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We report the results of extended molecular dynamics simula-
tions of a DNA oligonucleotide containing an adenine-difluoro-
toluene (A‚F) base pair, and of the corresponding “parent”
oligonucleotide containing an adenine-thymine base pair. The
observation in the former case of spontaneous breathing events
involving the A‚F base pair gives further insight into the
controversial subject of the thymine-mimicking characteristics of
difluorotoluene.

Difluorotoluene (F, Figure 1) has been designed as a nonpolar
homologue of thymine and investigated extensively in an attempt
to understand the origins of fidelity in DNA replication.1-4 Studies
in chloroform show no evidence that F forms hydrogen-bonding
interactions with adenine,5 but DNA polymerase I will incorporate
F across from A, and A across from F, in a precise fashion.5,6

Despite this specificity, thermal denaturation studies7 show that
replacing T by F destabilizes DNA duplexes by 3.0-3.6 kcal
mol-1. The significance of these results has been debated in
quantum mechanical (QM) calculations.8,9 Recently, the structure
of an A‚F-containing DNA dodecamer has been determined by
NMR.10 The structure refinement involved numerous short (∼25
ps) molecular dynamics (MD) simulations with NMR-derived
distance restraints. No unusual behavior of the dodecamer was
observed during the MD simulations, and the refined structure
showed standard B-type characteristics.

Extended MD simulations of oligonucleotides and related
molecules, including solvent and considering long-range electro-

static effects, can give reliable structural and dynamic informa-
tion.11,12Using these methods,13 we have performed a total of 10
ns of MD simulations on an A‚F-containing dodecamer and 1.5
ns on its “parent”, A‚T-containing sequence (Figure 1).

The first 1.5-ns MD trajectories for both dodecamers were
monitored by measuring the RMS deviation of the snapshots from
reference canonical A- and B-form structures. Within 0.5 ns, both
simulations reached a plateau about 4 Å RMS deviation from
the B-form reference, but about 5 Å away from the A-form refer-
ence (not shown). An essentially B-form structure was maintained
in both cases, the RMS deviation resulting largely from a
reduction in helical twist.12d The last 1 ns of each simulation was
used to generate time-averaged structures. These showed an RMS
deviation of only 1.4 Å, indicating that both sequences were
adopting similar conformations, in agreement with the NMR data10

However, plotting the lengths of the “hydrogen bonds” in the
A‚F base pair over the simulation (Figure 2) showed that the
conventional orientation between these bases was lost for about
200 ps, beginning at about 600 ps. This event was found to involve
the swinging out into the major groove of the A and F basessa
base pair breathing motion.

Cieplak et al.12f have previously reported the breathing of a
terminal base pair, but “end effects” inevitably limit the generality
of conclusions that can be drawn from that study. To our
knowledge, this is the first time that a spontaneous breathing event
of an “internal” base pair has been observed in the MD simulation
of a DNA duplex, at least with the current generation of force
fields and simulation protocols. This is not unexpected; for a
natural Watson-Crick base pair, the breathing frequency is
estimated to be in the microsecond range. The weaker nature of
the A-F interaction would appear to have moved this process
into a time scale accessible by atomistic MD. Solvent exchange
data from the NMR studies support this conclusion.10
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Figure 1. Structures of (left) A‚T and (right) A‚F base pairs and
dodecamer sequences simulated, showing numbering scheme.

Figure 2. Variation in selected A‚F nonbonded distances (in Å) through
the trajectory.

8653J. Am. Chem. Soc.1999,121,8653-8654

10.1021/ja991067t CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/01/1999



The simulation of the A‚F-containing sequence has been
extended to 10 ns. Several further breathing events have been
observed (Figure 2). These events may be conveniently divided
into two types. More common are partial openings, where the
F(F4)-A(H61) distance increases greatly but the F(H3)-A(N1)
distance is not greatly extended. Less common are full breathing
events, where all “conventional” interactions between these two
bases are lost. Taking 3.0 Å as the cutoff for both of these key
distances, we calculate the equilibrium population of each state
and thus a free energy of partial opening for the A‚F pair of∼0.4
kcal/mol and for complete breathing of∼0.9 kcal/mol. The choice
of cutoff distance is not critical; for instance, a cutoff of 3.2 Å
yields∆G values of 0.5 and 1.0 kcal/mol for partial opening and
complete breathing, respectively, while a cutoff of 3.5 Å gives
values of 0.6 and 1.0 kcal/mol.

