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The substitution effect on hydrogen bond energy of the Watson-Crick type base pair between uracil and
chemically modified adenine derivatives was evaluated by ab initio molecular orbital theory. Predicted hydrogen
bond energies were compared with experimental binding constants in some cases, and the calculated hydrogen
bond energies correlated well with the experimental binding constants. Thus, ab initio calculation is an effective
method to estimate the stability of the base pair between chemically modified nucleic acid bases. In contrast
to the substitution effect in uracil on hydrogen bond energy, no remarkable trend was observed in the relation
between the substituent in adenine derivatives and the hydrogen bond energies. The adenine derivatives,
which have a nitro group on the 8-position or an amino group on the 2-position, can form the most stable
hydrogen bonds with uracil.

Introduction

The hydrogen bond formation of a Watson-Crick type base
pair (Figure 1) is fundamental for molecular recognition in the
duplex formation of nucleic acid.1 It is essential for transmission
of genetic information, i.e., the processes of transcription from
DNA to mRNA,2 and of translation from mRNA to protein via
tRNA.3 The molecular recognition via highly selective Watson-
Crick base pairing has widely attracted much attention; for
example, it has been applied to construction of artificial
supermolecular systems4 and to template synthesis.5

On the other hand, antisense technology,6 which is an attrac-
tive topic from the standpoint of control of expression of genetic
information, is based on the selective hydrogen bond formation
of nucleic acid bases. A molecule that can selectively form a
stable complex is needed for the antisense technique. Many
chemically modified nucleic acid analogues have been studied
for the antisense strategy,6b,c most of which focused on modifi-
cation of sugar/phosphodiester moieties, because nuclease resist-
ance is also required for the antisense molecule. Modification
of base moieties should also be taken into account in the design
of an antisense molecule, considering that formation of hydrogen
bonds between base moieties is essential for recognition of the
targeted sequence. Modification of base moieties has been
studied by some groups;7 however, no systematic study has been
made in pursuit of improvement of the base pair stability.

Recently, new types of base pairs, which use nonnatural bases,
have been developed by some groups.8 It is expected that these
new types of base pairs will provide some possibilities:
expansion of the genetic code,9 probes for some enzyme

assays,10 and so on. Understanding the characteristics of the
base pair formation via hydrogen bonds, especially base pairs
between the nonnatural (chemically modified) nucleic acid
bases, is important in this new research field.

We have already reported an ab initio molecular orbital study
of the substitution effect on hydrogen bond energy in the base
pair between 9-methyl adenine (A) and modified 1-methyl uracil
derivatives (UX).11 In the case of the substituent effect on uracil
in the A-UX base pair, we have observed a remarkable tendency
for UX:UX possessing a stronger electron-withdrawing group
(EWG) to form a more stable base pair.

Although there are many theoretical studies on the hydrogen
bond energy of the Watson-Crick type base pair between
natural nucleic acid bases,12 no systematic ab initio molecular
orbital studies on modified base pairs have been reported, except
for our studies.11 Moreover, there is no study comparing the
theoretically and experimentally estimated stability of the base
pair of nucleic acid base analogues. Theoretical studies are
important for understanding the nature of the hydrogen bond
in the base pair and are useful for applications such as those
described above. We report herein an ab initio study regarding
the substitution effect on hydrogen bond energy in the base pair
between modified 9-methyl adenine derivatives (AX) and
1-methyl uracil (U).
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Figure 1. Watson-Crick base pairs.
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Computational Methods

In most theoretical studies, the hydrogen bond energies of
the Watson-Crick type base pairs were evaluated at the second-
order Møller-Plesset (MP2) level of theory using double-ú basis
sets with polarization.12 Rablen et al. showed13 that hydrogen
bond energies of small molecules calculated at the level of
B3LYP/6-31++G(2d(X+),p)//B3LYP/6-31++G(d(X+),p)14

were in good agreement with the results of the complete basis
set approach (CBS-Q15). Sponer et al. reported12m that the
hydrogen bond energies of some model compounds in MP2/6-
31G*(0.25)//MP2/6-31G*(0.25)16 reproduced relatively well the
result of much larger basis sets. They also found17 that the
contribution of higher-level electron correlation was small on
hydrogen bond energy, and that MP2 interaction energies were
close to the results of coupled cluster electron correlation
(CCSD(T)18) data. Hydrogen bond energy is mainly character-
ized by electrostatic contribution,19 so the contribution of
electron correlation should be relatively small. Thus, the
conclusion of Sponer et al. would be quite reasonable and also
be generally applicable to various types of hydrogen bonding
systems. We already reported an ab initio study regarding the
basis set effect on the calculated hydrogen bond energies of
Watson-Crick type base pairs at the MP2 levels of theory.20

