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In this study, we have investigated 12 tautomers of the DNA base adenine at the BP86/TZ2P and BP86/
QZ4P levels of density functional theory. The vertical and adiabatic ionization energies of all tautomers were
determined as the difference in energy between the radical cation and the corresponding neutral system.
Furthermore, an evaluation is made for the eigenvalue spectra calculated with the SAOP functional, which is
shown to lead to substantial improvements for orbital energies compared to BP86. We have also explored the
correlations between the Kohn-Sham orbitals of the different tautomers at the BP86/QZ4P and SAOP/QZ4P
levels. Finally, we discuss implications of the existence of the tautomeric forms of adenine for the DNA
replication.

1. Introduction

Rare tautomeric forms of DNA bases are suspected to play
a key role in the formation of spontaneous mutations in DNA.1-3

A DNA base can hydrogen bond with a complementary
tautomeric form of the incorrect partner base giving a proper
Watson-Crick shape. This mispairing can, therefore, be incor-
porated into the DNA strand without disturbing the geometrical
and energetic demands of the DNA double helix on the base
pair formation.1c,4,5 This mutagenic process can be aided by
metal ions, which stabilize certain tautomeric forms of the DNA
bases.6 The coexistence of these different tautomeric forms of
DNA bases has been established in spectroscopic experiments
in the gas phase7 and in solution with NMR experiments.8

In this work, we focus on the DNA base adenine (ade_n9)
which can exist in twelve different tautomeric forms by shifting
one or two protons to a different nitrogen atom (see Scheme
1). We have computed the geometries and relative energies of
the DNA base adenine and eleven tautomers thereof using the
generalized gradient approximation of density functional theory
(DFT) at the BP86/TZ2P and BP86/QZ4P levels of theory.
Recently, Fonseca Guerra et al.9 have shown that the BP86/
TZ2P level of DFT leads to excellent agreement of computed
structures and bond energies of DNA base pairs with experi-
mental values.

Furthermore, we have computed (again at BP86/TZ2P and
BP86/QZ4P) the vertical and adiabatic first ionization energies
of all twelve tautomers as the difference in energy between the
radical cation and the corresponding neutral system. These
vertical ionization energies are compared with the orbital
eigenvalue spectra of each of the four neutral tautomers (ade_n1,
ade_n3, ade_n7, and ade_n9) which, in a one-electron model,
are to be interpreted also as vertical ionization energies. The
orbital energies are computed with the BP86 potential, which
is known to yield too weakly bound electrons, as well as the
SAOP potential, which is know to lead to substantial improve-

ments for orbital energies compared to BP86.10 Finally, we have
also explored the correlations between the Kohn-Sham orbitals
of the different tautomers (both at BP86/QZ4P and at SAOP/
QZ4P), i.e., the relationships in terms of spatial character of
the one-electron wave functions if one goes from one tautomer
to another one.11

The last issue addressed in this paper is the possible
implication for DNA replication when the tautomeric form
imi_1_n1_n9 pairs with cytosine. The hydrogen bond lengths
and strengths are calculated and compared to the former values
obtained for the natural Watson-Crick pair AT.12

2. Methods

2.1. General Procedure.All calculations were performed
using the Amsterdam Density Functional (ADF) program,13

except for the OVGF/TZVP calculations,14 which employ a
Gaussian-type basis set and theGaussian 03program.15 The
MOs in the ADF calculations were expanded using two different
uncontracted sets of Slater-type orbitals (STOs) containing
diffuse functions (no Gaussian functions are involved): (i) the
TZ2P, which is of triple-ú quality for all atoms and has been
augmented with two sets of polarization functions on each atom,
i.e., 3d and 4f on C and N, and 2p and 3d on H; and (ii) the
QZ4P basis, which is of quadruple-ú quality for all atoms and
has been augmented with four sets of polarization functions on
each atom, i.e., two 3d and two 4f STOs on C and N, and two
2p and two 3d STOs on H. The 1s core shells of carbon and
nitrogen were treated by the frozen-core approximation. An
auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular density and to represent the Coulomb and exchange-
correlation potentials accurately in each self-consistent field
cycle.

Geometries and energies were calculated using the generalized
gradient approximation (GGA) to DFT at the Becke88-
Perdew86 (BP86) level of theory.13m,pOpen-shell species were
treated with spin-unrestricted formalism. TheC1 geometries of
the adenine (ade_n9) and the tautomers ade_n1, ade_n3, and
ade_n7, which have an amino group that pyramidalizes, and
theCs geometries of the imino tautomers (see Scheme 1) have
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been verified to be equilibrium structures (zero imaginary
frequencies) through a vibrational analysis at the BP86/TZ2P
level.

