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Computer-Assisted Mechanistic Structure-
Activity Studies: Application to Diverse
Classes of Chemical Carcinogens

by Gilda H. Loew,* M. Poulsen,* E. Kirkjian,* J. Ferrell,*
B. S. Sudhindra,* and M. Rebagliati*

In the first part of this paper we have indicated how the techniques and capabilities of theoretical
chemistry, together with experimental results, can be used in a mechanistic approach to structure-activity
studies of toxicity. In the second part, we have illusirated how this computer-assisted approach has been
used to identify and calculate causally related molecular indicators of relative carcinogenic activity in
five classes of chemical carcinogens: polyeyclic aromatic hydrocarbens and their methyl derivatives, ar-
omatic amines, chloroethanes, chloroalkenes and dialkyl nitrosamines, In each class of chemicals studied,
candidate molecular indicators have been identified that could be useful in predictive screening of unknown
compounds, In addition, further insights into some mechanistic aspects of chemical carcinogenesis have
been obtained. Finally, experiments have been suggested to both verify the usefulness of the indicators

and test their mechanistic implications,

QOverview

The evaluation of large numbers of diverse chemicals
for potential toxic effects in an industrial or environ-
mental setting is an enormous task. In conjunction with
in vivo and in vitro testing, computational structure-
activity studies can be very useful in such evaluations.
Since all computational methods require at least an in-
itial data set to test the reliability of selected molecular
descriptors prior to their use in predictive screening,
the question then is how to optimize the potential sym-
biosis between experimental and computational risk as-
sessment procedures.

As shown in Figure 1, a five-step protocol is sug-
gested. The first step is to divide the chemicals into
subgroups according to strueture and functional groups.
The next suggested step is to develep a systematic and
self-consistent data base of toxic effects for represent-
ative members of each class of compounds. The more
speeific the biological activity tested, the more useful
the tests will be in relating structure to activity.

As a third step, studies of what causes the observed
toxic effects, i.e., mechanistic studies for a limited num-
ber of representative compounds of different classes of
chemicals, would be of value. Mechanistic studies can
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be done using both experimental methods and the tech-
niques of theoretical chemistry. Information coming from
both types of studies can be very useful in selecting
mechanistically relevant molecular descriptors for com-
putation. While in-depth studies might appear to be
relatively time-consuming, they should ultimately lead
to more effective and rapidly coverging risk assessment
schemes.

The fourth step entails selection of molecular descrip-
tors for evaluation. Differing guidelines for this selec-
tion distinguishes classical QSAR (quantitative
structure-activity relationships) from causally related
approaches. In the classieal appreach, any molecular
property is used which might provide correlation to ae-
tivity. In the “causal” approach, molecular indicators
are selected which might have a causal relationship,
however tenuous, to the observed toxicity based on prior
theoretical or experimental studies.

In the fifth step suggested, each set of chosen can-
didate molecular descriptors is evaluated by some
method that ean include both experimental and theo-
retical determination, and their reliability as determi-
nants of toxicity tested (step 5). If successful, their use
for large-secale predictive screening is indicated. If not,
the choice of molecular indicators and/or the method of
evaluation must be re-examined and refined, leading, it
is hoped, ultimately to a useful set of descriptors.

The technigues of theoretical chemistry can be par-
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1. CLASSIFICATION OF COMPOUNDS

Organize compounds into classes of
chemicals according to structure
and function;
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1.e, aromatic amines,
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2. PRELIMLNARY DATA BASE

=

Select a limited number of com-
pounds from each class for exten-
sive series of tests; e.g.,

acute

toxicities, mutagenicity/carcino-
genicity, resistance to chemical
and biclogical degradation.
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to each risk,

5. SCREENING
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ticularly useful in three different steps of the process
outlined in Figure 1: (1) elucidation of mechanisms (step
3); (2) selection of molecular descriptors mechanistically
relevant to a specific risk (step 4); (3) calculation of
selected molecular descriptors of potential use in screen-
ing large numbers of molecules (step 3).

