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An investigation of the potential energy surface (PES) of guanine was performed. The (nonplanar) molecular
geometries of seven different forms of guanine were studied using the ab initio LCAO-MO method at the
MP2 level with valence double-ú basis sets augmented by d- and p-polarization functions (6-31G(d,p)). Among
the studied forms are the four lowest energy tautomers, one rotamer, and two transition state forms for proton
transfer between oxo and hydroxo tautomers of guanine N(7)H and N(9)H tautomers. Our best estimation of
the relative stabilities of the tautomers includes electron correlation contributions calculated at the MP2/6-
31G(d,p) reference geometries at the MP4(SDTQ)/6-31G(d,p), MP4(SDQ)/6-311G(d,p), and MP2/6-311++G-
(df,pd) levels. Three tautomers (and one rotamer) are located within 10 kJ mol-1 on the MP2 level PES of
guanine. The calculated energy barriers for the proton transfer are larger than 150 kJ mol-1 and do not
change by more than a few kJ mol-1 upon application of the SCRF model based on the Onsager approximation.

Introduction

Among the crucial factors governing the three-dimensional
structure of DNA are two types of DNA base interactions:
hydrogen bonding and stacking interactions.1 All the confor-
mational variability of DNA is strongly effected by base-base
interactions. Hydrogen bonding (pairing) between DNA bases
connects together two DNA strands, and stacking interactions
link vertically separated neighboring base-pairs within one strand
and across the double helix. The hydrogen-bonding pattern
between bases is controlled by the complementarity of their
forms. Since all of the nucleic acid bases (NAB) contain
nitrogen atoms incorporated into six- and/or five-member rings
and oxygens and/or nitrogens from the amino groups connected
to these rings, hydrogens could migrate from one heteroatom
to another. Such a process creates the possibility for the
existence of a number of different tautomeric forms.
The formation of rare tautomers might be responsible for the

development of substitution mutation at the DNA-synthesis
level. For example, guanine (Gua), which in DNA is mostly
in the canonical keto form and is paired with cytosine, could
adopt the rare enol tautomeric form and, as a consequence, form
hydrogen bonds with thymine (uracil in RNA). Such a
molecular mechanism of point mutation was postulated in the
early 1950s by Watson and Crick.2 An experimental support
for this mechanism is extremely difficult, mainly due to
problems with detections of relative low concentration of the
rare tautomeric forms responsible for such mutations. On the
other hand, high-level theoretical calculations could furnish
information on both structures and the relative energies of the
minor forms. In addition, the transition states structures
connecting the minimum energy conformations and the transi-
tion barriers between the normal and rare tautomers could be
characterized by quantum mechanical calculations.
Guanine, one of the most important nucleic acid bases

occurring in both DNA and RNA, is also the most intriguing
species in the class of NABs. Its importance has been
demonstrated by a numerous experimental1 and theoretical

investigations3 including calculations of its thio- and seleno-
derivatives.4 In addition to being the largest NAB, it also has
the most complex tautomeric equilibria. At least three different
tautomers are observed in the IR isolated matrix experiments.5

Furthermore, amino tautomers of guanine exhibit the most
pronounced nonplanarity among NABs.6

The function of guanine in DNA is complex. However,
before one is able to evaluate the properties of NABs in
biological systems, its gas-phase equilibria have to be understood
in detail. Until now, the large size of guanine had prohibited
the use of accurate theoretical techniques to study its potential
energy surface (PES). On the other hand, the fact that three of
the most stable guanine tautomers lie within 5 kJ mol-1 on its
potential energy surface requires reliable methods to describe
their relative energies. Such reliability is achieved when ab
initio correlated calculations are carried out with inclusion of
electron correlation up to higher order terms and the contribu-
tions from triplet excitation. The last obstacle in the accurate
theoretical study of guanine is its nonplanarity. Recent inves-
tigations proved that the nonplanarity of the amino group of
guanine is the largest one in the NAB series. Such pronounced
nonplanarity of guanine tautomers prevents application of
molecular symmetry which facilitates MP4(SDTQ) level cal-
culations for uracil.3g,7

Not only the small energetic differences among guanine
tautomers but also the way in which these minimum energy
points on the guanine PES are connected are of importance for
the understanding of biologically important relationships among
these species. The reliable predicted geometry is a prerequisite
for accurate calculation of other properties. To our knowledge,
such studies incorporating both minimum energy and transition
forms have not yet been performed.
A comprehensive study of the properties of guanine has to

address a number of issues. Among them are effects of basis
sets, electron correlation contributions, reference geometries,
and zero-point energies (ZPE) on the calculated tautomeric
equilibria. In this paper we present the results of high-level ab
initio investigations carried out for major tautomers of guanine
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and in addition to the two transition energy species connecting
the oxo- and hydroxo- forms. Though a number of lower level
theoretical studies of guanine have been reported,3 transition
state forms have not been investigated yet.