The values of hydrogen bond energies of A-U and G-C base
pairs, evaluated at the computational levels of MP2/6-31+G-
(2d′,p′)15//HF/6-31G(d,p), were in excellent agreement not only
with the values calculated at MP2/6-311++G(3df,p)//HF/6-
311++G(3d,p) but also with the values reported by Rablen et
al.13 Thus, the MP2/6-31+G(2d′,p′)//HF/6-31G(d,p) level cal-
culation was employed for estimation of the hydrogen bond
energies of the Watson-Crick type base pairs in this report.
Recently, Dunning’s triple-ú basis sets were applied to the base
pair,12n,oand triple-, quadruple- and quintuple-ú basis sets were
applied to the model complex of the base pair, for the discussion
about the basis set effect on the hydrogen bond energy.12n From
the results of model compounds, Sponer et al. pointed out that
double-ú basis sets should underestimate the hydrogen bond
energies by about 2.5 kcal‚mol-1, comparing quintuple-ú basis
sets in the base pair which contains two hydrogen bonds.
However, we consider that the error, which originates from the
basis set, should be comparable for all AX-U base pairs. Thus,
the substituent effects in nucleic acid bases on the hydrogen
bond energy for base pair formation can be discussed, at least
qualitatively, based on the energy estimates derived from MP2/
6-31+G(2d′,p′)//HF/6-31G(d,p) calculations.

The hydrogen bond energies of the Watson-Crick type base
pairs were evaluated by a supermolecular method. The basis
set super position error (BSSE) for hydrogen bond energies was
corrected by using the counterpoise method.21 Hereafter, we
refer to the molecular interaction energy without BSSE correc-
tion asδE and the energy with BSSE correction as∆EHB (eqs
1 and 2). Thus, the more negative∆EHB means the more stable
hydrogen bond.∆∆E was defined as the substitution effect on
∆EHB (eq 3). As shown in eqs 1 and 2,∆EHB(AX-U) includes
the total interaction energy, and the deformation energy was
not separated from∆EHB(AX-U), because of our standpoint in
this research: The substitution effect on the interaction energy,
including the deformation energy, is important for the purpose
in this work.

The structures of AX-U, as well as those of nucleic acid
bases AX and U, were optimized in the 6-31G(d,p) basis set at
the HF level of theory. In all cases,Cs symmetry was assumed:
all atoms, except for hydrogen atoms in the methyl group(s),
were placed on the plane of the symmetry. The energies of the
optimized structures were evaluated with single-point calcula-
tions with the 6-31+G(2d′,p′) basis set at the MP2 level of
theory. A preliminary conformer search with HF/3-21G calcula-
tions was carried out in some cases. Additionally, energy
estimation of the two important conformers in MP2/6-31+G-
(2d′,p′)//HF/6-31G(d,p) was carried out for 6-N-methyl-9-methyl
adenine (A6NMe) and for 6-N-formyl-9-methyl adenine (A6Nfo).
In the case of these A derivatives, which have a substituent on
the exocyclic amino moiety on the 6-position, there are
conformational isomers because of the rotation of the amino
group and the substituent (Figure 2).∆EHB(AX-U) of these
derivatives were calculated based on the hydrogen bond forming
conformer (I ). For both A6NMe and A6Nfo, conformer (I ) was
found to be higher in energy than conformer (II ). We refer to
the molecular interaction energies calculated based on the
conformer (II ) as∆Etotal(AX-U).

Conformer search calculations of some derivatives were
carried out using the SPARTAN program.22 Structure optimiza-
tion and energy estimation calculations were both carried out
using the GAUSSIAN 94 program.23

