タイトル

作成者（著者）

Structure-Mutagenicity Correlation for Nitrated Pyrenes and Heterocyclic
Aromatic Amines in the Environment by Quantum Chemical Calculation
量子化学計算による環境中のニトロピレン類およびヘテロサイクリック
芳香族アミン類の構造-変異原性相関
山上, 三郎

公開者

東邦大学

発行日

2014.03

掲載情報

東邦大学大学院理学研究科 博士論文. 10.

資料種別

学位論文

内容記述

主査: 大島茂 /

著者版フラグ

ETD

報告番号

32661甲第746号

学位授与年月日

2014.03.20

学位授与機関

東邦大学

メタデータのＵＲＬ

https://mylibrary.toho-u.ac.jp/webopac/TD13508958

別タイトル

東邦大学審査学位論文（博士）

1

理学研究科環境科学専攻
7611002
山上三郎

2

Structure-Mutagenicity Correlation for Nitrated Pyrenes and Heterocyclic
Aromatic Amines in the Environment by Quantum Chemical Calculation

By

Saburo Yamagami

A dissertation submitted to

Department of Environmental Science
Graduate School of Science
Toho University
(December 2013)

3

Acknowledgments

First and foremost I would like to thank my supervisor, Professor Shigeru
Ohshima, for presenting me with this wonderful opportunity to perform study in
his lab. I very much enjoyed my time at Toho University and learned a lot with the
aid of his ideas and suggestions about my study. I would also like to thank the
associate professor, Atsuko Saitoh, and Dr. Mayu Onozato for all of their help in
the lab and their kind advices on the contents of my study at seminars and
presentations. I would like to thank everyone in this lab for their moral support
encouragement. Lastly, I want to thank my wife for her unwavering support
throughout my time at the university. Without them, I could not accomplish this
dissertation.

4

Table of Contents

Acknowledgements……………………………………………………………………2
Table of Contents……………………………………………………………………... 3
List of Tables…………………………………………………………………………...6
List of Figures……………………………………………………………………….…7
List of Abbreviations and Symbols……………………………………………......... 9
1 General Introduction…………………………………………………………….13
1.1 Chemical Carcinogenesis……….…………….……………………………13
1.2 Mechanism of Carcinogenicity and Computational Chemistry……….14
1.3 The Aim of This Study………………………….………………………….15
References…………………………………………………………………………18
2 Calculation Method……………………………………………………………... 20
2.1 Molecular Mechanics……………………………………………………….20
2.1.1 Force Field……………………………………………………….…….20
2.2 Molecular Orbital Method………………………………………………….21
2.2.1 Schrödinger Equation……………………………………………..…21
2.2.2 Ab initio Method…………………………………………………....23
2.2.3 Calculation Methods Used in the Present Study………………....28
References………………………………………………………………………….29
3 Structure-Mutagenicity Correlation of Nitrated Pyrenes by Use of Molecular
Orbital Methods…………………………………………………………………..31
3.1 INTRODUCTION……………………………………………………….….32

5

3.2 METHOD……………………………………………………………………33
3.2.1 Metabolic Pathway and NP-DNA Adducts……………………..…33
3.2.2 Calculation Method…………………………………………………..34
3.2.3 Stability of NP-DNA Adducts……………………………….………36
3.3 RESULTS AND DISCUSSION…………..……………………………….36
3.3.1 Structure-mutagenicity Correlation of NP’s Metabolic
Intermediates…………………………………………………………36
3.3.2 Correlation of Mutagenicity with Heat of Formation of
NP-DNA Adducts…………………………………………………..…38
3.3.3 Correlation of Mutagenicity with Stabilization Energies of NP-DNA
(three-base-paired) Adducts………………………………………………..…39
3.3.4 Steric Hindrance in DNA-DNP Adducts…………………………...42
3.4 CONCLUSIONS………………………………………………………..…...44
REFERENCES………………………………………………………………..…..45
4

Relationship between Mutagenicity of Heterocyclic Aromatic
Amines and Stability of Their DNA adducts: A Study by
Semi-Empirical Molecular Orbital Method…………………………………….46
4.1

INTRODUCTION………………………………………………………….47

4.2

COMPUTATIONAL METHODS…………………..…………………….49

4.2.1

Molecular Modeling……………………………………………….......49

4.2.2

Calculations…………………………………………………………….49

4.2.3

Stability of HCA-DNA Adducts………………………………………52

4.3

RESULTS AND DISCUSSION………………………………………......53

4.3.1

Structure of HCA-DNA Adducts……………………….………….....53

4.3.2

Relationship Between HCA Mutagenicity and Stability of

6

HCA-DNA Adducts…………………………………………………….58
4.3.3

Interpretation of the Linear Relationship Between ΔE
and log M………………………………………………………………..60

4.4

CONCLUSIONS.…………………………………………………………..63

REFERENCES…………………………………………………………………....64
5 Summary……………………..……………………………………………………66
5.1

Nitropyrenes (NPs)………………………………………………………...66

5.2

Heterocyclic Aromatic Amines (HCAs)………………………………..…67

7

List of Tables

Chapter 3
TABLE 1. Mutagenic activities of NPs Salmonella typhimurium
strains TA98……………………………………………………………….32
TABLE 2. Heat of formation, HOMO energy, and LUMO energy of
NPs and their Metabolites by PM3.………………………………..……37
TABLE 3. Total energy, HOMO energy, and LUMO energy of NPs by STO-3G
……………………………………………………………………………….37
TABLE 4. Heats of formation of NP-DNA (five-base-paired) adducts
by PM3………………………………………………………………….......39
TABLE 5. Total energy of nitrenium ion of NPs by STO-3G……….……………...40
TABLE 6. Total energy of NP-DNA adduct by STO-3G……………………………40
TABLE 7. Stabilization energy of NP-DNA adduct by STO-3G…………………..41
TABLE 8. Heat of formation of (+)-N-1-amino-2-nitropyrene additive, kJ mol-1
………………………………………………………………………………42

Chapter 4
TABLE 1. Heats of formation for HCAs and their nitrenium ions………………..53
TABLE 2. Heats of formation and torsional angles for HCA-DNA adducts..........54
TABLE 3. Stabilization energies, ΔE, and differences of torsional
angle Δ (=adduct DNA) for HCA-DNA adducts……………………….55

8

List of Figures

Chapter 1
FIGURE 1. A process for oncogene manifestation………………………………….17
FIGURE 2. An example of metabolic path way for benzo[a]pyrene……………...18

Chapter 2
FIGURE 1. Parameters used in a molecular mechanics force field………………21

Chapter 3
FIGURE 1. Five-base-paired DNA model……………………………………………37
FIGURE 2. 1,2-DNP-DNA adduct model…………………………………………….37
FIGURE 3. Plot of correlation between log M and heat of formation
of corresponding NP-DNA adducts………………………………………39
FIGURE 4. Plot of correlation between log M and stabilization energies of
corresponding NP-DNA adducts by STO-3G…………………………41
FIGURE 5. Position of the nitro group at C2 of 1,2-DNP-DNA adduct…………..43
FIGURE 6. Geometry of deformed (+)-N-1-amino-2-nitropyrene additive……….44

Chapter 4
FIGURE 1. Metabolic activation pathway of HCAs……………………………….48
FIGURE 2. Heterocyclic amines (HCAs) treated in this study……..…………….50
FIGURE 3. The interaction between IQ and guanine of DNA…….……………...52
FIGURE 4. An optimized geometry of the IQ-DNA adduct……………………….55
FIGURE 5. (a) 2-Aminoimidazo[4,5-f]quinoline (AIQ)………………….…………56

9

FIGURE 6. Correlation between the mutagenicity (M) of HCAs and
the stability (ΔE) of their DNA adducts……………………………...57
FIGURE 7. Correlation between the mutagenicity (M) of HCAs and
the stabilizing energy ΔEN, of their nitrenium ions………………...59
FIGURE 8. (a) The progress of the binding reaction between
a nitrenium ion and DNA’s guanine………………………………….62

10

List of Abbreviations and Symbols

1,2-DNP

1,2-dinitropyrene

1,3-DNP

1,3-dinitropyrene

1,6-DNP

1,6-dinitropyrene

1,8-DNP

1,8-dinitropyrene

1-NP

1-nitropyrene

2-NP

2-nitropyrene

4-NP

4-nitropyrene

7,8-DiMeIQx

2-amino-3,7,8-trimethylimidazo[4,5-f]quinoxaline

AM1

a semi-empirical molecular orbital model

AMBER

assisted model building with energy

AC

2-amino-9H-pyrido[2,3-b]indole

C8

C8 carbon position of guanine

DFT

density-functional theory

DNA

deoxyribonucleic acids

DiMeIQx

2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline

Ea

activation energy (kcal mol-1)