2.2. Bond Energy Analysis.The overall bond energy∆E is
made up of two major components (eq 1). In this formula, the

preparation energy∆Eprep is the amount of energy required to
deform the separate bases from their equilibrium structure to
the geometry that they acquire in the pair. The interaction energy
∆Eint corresponds to the actual energy change when the prepared
bases are combined to form the base pair. It is analyzed in the
hydrogen-bonded model systems in the framework of the
Kohn-Sham molecular orbital (MO) model using a decomposi-
tion of the bond into electrostatic interaction, exchange repulsion
(or Pauli repulsion), and (attractive) orbital interactions (eq
2).4,16,17The term∆Velstat corresponds to the classical electro-

static interaction between the unperturbed charge distributions
of the prepared (i.e., deformed) bases and is usually attractive.
The Pauli repulsion∆EPauli comprises the destabilizing interac-
tions between occupied orbitals and is responsible for the steric
repulsion. The orbital interaction∆Eoi in any MO model, and
therefore also in Kohn-Sham theory, accounts for charge
transfer (i.e., donor-acceptor interactions between occupied
orbitals on one moiety with unoccupied orbitals of the other,
including the HOMO-LUMO interactions) and polarization
(empty/occupied orbital mixing on one fragment due to the
presence of another fragment). Since the Kohn-Sham MO
method of DFT in principle yields exact energies and, in
practice, with the available density functionals for exchange and
correlation, rather accurate energies, we have the special
situation that a seemingly one-particle model (an MO method)
in principle completely accounts for the bonding energy. In
particular, the orbital-interaction term of the Kohn-Sham theory
comprises the often-distinguished attractive contributions charge
transfer, induction (polarization), and dispersion. One could in
the Kohn-Sham MO method try to separate polarization and
charge transfer, as has been done by Morokuma in the Hartree-

Fock model,16 but this distinction is not sharp. In fact,
contributions such as induction and charge transfer, and also
dispersion, can be given an intuitive meaning, but whether, or
with what precision, they can be quantified remains a contro-
versial subject. In view of the conceptual difficulties, we refrain
from further decomposing the KS orbital interaction term, except
by symmetry (see below). We have observed that the orbital
interactions are mostly of the donor-acceptor type (N or O lone
pair on one moiety with N-H σ* orbital of the other), and we
feel it is therefore justified to denote the full orbital interaction
term for brevity just as “charge transfer” or “covalent” contribu-
tion, as opposed to the electrostatic and Pauli repulsion
contributions. However, the straightforward denotation “orbital
interaction” avoids confusion with the charge-transfer energy,
which features in other elaborate decomposition schemes18 that
also give rise to induction and dispersion contributions, which
we do not attempt to quantify but which are all lumped together
in the Kohn-Sham orbital interaction.

The orbital interaction energy can be decomposed into the
contributions from each irreducible representationΓ of the
interacting system (eq 3) using the extended transition state
(ETS) scheme developed by Ziegler and Rauk.17 Note that our

approach differs in this respect from the Morokuma scheme,16

which instead attempts a decomposition of the orbital interac-
tions into polarization and charge transfer. In systems with a
clearσ, π or A′, A′′ separation (such as our DNA base pairs),
the above symmetry partitioning proves to be most informative.

3. Results and Discussion

The results of our computations are collected in Tables 1
(relative energies), 2 (dipole moments), 3 (dihedral angle of
the amino group), and 4 and 5 (ionization energies), and in
Figures 1 (structures), 2 (orbital-level correlation), and 3-5 (3D
orbital plots). Furthermore, the Supporting Information provides
Cartesian coordinates of the equilibrium structures of all species
involved in Tables S1-S4 and orbital energy values of selected
species in Tables S5 and S6.

SCHEME 1: Adenine Tautomers Including Canonical Adenine (ade_n9)

∆E ) ∆Eprep+ ∆Eint (1)

∆Eint ) ∆Velstat+ ∆EPauli + ∆Eoi (2)