Method

The ab initio LCAO-MO method8 was used for the study of
the title species. The calculations were carried out with the
GAUSSIAN90, GAUSSIAN92, and GAUSSIAN94 series of
programs.9 All geometries were optimized by the gradient
procedure10 at the C1 symmetry (all molecular parameters
optimized). Following the HF/6-31G(d,p) level optimizations,

the MP2(full) level was applied to find the minimum energy
points on the PESs of guanine while the molecular geometries
of the two transition state structures were optimized at the MP2-
(frozen core) level using the standard 6-31G(d,p) Pople’s valence
double-ú basis set augmented by d- and p-polarization functions.
At the Hartree-Fock (HF) level, all optimized structures were
checked by an analysis of the harmonic vibrational frequencies
obtained from diagonalization of the force constant matrixes to
find the order of the stationary points.

The molecular geometries of the three lowest energy tau-
tomers were additionally optimized using the DFT(B3-LYP)
method11 in conjunction with the 6-311++G(df,pd) basis set.

Figure 1. (a) Molecular parameters of Gua-7 minimum energy and transition state forms (bond distances in angstroms, bond angles in degrees).
(b) Molecular parameters of Gua-9 minimum energy and transition state forms (bond distances in angstroms, bond angles in degrees).
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Also their harmonic vibrational frequencies were calculated at
the same level.
To improve the calculated energies, electron-correlation

contributions were determined by using the Møller-Plesset
perturbation theory12 through single-point second-order (MP2)
frozen core calculations using a series of basis sets of increasing
quality (6-31++G(d,p), 6-311G(d,p), 6-311G(2d,2p),
6-311++G(2d,2p), and 6-311++G(df,pd)). Higher order elec-
tron contributions were accounted for at the MP4(SDTQ)/6-
31G(d,p), the MP4 (SDQ)/6-31++G(d,p), and the MP4(SDQ)/
6-311G(d,p) levels, at the appropriate MP2/6-31G(d,p) geometries.

Results and Discussion

Nonplanarity of the NABs has attracted recently a lot of
attention.6 It is obvious from the previous HF level calculations
with basis sets augmented by at least d-polarization functions
on heavy elements that the amino groups in guanine tautomers
exhibit notable nonplanarity. In addition, the pyramidal struc-
ture of the amino group in guanine does also influence the
configuration of the hydrogen attached to the N1 atom, and a
strong hydrogen-hydrogen repulsion between this hydrogen and
the one from the amino group causes significant nonplanarity
measured by the value of the dihedral angle (ca. 6°) between
H-N(1) and the guanine ring. The results of geometry
optimization of two guanine tautomers at the MP2/6-31G(d,p)
levels have been already published by Sponer and Hobza (partial
optimization)3f and Stewart et al.3i

We have restricted our study to the four lowest energy
tautomers: two oxo-amino forms N7-H and N9-H and two
hydroxo-amino forms N7-OH and N9-OH (Figure 1). Since
in the case of the N9-OH two closed energy rotamers (defined
by the directions of the OH groups) of which comparable energy
could exist, an occurrence which is prohibited for the N7-OH
tautomer due to the strong repulsion between the N7 hydrogen
and the one from the hydroxo group, both rotamers (N9-OH
and N9-OHt) were included in our study. Also two transition
forms responsible for the energy barriers for conversion from
the oxo to the hydroxo tautomers were investigated.
In all studied tautomers noticeable deviations of the amino

groups from the planes of the molecular rings are observed.
The dihedral angles specified by the three rings’ atoms and
N(amino) deviate from the plane by ca. 2°, and as a conse-
quence, the amino nitrogens lay less than 0.05 Å above the
molecular planes. Relatively large deviations of the amino
hydrogens from the molecular planes are observed (up to over
30° or 0.4 Å).
The calculated MP2/6-31G(d,p) molecular parameters of