G1T2G3G4G5

five base pairs with sequence of

guanine-tymine-guanine-guanine-guanine
Glu-P-1

2-amino-6-methyldipyrido[1,2-a:3’,2’-d]imidazole

Glu-P-2

2-aminodipyrido[1,2-a:3’,2’-d]imidazole

H, hi

Hamiltonian

HCAs

heterocyclic aromatic amines

HOMO

the highest occupied molecular orbital

11

HPLC-ESI-MS/MS

high performance liquid
chromatography-electrospray tandem mass
spectrometry

IQ

2-amino-3-methylimidazo[4,5-f]quinolone

Iii

energy of one electron in one molecular orbital

Jij

molecular integration equivalent to the Coulomb

repulsion

Kij

molecular integrations related to exchange
interactions in quantum mechanics

LUMO

the lowest unoccupied molecular orbital

Log M

logarithm of mutagenicity

M

mutagenicity strength (revertants nmol-1)

MM

molecular mechanics

MMFF

molecular mechanics force fields model

MeAC

2-amino-3-methyl-9H-pyrido[2,3-b]indole

MeIQ

2-amino-3,4- dimethylimidazo[4,5-f]quinolone

NMR

nuclear magnetic resonance spectroscopy

NPs

nitrated pyrenes

P1

panel 1

P2

panel 2

P450 (CYP1A2)

cytochrome

PM3

a semi-empirical molecular orbital model

PhIP

2-amino-1-methyl-6-phenylimidazo[4,5-f]pyridine

Pr

plane for reference of geometry

R

regression coefficient

12

SCF

self-consistent field

STO-3G

Slater-type orbital

T

kinetic energy

TA98

Salmonella typhimurium strain

Trp-P-1

3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole

Trp-P-2

3-amino-1-methyl-5H-pyrido[4,3-b]indole

V

electrostatic potential energy between electrons
and nucleus

Vbend

bending energy due to bending an angle formed by
three atoms

Vbond

stretch energy due to strain present in all bonds

Vdihedral

torsional energy due to dihedral strain

Vestat

electrostatic energy in Coulomb’s law-like

expression

Voop

out-of plane bending energy

Vvdw

van der Waals energy

ab initio calculation

first-principles calculation

d(5’-C1-G2-C3-3’)·d(5’-G4-C5-G6-3’) three-base-paired DNA with sequence of
cytosine-guanine-cytosine

h

Planck's constant

º

degree

ΔE

stability energy (kcal mol-1)

ΔEN

stability energy of nitrenium ion (kcal mol-1)

ΔHADD

heat of formation of adduct (kcal mol-1)

ΔHDNA

heat of formation of DNA (kcal mol-1)

13

ΔHN

heat of formation of nitrenium ion (kcal mol-1)

Χ

wave function

Ψ

wave function

α, β, χ

dihedral angles (degree)

λ

wave length of photon

ν

frequency of photon

14

1 General Introduction
1.1 Chemical carcinogenesis
In the most-developed countries cancer is one of the major causes of death (1).
This is because cancer incidence rises very rapidly with age; the incidence rate, P,
is proportional to the n-th power of age, t, and can be represented as P=ctn, where c
is a constant (2-3). Since people in the most-developed countries are living longer,
cancer has attracted increasing attention and extensive studies have been
performed in both clinical and basic medicine.
Cancers supposedly occur in regularly reproductive cells and somatic cells with
control of cell division and hence cell proliferation is suppressed by certain factors.
Oncogenes included in cancer cells have DNA base-pair sequences different from
those in normal cells, which have been confirmed by X-ray analysis. Carcinogenic
substances undergo the metabolic activation in the human body and become
ultimate carcinogens to connect to DNA bases. Such connection causes the
sequences in normal cells to change. The change may also occur by exposing to
X-rays or UV. As for chemical carcinogenesis, the metabolic activation of natural or
artificial chemical agents contributes largely as initiator or promoter, see Figure
1.1. Contrary to this, most damages of DNA sequences caused by X-rays or UV
may be repaired by enzymatic activation in cells.
Because up to eighty percent of carcinogenesis is caused from chemical
carcinogens, it has been studied to determine possibilities of damages in DNA base
sequence by pro-carcinogens, their metabolic intermediates and their ultimate
carcinogens. The evaluation of the possibility is important to the estimation of
toxicity and carcinogenicity of chemical agents. Acute toxicity of chemical agents
can be assessed by animal experiments; the lethal dose (e.g. LD50) is used as an
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index. Animal experiments, however, are generally very expensive and laborious.
As alternative assessing methods that are more simplified, computational
methods have been developed and application software has been used widely. A
variety of commercial application software was developed for predicting
carcinogenicity risk of chemical agents. Most of them adopted rather macroscopic
data such as solubility and polarity for predicting carcinogenicity of chemical
agents and detailed mechanism of occurring carcinogenicity was hardly taken into
account. As mentioned above, cancer is a disease of genes. For chemical
carcinogenesis, chemical reactions are involved in the carcinogenic processes.
Therefore, it is needed to approach from the microscopic point of view to predict
carcinogenicity for both prevention and early detection of cancer.
1.2 Mechanism of Carcinogenicity and Computational Chemistry
The process for production of oncogene from pro-carcinogen is shown in
Figure 1.1. In the process biochemical and chemical mechanisms are associated
with the metabolic activation (4). In general, pro-carcinogens are metabolically
activated by induction of metabolic enzymes. Metabolic enzymes themselves,
however, are produced by the pro-carcinogen as an inducer (5). Considering such
circumstances, however, there has not been studied sufficiently to date elucidating
the carcinogenic mechanism regarding the environmental chemical agents in
considering the metabolic enzyme (Whitelock et al., 1996, and Swauson and
Bradfield, 1993) (6).
On the other hand, in chemical carcinogenesis, pro-carcinogens are activated
by the metabolism to ultimate carcinogens or mutagens and may combine with
DNA bases, in particular, guanine (see Figure 1.2). Computational methods are
based on the metabolic transformation to predict carcinogenic activities
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qualitatively and quantitatively. For precise calculations quantum chemical
methods such as the molecular orbital (MO) method and molecular dynamics are
used. What is important for predicting carcinogenicity of pro-carcinogens are to
identify the specific quantum chemical quantities corresponding to experimental
data (e.g. Ames data) of mutagenicity for the agents. Quantum chemical quantities
can be calculated for pro-carcinogens, their metabolic intermediates, the ultimate
mutagens and DNA adducts. Although, investigations have been performed to
elucidate the structure-carcinogenicity correlations since mid of the 1970s, but the
subject matter has further questions needed to be elucidated.
1.3 The aim of this study
In everyday life we use a wide variety of chemical substances and greatly
benefit from them. On the other hand, poisonous substances have also been
produced with no intention and distributed into air, water, and soil. Although such
poisonous substances are generally present with very low concentrations in the
environment, daily intake of them may lead to serious diseases such as cancer and
asthma. Therefore, it becomes a social request to science to provide the information
on kinds of harmful substances in the ordinary environment and their toxicity and
risk. Taking such a social request into account, the author aims to clarify the
relationship between structure and carcinogenicity and/or mutagenicity of
substances in the environment by use of quantum chemical calculations. In the
present study two groups of substances were treated: nitro-pyrenes (NPs) and
heterocyclic aromatic amines (HCAs). Polycyclic aromatic compounds (PAHs) are
included in incomplete combustion gas of fossil oil. Some PAHs are potent
carcinogenic substances, specifically for nitrated pyrenes. They are estimated to be
pre-carcinogens of lung cancer and have been studied of their carcinogenic
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mechanism for a long period of time. On the other hand, heterocyclic aromatic
compounds (HCAs), which arise from cooked fish and meat that are closely related
to our diet, are potent initiators and promoters. As some of HCAs are known as
strong carcinogens for lever cancer, colon cancer, and other digestive systems, they
also have been investigated for their molecular structures and their carcinogenic
manifestations. Lung cancer and colon cancer have very large rate of deaths to
their incidences in the global world and local areas, and so the issue is one of the
most critical matters for the International Agency for Research on Cancer (IARC)
and major countries need to be solved.
Molecular orbital calculations were performed for NPs and their metabolic
intermediates. On the basis of the quantum chemical quantities obtained, the
author explained the differences in the mutagenic activity of the NPs. A DNA
model, composed of five base-pairs, was also generated and investigated the
stability of DNA adducts of NPs. Almost the same method was applied to a study
on quantitative structure-mutagenicity correlations for HCAs; a DNA model with
three base-pairs was used. The heats of formation of NP-DNA adducts were found
to correlate with the mutagenicity. Furthermore, a plot of the heats of formation
against the logarithms of the mutagenic activity showed a good linearity with a
correlation coefficient of -0.85. The stabilization energy for HCA-DNA adducts
decreased roughly in proportion to log M with a regression coefficient of -0.89.
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Figure 1. A process for oncogene manifestation from pro-carcinogen through the
metabolic activations, reactions with DNA bases, and formation of DNA adducts.
Metabolism for NPs and HCAs are different, which are depicted in chapter 3 and
chapter 4.
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Figure 2. An example of metabolic path way for benzo[a]pyrene (B[a]P) as a
pre-carcinogen. The pre-carcinogen is initially oxidized by the catalytic effect of
cytochrome P-450 enzyme. Metabolic activation of B[a]P leads to ultimate
carcinogen which is bound to DNA in cellular systems.
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2 Calculation Method
2.1 Molecular mechanics
2.1.1 Force field
Fully optimized molecular mechanics (MM) method at the Mark
Pharmaceuticals (MMFF) force fields of Spartan’08 from WAVEFUNCTION, INC.
was utilized to calculate the stability and strain energies for molecules, their
metabolic intermediates, and DNA adducts prior to performing the molecular
orbital method. In MM calculation, mathematical equations (2.1) – (2.6) are used
to determine optimized geometries of molecules and minimized conformation
energies for the molecules. Using other force fields such as the molecular
mechanics force field for small molecules (MM2/3/4/5), assisted model building
with energy (AMBER), chemistry at Harvard macromolecular mechanics
( CHARMM), consistent force field (CFF) so on may give different results. There is
no single “best” force field (8), (9).
Typically, the equations used in a valence force field are a function quantifying
the strain present in all bonds,
1