∆Eoi ) ΣΓ ∆EΓ (3)
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3.1. Structures and Relative Stabilities of Adenine Tau-
tomers.The natural adenine (ade_n9) is the most stable tautomer
of the twelve systems studied (see Table 1). The structures of
the tautomers is given in Figure 1. The following order from
low to higher energy (and also ZPE-corrected energy) is found
both at BP86/TZ2P and BP86/QZ4P: ade_n9< ade_n3<
ade_n7< imi_1_n1_n9< imi_2_n1_n7< imi_1_n1_n7<
imi_2_n3_n7< imi_2_n1_n9< ade_n1< imi_1_n3_n7<
imi_1_n3_n9/imi_2_n3_n9. This ordering corresponds well with
the ordering found in the interesting study by Hanus et al.2a at
the RI-MP2/TZVPP level. The differences in the ordering

encountered are due to the very small differences in energy
between the tautomers themselves (for instance, the energy
difference between ade_n3 and ade_n7 is only 0.7 kcal/mol at
the BP86/QZ4P level of theory). Plu¨tzer and Kleinermanns7a

showed that the conventional IR absorption spectrum of adenine
in the gas phase (with a cell temperature of 280°C) is a
superposition of the IR spectra of the ade_n9 and ade_n7
tautomers. Under such experimental conditions, the coexistence
of the ade_n3 tautomer (and maybe also of imi_1_n1_n9) might
be feasible as far as the thermodynamics are concerned.

Furthermore, we can see that, for ade_n1 and ade_n7, there
is a difference in energy between theCs and theC1 symmetric
structures (see Table 1). This energy difference can be ascribed
to the larger pyramidalization of the amino group in these
tautomers: for ade_n1,∠H6N6C6N1 is 32.5°, and for ade_n7,
∠H6′N6C6C5 is 30.8°, whereas in adenine (ade_n9), these
angles are, respectively, 6.1° and 6.3° (see Table 2). The close
contact between the hydrogen atoms of the amino group and
shifted proton at the N7 and the N1 positions causes the amino
group to pyramidalize (see Scheme 2 which shows canonical
adenine, i.e., ade_n9, with complete atom numbering). This
phenomenon has already been observed in our previous work9b

Figure 1. Geometries (in Å) ofCs symmetric adenine tautomers at BP86/QZ4P.

TABLE 1: Relative Energies (kcal/mol) Without and With
Zero-Point Energy Corrections of Adenine Tautomers with
Respect toC1-Symmetric Natural Adenine (ade_n9)
Computed at BP86/TZ2P and BP86/QZ4P

BP86/TZ2P BP86/QZ4P

E(Cs)a EZPE(Cs)a E(C1)b EZPE(C1)b E(Cs)a E(C1)b

ade_n1 17.7 17.4 17.3 17.3 16.9
ade_n3 7.0 7.0 7.1 6.8 6.8
ade_n7 8.3 7.8 7.7 7.9 7.5
ade_n9 0.0 0.0c 0.0 0.0 0.0d

imi_1_n1_n7 14.9 15.2 14.3
imi_2_n1_n7 14.7 15.0 14.2
imi_1_n1_n9 10.9 11.4 10.6
imi_2_n1_n9 17.0 17.1 16.5
imi_1_n3_n7 22.2 22.2 21.5
imi_2_n3_n7 15.7 15.5 15.3
imi_1_n3_n9 29.8 29.3 29.1
imi_2_n3_n9 29.8 29.2 29.2

a Geometry optimized withCs symmetry imposed.b Geometry
optimized in C1 symmetry, i.e., without any symmetry restrictions.
c Anchor point for relative energies at BP86/TZ2P.d Anchor point for
relative energies at BP86/QZ4P.

TABLE 2: Absolute Values of the Dihedral Angles (deg) of
the Amino Group of the Adenine Tautomers in C1
Symmetry (BP86/QZ4P)

∠H6N6C6N1a ∠H6′N6C6C5a

ade_n1 32.5 11.1
ade_n3 0.2 0.1
ade_n7 13.7 30.8
ade_n9 6.1 6.3

a See also Scheme 2.
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on the natural DNA base pairs. In guanine, the pyramidalization
of the amino group is larger due to the presence of a neighboring
N-H group than in cytosine and canonical adenine, where the
amino group has no neighboring N-H group. The hydrogen
atom of the amino group (in guanine, ade_n1 and ade_n7) that
is closer to such an N-H bond bends down more than the
hydrogen atom that is further away from this bond. Poater et
al.19 have shown that, in biphenyl, hydrogen atoms avoid such
close contacts due to a repulsive interaction.

The dipole moments are collected in Table 3. The canonical
base has the smallest dipole moment, and imi_1_n3_n9 has the
largest dipole moments. This is consistent with the results
obtained by Hanus et al.2b and Preuss et al.20

3.2. Ionization Energies of Adenine Tautomers.We
have also computed (at BP86/TZ2P and BP86/QZ4P) the
vertical and adiabatic first ionization energies of twelve tau-
tomers as the difference in energy between the radical cation
and the corresponding neutral system (see Table 4). These
vertical ionization energies are compared with the orbital
eigenvalue spectra at the BP86/QZ4P and SAOP/QZ4P of each
of the four neutral amino tautomers which, in a one-electron
model, are to be interpreted also as vertical ionization energies
(see Table 5).