Figure 2 schematically indicates molecular events that
could lead to a toxic response. Either parent compounds
themselves or their chemically transformed products
can be responsible for an adverse effect by interaction
with tisstte macromolecules, As further shown in Figure
2, such interactions—either “physical,” leading to re-
versible complex formation, or chemical, leading to ad-
duct formation or transformation of tissue
macromolecules—could play a key role in eliciting ad-
verse effects.

In a parallel fashion, the capabilities of theoretical
chemistry embodied in a hierarchy of computer pro-
grams and methods, can be used to characterize these
molecular events. In particular, they ean be used to
describe: parent compounds or transformed products
implicated in toxic responses, physical interactions (i.e.,
complex formation) between putative toxic agent and
target molecules, and chemical reactions involved in both
formation of toxic species and in their interaction with
tissue nucleophiles. Thus, computers are the “labora-
tory” where the properties of individual melecular sys-
tems and their physical and chemical interaction with
biological targets can be modeled and calculated.

As shown in Table 1, the techniques used are not
limited to one particular method. In fact, an extensive
library of diverse methods is currently available with
programs of varying degrees of sophistication. The par-
ticular theoretical method selected should depend on the
property to be calculated and the degree of accuracy
needed for its use as a reliable molecular indicator.

Table 1. Capabilities of specific methods of theoretical chemistry.

Empirical energy methods
Rapid caleulation of individual molecular conformations with
or without geometry optimization
Rapid characterization of energies and geometries of inter-
molecular complexes typical of physical interactions between
toxic agent—tissue macromolecule physical interactions

Semiempirical quantum chemical methods

Caleulate energy-conformation profiles of individual compounds
to investigate eonformational flexibility

Calculate electronic properties of individual compounds

Caleulate chemical/biochemical reactivity parameters of
individual compounds related to formation of texic products
or formation of adducts between toxic agents and tissue
nucleophiles

Model chemical/biochemical reactions involved in transformation
to toxic species or adduet formation of them with tissue
nucleophiles

Model intermolecular complex formation, i.e., physical
interactions with tissue components that could lead to adverse
effects

Ab initio quantum chemical methods
Same capabilities as semiempirical methods, with greater
accuracy and greater cost

Table 2 describes in more detail the speecific capabil-
ities of theoretical chemistry that can be used to cal-
culate properties of putative toxic species related to
their ability to physically and chemically interact with
target tissue molecules,

Table 3 summarizes the techniques of theoretical
chemistry that can be used to characterize reversible
“physical” interactions explicitly, i.e., complex forma-
tion with tissue macromolecules that can play a role in
eliciting adverse effects.

Table 4 further lists methods of theoretical chemistry
that can be used to characterize chemical reactions in-
volved in eliciting an adverse response in either of two
ways: transformation of parent compounds to toxic forms
and transformation of target tissue molecules by toxic
species. From such information, chemical reactivity pa-
rameters for isolated reactants can be extracted and
caleulated for a large number of compounds. In addition,
intermediates can be identified and characterized that
might be too transient to be examined experimentally
but which could be implicated in toxicity, or other ad-
verse environmental effects.

Table 2. Capabilities of theoretical chemistry relevant to
calculation of molecular descriptors of putative toxic species.

What can be caleulated

Electronic properties
Net atomic charges
Dipole and higher moments
Tonization potentials
Electron affinities
Molecular electrostatic
potentials

How it can be useful

Meazure of the extent of complex
formation with polar or
nonpolar selvents and a variety
of tissue macromolecules—
DNA, proteins, and membranes

Measure of the nature and
stability of complex formation
with macromolecules

Conformational energies
Set of low-energy
conformers

Chemical reactivity properties
Group or atomic electrophil-
ieities and/or nucleophilicities

Estimate of the relative ease and
selectivity in transformation
to specifie intermediates and
products

Estimate of the extent and
specificity of covalent adduct
formation with tissue
macromolecules

Table 3. Capabilities of theoretical chemistry to characterize
physical interactions (complex formation) of putative toxic
species with biological target molecules,

What can be calenlated
Complex geometry

How can it be useful

Identify conformational
requirements for complex
formation

Complex stability Select electronic properties
contributing to stability

Kinetics of complex formation Estimate the importance of
complex formation in the time
scale of interest
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Table 4. Capabilities of theoretical chemistry relevant to
characterization of chemical biochemical reactions leading to
formation of toxic species or adduct formation with
tissue nucleophiles.