(2.1)

1

(2.2)

Vbond = ∑ 2 𝐾𝑟 (𝑟 − 𝑟 ° )2
a bend angle function,

Vbend = ∑ 2 𝐾𝜃 (𝜃 − 𝜃 ° )2
a function that calculates all the dihedral strain,
𝑉

Vdihedral = ∑ 2 [1 − cos(𝑛( 𝜃 + 𝜃 𝑜𝑓𝑓𝑠𝑒𝑡 ))]

(2.3)

and a number of nonbonded terms, such as the Lennard-Jones potential function
(10) that describes van der Waals interactions,
6
12
Vvdw = ∑[𝐴𝑖𝑗 /𝑅𝑖𝑗
− 𝐵𝑖𝑗 /𝑅𝑖𝑗
]

a Coulombs law-like expression that treats the electrostatic interactions

(2.4)
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Vestat = ∑(𝑞𝑖 𝑞𝑗 / 𝑅𝑖𝑗 )

(2.5)

and an out-of-plain deformation term,

Voop = 0.5𝑘𝑜𝑜𝑝 𝛿 2.

(2.6)

The potential energy of a molecule is the summation of the values calculated by
equations (2.1) through (2.6). Where Kr, Kθ, koop are the force constants for the
bonds, bond angles, and out-of-plain deformations in the molecule. rº in (2.1) is the
ideal bond lengths and θº in (2.2) is the ideal bond angles. n is the periodicity of the
dihedral angles, V is the barriers to their rotations, and if out-of-plane
deformations are used, the angle between the plane defined by three atoms and
the vector from the center of these atoms to a fourth bonded atom is δ. The van der
Waals parameters (Aij, Bij) between the ith and jth atoms are necessary to simulate
the nonbonded van der Waals interactions, and finally, the point charges (qi and qj)
and the effective dielectric constant (ε) are needed to model the electrostatic
potential. Figure 2.1 shows the most important interactions that are evaluated to
define the potential energy surface (11).

Figure 1. Parameters used in a molecular mechanics force field.

2.2 Molecular Orbital Method
2.2.1 Schrödinger equation
Electrons on atoms and molecules behave both characteristics of
electromagnetic waves (photon) and particles. Energy (E) and momentum (p)
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involved in electron are expressed as E = hν, p = h/λ = hν/c by the Einstein-de
Broglie formula (12). Where, h is the Planck constant (6.6261 × 10-34 Js), ν the
wave number of photon, λ the wave length of photon, and c the speed of light in
vacuum (2.9979 × 108 ms-1). The wave function (χ) expressing the wave nature of
free electron is a function of coordinates (r) and time (t), thus χ(r,t). Where r is a
three dimensional coordinates. As the behavior of electrons at a steady state do not
rely on time, function values for the wave function include discontinuous values,

hν(n+1/2)/2. Therefore, a functional value for an wave function is equivalent to an
electron energy level. If electron density on a whole system is expressed by a wave
function (Ψ), the electron orbital energy (E) can be calculated by equation (13),

HΨ = EΨ

(2.7)

where H is a Hamiltonian, which includes a sum of kinetic energies (T) of electrons
and electrostatic potential energies (V) between electrons and nucleus in the
system, H = T + V.
In classical mechanics, kinetic energy (T) for a mass point is expressed as

1
2𝑚

|𝒑|2

using a momentum p. While in quantum mechanics, T is written as a formula (2.8)
substituting p to

ℎ
2𝜋𝑖

𝜵, where i is the imaginary unit and 𝜵 is the Hamilton

operator.
ℎ2

T = − 8𝜋2 𝑚 ∑𝑛𝑖=1 𝜵2i

(2.8)

The potential energy (V) between electrons and the nucleus for an atom including
N electrons is represented by charges (e) on individual particles and distances (rij),
equation (2.9). Where Z is the atomic number of an atom,
𝑍𝑒 2

V = －∑𝑛𝑖=1 ∑𝑁
𝑎=1 𝑟

𝑖𝑎

𝑒2

+∑𝑛𝑖>𝑗 𝑟

𝑖𝑗

(2.9)

The schrödinger equation represented by (2.7) shows that the Hamiltonian
(H) operates to the orbital function giving an eigenvalue (E) and a corresponding
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orbital function (Ψ), an eigenfunction.

2.2.2 Ab initio method
Simple manipulation leads to that the energy expectation value is evaluated
as
<Ψ|H|Ψ> for both atoms and molecules. In molecules the wavefunction Ψ is
an anti-symmetrized molecular orbital (14).
The Hamiltonian operator H is separated in two parts,

H = H1 + H2
ћ2

where H1 = ∑𝑖 ℎ𝑖 with hi = − 2𝑚 ∆𝑖 − ∑𝐴
and H2 = ∑𝑖 ∑𝑗

𝑒2

𝑍𝐴 𝑒 2
𝑟𝑖𝐴

𝑟𝑖𝑗

The quantity hi and H2 is the one- and two-electron Hamiltonian. The energy E for
a closed system of molecules can be expressed as follows (14):

E = 2∑𝑛𝑖=1 𝐻𝑖𝑖 +∑𝑛𝑖=1 ∑𝑛𝑗=1(2𝐽𝑖𝑗 − 𝐾𝑖𝑗 )

(2.14)

where Hii, Jij, Kij are;
ħ2

Hii = ∫ 𝜑𝑖 (1) {− 2𝑚 ∆ 1 + 𝑉(1)} 𝜑𝑖 (1)dτ1 ,
𝑒2

Jij = ∬ 𝜑𝑖 (1)𝜑𝑖 (1) (𝑟 ) 𝜑𝑗 (2)𝜑𝑗 (2) dτ1 dτ2 , and
12

𝑒2

Kij = ∬ 𝜑𝑖 (1)𝜑𝑗 (1) (𝑟 ) 𝜑𝑖 (2)𝜑𝑗 (2) dτ1 dτ2.
12

The integrated value in Hii is an energy equivalent to one electron orbital
with one electron. Orbitals with two electrons, the closed orbital, have the energy
two fold of Hii . Jij is the two electron integration and equivalent to an average of
the repulsion energies between the electron cloud, φi2, occupying the orbital, φi,
and the φj2, for orbitals having two electrons respectively. The energy (E) is four
times as large as Jij. Kij is the molecular exchange integration. This term reduces
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the interaction between two electrons in parallel spins on different orbitals, φi
and φj (i≠j).
In ab initio methods, the integrals above are performed exactly from the
beginning neither using empirical methods nor experimental data. To calculate the
integrals for one molecular orbital (MO), it is necessary that all other MOs are
known in advance. Therefore iterative methods are used for determining the MOs.
A set of orbitals that are obtained in such a procedure are called self-consistent
field (SCF) orbitals.
The next step is to determine a set of MOs which makes the energy E a
minimum, or at least stationary with respect to a change in the orbitals. For this
purpose, it is convenient to express the energy in terms of Coulomb and exchange
operators.