guanine furnish accurate geometries for further studies of the
basis set and electron correlation effects on the relative energies
of the tautomers and the energetic barriers involving transforma-
tions of the oxo- and hydroxo-forms (Table 1). At the MP2
level, the most pronounced effect of the basis set extension is

noticed for the hydroxo-forms (Figure 2). For the 7-OH
tautomer, enlargement of the basis set from 6-31G(d,p) to
6-311++G(df,pd) stabilize this form by ca. 9 kJ/mol with the
f-polarization functions of the heavy elements and the d-
functions of hydrogens being the most important factors of its
stabilization. A similar effect is also observed for both 9-OH
forms. The relatively large energies of both transition forms
are not drastically affected by the increase of the basis set, so
we did not perform calculations of their energies using an
expensive 6-311++G(df, pd) basis set.
Effects of the higher level correlation contributions on the

tautomeric properties of guanine were studied up to the MP4-
(SDTQ) level with the 6-31G(d,p) basis set and up to the MP4-
(SDQ) level with two larger basis sets: 6-31++G(d,p) and
6-311G(d,p) (Table 2, Figure 3). These effects are the most
striking for the Gua 9 tautomers. At the MP4(DQ)/6-31G(d,p)
level the Gua 9-H form has the lowest energy; however,
inclusion of higher contributions destabilize this tautomer over
the Gua7-H form, and the latter becomes the lowest energy
tautomer at the MP4(SDTQ)/6-31G(d,p) level. The effect of
the higher electron correlation contribution is even more visible
with the triple-valence 6-311G(d,p) basis set. With this basis
set, in going from the MP4(SD) to MP4(SDQ) level, the relative
energy of the Gua 9-H form increases by 5.6 kJ/mol while the
corresponding increase for the Gua 9-OH forms amounts to ca.
10 kJ/mol. Also the oxo form of Gua 7-H is significantly
destabilized at the MP4 level in comparison to the MP2 values.
The changes of relative stabilities with the increase of the basis
sets are opposite for the MP2 levels where an increase of the
basis set sizes stabilize the studied forms relative to Gua 7-H
and the MP4 levels where Gua 7-H is stabilized by inclusion
of the higher electron correlation contributions and an enlarging
of the basis sets. The only undetermined factor in the variation
of relative energies is the role of the higher angular momentum
polarization functions in conjunction with the MP4 level
predictions (especially f-orbitals on heavy elements) since these

TABLE 1: Relative Energies and Dipole Moments of the Seven Tautomers Calculated at MP2 Level of Theory with Different
Basis Sets Using Geometries Optimized at MP2/6-31G(d,p) Levela

basis set GUA 7-H GUA 7-OH GUA 9-H GUA 9-OH GUA 9-OH(trans) GUA 7-TS GUA 9-TS

6-31G(d,p) 0.00 18.64 0.25 4.72 7.46 169.62 155.71
6-31++G(d,p) 0.00 16.63 2.03 3.98 6.64 171.2 159.0
6-311G(d,p) 0.00 16.09 -0.84 1.59 4.03 168.57 153.76
6-311G(2d,2p) 0.00 15.59 1.29 2.26 3.90 168.11 155.42
6-311++G(2d,2p) 0.00 15.12 2.76 3.36 4.34 169.17 158.42
6-311++G(df,pd) 0.00 9.79 0.81 -3.46 -1.26 161.88 149.00
(µ) MP2/6-311++G(2d,2p) 1.78 4.26 6.30 3.05 3.90 1.98 5.36

aRelative energies in kJ/mol and dipole moments in debye.

Figure 2. Relative energies of guanine tautomers estimated at MP2
level with differnt basis sets: (A) 6-31G(d,p), (B) 6-31++G(d,p), (C)
6-311(d,p), (D) 6-311G(2d,2p), (E) 6-311++G(2d,2p), and (F)
6-311++G(df,pd).
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functions significantly lower the energy of the Gua 9-OH form
at the MP2 level. However, such calculations are still beyond
the power of our computational facilities.
The energy differences among the three lowest energy