What can be calculated

Mechanisms; identification
of reacting groups and the
properties determining their
reactivity

How can it be useful

Allows identification of chemieal
reactivity parameters of
compounds

Estimates of relative rates of
reaction

Activation energies

Heats of reaction Estimate of energy requirements

for reaction

Identification and characteriza-
tion of intermediates too
unstable to be examined
experimentally but which could
be implicated in carcinogenicity,
mutagenicity, toxieity, or other
adverse environmental effects

Identification and characteriza-
tion of transition states
and intermediates

This section summarizes how the techniques of the-
oretical chemistry can be used in a mechanistic approach
to predictive toxicology. As indicated, this mechanistic
approach does not eliminate the need for experiments
but, if successful, invests experimental data with in-
creased usefulness and allows the development of a rapid
screening procedure for toxic effects in unknown com-
pounds. In subsequent sections, we review work on a
variety of classes of chemical carcinogens as an example
of this approach,

Applications: Mechanistic
Structure-Activity Studies of
Chemical Carcinogens

Introduction and Background

As shown in Table 5, a wide variety of chemical classes
have been shown to exhibit mutagenic and carcinogenic
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activity by a number of assays, including in vivo animal
testing, bacterial mutagenicity, cell culture transfor-
mations, and sedimentation analysis of DNA. In our
laboratory, we have embarked on a systematic program
of computer-assisted mechanistic structure-activity
studies of a number of different classes of chemical car-
cinogens, divided as suggested in step 1 of the protocol
into different chemical types.

In particular, we have studied five different classes:
polycyclic aromatie hydrocarbons and their methyl de-
rivatives, aromatic amines, aflatoxins, halohydrocar-
bons, and nitrosamines. We report here a summary of
some examples of these studies.

Following step 2 of the protocol, an initial data base
was selected for each of these classes of chemical car-
cinogens. Unfortunately, guantitative self-consistent,
standardized results of in wifro animal tests for carcin-
ogenic activity were not available. Moreover, short-term
in vivo assays were not suitable in some instances, for
example, for halohydrocarbons there is no correlation
between bacterial mutagenic and mammalian carcino-
genic activity. Thus, we chose, for this initial study,
results of qualitative in vivo carcinogenic studies that
allowed either a rank order of analogs to be established
or, in the worse case, a bimodal active/inactive evalu-
ation. More quantitative and consistent biological data
would have rendered our search for reliable molecular
indicators more efficacious. However, while the absence
of such data did not allow a quantitative relationship to
be established, it was possible at least for some classes
of chemical carcinogens to identify useful qualitative
molecular indicators of relative carcinogenic activity.
Moreover, results obtained for each class led to addi-
tional mechanistic insights and suggestions for further
experiments.

Polycyclic Aromatic Hydrocarbons and
Their Methyl Derivatives

Polyeyeclic aromatie hydrocarbons (PAHs) were se-
lected for initial studies, since they have long been im-
plicated as mutagens and carcinogens (7). They are
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FiGURE 3. Detoxification and activation pathways for polycyclic aromatic hydrocarbons.
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Table 5. Classes of compounds with known carcinogenic activity.

