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Abstract. We have computed the total energy as a function of six important torsion angles of the
carcinogen N-2-acetylaminofluorene (AAF) bonded to the nitrogen N2 of deoxyguanosine using the
semiempirical quantum mechanical method AM1. One global minimum and one local minimum are
found separated by a modest barrier. We have computed the normal-mode frequencies of the relevant
torsional motions and have determined the rate of conversion between the two minima.
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1. Introduction

During the last four decades the carcinogenic effect of aromatic amines has been
firmly established experimentally. These substances are found in the environment
and are produced by automobile exhaust, tobacco smoke, and chemical dyes. In
a study funded by the U.S. Environmental Protection Agency, nearly 50 aromatic
amines tested positive for carcinogenicity [1]. A wide variety of experimental and
theoretical studies on these agents have been made in the last 30 years, and it is
widely accepted that the origin of chemical carcinogenesis is the covalent binding
to DNA.

Much attention has been given to N-2-acetylaminofluorene (AAF) bonded to
DNA which has been observed in vitro [2, 3, 4, 5, 6, 7, 8, 9, 10] and in vivo
[11, 12, 13]. Generally these interactions produce mutations in the form of transver-
sions and transitions of the base pairs. In about 85 percent of the cases the bonding
occurs between the carbon C8 of the guanosine and the nitrogen N2 of AAF. It has
been observed that this bonding is accompanied by the insertion of AAF between
adjacent bases resulting in base pair rupturing [14, 15, 16, 17]. Computational
studies have been undertaken on AAF-modified guanosine and other modified base
polymers using the semiclassical molecular mechanics [18, 19, 20, 21, 22] as well
as semiempirical quantum mechanics [23].
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In the remaining instances the bond is formed between the nitrogen N2 of the
guanosine and the carbon C3 of AAF. This minor adduct is believed to be important
in carcinogenesis because it has been shown to persist in mammals and is repaired
more slowly compared to the major adduct. It is not digested by S1 nuclease sug-
gesting that base pairing is not disrupted. Early models showed that the fluorenyl
moiety could lie in either the major or minor grove of B-DNA with little or no
distortion. A recent molecular mechanics and dynamics analysis predicted several
stable minor-grove conformations [24].

In the present study, we have explored the interaction of the minor adduct of
AAF with deoxyguanosine and have obtained the total energy of the system as
a function of six important torsion angles. This is accomplished by a quantum
mechanical semiempirical molecular orbital approach, the Austin Model 1 (AM1)
method. We have located two stable low energy configurations, and have calculated
the energetics of the conversion between them.

2. Computational Method

The environment of the DNA interaction site is simulated by a finite cluster of
atoms terminated with hydrogen atoms. The 60-atom cluster is composed of deoxy-
guanosine bonded at the nitrogen N2 with the carbon C3 of AAF. The initial
geometries of the two moieties were obtained from standard published data [25],
and from X-ray and NMR studies [26]. The cluster is shown in Figure 1. Six torsion
angles α, β, γ , δ, ε and χ are also shown.

To investigate the energy surface in configuration space of this cluster we have
used the AM1 method [27] provided in the software package MOPAC 6 [28]. AM1
is a semiempirical self-consistent implementation of the Hartree-Fock-Roothaan
equations based on the NDDO (neglect of differential diatomic overlap) approx-
imation. The molecular wave function is constructed as a linear combination of
atomic orbitals, and the Hamiltonian matrix elements are parameters which have
been previously determined from molecular data. Three- and four-center integrals
are set to zero, and the remaining one- and two-center terms depend on adjustable
parameters. These parameters have been obtained from experimental data on many
small molecules such as bond lengths, heats of formation, and dipole moments.
The AM1 method produces reliable total energies as a function of atomic positions
and is able to probe the energy surface to find the minimum energy configurations.
AM1 represents a significant improvement over earlier NDDO methods (such as
MNDO [29]) especially in its ability to predict physically reasonable hydrogen
bonds.

As an initial check of consistency, the geometry of each of the two moiet-
ies was determined by minimizing the total energy separately, allowing all bond
lengths and angles to relax. This produced insignificant changes in energy and
arrangement from the published data. The final molecule was then assembled by
joining the nitrogen N2 of the deoxyguanosine with the carbon C3 of the AAF.
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Figure 1. Representation of the DNA interaction site. Hydrogen atoms are not shown. The
torsion angles are: α: N1-C2-N2-CA3; β: C2-N2-CA3-CA2; γ : CA3-CA2-NA2-CA14; δ:
CA2-NA2-CA14-CA15; ε: NA2-CA14-CA15-H; χ : O1′-C1′-N9-C4.

