
for the pyrimidine mispairs reduces minor groove
widths, and multiple mispairs magnify this narrowing.
The information contained in the principal components
analysis supports a narrower minor groove for helices
containing T-T in comparison to F-F.

According to Kool, in most instances incorporation
of incorrect wobble pairs has a low efficiency due to an
inability for these pairs to fit a steric requirement
enforced by the polymerase [13]. In the case of F-F, the
hydrophobicity of F allows two F bases to be placed into
the binding pocket without any requirement to remove
bound water molecules. For T-T mispairs, on the other
hand, the situation is different. While T-T pairs are able
to compensate for desolvation by forming a wobble pair
that includes two hydrogen bonds, waters bound to the
exposed hydrophilic functional groups must be
accounted for. Kool asserts that these bound waters
inhibit the fitting of T-T pairs into the pocket due to the
steric bulk of the solvated pair. The results of these
simulations show that, on average, the T-T wobble pairs
do have at least one water molecule on each face of the
pair, and accounting for second solvent shells only
increases steric bulk.

One last geometrical issue associated with incorpo-
ration of these two pyrimidine mispairs is that T-T
wobble pairs are very stable, while F-F pairs are able to
adopt a very wide range of structures, as evidenced by
the plots of hydrogen-bond lengths sampled during the
simulations. A tight pocket that selects a Watson-Crick-
like geometry will favor the more deformable F-F pair,
and disfavor the tighter T-T wobble pair. Any deviation
from Watson-Crick geometry affects the ability of the
polymerase to form a closed DNA complex facilitating
nucleotide incorporation, as is the case for dNTP
incorporation [108]. Assuming that either of these
mispairs forms, it becomes necessary to consider whe-
ther the pair will move through the MGR, responsible
for extension of the duplex, during replication. The large
body of work covering extension stresses the importance
of the functional groups in the minor groove in this
process. In the T-T pair, it might be hypothesized that
only one carbonyl O2 atom would exist in the groove to
accept a hydrogen bond, and that the location of the O2
atom would be different than would be seen in an A-T
pair. Wobbling of the other pyrimidine might remove
the additional O2 from the minor groove. This repre-
sents loss of one additional interaction from a correctly
paired A base, a loss possibly significant enough to stall

Table 4. Number of water molecules in the first solvation shell
about exposed T-T and F-F functional groupsa

Trajectory Base Pair O2b O2b O4b O4b

mis-T T3:T10 0.73 0.33 0.40 0.85
tandem-T T3:T10 0.11 0.62 0.82 0.33

T4:T9 0.60 0.16 0.36 0.83
mis-F F3:F10 0.18 0.15 0.11 0.18
tandem-F F3:F10 0.10 0.22 0.16 0.04

F4:F9 0.15 0.12 0.07 0.14

a From integration of r.d.f. peaks for T oxygen atoms (O2 or O4)
and F atoms (F2 or F4)
b O2 and O4 columns are ordered with lower numbered pyrimidine
first
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the process. The hydration analysis, however, does show
that hydrogen bonds can be made to each of the four
carbonyl oxygens of the T-T wobble pairs. Depicted in
Fig. 13 are the average structures of an A-T and T-T
pair from mis-T. The arrows point to functional groups
able to accept hydrogen bonds from the MGR. The T-T
wobble pair has a significant similarity to the canonical
minor-groove contact orientation: the O2 atoms of the
T:T pair overlap with the T O2 and A N3 of the A-T
pair. Any stall induced by a T-T pair may be less pro-
nounced because of this overlap.

Inability to hydrogen bond to F2 atoms in the F-F
pair, supported by extensive quantum mechanical stud-
ies, molecular dynamics studies, and the analysis pre-
sented here (bond lengths, hydration), argues for the
unlikelihood of F forming any favorable interaction
with the MGR. Therefore, the stall observed when two
A-F pairs are replicated in succession is similarly likely
to occur when two F-F pairs are tandem to each other,
and indeed even a single F-F pair might be expected to
induce stalling.

One other factor which not only influences binding of
the incoming dNTP but the overall stability of any
double helix is base stacking. While the T-T and F-F
mispairs, and tandem mispairs, adopt strikingly similar
stacking arrangements within the helix, the F stacks are
somewhat more dynamic. This structural freedom is
imparted to the global helix structure in that the con-
figurational entropy for mis-F and tandem-F is higher
than mis-T and tandem-T. Even though F-F has no
hydrogen bonding as a driving force for maintenance of
a wobble configuration, as does T-T, it appears that on
average, the favorable stacking of the nonpolar base F
artificially induces a wobble configuration. When T-T or
F-F mispairs were tested for thermodynamic stability in
the center of a DNA helix, both pairs were observed to
lower the melting temperature to a similar extent relative
to A-T occupying the same position. Even though F
stacks better as a dangling base than T, when F pairs
within a duplex, stacking advantages of F versus T are
less pronounced [30]. The simulations presented here
suggest that the hydrogen bonding interaction that is
lost in going from T-T to F-F may be balanced in part

by increased duplex stability associated with greater
conformational flexibility (and so greater configura-
tional entropy) associated with F-F pairs. Along with
recently published molecular dynamics studies of DNA-
polymerase complexes, the simulations presented here
offer an interesting insight into the subtle differences
between canonical and analog base interactions
throughout the replication process [31, 109, 110].

One goal of computational chemistry is to help to
direct the focus of future studies. In this spirit, having
explored the structural and dynamic aspects of T-T and
F-F and their implications for the possible creation of
such base pairs in the polymerase active site, we consider
modifications of these mispairs that might be more
amenable to extension. We note that it has already been
shown that modification of the non-polar base Z to Q,
by addition of an N3 atom, decreases the loss in exten-
sion efficiency of a Z-F pair. Therefore, the two bases
proposed in Fig. 14 have been designed to contain O2
hydrogen bonding groups at either the 2 or 4 position.
Minor groove interactions should be regained when A
pairs with 4-fluoro-5-methyl-2-pyrimidinone (F-O2),
showing an increase in extension efficiency over A-F
pairs. The base 6-fluoro-3-methyl-4-pyrimidinone
(F-O4), when paired with A, should have a higher
insertion fidelity as compared to F due to better
hydrogen bonding. Both of the proposed bases would
necessarily have varied base stacking interactions. At the
mPWPW91/MIDI! level, the interaction enthalpies [99]
(corrected for BSSE) for the fully optimized A-T A-F,
A-F-O2, and A-F-O4 base pairs are calculated to be
)11.3, )0.1, 0.7, and )7.1 kcal mol)1, respectively.
There is clearly an increase in intermolecular attraction
between A and F when the F4 atom is replaced with O4.
Substitution at O2 does not alter the hydrogen bonding
characteristics, as the difference between )0.1 and
0.7 kcal mol)1 is insignificant. It would be expected that
increased minor groove interactions to F-O2 would be
readily apparent, either from further MD simulations,
or extension experiments.

Supporting information available

Warm-up protocol, COM plots of base stacking, radial
distribution functions to 15.0 Å, time plots of key helical

Fig. 13. Overlay of T-T (red) wobble pair and canonical A-T
(black) Watson-Crick pair from time-averaged structure of mis-T
showing relative positioning of minor groove contacts Fig. 14. Structures of F, F-O4, and F-O2
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parameters, block averaged helical parameters, data for
control trajectory AT.
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