Result and Discussion

In the present work, we studied 15 adenine derivatives (AX),
whose structures and abbreviations are shown in Figure 3. The
adenine derivatives shown in Figure 3 were classified into the
following four groups. Group A: unmodified adenine (A).
Group B: a substitution group was introduced at the 8-position
on adenine24 or at the exocyclic amino moiety of adenine.
Position and number of hydrogen bonds were the same as in
the A-U base pair. The structure of the purine ring also
remained unchanged; EWG was introduced on the 8-position
of adenine (A8F, A8oxo, and A8NO2), an electron-donating group
(EDG) was introduced on the 8-position of adenine (A8NH2),
and a formyl group was introduced as an EWG (A6Nfo) or a
methyl group was introduced as an EDG (A6NMe) on the
exocyclic amino moiety on the 6-position. Group C: Position
or number of the hydrogen bonds was changed (see Figure 4);
changing the position of the hydrogen bond (H-Bond A to
H-Bond C, P2NH2), adding a new hydrogen bond (H-Bond C)
on the A-U base pair (A2NH2), and deleting H-Bond A (P).
Group D: Position and number of hydrogen bonds were

δE(AX-U) ) E(AX-U) - (E(AX) + E(U)) (1)

∆EHB(AX-U) ) δE(AX-U) + BSSE (2)

∆∆E ) ∆EHB(AX-U) - ∆EHB(A-U) (3)

Figure 2. Rotatable exocyclic bonds in A6NMe amd A6Nfor.
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unchanged, but a nitrogen or carbon atom in the purine ring
was changed, replacing a carbon atom with a nitrogen (A8N) or
a nitrogen atom with a carbon (A3C, A7C, A7CCN, and A9C), which
constructs the purine ring.

Table 1 shows the results of theoretically estimated∆EHB of
each AX. By examining the change in the N-H stretching mode
in the IR spectum, Kyogoku et al. derived the binding constants
(k) between uracil and some adenine derivatives (A, A2NH2,
P2NH2, A8Br 25, and A6NMe).26 First, we compared theoretically
predicted hydrogen bond energies to log ofk. As shown as

Figure 5, theoretically estimated substitution effect on∆EHB

reproduced the substitution effect onk: A2NH2 > A8Br/A8F ≈
A > A6NMe ≈ P2NH2. As described in ref 27, A6NMe has
conformers that cannot form a base pair.∆EHB of A6NMe-U
was calculated based on the energy of the conformer, which
can form the base pair (conformerI in Figure 2). The calculated
value of∆Etotal(A6NMe-U) is shown in Table 1.28

Oligonucleotides possessing some AX were prepared, and the
duplex stability of AX introduced oligonucleotides was
studied.7c,i,j,k,m The duplex stability of oligonucleotides was
observed as melting temperature (Tm). An increase inTm shows
an increase in the duplex stability of AX introduced oligonucle-
otides, and vice versa. Thus, the difference inTm (∆Tm ) Tm-
(AX)-Tm(A)) is the index of the substitution effect in duplex
stability. So experimentally observed∆Tm, reported in refs
7c,i,j,k, and m, are also shown in Table 1. However,Tm and
∆Tm are highly sensitive to the experimental conditions, i.e.,
length and sequence of the oligonucleotides, AX introduced

Figure 3. Substituent introduced 9-methyl adenine derivatives (AX)
in this study.

Figure 4. Hydrogen bond between AX and U.

TABLE 1: δE, ∆EHB, ∆∆E, and BSSE (kcal‚mol-1) of Each AX Calculated at MP2/6-31+G(2d′,p′)//HF/6-31G(d,p) Level, the
Binding Constants (k, l‚mol-1) and ∆Tm (°C)

δE BSSE ∆EHB ka -∆∆E ∆Tm
c

A -15.31 2.13 -13.11 100 0.00
A8F -15.37 2.17 -13.20 140b 0.09
A8oxo -15.32 2.16 -13.16 0.05
A8NO2 -17.58 2.21 -15.37 2.26
A8NH2 -16.41 2.16 -14.25 1.14
A6Nfo -13.21 2.33 -10.87d -2.24
∆Etotal -10.79e

A6NMe -15.13 2.30 -12.83d 50 -0.28
∆Etotal -11.00e

P -10.15 1.73 -8.42 -4.69 -6 °C (1/7,35°C)
P2NH2 -14.15 2.19 -11.96 45 -1.15
A2NH2 -17.46 2.50 -14.96 170 1.85 +1.5°C (2/15,60°C), +3.5°C (5/15,60°C)
A3C -14.50 2.20 -12.31 -0.80 -6 °C (1/10,42°C), -1 °C (1/12,50°C)
A7C -15.62 2.19 -13.43 0.32 +3 °C (6/6,33°C)
A7CCN -15.19 2.21 -12.98 -0.13
A8N -15.49 2.19 -13.30 0.19
A9C -15.09 2.16 -12.93 -0.18

a Reference 26.b The value ofk for A8Br. c See ref 29 and corresponding references in ref 7.d Without rotational energy of exocyclic amino
group. See the conformerI in Figure 2.e With rotational energy of exocyclic amino group. See the conformerII in Figure 2.

