
 

Difluorotoluene, a thymine isostere, does not hydrogen bond after all
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The lack of significant hydrogen bonding by 2,4-difluoro-
toluene, an isostere of thymine, is confirmed by ab initio
calculations and force field modelling of nucleic acids.

Watson–Crick base-pairing is the information code which
directs replication, transcription and translation.1 Base-pairing
is produced by hydrogen-bonding which stabilizes the DNA
double helical structure.2 The free energy differences between
matched and mismatched base pairs in aqueous solution are
estimated to be in the range of 0.2 to 0.4 kcal mol21 for terminal
base pairs3 and 1 to 3 kcal mol21 for internal base pairs.4 In
1988, Echols and Goodman noted that the energy difference
between hydrogen bonding of matched and mismatched
terminal pairs is insufficient to account for the remarkably high
fidelity of Watson–Crick base pairing in DNA replication by the
DNA polymerase (104 to 105).5 It was proposed that the
geometry of the complex between the template and substrate on
DNA polymerase was more important than hydrogen bonding
in controlling polymerase fidelity.

In 1994, Kool and co-workers proposed that there is no
significant hydrogen bonding between adenine (A) and the

thymine (T) isostere, F.6 Nevertheless, numerous studies now
show that F can be readily incorporated in place of T by DNA
polymerase.7 In F, fluorines replace oxygens, and carbons
replace nitrogens. Much evidence has been amassed in accord
with the idea. 1H NMR and X-ray data indicated that F does not
H-bond with natural nucleotides in solution.8 Single nucleotide
insertion and ‘running start’ experiments demonstrated that F
expressed similar selectivity to T during the replication of a
DNA strand in the presence of Klenow fragment (KF) of
Escherichia coli DNA polymerase.7 The geometry of the
reaction complex, not hydrogen bonding, seems of principal
importance in the fidelity of the DNA polymerase.

However, Evans and Seddon proposed that the hydrogen
bonding between A and F still plays an important role in DNA
replication even with templates containing F.9 In their commu-
nication, ab initio RHF/6-31G**, semi-empirical AM1 and
PM3 calculations were presented which reveal large dipole
moments of the methyl derivative of 2,4-difluorotoluene 1 (1.86
D) in comparison to H2O (1.82 D). They suggested that the
polar nature of 2,4-difluorotoluene is important for hydrogen
bonding and hence, DNA replication. They reported the

electrostatic potential surfaces of 1 and N1-methylthymine 2
[Fig. 1(a)]. These are clearly similar, suggesting that F mimics
the shape, the charge distribution and hydrogen-bonding
patterns of T [Fig. 1(b)]. Evans and Seddon supported the
‘status quo’ concerning the major role of hydrogen-bonding on
replication fidelity, even with F.

We have reinvestigated these issues with quantum mechanics
and molecular mechanics, to test the ability of hydrogen-
bonding by F and the potential role in base-pairing interactions
in DNA.

It is well known that fluorinated olefins and aromatic
compounds are poor hydrogen bond acceptors. Fluorine has a
greater electronegativity and lower polarizability than oxygen,
which renders it a much poorer hydrogen bond acceptor. At the
MP2/TZV++(3d,1f,1p) level of theory, vinyl C(sp2)–F forms
hydrogen bonds with water with a strength of only 1.5 kcal
mol21, significantly lower than typical hydrogen bonds of 5 to
10 kcal mol21.10 F contains two aromatic C(sp2)–F moieties.
The hydrogen bonding strength of F with water should be even
less.

We recomputed 1 and 2 with semi-empirical PM3, ab initio
RHF/3-21G and RHF/6-31G** calculations.11 At the RHF/
6-31G** level, the electrostatic charges of fluorines in 1 are
both 0.21, and the dipole moment of 1 is 1.90 D. The
electrostatic charges of the oxygens in 2 are both 0.61, and the
dipole moment of 2 is 4.83 D. The dipole moment of the water
molecule has also been calculated using the RHF/6-31G**
method for comparison, giving a value of 2.15 D. In spite of the
representation displayed in Fig. 1(a), the fluorines of F and
oxygens of T have significantly different electrostatic charges.
The electrostatic potential range used in the published pictorial
representation for 1 is from 219 to +27 electron per atomic unit,
while it is from 246 to +51 electron per atomic unit for 2.