Type Strueture of typical compound Incidence

Polyeyelic aromatic @@@ Cigarette smoke

hydroearbong
Benzo[alpyrene
Aromatic amines Laboratory reagent, dye
w—O—O)r
Benzidine
Alkyl nitrosamides cIES\ Cured meat, plasties,
B e NO rubber, pesticides
(1312
i
o
N-Ethylnitrosourea
B
Aryl dialky] triazenes _ /0 Dyes, rodent repeilent,
N=R—F, . herbicide
Ay
1-Phenyl-3; 3-dimethyltriazene
0
Carbamates B2R—=C=0= (a8 Solvent
Urethane
Aflatoxin

Peanut butter, fungi,
green plants

Aflatoxin B,

~-1] CRy
Azo and acridine dyes @'"‘3@‘ N, Dye

4-(0-Tolylazo)-o-toluidine

11
Nitrosamines sN—r0 Cured meat, plastics,
ByC rubber, pesticides

N-Nitrosodimethylamine

Pyrrolizidine alkaloids 5?3 80 F108 Plants, bush teas,

herbal remedies

©
~
K
i Retrorsine
Halogenated hydrocarbons Plastics, pesticides (DDT)
refrigerant
CH., = CHCl
Vinyl Chloride
i B ia B
—t—C—s—t—L—a1
Directly acting alkylating agents © f é i War gas
a a2

Mustard Gas
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widely distributed throughout the environment, being
found in urban air (2), cigarette smoke (3) and foodstuffs
(4), and pose an important health threat. As a result,
much experimental and theoretieal effort has been aimed
at understanding the mechanisms by which they initiate
carcinogenesis.

Early work established that reaective intermediates
capable of binding to DNA and other tissue nucleophiles
are formed in PAH metabolism (5). Indirect evidence
accumulated that PAHs require metabolic activation to
become active carcinogens (6), but it was not until very
recently that the complete sequence of intermediates
between a parent PAH and DNA adduct was demon-
strated (7). Based on this work and subsequent studies
of benzo(a)pyrene (8), benz(a)anthracene (9), 7-methyl-
benz{a)anthracene (10), chrysene (11), dibenz(a,h)-
anthracene (72), and 3-methyleholanthrene (13,14), the
coneept of bay-region diol epoxides as proximate car-
cinogens was advanced. As shown in Figure 3, activa-
tion of a parent PAH to a bay-region diol epoxide involves
three enzymatic reactions. The first is a cytochrome P-
450-mediated epoxidation at the bond adjacent to the
bay region [e.g., bond 3,4 in benz(a)anthracene], which

HYPOTHESIS
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can be called a distal bay-region bond. The second is an
epoxide hydrase-catalyzed hydrolysis of the distal bay-
region epoxide to a trans-dihydrodiol. The third is an-
other P-450-mediated epoxidation yielding the bay-re-
gion tetrahydrodiol epoxide.

For the parent hydrocarbon, as well as the inter-
mediate species, there are detoxification pathways com-
peting with this activation pathway. The sum of the
detoxification and activation processes determines the
net amount of available diol epoxide. These gpecies are
thought to attack ecritical nucleophilie sites in DNA,
either directly in an 8,2 reaction (15) or, after forming
a carbocation, in an Syl reaction (76).

While every step involved in PAH activation and de-
toxification has not yet been totally elucidated, the sig-
nificant progress outlined above makes it possible to use
a mechanistic approach to structure-activity correla-
tions for this class of carcinogens.

In addition to the widely accepted bay-region diol
epoxide (BRDE) hypothesis (7-14,17-19), as shown in
Figure 4, two other hypotheses were considered. One
is the hypothesis that differential rates of transforma-
tion of the PAH to K-region oxides might relate to car-

ACTIVATING EFFECT OF
METHYL SUBSTITUENTS

INCREASE DIOL
EPOXIDE FORMATION

DECREASE DETOXIFICATION
PRODUCT FORMATION

INCREASE EASE OF
CARBOCATION
FORMATI1ON

INCREASE K-REGLON
< EPOXIDE FORMATION

DECREASE DETOXIFICATION
PRCDUCT FORMATLON

DECREASE TON]ZATION
POTENTIAL

INCREASE
SUPERDELOCALIZATION
OF MOST NUCLEQPHILIC
RING CARBON ATOM

FIGURE 4. Three alternative hypotheses for origin of carcinogenic activity in polyeyclic aromatic hydrocarbons and their consequences for

the effect of methyl substituents on this activity.
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cinogenic potencies (8). The other hypothesis
investigated is based on an alternative activation scheme
suggested by Cavalieri and co-workers (20,21). They
envigsion PAH as undergoing one-electron oxidation,
vielding a reactive radical-cation intermediate which acts
as an ultimate carcinogen.