The calculated values for the vertical and adiabatic first
ionization energies for ade_n9 are 8.27 and 8.11 eV at the BP86/
TZ2P level and 8.18 and 8.03 eV at the BP86/QZ4P level (see
Table 4). These values deviate no more than 0.3 eV from the
experimental values, which are 8.48 eV for the vertical
ionization energy of ade_n9 and 8.26 eV for the adiabatic
ionization energy.21 They are also in good agreement with the
MP2/6-31++G(d,p) results of 8.62 and 8.23 eV by Crespo-
Hernández et al.22a

Furthermore, inspection of the vertical ionization energies
calculated as the orbital energies (see Table 5) shows that the
BP86 results deviate about 3 eV from the vertical first ionization
energy calculated as the difference in energy between the radical
cation and the corresponding neutral system (see Table 4). The

orbital energies calculated at SAOP/QZ4P (Table 5) agree much
better with the vertical first ionization energy calculated as the
difference in energy between the radical cation and the corre-
sponding neutral system (Table 4). Comparison of the first eight
vertical ionization energies of ade_n9 at the BP86/QZ4P and
SAOP/QZ4P with the experimental values21a shows for BP86
a discrepancy of about 3 eV and for SAOP about 0.5-1.5 eV:
somewhat more than the OVGF vertical ionization energies by
Dolgounitcheva et al.22b However, both BP86 and SAOP give
the same ordering ofσ and π orbitals as proposed by Lin et
al.21aFor the first ionization energies calculated with the orbital
energies at the SAOP level, Chong et al.10aalso found deviations
on the order of 1 eV for related systems as pyridine, but they
suggested that improvements can be made with a refined
approximation to the exact Kohn-Sham potential.

3.3. Resemblances and Differences of Molecular Orbitals.
The energies of the molecular orbitals have been calculated for
the tautomers ade_n1, ade_3, ade_n7, and ade_n9 and the imino
forms imi_1_n1_n9 and imi_1_n3_n9 at the BP86/QZ4P and
SAOP/QZ4P. The tautomeric form imi_1_n1_n9 is a possible
candidate to pair with cytosine in a DNA strand, giving
possibilities for mutations (see section 3.4). In the discussion
above, we had established a better agreement for the SAOP/
QZ4P orbitals with the first ionization energies. However, as
the BP86 functional has been widely used, it is interesting to
see in which respect the orbitals and their energies calculated
with the BP86 and SAOP functional differ. Figure 2 represents
the energies of the molecular orbitals at the two levels (in Figure
2a BP86/QZ4P and in Figure 2b SAOP/QZ4P). The main
difference is that, in comparison to the BP86 orbitals, the SAOP
orbitals are consistently shifted down in energy by about 4 eV.

SCHEME 2: Canonical Adenine (ade_n9) with Atom
Numbering

TABLE 3: Dipole Moments of Adenine Tautomers in C1
and Cs Symmetry Computed at BP86/TZ2P and BP86/QZ4P

BP86/TZ2P BP86/QZ4P

Cs
a C1

b Cs
a C1

b

ade_n1 9.004 8.437 8.849 8.377
ade_n3 3.968 3.966 3.937 3.937
ade_n7 7.503 7.001 7.319 6.913
ade_n9 2.427 2.454 2.332 2.347
imi_1_n1_n7 3.139 3.000
imi_2_n1_n7 3.465 3.290
imi_1_n1_n9 3.800 3.803
imi_2_n1_n9 4.505 4.448
imi_1_n3_n7 4.661 4.578
imi_2_n3_n7 2.848 2.901
imi_1_n3_n9 9.882 9.775
imi_2_n3_n9 9.404 9.328

a Geometry optimized withCs symmetry imposed.b Geometry
optimized inC1 symmetry, i.e., without any symmetry restrictions.