Because of the close shape mimicry of F for T, the mechanics
of the breathing process detected here should be applicable to
natural base pairs. We have therefore examined these breathing
events in some detail. First, we observe that the structural
deformations involved are very localized. Table 1 shows the
average RMS coordinate fluctuations for selected bases over the
time of the breathing event around 3 ns. The bases on either side
of the A‚F pair are scarcely affected by this major structural
transition. This is in general agreement with the studies of Chen
et al.15 on base opening mechanics, but we do not observe a clear
correlation between theú torsion angle and base opening, as that
study suggested; here, the mechanics of breathing are complex
and variable from event to event. Second, as the RMS fluctuation
data indicate, the breathing motion is asymmetric. In this particular
event, the A base unstacks and protrudes from the helix to a much
greater extent than the F. However, analysis of the event at around
4.5 ns reveals the oppositesit is the F base that unstacks and
protrudes. Intrastrand purine-purine stacking interactions are
generally stronger than pyrimidine-pyrimidine ones, favoring F
unstacking. However, this process involves a major increase in
the solvent exposure of the base concerned, disfavoring F
unstacking. Over the 3-ns breathing event, the solvent-accessible
surface area (SASA) of the adenine base increases from an
average of 210 to about 290 Å2. In the 4.5-ns event, the SASA
for the F base increases from an average value of 220 to about
250 Å2. In both events, the SASA of the partner base is largely
unaffected. This analysis is confirmed by examination of the MD
data. The number of water molecules less than 3.5 Å from the
polar atoms of the bases (N1, N3, N6, N7, and N9 for A; F2, C3,
and F4 for F) increases from about four to eight when A breathes,
but only from about two to four when F breathes (results not
shown). In conclusion, it would appear, therefore, that stacking
and solvation factors are finely balanced in this case.

To complement the MD studies and help validate the AMBER
parametrization of F, the thermodynamics of A‚T and A‚F dimer
formation have been determined at the DFT level of theory using
the B3LYP functional,16 with the 6-31G(d) and 6-31G(d,p) basis
sets.17 Results in Table 2 show that the dimerization energy of
A‚T is around 9 kcal/mol more favorable than that of A‚F, the

difference being reduced if entropic effects are considered. The
total interaction energy of A‚F is around 3 kcal/mol, a value
equivalent to a weak H-bond, in agreement with previous
estimates.18 Note that free energy calculations suggest that, while
the A‚T pairing is stable for a 1 M gas-phase reference state,
A‚F H-bonding is disfavored, as suggested from experimental
studies in apolar solvents.5

Calculation of stacking energies17 (Table 3) shows that there
is no dramatic and consistent difference in the stacking of T and
F. These results suggest that the intrinsic stacking abilities of T
and F are not dramatically different, and that important sequence
effects in the determination of the stability of DNA containing F
substitutions can be expected. Future calculations will be focused
on the analysis of solvent and environmental effects on the
stability of T f F substitutions. Tables 2 and 3 also contain data
calculated using the AMBER nonbonded parametrization of F.
These help to confirm the accuracy of these parameters and of
the MD simulations based on them.

Analysis of B3LYP frequencies has provided a quasi-dynamic
picture of the flexibility of A‚T and A‚F pairs. We observe three
normal modes for each that relate to base pair breathing
movements (Table 4); all are shifted to considerably lower
frequencies in the A‚F pair. The QM studies thus explain, at least
in part, the frequent occurrence of breathing events found in our
MD simulations.

In conclusion, these simulations provide more information on
the structure and dynamics of DNA containing A‚F base pairs.
Furthermore, they give insight into the mechanics of base pair
breathing in general. Breathing events can be very localized, and
the degree and asymmetry of base pair opening depends on a
delicate balance between hydrogen bonding, stacking, and sol-
vation effects. All three, not just H-bonding, may be important
in how F can substitute for T in replication. We observe that the
stacking interactions of F are not greatly different from those of
T, but solvation effects are almost certainly important, as has been
recently proposed.19
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Table 1. RMS Coordinate Fluctuations (in Å), Averaged over All
Atoms within Each Base, over the Breathing Event, 2.8-3.1 ns

strand 1 RMS fluctuation strand 2 RMS fluctuation

T5 0.27 A20 0.15
C6 0.45 G19 0.45
F7 0.69 A18 1.30
T8 0.41 A17 0.54
T9 0.28 A16 0.33

Table 2. Dimerization Energies and Free Energies (Both in
kcal/mol) for the H-Bond Dimerization of A‚T and A‚Fa

dimer ∆E (QM) ∆G (1 atm) ∆G (1 M) ∆E (AMBER)

A‚T -12.0/-12.2 1.1/0.6 -0.9/-1.3 -13.9
A‚F -2.9/-3.0 7.8/6.9 5.9/5.0 -3.2

a B3LYP/6-31G(d) results are in roman, B3LYP/6-31G(d,p) results
in italics.

Table 3. Intrastrand Stacking Energies for T and F with Their
Adjacent Bases from the Time-Averaged Structurea

stacked
pair

∆E
(QM)

∆E
(AMBER)

stacked
pair

∆E
(QM)

∆E
(AMBER)

5′-d(CF)-3′ -2.5 -2.8 5′-d(FT)-3′ -3.2 -4.2
5′-d(CT)-3′ -6.0 -7.4 5′-d(TT)-3′ -2.2 -2.5

a All values are in kcal/mol.

Table 4. B3LYP Vibrational Frequency Analysis for A‚F and A‚T

A‚F A‚T A‚F A‚T A‚F A‚T

motiona opening shear stretch
frequency (cm-1) 28.5 54.5 56.8 96.2 67.1 109.3

a The descriptions of the motions relate to the Cambridge Conven-
tions but are not exact.

8654 J. Am. Chem. Soc., Vol. 121, No. 37, 1999 Communications to the Editor