Using each of these three hypotheses, we have iden-
tified and caleulated relevant molecular properties for
a series of 17 PAHs (Fig. 5). In addition, we have stud-
ied the etfect of methyl groups on carcinogenic activity
(Tables 6 and 7) of PAHs considering the three hy-
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Dibenzo[a,i]pyrene
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potheses summarized in Figure 4, in studies of 14 methyl
derivatives of benz(ajanthracene and 13 methyl and fiuoro
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genie potency data exist for these PAHs (22}, methyl-
benz(ajanthracenes (23,24), and chrysene (25-28), making
them suitable for an initial data set.
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FIGURE B, Structures of 17 polycyclic aromatic hydrocarbons studied. Qualitative carcinogenicities shown in parentheses are taken from
Arcos and Argus (29).
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Table 6. Carcinogenicity of benz[alanthracene derivatives.®

MBAsP Carcinogenicity =~ DMBAs®  Carcinogenicity
1,234 - 9,10 + +
5 - 6.8 +++ 4+
6 ++ 5,12 -
7 ++ + 6,12 ++++
8 + 7,12 44+
9 + 8,12 ++++
10 +
11 ~
12 ++

#Dimethyllalanthracene,
"Methylbenzo[alanthracene.

“Data from Dunning and Curtis (24) and Stevenson and Von Haam
(25).

Table 7. Carcinogenicities of methylehrysenes, dimethylchrysenes,
and fluoromethylchrysenes.”

Carcino- Carcino- Careino-

MC®  genicity DMC®  genicity #-F-5MC'  genicity
1 - 2,3 - 1 -
2 - 5,6 ++ M 3 _

3 - 5,12 - 6 ++ -+ +

4 - 7 4+

5 ++++ 9 ++++
6 - 12 +

*Carcinogenicities from the literature (25-28).
"Methylchrysenes,

*Dimethylchrysenes.

4 Fluoro-5-methylchrysenes.

In the studies reported here, three types of properties
were calculated related to the ability of parent com-
pounds to form each type of toxic species proposed:
radical cations, K-region epoxides, and bay-region diol
epoxides. [n addition, properties related to the electro-
philicity of each toxic species such as charge distribu-
tions and stabilities of carbocations were also calculated.
The major results of these studies (29-33) are summa-
rized below. Additional support was provided for the
bay-region diol epoxide as the active carcinogen in con-
trast to the K-region epoxide or radical cation of the
parent PAH. A dominant mechanism was determined
by which methyl substituents appear to alter the car-
cinogenic activity of parent PAH compounds such as
benz[aJanthracene and chrysene. Activation by CH,
groups appears to occur mainly by the stabilization of
the bay-region diol epoxide carbocations, A set of reac-
tivity parameters of PAHs and their methyl derivatives
was identified and calculated which can serve as pre-
dictors of their major metabolites and the extent of
metabolism by the enzymes (eytochrome P-450) impli-
cated in their transformations to carcinogenically active
forms. A single molecular descriptor which, as shown
in Table &, is a reliable indicator of the related carecin-
ogenic activity of a series of 44 PAHs and their methyl
derivatives, was identified and caleulated. This prop-
erty is the calculated ease of formation of the carbo-
cation of the bay-region diol epoxide. Having proven
reliable for these known compounds, it can now be used
in screening procedures to predict at least the presence
or absence of carcinogenic activity in untested com-

Table 8. Calculated energyu of carbocation formation and observed
carcinogenic potency for 44 PAHs and their methyl derivatives.