TABLE 4: The First Vertical and Adiabatic Ionization
Energies (eV) of Adenine Tautomers

BP86/TZ2Pa BP86/QZ4Pb OVGF/TZVPc

vertical adiabatic vertical adiabatic vertical

ade_n1 8.2950 8.0732 8.2100 7.9943 8.062 (0.897)
ade_n3 8.2787 8.0852 8.1968 8.0085 8.045 (0.897)
ade_n7 8.4777 8.3046 8.3881 8.2203 8.255 (0.898)
ade_n9 8.2689 8.1075 8.1846 8.0274 8.197 (0.898)
imi_1_n1_n7 8.1366 7.9998 8.4714 7.9258 7.800 (0.893)
imi_2_n1_n7 8.1094 7.9732 8.0636 7.8977 7.915 (0.894)
imi_1_n1_n9 7.9570 7.8306 7.8830 7.7607 7.757 (0.894)
imi_2_n1_n9 7.9439 7.8096 7.8704 7.7403 7.746 (0.895)
imi_1_n3_n7 8.0348 7.9143 7.9618 7.8455 7.677 (0.891)
imi_2_n3_n7 7.9709 7.8515 7.8973 7.7830 7.610 (0.892)
imi_1_n3_n9 7.8907 7.7621 7.8188 7.6953 7.556 (0.893)
imi_2_n3_n9 7.8437 7.7094 7.7727 7.6447 7.496 (0.893)

a Computed at BP86/TZ2P//BP86/TZ2P.b Computed at BP86/QZ4P//
BP86/QZ4P.c Computed at OVGF/TZVP//BP86/QZ4P (values in
parentheses are the pole strengths).

TABLE 5: Vertical Ionization Energies (in eV) for the
Outer Valence Space of the Amino Adenine Tautomers at
BP86/QZ4P and SAOP/QZ4Pa

ade_n1 ade_n3 ade_n7 ade_n9

BP86 SAOP BP86 SAOP BP86 SAOP BP86 SAOP exp21a

9.52 13.47 9.74 13.68 10.05 14.03 (10.00) (14.05) (13.21)
(9.41) (13.45) (9.60) (13.64) (8.95) (13.05) (8.86) (12.93) (12.10)
7.70 11.90 (7.33) (11.44) (7.40) (11.56) 7.61 11.81 11.39

(7.61) (11.73) 7.12 11.28 7.26 11.49 (7.32) (11.46) (10.5)
(6.13) (10.23) 6.96 11.09 6.66 10.88 6.77 10.94 10.5
6.06 10.21 (6.21) (10.33) (6.63) (10.71) (6.70) (10.78) (9.6)
5.78 9.96 6.02 10.20 5.85 10.05 5.91 10.08 9.6

(5.55) (9.58) (5.54) (9.58) (5.73) (9.86) (5.55) (9.65) (8.48)

a π vertical ionization energies in parentheses andσ vertical
ionization energies without.
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Furthermore, when we analyze the shape and spatial character
of the orbitals (see Figures 3-5), we see negligible differences
between the BP86 orbitals and the SAOP orbitals (see Sup-
porting Information for the SAOP orbitals). Therefore, in the

discussion below, when we refer to a certain orbital, it applies
to the SAOP orbitals as well as to the BP86 orbitals.

Next, we examine the spatial shape of theσ andπ orbitals
of the various adenine tautomers. Theπ orbitals that, due to

Figure 2. (a) Energies (in eV) of the molecular orbitals of adenine tautomers at BP86/QZ4P:σ orbitals in black,π orbitals in red. Dotted lines
have only been drawn between orbitals that resemble each other. (b) Energies (in eV) of the molecular orbitals of adenine tautomers at SAOP/
QZ4P//BP86/QZ4P:σ orbitals in black,π orbitals in red. Dotted lines have only been drawn between orbitals that resemble each other.
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the planar structure of the tautomers, are essentially linear
combinations of the 2pz atomic orbitals on the carbon and
nitrogen atoms, have large resemblances between the different
tautomers (z-axis defined as the axis perpendicular to the
molecular plane). The energetically lowestπ orbital (1π) has
for all tautomers only one nodal plane through the molecular
plane and no nodal plane perpendicular to the plane defined by
the atoms. 2π and 3π orbitals have two nodal planes: one
through the plane of the molecule and one perpendicular to it.
The differences between the amino tautomers of adenine
(ade_n1, ade_n3, ade_n7, and ade_n9) and the imino tautomers
(see Scheme 1) become visible in orbitals 4π and 5π. All
tautomers have three nodal planes for these orbitals: one through
the plane of the molecule and two perpendicular to it. However,
for the tautomers ade_n1, ade_n3, ade_n7, and ade_n9, these
two nodal planes cross each other, whereas for the imino form,
the nodal planes are parallel to each other. The resemblances
of the 4π orbitals divides the tautomers into three groups: the
systems with the proton on the six-membered ring (ade_n1 and
ade_n3), the systems with the proton on the five-membered ring
(ade_n7 and ade_n9), and the imino form. The next orbital, 5π,
has again three nodal planes, one of which coincides with the
molecular plane. This 5π orbital divides molecules into three
groups also. The systems ade_n1 and ade_n3, the tautomers