E = 2∑𝑖 〈𝜑𝑖 |ĥ𝑖 |𝜑𝑖 〉 + ∑𝑖 ∑𝑗 (2〈𝜑𝑖 |Ĵ𝑗 |𝜑𝑖 〉 − 〈𝜑𝑖 |Ќ𝑗 |𝜑𝑖 〉)
1

Ĵj (1) = ∫ 𝜑𝑗∗ (2) 𝑟 𝜑𝑗 (2)𝑑𝜏2
12

1

Ќ(1)𝜑𝑖 (1) = [∫ 𝜑𝑖∗ (2) 𝑟 𝜑𝑖 (2)𝑑𝜏2 ] 𝜑𝑖 (1)
12

The variation must be carried out so as that the orbitals remain orthonormal,
that is, the following conditions are satisfied:

Sij = ∫ 𝜑𝑖 (1)𝜑𝑗 (1)𝑑𝜏1 = δij
This constrained optimization is treated by means of Lagrange multipliers,
which leads to the differential equations.
[ĥ𝑖 + ∑ (2Ĵ𝑗 − Ќ𝑗 )]𝜑𝑖 = ∑𝑗 𝜀𝑖𝑗 𝜑𝑗

(j = 1, 2, ･･･,n)

The quantity in square brackets is known as the Fock Hamiltonian operator

F, and the equations are written in the form:
^

Fφi = ∑𝑗 𝜀𝑖𝑗 𝜑𝑗
It can be shown by simple manipulation that the Lagrange multipliers are
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elements of a Hermitian matrix (14). The equations are simplified by a unitary
transformation, leading to diagonal form, that is, all 𝜀𝑖𝑗 = 0 unless i = j (14).
^

Fφi = εiφi

(i = 1, 2, ･･･,n)

We can obtain optimum molecular orbitals by solving the set of coupled
nonlinear differential equations. Direct solution of these equations, however, is
impractical for molecular systems of any size. A successful approach is to
approximate each Hartree-Fock orbital with a linear combination of atomic
orbitals (14):

φi = ∑𝑟 𝐶𝑖𝑟 Х𝑟
This method has also the advantage that it permits the interpretability of the
calculated results, because in chemistry molecular properties are usually related to
properties of the constituent atoms.
The total electronic energy can also be written in terms of integrals over atomic
orbitals if we substitute the linear expansion described above into the molecular
orbital integrals. Thus

Hii ＝∑𝑟 ∑𝑠 𝐶𝑖𝑟 𝐶𝑖𝑠 𝐼𝑟𝑠 = ∑𝑟 𝐶𝑖𝑟2 𝐼𝑟𝑟 + 2 ∑𝑟>𝑠 𝐶𝑖𝑟 𝐶𝑖𝑠 𝐼𝑟𝑟 ,
Jij = ∑𝑟 ∑𝑠 ∑𝑡 ∑𝑢 𝐶𝑖𝑟 𝐶𝑖𝑠 𝐶𝑗𝑡 𝐶𝑗𝑢 (𝑟𝑠|𝑡𝑢),
and Kij = ∑𝑟 ∑𝑠 ∑𝑡 ∑𝑢 𝐶𝑖𝑟 𝐶𝑗𝑠 𝐶𝑖𝑡 𝐶𝑗𝑢 (𝑟𝑡|𝑠𝑢),
where
ħ2

Irs = ∫ 𝜒𝑟 (1) {− 2𝑚 ∆ 1 + 𝑉(1)} 𝜒𝑠 (1)dτ1,
𝑒2

and (rs|tu) = ∬ 𝜒𝑟 (1)𝜒𝑠 (1) (𝑟 ) 𝜒𝑡 (2)𝜒𝑢 (2) dτ1 dτ2.
12

As can be seen, (rs|tu) represents the general two-electron interaction integral
over atomic orbitals. The six-dimensional integral gives the Coulomb repulsion
interaction between two local product densities χrχs and χtχu. Substituting these
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expressions in equation (2.14), we obtain
1

1

E = ∑𝑟,𝑠 𝑃𝑟𝑠 𝐻𝑟𝑠 + 2 ∑𝑟,𝑠,𝑡,𝑢 𝑃𝑟𝑠 𝑃𝑡𝑢 [(𝑟𝑠|𝑡𝑢) − 2 (𝑟𝑢|𝑡𝑠)]
where

Prs = 2∑𝑖 𝐶𝑟𝑖∗ 𝐶𝑠𝑖
To find the optimum values of the coefficients, we can use variational methods
similar to the Hartree- Fock procedure. The small variation of the molecular
orbital and the condition for a stationary point leads to the following equation (14):
∗
∑𝑠 {𝐶𝑠𝑖 𝐻𝑟𝑠 + ∑𝑗 ∑𝑡,𝑠,𝑢 𝐶𝑡𝑗
𝐶𝑠𝑖 𝐶𝑢𝑗 [2(𝑟𝑠|𝑡𝑢) − (𝑟𝑢|𝑡𝑠)]}

= ∑𝑗 𝜀𝑖𝑗 ∑𝑠 𝐶𝑠𝑗 𝑆𝑟𝑠
As in the previous procedure, we are at liberty to choose the off-diagonal
Lagrangian multipliers εij to be zero; this assures unique specification of the
molecular orbitals. The equations then take the final form
∑𝑠 (𝐹𝑟𝑠 − 𝜀𝑖 𝑆𝑟𝑠 ) 𝐶𝑠𝑖 = 0
where the elements of the matrix representation of the Hartree-Fock Hamiltonian

F are
1

Frs = Hrs + ∑𝑡,𝑢 𝑃𝑡𝑢 [(𝑟𝑠|𝑡𝑢) − 2 (𝑟𝑢|𝑡𝑠)]
It is seen that the LCAO self-consistent field molecular orbitals are calculated from
the algebraic equations above. The equations are called as the Roothaan
equations.
The Roothaan equations are expressed in the matrix form

FC = SCE
where E is the diagonal matrix of the εi. The matrix equation is transformed into a
standard eigenvalue problem:

F rC r= C rE
where
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F r = S -1/2FS 1/2, C r = S 1/2C,
and S1/2 is the square root of S. The elements εi of E are roots of the determinantal
equation
For each root εi, the coefficients can be found from the linear equations
∑𝑠 (𝐹𝑟𝑠′ − 𝜀𝑖 𝛿𝑟𝑠 ) 𝐶𝑠𝑖𝑟 = 0
and the coefficients then determined from

C = S -1/2C ‘.
To solve the Roothaan equation by the SCF procedure, a basis set must be
given and usually a linear combination of atomic orbitals (LCAO) is used as the
basis set, as described above. In ab initio methods all integrals appearing in the
Roothaan equation are calculated in terms of the basis set without fitting
parameters to experimental data. Therefore the cost of performing such
calculations scales formally as the fourth power of the number of basis functions.
This arises from the number of two-electron integrals necessary for constructing
the Fock matrix (15).
Semi-empirical methods reduce the computational cost by reducing the
number of integrals. The first step in reducing the computational problem is to
consider only the valence electrons explicitly, the core electrons are accounted for
by reducing the nuclear charge or introducing functions to mode the combined
repulsion due to the nuclei and core electrons. Moreover, only a minimum basis set
is used for the valence electrons. The central assumption of semi-empirical
methods is the zero differential overlap (ZDO) approximation; it neglects all
products of basis functions depending on the same electron coordinates when
located on different atoms, say A and B. This approximation reduces a Fock matrix
element to the following expression (15):

29

1

Frs = Hrs + ∑𝐵 ∑𝐵𝑡𝑢 𝑃𝑡𝑢 (𝑟𝑠|𝑡𝑢) − 2 ∑𝐴𝑡𝑢 𝑃𝑡𝑢 (𝑟𝑢|𝑡𝑠)
1

Frs = 𝐻𝑟𝑠 − 2 ∑𝐴𝑢 ∑𝐵𝑠 𝑃𝑡𝑢 (𝑟𝑢|𝑡𝑠)

r, s both on A

r on A, s on B

Introduction of the ZDO approximation decreases the quality of the
wavefunction. To repair the deficiencies, parameters are introduced in place of the
integrals. The MNDO, AM1, and PM3 models are parameterizations of the NDDO
model, in which the ZDO approximation is used. The parameterization of the three
models is in terms of atomic variables; the models differ only in the treatment of
core-core repulsion and in assignment of parameters. The parameterizations of
MNDO and AM1 were done essentially by hand, whereas that of PM3 was done
automatically so that all parameters were optimized simultaneously.

2.2.3 Calculation methods used in the present study
As have been described in the preceding sections, there are several methods
available to calculate heats of formation, energies of molecular orbitals, and other
chemical quantities for molecules. In this study, we applied semi-empirical orbital
method at PM3 level to associate with the present available computer resources in
our laboratory; the STO-3G method was also used in the calculation for NACs. It is
generally known that the AM1 method is better than the PM3 if time and
computing resources are the major concerns. We, however, used the PM3 method
for the following two reasons:
(i) So far we have performed our study on structure-mutagenicity correlations of
HCAs in isolated states, using the PM3 method. We can consult the PM3 data if
necessary in the present study for larger molecular system, and
(ii) DNA adducts of HCA have a large number of atoms up to 320, which almost
exceeds the allowed capacity for molecular orbital calculations by the Spartan’08
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calculation software. For such a large molecular system, the PM3 method gave
satisfactory optimization, but the AM1 tended to give fairly deformed structures.
This may be owing to the limitation of the AM1 that the geometry of hydrogen
bonds is often wrong (15); in the PM3, the strength of hydrogen bonds are
overestimated so that the hydrogen bonding between bases of DNA retains the
geometry in the optimization processes.
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3 Structure-Mutagenicity Correlation of Nitrated Pyrenes by Use of Molecular
Orbital Methods
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3.1 INTRODUCTION

Nitrated pyrenes (NPs) included in diesel exhaust particles are potent mutagens
in the environment (1). Their mutagenic activity depends largely on the number
and the position of the nitro group; for example, the mutagenic activity (in
revertants/nmol) in bacterial systems is 453 for 1-nitropyrene (1-NP), 144,760 for
1,3-dinitropyrene (1,3-DNP), and 254,000 for 1,8-dinitropyrene (1,8-DNP), known
as one of most strong mutagens (2). Available data on the mutagenic activity of
NPs show that the activity increases in the order 1,2-DNP < 1-NP < 4-NP < 2-NP <
1,3-DNP < 1,6-DNP < 1,8-DNP (3), see Table 1.