Compound AE, keal/mole®  Carcinogenieity
6,12-DMBA 0 4+ 4+
Dibenzola,ilpyrene 1.9 + 4+ +
Dibenzola,hlpyrene 3.2 +4+ 4+
7,12-DMBA 3.8 + 4+ 4+
8,12.DMBA 5.1 + 4+ +
12-MBA 9.3 + +
5,12-DMBA 6.8 -
Benzolalpyrene 7.2 ++ + +
5.6-DMC 7.3 + 4+ (D
5,12-DMC 7.4 -
Dibenzofa,e]pyrene 8.1 +++
5-MC 9.2 ++ ++
6.8-DMBA 9.2 + 4+ +
6-F-5MC 9.7 +++ 4
6-MBA 9.7 + +
9-F-5MC 11.3 ++++
7-F-6MC 11.3 + 4+ +
9,10-DMBA 13.2 + +
7-MBA 13.3 +++
10-MBA 13.7 -
Dibenz{a,hlanthracene 14.4 + +
8-MBA 14.4 + 4+
9-MBA 14.5 +
11-MBA 15.0 -
Benz[alanthracene 15.0 -
5-MBA 15.2 -
Dibenz[a,clanthracene 15.8 +
12-F-5MC 17.4 +
Benzole]pyrene 18.0 +
6-MC 18.2 -
Picene 18.3 -
7,12-dimethylbenzo[b]echrysene 18.3 -
2.3.DMC 19.0 -
Benzo[blchrysene 19.1 -
3-MC 19.5 -
4-MC 19.8 -
1-MC 19.9 -
Triphenylene 20,0 -
2-MC 20.0 -
Chrysene 20.6 +
Phenanthrene 22.2 -
5,10-Dimethylanthracene 24.5 +
Anthracene 27.7 -
Naphthalene 35.1 -

* Energies relative to 6,12-DMBA,

pounds of these classes. Calculated values of AR greater
than 15 kcal/mole indicate little or no activity.

The major exceptions to the reliability of this indi-
cator correlations obtained can be explained in terms of
the steric effect of a methyl group adjacent to the bay
region, the 5-position in BA and the 12-position in chry-
sene. Called the “peri” effect {19), it has been proposed
to inactivate PAH by blocking distal bay-region diol
formation, the second activating step which we have
not modeled. However, the results of our studies offer
an alternative explanation of the peri effect.
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Energy/conformation caleulations performed on the
trans-3,4-diol of 5,12-dimethylbenzfalanthracene
(DMBA) to determine its minimum energy conforma-
tion indicate that the diol substituents have a different
conformation from that in any other methylbenzanthra-
cene. Although it appears minor, this change in confor-
mation could prevent the diol from being further
epoxidized at the 1-2 position: or if the diol epoxide is
formed, the altered conformation could sterically inhibit
interaction of its carbocation with tissue nucleophiles.

In terms of predictive indicators, the steric effect of
a peri-methyl group should be added to the calculated
values of carboecation stabilities in screening unknown
methyl PAH compounds for carcinogenic activity.

Aromatic Amines

In common with PAHs, the aromatic amines are an
extensively studied class of chemical carcinogens (34—
4%) that are known to undergo metabolic activation by
cytochrome P-450s to active carcinogens. The generally
accepted pathway leading to carcinogenic or mutagenic
activity of polyeyelic aromatic amines (PAA) is sum-
marized in Figure 6. It is now thought that all carcin-
ogenic aromatic amines require metabolic activation by
eytochrome P-450 to N-hydroxylamines (44—51) and fur-
ther enzymatic transformation to active esters (38,39,52—
54). Arylnitrenium ions (ArNH ") generated by the hy-
drolysis of such intermediates have been postulated
(85,37,48,55) as the ultimate carcinogens of aromatic
amines.

While neither ester precursors nor arylnitrenium ions
of aromatic amines have been detected in vivo, these
latter species have been proposed as the electrophilic
ultimate carcinogen in amine carcinogenesis primary be-
cause of the detection of two types of eovalently hound
adducts of esters of polycyelic aromatic amines to nu-
cleophilic sites in DNA and mononucleotides (34,35,25—
40,56,567) and to tissue macromolecules (36,42,58). In
both types of adducts (I,11) for guanine, nitrenium ions
could be the precursor electrophile.