with the proton on the six-membered ring, have the two nodal
planes of 5π perpendicular to the molecular plane crossing each
other, whereas for ade_n7 and ade_n9, these nodal planes lie
parallel to each other. The imino forms also have the nodal
planes of 5π almost parallel to each other, but the orbital extends
over some other atoms than the 5π of ade_n7 and ade_n9 (see
Figure 3). The HOMO (6π) is very similar for the systems
ade_n1, ade_n3, ade_n7, and ade_n9 but differs somewhat from
the HOMO of the imino forms (see Figure 3).

After having established a large resemblance between theπ
orbitals of the different tautomers of adenine, theσ orbitals are
investigated. As these molecular orbitals also directly involve
the atomic orbitals on the proton that is transferred to different
positions, larger differences are found, in line with a previous
study.23 Not all details of Figure 2 will be examined as for the
π orbitals, but some striking observations are discussed. The
lowest-lyingσ orbital investigated is the 16σ. This orbital has
the same shape for all six systems: It is largelyσ bonding but
with antibonding character, among others, between the purine
system and the amino group (see Figure 4). Resemblances can
be found for other orbitals also. However, when we analyze
orbitals 25σ and 26σ, we see that the 26σ orbitals of ade_n1

Figure 3. The molecular orbitals 4π, 5π, and 6π of the tautomers
ade_n1, ade_n3, ade_n7, ade_n9, imi_1_n1_n9, and imi_1_n3_n9
calculated at the BP86/QZ4P level. Figure 4. The molecular orbitals 16σ, 25σ, and 26σ of the tautomers

ade_n1, ade_n3, ade_n7, ade_n9, imi_1_n1_n9, and imi_1_n3_n9
calculated at the BP86/QZ4P level.
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and ade_n3 resemble the 25σ orbitals of ade_n7, ade_n9,
imi_1_n1_n9, and imi_1_n3_n9. And the other way around, the
25σ of ade_n1 and ade_n3 resembles the 26σ of ade_n7, ade_n9,
imi_1_n1_n9, and imi_1_n3_n9 (see Figure 4). So, the energetic
order of the orbitals is changed. Furthermore, the three highest
occupied orbitals (27σ, 28σ, and 29σ) are all linear combinations
of the lone-pair orbitals on the nitrogen atoms (see also ref 10).
The shift of the proton between nitrogen atoms of course
strongly affects the lone-pair orbitals involved. As a conse-
quence, they mix, and there is no clear one-on-one mapping.
Note that the HOMO of imi_1_n1_n9 has lone-pair character
on the front side of the base, just as ade_n9, only on a different
nitrogen atom.

3.4. Mismatch with Cytosine. As pointed out in the
Introduction, rare tautomeric forms of DNA bases are suspected
to play a key role in the formation of spontaneous mutations in
DNA.1-3 For example, if adenine tautomerizes to imi_1_n1_n9
(from hereon designated A*), the latter will pair with cytosine
instead of thymine. To obtain more insight into the nature of
the resulting tautomer base pair A*C, we have analyzed its
hydrogen-bonding mechanism and have compared this with that
in the natural Watson-Crick AT pair. Previously, we have
shown that hydrogen bonds in natural Watson-Crick base
pairs12 and mimics5 thereof have substantial covalent character

that stems from donor-acceptor interactions between nitrogen
or oxygen lone pairs and N-H σ* acceptor orbitals. The present
analyses show that the base-pairing interaction in the tautomer
base pair A*C also gains substantial stabilization from orbital
interactions in addition to electrostatic attraction. Figure 6 shows
the geometries of AT and A*C and Table 6 summarizes the
results of the bond-energy decomposition.