TABLE 1. Mutagenic activities of NPs Salmonella typhimurium strains TA98
NPs

Mutagenic activities / revertants mol-1

M

log M

1-NP

450

2.653

2-NP

2,570

3.410

4-NP

2,480

3.394

1,2-DNP

65

1.813

1,3-DNP

144,760

5.161

1,6-DNP

183,570

5.264

1,8-DNP

257,000

5.410

So far the differences in the mutagenicity have been considered to arise from
those in chemical reactivity of parent molecules. In fact Maynard et al.
investigated the correlation between the mutagenic activity and the lowest
unoccupied molecular orbital (LUMO) energy for twenty nitrated aromatic
compounds and obtained significant correlations; correlation coefficients ranged
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from -0.75 to -0.88, depending on bacterial strains used (4). In their study five NPs,
1-NP, 1,3-DNP, 1,6-DNP, 1,8-DNP, and 1,3,6-trinitropyrene, were included. For
these five NPs, however, the correlation coefficient is found to be -0.69. Moreover,
an extension of the bacterial mutagenic test revealed that the activity of 1,2-DNP
weaker than that of 1-NP, as described above, though the former has LUMO
energy lower than the latter. These facts suggest that the metabolic
transformation, including the binding to DNA, of NPs is necessary to improve the
structure-mutagenicity correlation.
In the present study, the author performed molecular orbital calculations for
NPs and their intermediates in the metabolic pathway. A DNA model, composed of
five base pairs, was also generated and investigated the stability of the adduct of a
NP to a DNA base. On the basis of quantum chemical quantities obtained, author
tried to explain the differences in the mutagenic activity of the NPs.

3.2 METHOD

3.2.1 Metabolic pathway and NP-DNA adducts

Seven NPs were used in this study: 1-NP, 2-NP, 4-NP, 1,2-DNP, 1,3-DNP,
1,6-DNP, and 1,8-DNP. Their mutagenic activities for Salmonella typhimurium
strains TA98 were taken from several sources (3) (4).
Based on recent biochemical studies on the mutagenicity of nitrated aromatic
compounds and well-known facts about nitroreduction (5), the author proposed the
metabolic activation pathway of NPs and performed molecular orbital calculations.
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In the pathway, NPs are transformed to nitrosopyrene, N-hydroxyaminopyrene,

N-acetoxyaminopyrene, and finally nitrenium ions as ultimate mutagens to form
NP-DNA adducts.
To generate a NP-DNA adduct, the author made two DNA models, A and B.
Model

A was

composed

of

five

base

pairs

with

the

sequence

of

guanine-thymine-guanine-guanine-guanine (abbreviated to G1T2G3G4G5) and
model B of three base pairs with sequence of guanine-thymine-cytosine
(abbreviated to G1T2C3). Then an ultimate mutagen was bonded at the C8 position
of the middle guanine G3 for model A and of the end guanine G1 for model B (see
Figs.1 and 2).

3.2.2 Calculation method

All parent molecules, their metabolites, and their DNA adducts were optimized
by the MM 2 and then the PM3 and STO-3G methods for models A and B,
respectively; the calculations were carried out by use of SPARTAN’08
(Wavefunction, Inc., Tokyo). In the PM3 calculations of the five-base-paired DNA,
the coordinates of the terminal bases including G1 and G5 were locked and in the
calculations of adducts, the conformation of the NP was varied; the gradient
tolerance of energy was adopted as the criterion of convergence and it was set to be
0.003 hartree / bohr. On the other hand, in the STO-3G calculations of the
three-base-paired DNA, the gradient tolerance was set to be 0.01 hartree / bohr.
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FIGURE 1. Five-base-paired DNP model.

FIGURE 2. 1,2-DNP-DNA adduct model.
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From the calculations we obtained the heat of formation, HOMO and LUMO
energy for parent molecules and their activated intermediates. The optimization of
the adduct also provided its heat of formation.

3.2.3 Stability of NP-DNA adducts

The heat of formation, ADD, of an NP-DNA adduct is smaller than a sum of
the heats of formation, N andDNA, of the NP’s nitrenium ion and DNA. The
author defined the stability of the adduct as the decrease in energy, E, in the
binding reaction: E = ADD (N + DNA). For the STO-3G calculations, E is
obtained as EADD (N + DNA), where EADD, EN, and EDNA are total energies of
NP-DNA adduct, nitrenium ion, and DNA, respectively.

3.3 RESULTS AND DISCUSSION

3.3.1 Structure-mutagenicity correlation of NP’s metabolic intermediates

Table 2 shows the calculated heats of formation, HOMO and LUMO energies of
the NPs and their metabolites by the PM3 method. Table 3 shows the calculated
total energies, HOMO and LUMO energies of the NPs and their metabolites by
the STO-3G method. The mutagenicity of the NPs was found to correlate with the
LUMO energy of the nitrosopyrene, etc. The correlations, however, of the
metabolites’ LUMO energy were almost the same as that of the parent’s LUMO
energy for both calculation methods. The deviation of 1,2-DNA still remained.
Therefore extension to the metabolites provided no significant improvement.
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TABLE 2. Heat of formation, HOMO energy, and LUMO energy of NPs and their
metabolites by PM3
Heat of formation/
NPs

HOMO/

kJ mol-1
Parent
Nitroso

LUMO/

eV

eV

Parent

Nitroso

Parent

Nitroso

1-NP

245.46

340.66

-8.86

-8.56

-1.73

-1.56

2-NP

231.58

334.46

-8.76

-8.52

-1.51

-1.26

4-NP

247.85

342.00

-8.79

-8.51

-1.67

-1.48

1,2-DNP

245.38

332.53

-9.27

-8.90

-2.18

-1.87

1,3-DNP

233.91

323.77

-9.40

-9.12

-2.37

-2.16

1,6-DNP

230.66

322.22

-9.45

-9.15

-2.36

-2.17

1,8-DNP

235.40

322.75

-9.41

-9.15

-2.45

-2.16

TABLE 3. Total energy, HOMO energy, and LUMO energy of NPs by STO-3G
Total energy/
NPs

HOMO/

hartree mol-1
Parent

Nitroso

LUMO/

eV

eV

Parent

Nitroso

Parent

Nitroso

1-NP

-805.03036

-731.26403

-6.06

-5.75

3.79

4.01

2-NP

-805.03489

-731.26400

-6.03

-5.79

4.26

4.52

4-NP

-805.02970

-731.26305

-6.01

-5.73

3.95

4.14

1,2-DNP

-1005.72572

-931.96041

-6.51

-6.20

3.53

3.62

1,3-DNP

-1005.73084

-931.96697

-6.54

-6.26

3.04

3.28

1,6-DNP

-1005.73332

-931.96818

-6.60

-6.29

3.08

3.28

1,8-DNP

-1005.73153

-931.96790

-6.58

-6.29

2.96

3.30
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3.3.2

Correlation of mutagenicity with heat of formation of NP-DNA

adducts

Table 4 shows the heats of formation of NP-DNA (five-base-paired) adducts
calculated by the PM3 method and Fig. 3 demonstrates correlation the logarithms
of the mutagenic activity, log M, between the heats of formation. The deviation of
1,2-DNP was solved so that the correlation coefficient is improved up to -0.85. This
finding suggests that the stability of the NP-DNA is an important factor to
determine the mutagenicity of NPs and that the stability is largely affected by
steric hindrance, especially that due to the nitro group. The lower LUMO energies
of 1,2-DNP and its nitroso derivative should lead to strong mutagenicity according
to the good correlation between the mutagenicity and LUMO energy demonstrated
by Maynard et al. (4). But this is not the case. The very weak mutagenic activity of
1,2-DNP can be explained in terms of the steric hindrance of its two neighboring
nitro-groups (see section 3.3): a nitro group is essentially bulky and the
neighboring of the two groups intensifies the degree of bulkiness so that bonding of
1,2-DNP to a DNA base gives rise to an increase in repulsive energy between the
two molecules. As a result the bonding is obstructed and the adduct formation
becomes a rate-limiting step in the metabolic transformation of 1,2-DNP.
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TABLE 4. Heats of formation of NP-DNA (five-base-paired) adducts by PM3
NPs

Heat of formation ΔHf / kJ mol-1
NP-DNA adduct

1.

1-NP

-8548

2.

2-NP

-8562

3.

4-NP

-8533

4.