Thus the hypothesized mode of action of PAA carcin-
ogens involves their initial transformation to hydrox-
ylamines by cytochrome P-450s and their ultimate
conversion to electrophilic arylnitrenium ions which in-
teract with key tissue nucleophiles. In addition, in com-

PHENOLS

mon with PAHs, ring epoxidation could contribute other
active forms, while ring C-hydroxylation leading to
phenols could be a detoxification pathway,
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With these hypotheses as a guide, we have used the
techniques of theoretical chemistry to identify and cal-
culate mechanistically relevant molecular properties
which could be reliable indicators of the extent of car-
cinogenic activity in two different series of related PAA,
substituted anilines (59) and the aromatic amines of dif-
ferent polyeyclic hydrocarbons shown in Figure 7 (60,61).

The eight PAAs were a small, but particularly chal-
lenging, set of compounds to study. As shown by (+)
and (-) in Figure 7, one of each pair of isomeric amines
is an active carcinogen, while the other is inactive or of
doubtful activity. Mutagenic potency data are also avail-
able for these eight compounds, but not all data were
obtained with the same bacterial strain (62). For iso-
merie pairs, however, their qualitative carcinogenic po-
teney obtained from animal testing (43} is consistent
with mutagenic potency: the weaker mutagen is the
inactive or more marginally active carcinogen. These
subgroups make ideal tests of the ahility of calculated
electronic parameters alone to predict relative muta-
genic activity, since effects such as transport and elim-
ination should be more nearly the same for both isomers
of a given pair than for the group as a whole.

Electronic reactivity parameters relevant to the rel-
ative ease of metabolic transformation of each parent
compound to hydroxylamines by cytochrome P-45¢ and
also to other competing metabolie products invelving
ring epoxidation and hydroxylations were calculated.
The reactivity parameters were selected from the known
aspects of the mechanisms of cytochrome P-450 oxida-

HYDROXYL [ —

PhA T AMINES

ACTIVE —
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Ficure 6. Activation and detoxification pathways of polycyclic aromatic amines.
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Ficure 7. Structure of eight polycyclic aromatic amines studied.

tions as summarized in Figure 8. All oxidations by this
enzyme system involvé transfer of an electrophilic ox-
ygen atom to the substrate, and three major metaholic
transformations are possible for the PAAs: N-hydrox-
ylation to form hydroxylamines, ring hydroxylation to
form phenels and ring oxidation to form epoxides. Plau-
sible mechanisms for these oxidations are also indicated
in Figure 8. N-Hydroxylation could proceed by addition
of the electrophilic oxygen to the lone pair of the nitro-
gen with rearrangement of the hydrogen to form the
hydroxyamine. Direet phenol formation could occur by
addition of the electrophilic oxygen to the m-orbital of
the ring earbon to form a tetrahedral intermediate or
transition state followed by rearrangement of the hy-
drogen atom to form the phenol. Ring epoxidation could
occur by direct addition of the electrophilic oxygen across
the ring C =C bond and perpendicular to it. Consistent
with these mechanisms, the nucleophilicity of the ni-
trogen atom is an appropriate biochemical reactivity

I-amino
Maophthalene ()

o

- o
[yl w

3]

4-aming .
Fluorene (—)
f.
NHz
8 9 I
7 2
6 3
5 Ic 4
[~omino
Anthraceng [-)
h.

Mo

m
o
-9

NHo

& -amino
Chrysenz (+)

parameter to monitor the extent of formation of hy-
droxylamine, and the nuecleophilicity of the ring carbon
atoms and ring = bonds should indicate the extent of
formation and preferred sites of formation of phenol and
epoxides. An appropriate measure of atom and w-bond
nucleophilicity used was their superdelocalizability which
is an energy-weighted average of the electron density
centered on a given atom (S,) or bond R, z(m).
Parameters were also caleulated relevant to the sta-
bility and electrophilicity of each arylnitrenium ion, the
postulated ultimate carcinogen of PAA. Stabilities of
arylnitrenium ions relative to sulfate esters (AE,,")
were calculated. The relative electrophilicities of aryl-
nitrenium ions were estimated using two electrophilic
indices. One is a measure of incipient covalent adduct
formation. It is the calculated electron density distri-
bution on the nitrogen atom and the carbon (CR) ad-
Jjacent to it in the lowest empty molecular orbital (LEMO)
calculated by the INDO method. These two atoms would
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FI1GURE 8. Proposed mechanisms of oxidation of aromatie amines by eytochromes P-450,