As shown in the experiments by Kool et al.4 on DNA
replication, an incoming nucleotide must be able to form, with
its partner in the template, a base pair which sterically resembles
a natural AT or GC Watson-Crick pair. In addition, we have
previously shown that proceeding from Kool’s steric model,
also the ability of the incoming base to form hydrogen bonds
is of importance.5 The steric resemblance between the AT pair
and the A*C pair is considerable: The distance between the
nitrogen atoms attached to the glycosidic bond is for AT 8.89
Å and for imi_1_n1_n9-C 8.85 Å, and the hydrogen bond
energy is even more stabilizing for A*C (-18.3 kcal/mol) than
for AT (-13.0 kcal/mol). This confirms that A*C is a suitable
candidate for the incorporation into DNA. However, one should
not forget that it costs 10.9 kcal/mol to go from A to A* (i.e.,
imi_1_n1_n9) without taking into account the reaction barrier.
In this hypothetical case where solvation, stacking interactions,
and other environmental influences are left out, it is still 5.6
kcal/mol less favorable to incorporate A*C into DNA than AT.
Nevertheless, once an A base has tautomerized to A*, the
formation of the mispair A*C, and thus the introduction of a
mutation, is geometrically and energetically perfectly feasible.

Figure 5. The molecular orbitals 27σ, 28σ, and 29σ of the tautomers
ade_n1, ade_n3, ade_n7, ade_n9, imi_1_n1_n9, and imi_1_n3_n9
calculated at the BP86/QZ4P level.

Figure 6. Hydrogen bond lengths and distances between glycosidic
nitrogen atoms (in Å) in AT and A*C at BP86/TZ2P.

TABLE 6: Hydrogen Bond Energy Decomposition (in
kcal/mol) for the Watson-Crick AT Pair and the Tautomer
A*C Pair a

AT A*C

Orbital Interaction Decomposition
∆Eσ -20.7 -27.1
∆Eπ 1.7 -3.6
∆Eoi -22.4 -30.7

Bond Energy Decomposition
∆EPauli 39.2 48.9
∆Velstat -32.1 -42.5
∆EPauli + ∆Velstat 7.1 6.4
∆Eoi -22.4 -30.7
∆Eint -15.3 -24.3
∆Eprep 2.3 6.0
∆E -13.0 -18.3

a A* ) imi_1_n1_n9; see Scheme 1.
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The electrostatic interaction and the orbital interaction are of
the same order of magnitude in both AT and A*C: The
electrostatic interactions make up 59% and 58% of all bonding
interactions, while the orbital interactions contribute the remain-
ing 41% and 42%, respectively. These values consolidate our
previous finding that orbital interactions are as important as
electrostatic interactions for providing bonding interaction in
hydrogen bonds.5,9,12

4. Conclusions

We have calculated the energies and structures of adenine
and eleven tautomers thereof. We have established, both at
BP86/TZ2P and at BP86/QZ4P, the following order in relative
energies: ade_n9< ade_n3< ade_n7< imi_1_n1_n9 <
imi_2_n1_n7< imi_1_n1_n7< imi_2_n3_n7< imi_2_n1_n9
< ade_n1< imi_1_n3_n7< imi_1_n3_n9/imi_2_n3_n9 (see
Scheme 1). The ade_n3 tautomer is very close in energy to (even
0.7 kcal/mol lower than) ade_n7, which has been observed in
IR experiments as a naturally occurring tautomer of canonical
adenine (ade_n9).

The first ionization energies of the various tautomers calcu-
lated as molecular orbital energies using meta-Koopman’s
theorem are 3 eV (BP86 potential) and 1-1.5 eV (SAOP
potential) lower than vertical ionization energies calculated as
the difference in energy between the radical cation and the
corresponding neutral system (∆-SCF approach).

The shape of the molecular orbitals for the different tautomers
have been compared. The molecular orbitals of the different
tautomers, which correspond in character, do not always have
the same energetic sequence. Therefore, one should be careful
when comparing these orbitals by their energetic sequence, and
one should analyze their character. Theπ orbitals of the different
tautomers show close resemblance, as do some of theσ orbitals
as well. However, in many cases, the orbitals in theσ systems
have different energetic orders. In the case of the nitrogen lone-
pair orbitals, they also mix from one species to another, and no
simple one-to-one correspondence exists.

Finally, one of the tautomeric forms studied, imi_1_n1_n9
(A*), has been suspected as a possible initiator of mutations in
DNA.1-3 Our analyses confirm that A*C is a suitable candidate
for the incorporation into DNA. This base pair has the right
steric shape to nicely fit into the DNA double helix. Also, it is
more strongly bound than the natural Watson-Crick pair AT,
and just as the latter, its hydrogen bonds receive an appreciable
stabilizing contribution from orbital interactions which are nearly
as large as the electrostatic component. Thus, once an A base
has tautomerized to A*, the formation of the mispair A*C and
thus the introduction of a mutation into the genetic information
is geometrically and energetically perfectly feasible.

Acknowledgment. We thank The Netherlands organization
for Scientific Research (NWO-CW), the National Research
School Combination- Catalysis (NRSC-C) and the Australian
Reaearch Council for financial support.