1,2-DNP

-8466

5.

1,3-DNP

-8567

6.

1,6-DNP

-8627

7.

1,8-DNP

-8583

FIGURE 3. Plot of correlation between log M and heat of formation of
corresponding NP-DNA adducts.

3.3.3 Correlation of mutagenicity with stabilization energies of NP-DNA
(three-base-paired) adducts

Tables 5  7 show the total energies of nitrenium ions of NPs, those of NP-DNA
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(five-base-paired) adducts, and stabilization energies calculated by the STO-3G
method, respectively. Figure 4 shows a plot of correlation between log M and
stabilization energies. The correlation is good with a correlation coefficient of -0.83;
the deviation of 1,2-DNP is comparable with that shown in Fig. 3. This finding also
indicates that the stability of NP-DNA adduct is a significant factor for the
mutagenicity of NPs.

TABLE 5. Total energy of nitrenium ion of NPs by STO-3G
NPs

EN / hartree mol-1

1.

1-NP

-657.86691

2.

2-NP

-657.83575

3.

4-NP

-657.85044

4.

1,2-DNP

-858.55367

5.

1,3-DNP

-858.55891

6.

1,6-DNP

-858.55894

7.

1,8-DNP

-858.55890

TABLE 6. Total energy of NP-DNA adduct by STO-3G
NPs

EADD/ hartree mol-1

1.

1-NP

-7814.26826

2.

2-NP

-7814.24228

3.

4-NP

-7814.28190

4.

1,2-DNP

-8014.96432

5.

1,3-DNP

-8014.99506

6.

1,6-DNP

-8015.04954

7.

1,8-DNP

-8015.04915

DNA

d (G1･T2･C3)･d(G4･A5･C6)

-7278.89960
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TABLE 7. Stabilization energy of NP-DNA adduct by STO-3G
ΔE / kcal mol-1

NPs
1.

1-NP

-380.86

2.

2-NP

-384.11

3.

4-NP

-399.74

4.

1,2-DNP

-386.69

5.

1,3-DNP

-402.68

6.

1,6-DNP

-436.83

7.

1,8-DNP

-436.62

-370
-380

1-NP

E / kcal mol-1

-390

2-NP

R² = 0.696

1,2-DNP

-400

1,3-DNP

4-NP

-410
-420

-430

1,8-DNP
1,6-DNP

-440
1

2

3
4
log M / revertants nmol-1

5

6

FIGURE 4. Plot of correlation between log M and stabilization energies of
corresponding NP-DNA adducts by STO-3G
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3.3.4 Steric hindrance in DNA-DNP adducts

In the molecular geometry of the 1,3-DNP-DNA adduct, the nitro group at the C3
position is attracted toward the cytosine-G4 base pair. The distance from the
oxygen atom of the nitro group to a hydrogen atom of G4 is 5.477 Å, which is
approximately three times of the hydrogen-bonding distance. On the other hand,
in the molecular geometry of the 1,2-DNP-DNA adduct, the nitro group at the C2
position is attracted toward the cytosine-G4 base pair. The distance from the
oxygen atom of the nitro group to a hydrogen atom of G4 is 3.824 Å, which is
approximately double the hydrogen-bonding distance as shown in Fig. 5. Such
geometry of the

TABLE 8. Heat of formation of (+)-N-1-amino-2-nitropyrene additive, kJ mol-1
Without deformation
-227.16

With deformation

Energy difference

-103.99

+123.17

(+)-N-1-amino-2-nitropyrene additive gives rise to large deformation as shown in
Fig. 5. Dihedral angles between the plane of reference Pr and P1 with N-C1 axis
on it was 211˚, and dihedral angle of the plane Pr and P2 with N-C2 axis on it was
155˚. The values of the dihedral angles of 1,2-DNP attached to the DNA are the
largest of the all additives. The large deformation leads to double the heat of
formation of the geometry without deformation, see Table 8. The large heat of
formation of the 1,2-DNP-DNA adduct is ascribed to strain energy due to the
deformation of the additive.
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FIGURE 5. Position of the nitro group at C2 of 1,2-DNP-DNA adduct.
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FIGURE 6. Geometry of deformed (+)-N-1-amino-2-nitropyrene additive. Pr means
a plane for reference of the geometry. P1 and P2 are planes on which N-C1 and
N-C2 axis lie, respectively. The dihedral angle between Pr and P1 is 155˚ and that
between Pr and P2 is 211˚.

3.4 CONCLUSIONS

To elucidate the differences in the mutagenicity of NPs depending on the
number and the position of the nitro group, the author performed molecular orbital
calculations for seven NPs, their metabolic intermediates, and their DNA adducts.
For all metabolites, correlations of the mutagenic activity with their quantum
mechanical quantities were not so good: the correlations with metabolites’ LUMO
energy were almost the same as that with the parent’s LUMO energy. The heats of
formation, however, of NP-DNA (five-base-paired) adducts were correlated with
the mutagenicity: a plot of the heats of formation against the logarithms of the
mutagenic activity showed a good linearity with a correlation coefficient of -0.85.
The stabilization energy correlates well to log M with a coefficient of -0.83. These
results suggest that the stability of the NP-DNA is an important factor to
determine the mutagenicity of NPs.
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4 Relationship between mutagenicity of heterocyclic aromatic amines and
stability of their DNA adducts: a study by semi-empirical molecular orbital method
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4.1 INTRODUCTION
Heterocyclic aromatic amines (HCAs) are potential mutagens and carcinogens,
contained in cooked foods of the broiled meat or fish (15). HCAs are produced
from amino acids and protein in such foods and are mainly metabolized first by
cytochrome P450 (CYP1A2) in humans leading to the ultimate mutagen and
carcinogen, the nitrenium ion (1). The nitrenium ion attacks a guanine moiety of
DNA, forming a HCA-DNA adduct (see Figure 1).
HCA-DNA adducts have been identified in living organisms by the high
performance liquid chromatography-electrospray tandem mass spectrometry
(HPLC-ESI-MS/MS) (6), X-ray, and nuclear magnetic resonance spectroscopy
(NMR) analyses (7). Wu et al. carried out conformational analysis for a DNA
adduct of 2-amino-3-methylimidazo[4,5-f]quinoline using a molecular mechanics
method: the DNA model was composed of seven base pairs. The analysis revealed
that distortion of a major groove of the DNA and isomerism of guanine in the
groove are important in mutagenic replication (8). They hardly investigated
structure-mutagenicity relations for HCAs because such a study was beside their
purpose. Ford and Griffin have computed the stabilizing energy of nitrenium ions
of HCAs using the semi-empirical AM1 molecular orbital method; the stabilizing
energy was defined as a difference in heats of formation between parent HCAs and
their nitrenium ions (9). The correlation of the stabilizing energy to the
mutagenicity was not sufficiently strong; the regression coefficient, R, was 0.77 (R2
= 0.59). A similar study was performed by Borosky (10). He calculated the stability
energy of nitrenium ions for forty-three HCAs using the density functional theory
and the energies obtained were plotted against the mutagenicity. The plot was
fitted by use of curves with the regression coefficient of 0.82 (R2 = 0.66).
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Discussions, however, were scarcely made on the physicochemical meaning of the
curve fitting.

Figure 1. Metabolic activation pathway of HCAs (1).
So far, quantitative structure-mutagenicity correlations of HCAs have been
investigated in rather simplified conditions; for example, HCA’s parent molecules,
their intermediates, and nitrenium ions were calculated in an isolated state and
the binding reaction of a nitrenium ion with a DNA base was also treated in a free
space. Such computational simplification may lead to relatively weak correlations
in the studies. Taking this into consideration, we paid attention to the binding
reaction of a nitrenium ion with a base in DNA. A DNA model with three-base
pairs was generated, then a HCA was added to the center base, and the structure
of a resulting adduct was optimized by means of the PM3 method. We calculated
the stability of the DNA adducts of HCAs and investigated the relationship
between the stability of the adducts and mutagenicity of HCAs.
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4.2 COMPUTATIONAL METHODS
Figure 2 shows thirteen HCAs treated in this study. They have similar or
dissimilar structures and undergo the metabolic transformation in the same way,
though their mutagenic activities range widely. All calculations for the HCAs were
carried out by use of the Spartan’08 software package (Wavefunction, Inc., Tokyo).
Although the AM1 method is preferable to the PM3 so far as computation time and computer
resources are concerned (11), the AM1 tended to give more deformed structures compared with
the PM3.

4.2.1 Molecular Modeling
Nitrenium ions of the HCAs were presumed to have a positive charge on the
nitrogen atom of the amino group in their imidazole moiety. As a DNA fragment
model, the author used a double helical B-type structure with the
d(5’-C1-G2-C3-3’)･d(5’-G4-C5-G6-3’) sequence. The guanine, G2, of the DNA is a
mutagenic hot spot, which have been identified by the NMR analysis (6) and x-ray
diffraction experiment (7). The author assumed that a nitrenium ion attacks G2 to
form an adduct: a new bond is formed between the positively charged nitrogen of
the ion and the carbon, C8, of G2.