act as electron acceptors in an inecipient reaction with
target nucleophiles to form adducts of type I and II,
respectively. The other measure of electrophilicity used
was the net calculated charge on each atom, a measure
of the extent of electrostatic interactions.

Finally, we have explicitly characterized the ener-
getics and geometries of intermolecular complexes that
could be precursors to adducts of type I and II for ad-
enine and guanine in order to help understand why type
I adducts are favored and why guanine is a preferred
site of attack over adenine as a target nuecleophile
(88,39,56,65-638).

In characterizing carcinogen-base complexes, the ni-

trenium ion of Z-aminonaphthalene was used as a pro-
totype ultimate carcinogen. Coplanar compiexes, as well
as stacked complexes corresponding to intercalation
which could lead to adducts of type I and 11, respec-
tively, were congidered in detail. Intermolecular energy
calculations by both quantum mechaniecal (69) and em-
pirical energy methods (70) were made of arylnitrenivm
complexes with each base and the steric feasihilities of
forming the most energetically favored complexes ex-
amined graphiecally.

Molecular Indicators of Relative Mutagenicity/Car-
cinogenicity. Table Y summarizes the calculated pa-
rameters which should be most relevant as molecular

Table 9. Correlation of mutagenic potency and calculated molecular indices for isomeric pairs of polycyelic aromatic amines.

max (HC)
Sxlm), R aplm), Scim), R aglm), p {LUMO)"
Mutagenicity me charge/ me charge/ me charge/ me charge/ AEyn",

Compound?® Test strain® rev/nM® eVt ev? evde eVdf au® e Pcy
2-Aminofluorene (+) TA 98 205 144 21.03 62.5 20.42 0.703 0.428 0.161
4-Aminofluorene () TA 98 0.3 141 20.38 70.5 20.42 0.694 0.407 0.158
2-Aminonaphthalene (+) TA 100 8.5 143 23.55 62.8 22.99 0.707 0.433 0.262
1-Aminonaphthalene (—) TA 100 0.4 140 22.96 69.5 22.99 0.693 0.357 0.215
2-Aminoanthracene (+) TA 98 510 141 24.43 67.7 23.89 0.636 0.363 0.291
1-Aminoanthracene (—) TA 98 22 135 23.89 70.4 23.89 0.688 0.323

6-Aminochrysene (+) TA 1530 155 141 24.60 65.7 24.73 0.686 0.306 (.245
1-Aminopyrene (+) TA 1530 8.6 138 25.36 84.8 24.91 (.667 0.206 0.115

#(+) (—) refer to qualitative carcinogenic data. Some () are disputed carcinogens but much weaker than their siomeric partners.

"Ta 98 measures frame shift mutation and contains a plasma R factor which enhances mutation; TA 100 measures base substitutions and
contains a plasma R factor which enhances mutation; TA 1530 measures frame shift mutations,

‘Mutagenicity data from Ames (62) and unpublished data from the same laboratory.

4 Units of all nucleophilic superdelocalizabilities, S, p o n{m) and R z(w) are in millielectron charge/V.

#The maximum = superdelocalizability on any carbon atom in the molecule, neglecting the carbons ortho to the amine group.

TReactivity of the most reactive bond in the corresponding arematie hydrocarbon.

Edtability of arylitrenium ion relative to the sulfate ester of the N-hydroxylamine, The larger the number the less stable the ion.

"Electron density on nitrogen atom and C, in lowest energy empty molecular orbital of the arylitrenium ion. This quantity is a measure of the

electrophilicity of the nitrogen in incipient covalent interactions.