Supporting Information Available: Cartesian coordinates,
orbital energies, and molecular orbitals of tautomers. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) (a) Watson, J. D.; Crick, F. H. CNature (London)1953, 171, 964.
(b) Topal, M. D.; Fresco J. R.Nature (London)1976, 263, 285. (c) Harris,
V. H.; Smith, C. L.; Cummins, W. J.; Hamilton, A. L.; Adams, H.; Dickman,
M.; Hornby, D. P.; Williams, D. M.J. Mol. Biol. 2003, 326, 1389.

(2) (a) Hanus, M.; Kabela´c, M.; Rejnek, J.; Ryja´cek, F.; Hobza, P.J.
Phys. Chem. B2004, 108, 2087. (b) Gorb, L.; Podolyan, Y.; Leszczynski,
J.; Siebrand, W.; Ferna´ndez-Ramos, A.; Smedarchina, Z.Biopolymers2002,
61, 77. (c) Rueda, M.; Luque, F. J.; Lo´pez, J. M.; Orozco, M.J. Phys.
Chem. A2001, 105, 6575, (d) Blas, J. M.; Luque, F. J.; Orozco, M.J. Am.
Chem. Soc.2004, 126, 154.

(3) (a) Danilov, V. I.; Anisimov, V. M.; Kurita, N.; Hovorun, D.Chem.
Phys. Lett.2005, 412, 285. (b) Kawahara, S.-I.; Uchimaru, T.; Sekine, M.
J. Mol. Struct. 2000, 530, 109. (c) Zhanpeisov, N. U.; Sponer, J.;
Leszczynski, J.J. Phys. Chem. A1998, 102, 10374.

(4) (a) Guckian, K. M.; Krugh, T. R.; Kool, E. T.J. Am. Chem. Soc.
2000, 122, 6841. (b) Kool, E. T.; Morales, J. C.; Guckian, K. M.Angew.
Chem.2000, 112, 1046. (c) Morales, J. C.; Kool, E. T.J. Am. Chem. Soc.
2000, 122, 1001.

(5) (a) Fonseca Guerra, C.; Bickelhaupt, F. M.Angew. Chem.2002,
114, 2194;Angew. Chem., Int. Ed.2002, 41, 2092. (b) Fonseca Guerra, C.;
Bickelhaupt, F. M.J. Chem. Phys.2003, 119. 4262.

(6) (a) Gupta, D.; Roitzsch, M.; Lippert, B.Chem. Eur. J.2005, 11,
6643, (b) Gupta, D.; Huelsekopf, M.; Morell Cerda`, M.; Ludwig, R.; Lippert,
B. Inorg. Chem.2004, 43, 3386. (c) Miguel, P. J. S.; Lax, P.; Willermann,
M.; Lippert, B. Inorg. Chim. Acta2004, 357, 4552. (d) Müller, J.; Sigel,
R. K. O.; Lippert, B.J. Inorg. Biochem.2000, 79, 261. (e) Sponer, J.;
Sponer, J. E.; Gorb, L.; Leszczynski, J.; Lippert, B.J. Phys. Chem. A1999,
103, 11406. (f) Zamora, F.; Kunsman, M.; Sabat, M.; Lippert, B.Inorg.
Chem.1997, 36, 1583.

(7) (a) Plützer, Chr.; Kleinermanns, K.Phys. Chem. Chem. Phys.2002,
4, 4877. (b) Plu¨tzer, Chr.; Nir, E.; de Vries, M. S.; Kleinermanns, K.Phys.
Chem. Chem. Phys.2001, 3, 5469. (c) Marian, C.; Nolting, D.; Weinkauf,
R. Phys. Chem. Chem. Phys.2005, 7, 3306. (d) Nir, E.; Plu¨tzer, Chr.;
Kleinermanns, K.; de Vries, M.Eur. Phys. J. D2002, 20, 317. (e) Chin,
W.; Dimicoli, I.; Piuzzi, F.; Tardivel, B.; Elhanine, M.Eur. Phys. J. D
2002, 20, 347. (f) Mons, M.; Dimicoli, I.; Piuzzi, F.; Tardivel, B.; Elhanine,
M. J. Phys. Chem. A2002, 106, 5088. (g) Piuzzi, F.; Mons, M.; Dimicoli,
I.; Tardivel, B.; Zhao, Q.Chem. Phys.2001, 270, 205.

(8) (a) Laxer, A.; Major, D. T.; Gottlieb, H. E.; Fisher, B.J. Org. Chem.
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