A series of starting geometries was used in which the torsion angles β and χ

occupied points on a grid of frequency 15◦ in each direction. The other four torsion
angles α, γ , δ, and ε were initialized to arbitrary values. The sugar pucker was
fixed in the C2′-endo configuration as is found in B-DNA. Obvious symmetry
constraints were imposed, such as keeping the dihedral angles of the methyl hy-
drogens 120◦ apart when rotating ε. All geometry optimization was done with the
Davidon-Fletcher-Powell minimization algorithm [30, 31], and along each path to
the final configuration the values of the total energy and the six torsion angles
were recorded. Each minimization path was checked manually. In some instances,
the minimization algorithm proceeded along a path of slightly higher energy. This
usually occurred at points where the angle α changed abruptly. In these cases the
paths were recalculated starting with values of α, γ , δ, and ε rotated 180◦ from the
initial trial. Thus a thorough map of the β-χ energy surface was obtained.

Local modes of vibration for two torsion angles were also computed using
AM1. After energy minimization, the matrix of second derivatives of the energy
with respect to rotations of these angles (the Hessian) was calculated. The mass-
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Table I. Equilibrium geometries from AM1. The torsion angles are defined in Figure 1

Heat of formation (kcal/mol) α χ β γ δ ε

−23.15 177.8◦ 230.4◦ 88.2◦ 245.7◦ 179.6◦ 0.4◦
−20.70 181.0◦ 225.7◦ 249.1◦ 96.4◦ −0.3◦ 0.2◦

weighted eigenvalues and eigenvectors of this matrix produce the normal-mode
frequencies and displacements.

3. Results and Discussion

Starting from initial values of the torsion angles which covered all of configuration
space, we performed a series of AM1 calculations on the dG-AAF entity. At each
point along the energy minimization, the values of the energy and angles were
recorded, producing a complete map of the energy surface. In a few cases, steric
interactions prevented the determination of a final equilibrium geometry. Except for
these, the system relaxed into one or the other of two minimum energy configura-
tions. Although repulsive H-H interactions have been known to produce artificial
stable configurations in AM1 [27], the shortest distance of 2.4 Å occurs between
the hydrogen atoms on the nitrogens N1 and N2 of both stable configurations,
acceptably above the critical value of 1.8–2.2 Å.

For the absolute minimum, the computed heat of formation was found to be
−23.15 kcal/mol. The other stable minimum was found to have a heat of formation
of −20.70 kcal/mol. The equilibrium values of the torsion angles are shown in
Table I. The spatial geometries for the two minima are shown in Figure 2.

The results of our calculations show two well-defined and localized minima of
the total energy surface. In moving away from either well the energy increases
monotonically. There are no other shallow local minima anywhere on the surface.
There is a modest energy ridge between the minima located approximately along
β = 180◦ and a much higher barrier at β = 0◦. The minima are somewhat flat
through an area about 30◦ on a side.

Investigation of the energy surface revealed that the total energy is most sensit-
ive to variations in the angle β which according to Figure 1 is reasonable. To study
the conversion of the molecule between the two minima, we performed a reaction-
path calculation as a function of β. The other five torsion angles were allowed to
relax along each point of the path. The total energy as a function of the reaction
coordinate is shown in Figure 3, which shows the energy difference between the
minima to be 2.45 kcal/mol and the barrier height to be �Eb = 5.93 kcal/mol as
measured from the lower minimum.

The torsion angle α changes monotonically with β throughout most of the path.
However, there is an abrupt change from α = 96.9◦ to α = 266.9◦ near β =
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Figure 2. Stereograms of the dG-AAF minor adduct calculated from AM1. Hydrogen atoms
are not shown.(a) Lowest energy configuration; (b) local minimum 2.45 kcal/mol higher in
energy.

180◦, which is the position of the energy barrier between minima. In this region
the methyl group on the AAF begins approaching the sugar and the energy increase
starts becoming appreciable. The variation of α along the reaction path is shown in
the upper part of Figure 3.

The relative equilibrium populations of the two minima can be found from the
Boltzmann probability distribution: P2/P1 = exp[−(E2 − E1)/kT ], where k is
Boltzmann’s constant, T is the temperature, and E2 − E1 is the energy difference
between the minima. For T = 310 K, and E2 − E1 = 2.45 kcal/mol, we find
P2/P1 = 0.019.

To study the dynamics near the minimum, we investigated the local rotational
modes associated with α and β. MOPAC 6 provides a means to find normal modes
by first relaxing all bond lengths and angles and then calculating all the modes.
Since we wanted the deoxyguanosine structure to maintain its form and were in-
terested in the local α-β vibrations only, we performed the analysis directly from
first principles.

We start with a Lagrangian L = T − V . The kinetic energy is

T (θ̇1, θ̇2, θ̇3, θ̇4) = 1
2I1θ̇

2
1 + 1

2I2θ̇
2
2 + 1

2I3θ̇
2
3 + 1

2I4θ̇
2
4 , (1)

where a dot above a coordinate indicates the total time derivative. The angles θi

and the moments of inertia Ii are defined in Figure 4.
The potential energy is a function of α and β, and is written in the harmonic

approximation about the minimum as
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Figure 3. Reaction path between the two minima showing the total energy as a function of
the torsion angle β. The energy difference between minima is 2.45 kcal/mol, and the barrier
height from the global minimum is �Eb = 5.93 kcal/mol. The upper plot shows the torsion
angle α which changes abruptly near the top of the barrier.