tautomers of guanine are very small. Such a phenomenon calls
for careful investigation of all factors contributing to the total
energies of these forms. We started with an investigation of
the effects of the calculated geometries on the tautomeric
properties. The three lowest energy tautomers of guanine were
additionally studied at different reference geometries: HF/6-
31G(d,p), DFT/6-311++G(df,pd), and MP2/6-31G(d,p) using
two levels of theory, DFT and MP2, in conjunction with the
largest (6-311++G(df,pd)) basis set feasible for us (Table 3).
The total MP2/6-311++G(df,pd) energies of all tautomers
decrease from the HF, DFT, to MP2 reference geometries
indicating that the last set of the geometries is the closest to
the minimum energy structures at the MP2/6-311++G(df,pd)
potential energy surface. Single-point MP2 calculations resulted
in an insignificant difference (by ca. 1 kJ/mol) of the relative
tautomeric stabilities in going from the HF/6-31G(d,p) to the
MP2/6-31G(d,p) geometries. The DFT level of theory is much
more sensitive of the reference geometry, and although the DFT
relative energies for the HF and MP2 optimized geometries are
similar, DFT reference geometries destabilize the energies of
Gua 9-OH tautomers by over 4 kJ/mol. Also, the relative
energies and even order of stabilities predicted for different
reference geometries of Gua9-OH by the single-point MP2 and

DFT calculations differ significantly. At the MP2 level this
tautomer is predicted to have the lowest energy, stabilized by
over 2 kJ/mol compared to that of Gua 7-H. For the same
reference geometries its relative stability at the DFT level ranges
from ca. 6 kJ/mol (HF and MP2 geometries) to 10.3 kJ/mol
(DFT geometries). However, it is interesting to notice that the
DFT//MP2 relative energies of these three tautomers are very
close in the magnitude and orders to the values predicted at the
MP4(SDTQ)/6-31G(d,p)//MP2, MP4(SDQ)6-31++G(d,p)//
MP2, and MP4(SDQ)/6-311G(d,p)//MP2 levels of theory. A
very similar trends was noticed recently in our studies of
cytosine.13

A magnitude of zero-point energy (ZPE) contributions
depends on the level of theory applied. Calculations of the
harmonic vibrational frequencies for guanine tautomers at the
electron correlated levels are still not feasible for us; but from
the combined experimental and theoretical studies on the number
of nucleid acid bases and their derivatives, it is obvious that
the DFT/B3LYP level calculations, with even medium sizes of
basis sets, are in impressive agreement with the isolated-matrix
IR experimental data [for a recent review see ref 14]. Having
this in mind, we investigated the impact of the DFT/6-311++G-
(df,pd) calculated ZPE contributions on the total energies of
the most stable tautomers of guanine. The relative change of
the ZPE energy differences in going from the HF/6-31G(d,p)
to the DFT/6-31++G(df,pd) level is tremendous (by over
100%), but since these contributions are smaller than 0.5 kJ/
mol, the effect on the total relative energies (destabilization of
Gua 9-H and Gua 9-OH) is insignificant.

To evaluate the effect of the core electron energies on the
tautomeric properties, MP2/6-31G(d,p)(full) and MP2/6-31G-
(d,p)(frozen core) calculations were carried out for the Gua 7-H,
Gua 9-H and Gua 9-OH tautomers. This effect stabilizes the
Gua 7-H form over the Gua 9-H form by 1 kJ/mol and is
negligible in the case of Gua 9-OH.

The fact that all studied minimum energy forms of guanine
lie very close on the PES does not necessarily mean that the
transformation among these forms are low energy processes.
Since such phenomena are of a crucial importance from the
biological viewpoint, energetic provisions of the oxo-hydroxo
equilibrium for both series of tautomers Gua-9 and Gua-7 were

TABLE 2: Relative Energies of the Seven Tautomers Calculated at MP4 Level of Theory with Different Basis Sets Using
Geometries Optimized at MP2/6-31G(d,p) Levela

basis set GUA 7-H GUA 7-OH GUA 9-H GUA 9-OH GUA 9-OH(trans) GUA 7-TS GUA 9-TS

6-31G(d,p) MP4(DQ) 0.00 19.13 -2.43 2.04 5.47 190.06 172.45
MP4(SDQ) 0.00 22.96 -1.53 6.95 10.27 184.60 168.43
MP4(SDTQ) 0.00 21.59 0.38 8.15

6-31++G(d,p) MP4(DQ) 0.00 17.93 -0.68 2.14 5.54
MP4(SDQ) 0.00 21.59 0.29 6.66 9.97

6-311G(d,p) MP4(DQ) 0.00 17.03 -3.47 -0.57 2.67
MP4(SDQ) 0.00 25.69 2.15 9.16 12.31

aRelative energies in kJ/mol.