Figure 5. Relationship between theoretically estimated∆EHB and log
of binding constant of some AX (see ref 25 for A8Br/A8F and ref 27 for
A6NMe).
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position, concentration of salt in the solution, and so on. The
experimental conditions of the abovementioned refs were
different from each other. Thus, only the tendency (plus or minus
sign) of the∆Tm can be compared with∆∆E. The signs of the
calculated values of-∆∆E are in accord with those of∆Tm

without exception. The amount of experimental data available
is quite limited. As far as these experimental values are
concerned, our ab initio estimations are in reasonable agreement
with experimental results.

In contrast to the substitution effect in uracil on hydrogen
bond energy,11ano remarkable trend was observed in the relation
between the substituent in adenine derivatives and the hydrogen
bond energies. The substitution effects of each group are
discussed as follows. Group B: Both EWG (A8F, A,8oxo and
A8NO2) and EDG (A8NH2) on the 8-position of A stabilize the
hydrogen bond with U, but the substituent effects are not so
large (-∆∆E ) 0.05 to 0.09 kcal‚mol-1) except for A8NH2

(-∆∆E ) 1.14 kcal‚mol-1) and A8NO2 (-∆∆E ) 2.26
kcal‚mol-1). The methyl group on the exocyclic amino group
on the 6-position (A6NMe) has little effect (-∆∆E ) -0.28
kcal‚mol-1) on the hydrogen bond stability. On the other hand,
a formyl group at the same position (A6Nfo) destabilizes the
hydrogen bond by 2.24 kcal‚mol-1. The hydrogen bond stability
of A6NMe-U and A6Nfo-U should be overestimated because they
have conformers which are unsuitable for base pair formation.27

Group C: ∆EHB of P2NH2-U is 1.15 kcal‚mol-1 less negative
than that of A-U, though both A and P2NH2 form two hydrogen
bonds in base pair formation with U. As expected,∆EHB of
A2NH2-U, which forms three hydrogen bonds, is 1.85 kcal‚mol-1

more negative than A-U. ∆EHB of P-U, which forms only
one hydrogen bond, is 4.69 kcal‚mol-1 less negative than in
the case of A-U. Group D: The effects of these substitutions
on ∆EHB were not so large (-∆∆E of this group was less than
1 kcal‚mol-1). ∆EHB of A7C-U and A8N-U become more negative
and the others become less negative, than∆EHB of A-U.

There are two hydrogen bonds between AX and U, except
for A2NH2-U and P-U base pairs (Figure 4). AX acts as electron
acceptor in H-Bond A and acts as electron donor in H-Bond
B. Thus, considering the fact that the hydrogen bond is mainly
characterized by electrostatic contribution,19 a decrease in the
electron population of the purine ring enforces the H-Bond A
and weakens the H-Bond B. On the other hand, an increase in
the electron population of the purine ring weakens the H-bond
A and enforces the H-bond B. Figure 6 shows the hydrogen
bond length (Å) of the base pairs of 8-substituted A derivatives.
As expected, the introduction of an EWG results in shorter and
longer bond length of H-Bond A and B, respectively. The
introduction of an EDG results in the opposite trends, namely,
the substitution effects on the strengths of H-bond A and B
may cancel each other out. Thus, the substitution effect on total
hydrogen bond energy of AX-U is complicated and difficult to
forecast from the structure.

Conclusion

The substitution effect on hydrogen bond energy of the
Watson-Crick type base pair between U and AX was estimated
by ab initio molecular orbital theory. The substitution effect on
hydrogen bond energy of AX-U base pairs, calculated by ab
initio method, was in good agreement with the substitution effect
on experimentally observed binding constants of AX-U base
pairs. Among the modified adenines studied in the present work,
the adenine derivatives, which have a nitro group on the
8-position or an amino group on the 2-position, can form the
most stable base pair with uracil. In contrast to the substitution

effect in uracil on hydrogen bond energy, no remarkable trend
was observed in the relation between the substituent in adenine
derivatives and the hydrogen bond energies, so it is difficult to
forecast the substitution effect from the structure. Thus, it is
important that ab initio calculation is an effective method to
estimate the base pair stability between chemically modified
nucleic acid bases, described in this report.
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