V (α, β) =
V (α0, β0) + 1

2Vαα(α − α0)
2 + Vαβ(α − α0)(β − β0) + 1

2Vββ(β − β0)
2, (2)

where α0 and β0 are the equilibrium values, and the coefficients are given by

Vµν = ∂2V

∂µ ∂ν

∣∣∣∣ α=α0
β=β0

. (3)

Under the constraints θ2 = θ1 + α and θ4 = θ3 + β, the Lagrangian becomes a
function of six variables,

L(θ̇1, θ̇3, α̇, β̇, α, β) = T (θ̇1, θ̇3, α̇, β̇) − V (α, β). (4)

The four equations of motion are then obtained from Lagrange’s equations,

d

dt

∂L

∂q̇i

− ∂L

∂qi

= 0, (5)
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Figure 4. Definitions of the coordinates used in the Lagrangian. The torsion angles are
α = θ2 − θ1 and β = θ4 − θ3. The corresponding moments of inertia are I1: dG about
α̃; I2: AAF about α̃; I3: AAF about β̃; I4: dG about β̃.

where qi ={θ1, θ3, α, β}. The coordinates θ1 and θ3 are ignorable, and the two Lag-
range equations for q = θ1 and q = θ3 give the conservation of angular momentum
of the free molecule about the two rotation axes. The other two equations give

Iαα̈ = − [
Vαα(α − α0) + Vαβ(β − β0)

]
(6)

Iββ̈ = − [
Vαβ(α − α0) + Vββ(β − β0)

]
, (7)

where Iα and Iβ are the reduced moments of inertia,

Iα = I1I2

I1 + I2
, Iβ = I3I4

I3 + I4
. (8)

By using harmonic solutions of the form α−α0 = Re[A exp(−iωt)] and β −β0 =
Re[B exp(−iωt)], the differential equations (6) and (7) are transformed to two
homogeneous algebraic equations. Non-trivial solutions are found by setting the
secular determinant to zero:

∣∣∣ Vαα − ω2Iα Vαβ

Vαβ Vββ − ω2Iβ

∣∣∣ = 0. (9)

The solutions of this equation give the normal frequencies,

ω2
± = 1

2

[
(ω2

α + ω2
β) ±

√
(ω2

α − ω2
β)2 + 4ω4

αβ

]
, (10)

where

ω2
α = Vαα

Iα

, ω2
β = Vββ

Iβ

, ω2
αβ = Vαβ√

IαIβ

. (11)

To find the potential energy coefficients Vµν , we performed a series of AM1
calculations on a 20◦×20◦ grid of α and β about the minimum in 1◦ steps. The coef-
ficients were found by fitting the data to Eq. (2) using the Marquardt-Levenberg
algorithm [32]. The moments of inertia were computed from the cartesian coordin-
ates of the atoms in the equilibrium configuration. The normal-mode frequencies
f− and f+ were then found from Eq. (10). The results are given in Table II.
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Table II. Potential energy coefficients, moments
of inertia, and frequencies for the local rotational
modes of the torsion angles α and β

Vαα 0.3412 eV/rad2

Vαβ 0.3182 eV/rad2

Vββ 0.6463 eV/rad2

I1 3850 u·Å2

I2 4583 u·Å2

I3 1725 u·Å2

I4 7706 u·Å2

f− 1.34 × 1011 s−1

f+ 3.66 × 1011 s−1

The rate of conversion between the minima is R = f exp(−�Eb/kT ), where f

is the attempt frequency and �Eb is the barrier height, 5.93 kcal/mol. The torsional
normal modes typically have the lowest energy and so will be appreciably excited
at T = 310 K. According to Figure 3, α and β rotate in opposite directions. This
corresponds to the lower frequency antisymmetric mode. Using f− for f , we find
R = 8.9 × 106 s−1.

The actual reaction path in living double-stranded DNA would be more com-
plicated due to the presence of other atoms in the chain and the solvent ions.
However, our calculations give a reasonable estimate of the difference in total
energy between the initial and final states and the rotational dynamics of the torsion
angles α and β.

4. Summary

We have investigated the interaction of AAF with the molecule deoxyguanosine
to understand the energetics of various conformations as a function of six tor-
sion angles using the quantum mechanical semiempirical molecular orbital method
AM1. We have obtained the total energy surface over the entire energy plane. We
find a global minimum and one local minimum separated by a modest energy
barrier. We have determined the relative equilibrium populations of the two min-
ima at body temperature. From a normal-modes analysis we have determined the
dynamics of the interaction site, and have computed the rate of conversion between
the two stable configurations.
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