4.2.2 Calculations
First the 13 HCAs, their nitrenium ions, and the DNA fragment were optimized
by the MMFF method followed by the PM3 method. The optimization provided the
heats of formation of all the compounds. For comparison, the energies of the
highest occupied and lowest unoccupied molecular orbitals were calculated for the
HCAs and their metabolic intermediates (see Figure 1).
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Then the HCA-DNA adducts were fully optimized by use of a similar procedure.
In the MMFF calculations, however, conformational analysis was performed to
search a global minimum, because the heat of formation of the adducts fairly
varied

Figure 2. Heterocyclic amines (HCAs) treated in this study. The abbreviation used
are: IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; MeIQ, 2-amino-3,4-
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dimethylimidazo[4,5-f]quinoline; DiMeIQx,
2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline; 7,8-DiMeIQx,
2-amino-3,7,8-trimethylimidazo[4,5-f]quinoxaline; PhIP,
2-amino-1-methyl-6-phenylimidazo[4,5-f]pyridine; Trp-P-1,
3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole; Trp-P-2,
3-amino-1-methyl-5H-pyrido[4,3-b]indole; AC, 2-amino-9H-pyrido[2,3-b]indole;
MeAC, 2-amino-3-methyl-9H-pyrido[2,3-b]indole; Glu-P-1,
2-amino-6-methyldipyrido[1,2-a:3’,2’-d]imidazole; Glu-P-2,
2-aminodipyrido[1,2-a:3’,2’-d]imidazole.

as a function of the dihedral angle, , C8-N(H)-C2-N3 in Figure 3. All adducts
showed a global minimum around =170; a few local minima were also found.
The PM3 calculations were carried out for the adducts in the global minimum; the
gradient tolerance criterion in equilibrium for convergence was set to 8×10-3
hartree/bohr.
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Figure 3. The interaction between IQ and guanine of DNA; a part of the whole
IQ-DNA adduct is shown. Dihedral angles , , and are defined as the angles
made by N9-C8-N(H)-C2, C8-N(H)-C2-N3, and O1-C1’-N9-C4, respectively.

4.2.3 Stability of HCA-DNA adducts
The heat of formation of an HCA-DNA adduct, ADD, is smaller than a sum of
the heats of formation, N andDNA, of HCA’s nitrenium ion and the DNA. The
author defined the stability of the adduct, E, as the decrease in energy in the
binding reaction: E = ADD (N + DNA). For comparison, the stability of the
nitrenium ion, EN, is similarly defined as EN = (N  HCA), where HCA is
the heat of formation of the HCA. This definition of the stabilizing energy of the
nitrenium ion is the same as that by Ford and Griffin (9).
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4.3 RESULTS AND DISCUSSION
Table 1 shows the heats of formation for the HCAs and their nitrenium ions.
Table 2 shows the heats of formation for the HCA-DNA adducts together with the
torsional angles (, , ); the heat of formation for the DNA is also given . The
mutagenic potential (M) of the HCAs for Salmonella Typhimurium TA98 is quoted
from the report of Sugimura et al. (2) and its logarithm (log M) is used in Table 1.

Table 1. Heats of formation for HCAs and their nitrenium ions. a: M/revertants
g-1
ΔHHCA /kcal mol-1

ΔHN /kcal mol-1

log Ma

IQ

66.1

269.0

5.64

MeIQ

57.6

260.1

5.82

IQx

76.5

281.7

4.88

MeIQx

67.1

270.8

5.16

DiMeIQx

58.6

261.9

5.26

7,8-DiMeIQx

58.6

260.7

5.21

PhIP

78.2

285.7

3.26

Trp-P-1

40.4

284.7

4.59

Trp-P-2

48.0

260.4

5.02

AC

56.4

272.2

2.48

MeAC

48.1

261.1

2.30

Glu-P-1

67.3

271.3

4.69

Glu-P-2

76.5

282.0

3.28

Compounds

4.3.1 Structure of HCA-DNA adducts
Figure 4 shows the structure of a DNA adduct of IQ; only the binding part is
presented. The IQ is situated approximately perpendicular to the phosphate and
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sugar backbone of the DNA. The dihedral angles , , and of the adduct are
-109.6, 159.4, and 176.1º; the binding results in a decrease of 7.6º in the angle ,
but the DNA structure itself does not undergo significant changes in the binding
process.

Table 2. Heats of formation and torsional angles for HCA-DNA adducts; the heat of
formation for the DNA with a sequence of d(5’-C1-G2-C3-3’)･d(5’-G4-C5-G6-3’) is
also shown
Compounds

HADD /kcal mol-1  /degree

 /degree

 /degree

IQ

-1010.9

-109.6

159.4

176.1

MeIQ

-1033.9

-111.4

163.1

174.4

-988.5

-115.5

158.2

177.6

MeIQx

-1007.5

-116.4

157.7

177.6

DiMeIQx

-1012.3

-112.1

159.4

171.9

7,8-DiMeIQx

-1018.1

-117.1

158.4

165.3

PhIP

-984.8

-95.2

165.1

172.2

Trp-P-1

-996.5

-82.1

-116.1

171.2

Trp-P-2

-1017.9

-86.7

176.5

-108.5

AC

-959.7

-52.1

-81.8

-167.0

MeAC

-955.8

-76.5

-120.3

179.1

Glu-P-1

-994.0

-114.9

170.4

170.5

Glu-P-2
d(5’-C1-G2-C3-3’)
•d(5’-G4-C5-G6-3’)

-976.9

-116.9

174.3

162.6

-1034.1

-117.1

IQx

It is noted that the methyl group attached to the N3 atom is fairly close to the
phosphate groups; the distance between a hydrogen atom of the former and an

56

Table 3. Stabilization energies, E, and differences of torsional angle  (=adduct
DNA) for HCA-DNA adducts
Compounds

E /kcal mol-1

/degree

IQ

-245.78

-7.59

MeIQ

-259.86

-5.75

IQx

-236.07

-1.67

MeIQx

-244.21

-0.78

DiMeIQx

-240.09

-5.03

7,8-DiMeIQx

-244.88

-0.07

PhIP

-236.35

-21.96

Trp-P-1

-247.19

-35.05

Trp-P-2

-244.26

-30.43

AC

-197.82

-65.03

MeAC

-182.82

-40.66

Glu-P-1

-231.24

-2.28

Glu-P-2

-224.82

-0.24

Figure 4. An optimized geometry of the IQ-DNA adduct. The methyl group
attached to the N3 atom is fairly close to the phosphate groups (see also Figure 3):
the distance between a hydrogen atom of the former and an oxygen atom of the
latter was about 1.75 Å.
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Figure 5. (a) 2-Aminoimidazo[4,5-f]quinoline (AIQ): AIQ is similar to IQ except the
hydrogen atom at the N3 position (see also Figure 3). (b) An optimized geometry of
the AIQ-DNA adduct. The HCA ring is approximately perpendicular to the
guanine base. The hydrogen atom at C3 position approaches an oxygen atom of a
phosphate group up to 1.707 Å.

oxygen atom of the latter is about 1.75 Å. The proximity suggests the occurrence of
a weak interaction between the two groups, contributing to the stability of the
adduct. To estimate the influence of the interaction, we generated a DNA adduct of
2-aminoimidazo[4,5-f]quinoline (AIQ); the structure of AIQ is the same as that of
IQ, except that the former has no methyl group at the N3 position. Figure 5 shows
the structure of the AIQ-DNA adduct, calculated by the PM3 method. The
molecular plane of AIQ lies almost parallel to the phosphate and sugar backbone of
the DNA; contrary to this, the molecular plane of IQ in its DNA adduct lies almost
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perpendicular to the backbone (see Figures 4 and 5). The stability of the AIQ-DNA
adduct was E = -200.0 kcal mol-1, which was higher than the IQ-DNA adduct by
45.8 kcal mol-1. As we expected, the stability of the AIQ-DNA adduct was decreased.
Thus it was verified that the methyl-phosphate interaction plays an important role
in the stabilization of HCA-DNA adducts. Such interaction was first clarified by
the use of the DNA model.

Figure 6. Correlation between the mutagenicity (M) of HCAs and the stability (E) of their
DNA adducts. The abscissa denotes log M.

The structure of DNA adducts of the following HCAs was similar to that of the
IQ-DNA adduct: MeIQ, IQx, MeIQx, DiMeIQx, and 7,8-DiMeIQx. There exists the
methyl-phosphate interaction in their DNA adducts, leading to high stability. On
the other hand, the structure of DNA adducts of PhIP, AC, MeAC, Trp-P-1,
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Trp-P-2, Glu-P-1, and Glu-P-2 showed no stabilizing methyl-phosphate interaction
and their stability was generally low. The PhIP-DNA adduct, however, provided
fairly high stability owing to its phenyl group which enables to assume a
low-energy orientation.