TABLE 3: Relative Energies of the Three Guanine Tautomers Calculated at Different Levels of Theory at the HF, DFT, and
MP2 Optimized Geometriesa

level GUA 7-H GUA 9-H GUA 9-OH

DFT/6-311++G(df,pd)//HF/6-31G(d,p) 0 1.34 5.78
MP2/6-311++G(df,pd)//HF/6-31G(d,p) 0 1.98 -2.25
DFT/6-311++G(df,pd)//DFT/6-311++G(df,pd) 0 1.57 10.32
MP2/6-311++G(df,pd)//DFT/6-311++G(df,pd) 0 1.14 -2.52
DFT/6-311++G(df,pd)//MP2/6-31G(d,p) 0 1.78 6.47
MP2/6-311++G(df,pd)//MP2/6-31G(d,p) 0 0.81 -3.46

aRelative energies in kJ/mol.

Figure 3. Relative energies of guanine tautomers estimated at MP4
level with different basis sets: (A) 6-31G(d,p), (B) 6-31++G(d,p) and
(C) 6-311G(d,p).
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studied in detail. As was expected, the molecular parameters
of the transition states for both Gua-9 and Gua-7 systems are
intermediate between those of the related oxo and hydroxo
tautomers. Transferring protons are located 1.364(1.362) Å
from the oxygens and 1.286(1.298) Å from the nitrogens for
the Gua-9 (Gua-7) tautomers. Both transition states are
characterized by large imaginary frequencies (2300 Gua-9 and
2291 Gua-7 at the HF/6-31G(d,p) level) which indicate sizable
energy barriers for such processes. This is in accord with the
calculated relative energies of the transition state forms which
amount to 185 (169) kJ/mol for Gua-9 and 168 (158) kJ/mol
for Gua-7 tautomers at the MP4(SDQ)/6-31G(d,p) (MP2/6-
311++G(2d,2p)) levels. In DNA moiety these barriers could
be significantly decreased by interactions with a polar environ-
ment. However, the simple self-consistent reaction field ap-
proach applied to account for the interaction with a polar solvent
(SCRF/6-31G(d,p) level geometry optimization followed by the
MP2/6-31G(d,p)//SCRF/6-31G(d,p) single-point calculations)
changed the energy barriers by only few kJ/mol. It supports
the theory that such reactions are carried out by direct involve-
ment of water molecules,15 and such studies are in progress in
our laboratory.16

The magnitudes of dipole moments of all tautomers calculated
with the MP2/6-311++G(2d,2p) wave functions at the MP2/
6-31G(d,p) reference geometries are presented in Table 1. The
dipole moment for Gua 9-H are being approximately 3-fold
larger than those predicted for Gua 7-H, and they are responsible
for the stabilization of Gua 9-H in polar solvents. For example,
although Gua 7-H seems to be the predominant form in a gas
phase as concluded from the photoelectron spectral investiga-
tions in the gas phase17 and IR matrix-isolation experiments,18

while in the polar solutions guanine is found only as Gua 9-H.19

A similar effect is predicted from our data for the 6-thioguanine
and 6-selenoguanine species.4,20

Conclusions

The principal conclusions from this theoretical study on
molecular structures and properties of guanine are 1. Three
tautomers (and one rotamer) are located within 10 kJ mol-1 on
the MP2 level PESs of guanine. The energy difference between
Gua 7-H and Gua 9-H is only 0.38 kJ mol-1 at the (MP4-
(SDTQ)/6-31G(d,p)//MP2/6-31G(d,p)) and-3.36 kJ mol-1 at
the (MP2/6-311++G(df,pd)//MP2/6-31G(d,p)) levels. MP2/
6-311++G(df,pd) calculations at different reference geometries
stabilize the latter form, while higher correlation energy
contributions and basis functions with lower angular momentum
stabilize Gua 7-H.
2. Energy barriers calculated for the proton transfers form

oxo to hydroxo forms are larger than 150 kJ mol-1 (gas phase).
These numbers are virtually unchanged for the predictions
including continuum polar solvents (SCRF approximations). To
account for equilibria in biological environments, a supermol-
ecule approach with explicit interactions with water molecules
should be applied.
3. Due to a large difference in dipole moments, Gua 9-H is

predicted to be stabilized in the polar solvents.
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