Fig. 1 The electrostatic potential surfaces of 1 and 2: (a) as presented in ref.
9 [the range of electrostatic potential shown in thymine is from red (246.0)
to blue (+50.5) and in difluorotoluene is from red (219.0) to blue (+27.3);
the units are electrons per atomic unit), (b) PM3 model and (c) RHF/
6-31G** model [both (b) and (c) using the same potential range (246.1 to
+50.5 from red to blue for RHF) for both structures from our calculations;
the units are electrons per atomic unit and charges are given in
parenthesis].
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Because of this, the color pictures in Fig. 1(a) provide the
incorrect impression that the electrostatic potentials are very
similar. When plotted on the same color scale [Fig. 1(b),(c)], it
is obvious that the electrostatic potential range of 1 is much
more limited than that of 2. Hydrogen bonds involving F will be
very weak, perhaps impossible to detect in solution. Indeed, this
is the conclusion of Kool et al. based upon experimental data.8
The dipole moment of 1 is also significantly smaller than 2,
even smaller than H2O. Since replication experiments are
performed in aqueous solution, DNA strands are solvated.
Hydrogen bonding between F and A is not competitive with
hydrogen bonding between solvent water molecules and A,
even if F can weakly complex with A in the gas phase.

Since the Evans–Seddon paper, others have tested the ideas
computationally.12,13 Meyer and Sühnel did calculations on
F–A and T–A complexes using the RHF, B3LYP and MP2
methods and the 6-31G** basis set.12 Without zero point
correction, the complexation energy for T–A is 11.7 kcal
mol21, significantly larger than the complexation energy for
F–A (23.8 kcal mol21).

However, in aqueous solvent, the loosely complexed F–A is
readily dissociated. Santhosh and Mishra did calculations on
F–A and T–A systems in a solvent cavity model (PCM) at the
4-31G level with AM1 geometries.13 The complexation energy
of F–A becomes repulsive (3.5 kcal mol21) in aqueous media,
while it is attractive for the T–A complex (211.1 kcal mol21).
The best distance for fluorine of F and nitrogen of A is 3.533 Å
(calculated from their graph), significantly longer than that of
T–A (3.0 Å). We performed RHF/6-31G* optimizations and
SCI-PCM solvent cavity model calculations on F–A and T–A
as well. With RHF/6-31G* optimized geometries, and SCI-
PCM solvation calculations at the RHF/6-31G* level, the
energy difference between F–A and uncomplexed A and F is
21.4 kcal mol21. This means that the F–A complex becomes
repulsive in aqueous solution, as Santhosh and Mishra
showed.13 The complexation energy for T–A in water is
computed to be 25.2 kcal mol21. F does not hydrogen bond
with A in aqueous solution.

We have also modelled the polydeoxynucleotides containing
F–A or T–A complexes. The AMBER* force field was
employed in these calculations.14 The charges on the oxygens in
T are 20.47 and 20.53, respectively, and the charges on the
fluorines in F are both 20.25. A strand of 3-nt DNA is shown
in Fig. 2. Whereas the distances between O4 of T and NH2 of A,
and between N3 of T and N1 of A, are computed to be 2.832 and
2.851 Å respectively, the distance between F4 of F and NH2 of
A is 3.316 Å, and the distance between C3 of F and N1 of A is
3.521 Å. These are 0.484–0.670 Å longer, a clear indication of
the absence of hydrogen-bonding in the small DNA oligomer.
Importantly, the distance between N3 of T and N1 of A
calculated with the AMBER* force field (2.851 Å) is close to
those measured from high resolution DNA X-ray structures
(2.82 ± 0.07 Å),12 and the distance between F4 of F and N1 of
A calculated with the AMBER* force field (3.521 Å) is close to
the value obtained from RHF/4-31G//AM1 calculations by
Santhosh and Mishra (3.533 Å).13

Force field calculations of a 12-nt DNA fragment with the
GB/SA* solvation model15 also show that there is no hydrogen-
bonding between F and A (Fig. 3). In DNA double helices, the

base pairs adjacent to F–A are strongly hydrogen bonded. This,
along with p-stacking to F and A, keeps the F–A base pair from
separating. Aqueous solvation also keeps DNA strands tightly
coiled. Even with the assistance from neighboring base pairs,
the F–A hydrogen bonding distances are still 0.6–0.7 Å longer
than those of T–A. All evidence suggests that there is no
hydrogen bonding between F and A. However, the p-stacking
and the shape of the whole DNA strands are not distorted
significantly with F in place of T. As a nearly perfect isostere,
F should be able to fit into the DNA template-polymerase-
substrate complex without disturbing the structure.

The experimental and theoretical studies support the conclu-
sion of Kool et al. that the hydrogen bonding of F–A is very
unlikely to play an important role in DNA replication.
Geometrical effects must account for the high fidelity of DNA
replication in the presence of polymerase.
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Fig. 2 Molecular modelling shows no obvious hydrogen bonding of F with
A.

Fig. 3 The structure of 12-nt DNA with A–T or A–F base pairs.
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