4.3.2 Relationship between HCA mutagenicity and stability of HCA-DNA
adducts
Figure 6 shows a plot of adduct’s stability, E, in Table 3 against the logarithm
of HCA’s mutagenicity, log M. The E values decrease almost in proportion to log

M; the regression coefficient, R, is -0.89 (R2 = 0.79). Inspection of the plot reveals
that HCAs which have an imidazole moiety and exhibit strong mutagenicity
gather along the line; contrary, HCAs which have a pyridine moiety and exhibit
rather weak mutagenicity scatter apart from the line. These findings reflect the
presence of the methyl-phosphate interaction, described in the preceding
sub-section, in the DNA adducts of HCAs with the imidazole structure, which
leads to stabilizing the adducts.
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Figure 7. Correlation between the mutagenicity (M) of HCAs and the stabilizing
energy EN, of their nitrenium ions. The abscissa denotes log M.

For comparison, the stabilizing energy of the nitrenium ion, EN, is plotted
against log M in Figure 7. This log MEN plot also gives a roughly linear relation
between them. The regression coefficient is -0.65, which is in fairly good agreement
with the result, 0.77, from the AM1 calculations by Ford and Griffin (9). For the
thirteen nitrenium-ions in Figure 7, more reliable data of heats of formation are
available owing to the density-functional-theory (DFT) calculations by Borosky
(10). The author calculated the EN values from the DFT data and plotted them
against log M. The resulting log MEN plot again provides a rough linear relation
with a regression coefficient R of 0.78 (R2=0.61). Although the EN values
distribute in a rather narrow range of 20 kcal/mol, the stability of the nitrenium
ion is confirmed to correlate to the mutagenicity of HCAs. Furthermore our
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present study has showed that the correlation is much improved by considering a
binding between the ion and guanine of DNA.
The regression formula obtained from the plot in Figure 6 gives a log M of 2.31
for AIQ with E = -200.0 kcal mol-1. Hence the mutagenicity, M, of AIQ is 204
revertants g-1, which is well coincident with the experimental value, 200
revertants g-1 (12).
In contrast to such deep relationship of the nitrenium ion to HCA’s mutagenicity,
the properties of parent HCAs seem to be less important in the mutagenicity. As
described

in

the

computational-methods

section,

the

initial

metabolic

transformation begins with the oxidation of HCAs (see Figure 1) by cytochrome
P450. This suggests that the HOMO energy, EH, of HCAs may correlate to the
mutagenicity M; namely HCAs having larger EH tend to undergo oxidation more
smoothly to hydroxylamines, which play a crucial role in the succeeding
transformations. No correlations, however, were found between the EH and log M.
Furthermore, no quantum chemical quantities, such as HOMO and LUMO
energies, for HCA’s intermediates correlated with the mutagenicity. These findings
indicate that a crucial step determining the HCA’s mutagenicity is not initial
metabolic transformations, but the final transformation, i. e., the binding reaction
of the nitrenium ion to DNA.
4.3.3 Interpretation of the linear relationship between E and log M
As shown in Figure 6, there is a good linear relationship between the
stabilization energy, E, and the logarithm of the mutagenic activity, M. The
activity is regarded as the rate constant for an important step in the metabolic
transformation of HCAs (13). Therefore the linear relationship suggests that the
binding reaction of the HCA’s nitrenium ion to DNA’s guanine is very important
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and that the stabilization energy should be somehow related to the activation
energy, Ea, for the reaction.
As a possible and simple relationship between them, the author can assume
that Ea is proportional to E. This is because the binding reactions are of the same
type as shown in Figure 8a. The nitrenium ion approaches DNA’s guanine, reaches
the transition state, and form a bond to the guanine; simultaneously guanine’s
hydrogen accepts the positive charge and leaves the guanine. Transition state
theory indicates that the potential energy surfaces of similar reactions can be
almost parallel to one another (14). If this is the case for the present reactions, the
author can draw their energy profiles along the reaction path as in Figure 8b.
From Figure 8c, where the initial-state energies are shifted so as to coincide with
each other, one can see that the change in Ea is proportional to the change in E:
Ea = E), where  is a positive proportionality constant. The obtained
equation leads to a linear equation of Ea andE: Ea = E + , where  is another
proportionality constant. The mutagenicity is considered to obey the Arrhenius
equation:

M  A exp (Ea /RT) = A exp {(E + /RT),
where A is the pre-exponential factor. Simple manipulation leads to the equation
E  log M + C,
where B (>0) and C are newly defined constants. The final equation explains the
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Figure 8. (a) The progress of the binding reaction between a nitrenium ion and
DNA’s guanine; (b) the potential energy surfaces for two HCAs’ binding reactions of
along the reaction path; (c) the potential energy surfaces of (b) with the initial-state
energies shifted so as to coincide with each other.

linear relation between log M andE in Figure 6. It is noticed that the above
interpretation is based on the fairly severe assumption that the potential energy
surfaces of the binding reactions are almost parallel to one another. The validity of
the discussion will be examined by performing detailed calculations on the
transition states.
Finally the author discuss about the correlation between log M and the
stabilizing energy, EN, of nitrenium ions (Figure 7). Since the ions attack guanine
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of DNA to adduct it, the higher their concentration, the more adducts are formed.
On the other hand, the formation of nitrenium ions is endothermic and the
stabilizing energy EN > 0. Therefore HCAs with small EN may provide their
nitrenium ions more than those with large EN. There are, however, several
metabolic steps from parent HCAs to their nitrenium ions, which causes the
correlation of the mutagenicity with EN to be less clear. Contrary to this, the E
values that the author adopted as a quantity to relate with the mutagenicity, are
derived from only one definite process, i.e., the binding reaction. The adoptation
resulted in a good correlation between the mutagenicity and the E values as
shown in Figure 6. In turn the correlation shows that the binding reaction plays a
critical role in the mutagenicity of HCAs.
4.4 CONCLUSIONS
To investigate the structure-mutagenicity correlation for HCAs, the stability of
DNA adducts of HCAs was calculated by the PM3 method. A DNA model with
three base pairs was used and HCAs were bonded to the central base, guanine.
The stability of the adducts was significantly increased by the interaction of the
methyl group neighboring the binding site and the phosphate of the DNA. The
stabilization energy for HCA-DNA adducts decreased roughly in proportion to log

M with a regression coefficient of -0.89. The correlation suggests that binding
reaction between HCA’s nitrenium ion and the guanine base of DNA is an
important rate-determining step in the metabolic transformation of HCAs.
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5 Summary
Nitropyrenes (NPs), recognized as mutagens, are contained in diesel exhaust
and distributed into the atmosphere. Heterocyclic aromatic amines (HCAs),
detected in charred parts of broiled fish and meat, also exhibit mutagenicity and
carcinogenicity. Since these compounds occur in the ordinary environment, the
author are always exposed to them and hence have a risk of contraction of cancer.
In addition, the mutagenicity of NPs and HCAs significantly varies according to
their structures. These characteristics of NPs and HCAs prompted the author to
investigate their mutagenicity and to estimate their toxicity and risk. The author
thought that their differences in the mutagenicity arise from those in chemical
reactivity and performed quantum chemical calculations. On the basis of the
calculated results, he discussed the relationship between their structure and
mutagenicity.

5.1 Nitropyrenes (NPs)
In chapter 3, the author treated the structure-mutagenicity correlation for
NPs; their mutagenicity significantly depends on the number and position of the
nitro group. To elucidate the differences in mutagenicity, I proposed a reductive
metabolic pathway of NPs and performed molecular orbital calculations at the
PM3 level for parent molecules, intermediates, ultimate mutagens, and NP-DNA
adducts. In the calculation of the NP-DNA adducts, a DNA model, composed of five
base pairs with a sequence of guanine-thymine-guanine-guanine-guanine, was
used and a nitrenium ion of NPs was bonded at the C8 position of the middle
guanine.
Analysis of the computational results revealed that the heats of formation of
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NP-DNA adducts are correlated with the mutagenicity; a plot of the heats of
formation against the logarithms of the mutagenic activity shows a good linearity
with a correlation coefficient of -0.85. This suggests that the stability of the
NP-DNA adduct is an important factor to determine the mutagenicity of NPs.

5.2 Heterocyclic Aromatic Amines (HCAs)
In chapter 4, the author investigated the structure-mutagenicity correlation
for HCAs. I proposed an oxidative metabolic pathway of HCAs and performed
molecular orbital calculations at the PM3 level for parent molecules, intermediates,
ultimate mutagens, and HCA-DNA adducts.
Analysis of the computational results lead to the following consequences:
(1) The stability of the adducts significantly increases owing to the interaction of
HCA’s methyl group neighboring the binding site and a phosphoric acid of the
DNA.
(2) The stabilization energy for HCA-DNA adducts decreases roughly in proportion
to the logarithms of the mutagenic activity with a correlation coefficient of -0.89.
(3) The binding reaction between HCA’s nitrenium ion and a guanine base of DNA
is an important rate-determining step in the metabolic transformation of HCAs.

